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ABSTRACT

This'three-volume report contains 83 papers out of the 108 that were presented at the
- Nineteenth Water Reactor Safety Information Meeting held at the Bethesda Marriott Hotel,
Bethesda, Maryland, during the week of October 28-30,1991. The papers are printed
in the order of their presentation in each session and describe progress and results of
programs in nuclear safety research conducted in this country and abroad. Foreign
participation in the meeting included 14 different papers presented by researchers from
Canada, Germany, France, Japan, Sweden, Taiwan, and USSR. The titles of the papers

- - and the names of the authors have been updated and may differ from these that
appeared in the final program of the meeting.
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Studies Perforened in Suppor t of the l'roposed itesision of 1:ngineering
1)esign Aspects of 10(Ti(100 A ppendis A

Monika Wine .uiJ Pete hassun u' ''
! au rence 1 is enno:e Nahon.J 1.alu.non

-\ bst : a t t

Part 100 of Tuk 10 of the code of I cJeral Repulanom t IUCl RIDm descobes
criteria which guide the coininiuion in us evahuuou of the sunabdity of proposed
sites for riuClear power plants. Appendix A (d this palt describes sels11tle athl
geologie siting criteria for nuclear power planh. Souie engincenny design aspects
of nuclear power plants are also addressed in Appendix A. l hese include-
definitions of the Operating Hasis Earthquake (UBE) and the Sale Shutdown
Earthquake (SSE). defuntions of saf ety r elated structut e s, sy stenu and
components, ratio of UllE to SSE, idenufleation of aueptable .uuly heal niethals,
and definition of sibratory ground iniition in f act. the sennue design requhements
for nuclear power plants n. the (L.V were c:.tabhshed with the publication of
Appendis A to 10CFR 100, perunent Reputator., (;uide' and the Stand.ud Resica
Plan

()ne of the interpretations of tl e regulations on the selection of the two carthquake
desl}'.ll les els, the bbl 5 and ()lt!5, w.ls ibal lbC bbl u tio!d OinIlid tbC dC 31[n (N a!!
safety related systenn w hde the ()HF would be apphed to the tem.uning systenn
requned for continued power operanon in practice. how es er, w nh load 1 actors,
damping, and service linnts. the OBE rather than the SSF, h,n conuolled the
design for some sy stenis.

1.aw rence 1.ivennore Natund I abiiratory, under contrut to the |: S Nuclear
Negillatory ('onliniulon, w il! Jssist the staf f in deVehipinf the techniJal basis to
support engineering rehited changes to Appendix A. InduJed in thn c; tort are

insestigations of the impac: of remosing the ()hE itom design considerations with
regard to safety options ano resiew of possible strategies reg.uding the defuntion
and requiremenh of the OllE for future rextors.

This paper will report on the statu and resnits of studies perfoimed to date ins

support of this project. These include a study to idenuty components that are
imp <irtant to plant safety and also .ne a!!ccted b., OBE designs, a study to es aluate
the impact on ASME HP\ C Section 111 I)nision i of chnunaung the ()HE and a
study to es alnale the huput on seisunc design m.ugins if the UBE n chnunated
from design Thh paper addlewes the engineering de:ich .np ch of Append 1s A
only,

e

* Pwsently cnipla) 61 ai 1: ' lkparuncht of l'ncrp) Albu juerc - | ci ii H!a

1 wearn,- uman , % no w _ a3 m m ~ o m
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Intntduellun

The NRC is in the process of reusing Title 10 Part 10) of the Code of Federal Regulations, '

which describes reactor site criteria. Appendix A to IDCI R Part llo descdbes the seismic and
geologic siting criteria for nuclear power plants. |

I b the existing regulation, the Operating Ilasis lhuthquake (ole)is associated with functionality,
likelihool of o;currence, and a minimum traction of the Safe Shutdown Eanhquab (SSlit Three
distinct dennitions in the regulation have led to sometimes connitting objectises in the use of the
Ollii m design. The deGnition uhich has controlled the level of the Ulm is the " minimum fraction
of the SSE", which has resulted in seismic criteria for w hich the design of a number of
components is governed by the Olm, significantly increasing the level of effort required for
analysis, wnhout significantly addmg salety. I

Dalu.ation oLthe 1)esien impact of the ole

Lt.NL under contract to :he NRC,is in the proecss of evaluating the impact of removing the Olm
4

from seismic design Two studies have been undertaken the fint was a suney of utilities, '

engineering consulting firms, Ali's, code organitations, and utility consortmms in order to obtain
feedback on the feasibility of eliminating the requirement for dcQn associated with the OIE The
second is a risk study which has identified components w hich might te affected by a change in the
ole design criteria, and generie categories of components uhich are potential seistnie nsk
contnbutors based on previous Probabilistic Risk Assessments. This study wi!I detennine
components for which the design is governed * by the load combination equation which include
OIE load, and will evaluate the ef fect (if any) on component capacity for the hypothencal condition
of no Olm design analysis. The study will deternime the effeci on seismic risk,if the capabilities

.

are reduced, and will suggest changes to the component design prwess if there is an increase in the
,
'

seismic risk. -

1

Some broad, general conclusions may be draw n from the survey, and the ponions of the risk study
which are complete at this time. The survey mults are qualitative, and occasionally comradictory.
I in,1, the impact of removing the Olm fmm de. ign will depend to a large extent on the cunent
pH usophy of the designers. Two examples of this are that some designers use different damping
to generate re3ponse spectrum for SSE and Olm. Some use only OHli damping for both the OBli
and SSE since the determination has been made that the Olm may govern anyway. Another
example is that in line components are frequently designed for SSE loads, and then compared to

| OIE allowables. A second conclusion is that streamlining the design pnicess is a worthy goal.
I and a third is ' hat the OlW might govern the design of the following components:

Concrete frames including walls, floors, and roofs in auxiliary building, fuel handling
building etc.

Piping and piping suppott systems

Sphencal steel containments and heads on cylindrical steel containments

Containmen penetration reinforcement

Reactor sessel and steam pencrator mternal components

Large ture component suppon snubbers

Embedinent plates
- - , - _ - - . - - -

kk k I ) ||} kk *e !!! hbh Id h k gj k| h kk , fI k |b. Ih kD( , |k |i I hb
aHaable, a greater than the totallauhed load, unludmg the SSI: load. dmded by u e lauhed showable

-- 2
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!

|

!

We have obtained detailed design data for thiny two components of thiricen component types. The
- data is preliminary, however it does indicate that it is difficult to make the . statement that removing
the OllE will have no effect on design, and likewise that removing the OllE vill make the plant
less safe. More work is still tequired, tx>th in obtaining more cata, and in analyzing the results.

,
~

The data from both studies is summarized in Tables 1 'o 7.

In addition to these two efforts, a third study has been completed to evaluate the required changes
to Codes and Standards, if'he OllE were climinated from design. The followimt documents base

- tee.ueviewed:

Sections of ASME IlPVC Section til

ACI 349 85 and 349.lR-80

ANSI /AlSC N6901991

ASCE l 82 N 725 and ASCE 4 86

IEEE 323 and IEEE 344.

Suggested changes are fairly minor, and include definitions, references to dual earthquake loads
and other minor wording changes, and a necessity to include fatigue and seismic anchor movement
loads in the design. ,

Summary

The work in progress will develop the technical basis to support engineering related changes to
Appendix A. This paper has reported on the status and results of studies performed to date in
suppon of this project.

It is anticipated that the revised regulation and supporting regulatory guides will be released for
public comment in early 1992.

t

i

r

r
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Tabic 7: Structures: Steel Design

Summary of Comments from Utilities and
.Results from First Phase of Risk StudyDesigners

<
i

! . Auxilliary steel What . governs Margins
Steel design typically govemed by SSE. (large design? Large/Smali- -

1 - Component supports are mostly steel, govemed by SSE. component
i - Large bore component support snubbers governed by supports)
j OBE.

Plant 2 SSE Large
j Mechanical
p component ,
i support i
i Containment
i gallery

Elevation 97*-4~
! above s:rade
i

l'
j i
| Plant 2 OBE Large_

| Mechanical-

component,

!: support
Containmenti

!. gallery
i Elevation 97'-4~
| above grade
;

i

: Plant 1 SSE Small
i Containment
' building

Elevation l'
,

below grade*

,

s
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;'
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Enhancina the seismic Marcin Review Methodolony
to obtain Risk Insiahts *

Robert J. Budnitz

Future Resources Associates, Inc.
2000 Center Street, Suite 418
Berksley, California 94704

AESTRACT

This paper will discuss methods for obtaining risk
insights from the seismic margin review (SMR) methodo-
logy. The SMR methodology was originally developed in
1984-1987 with the objective of analyzing an individual
nuclear power plant to ascertain whether the plvnt has
the ability to withstand carthquakes substantially
beyond the design-basis earthquake without suffering a
core-damage accident. Recently, in the context of
NRC's IPEEE program, the SMR methodology has been
developed further by NRC to allow plants to identify
plant-specific " vulnerabilities" (in the IPEEE sense)
to seismic events. Among the important enhancements of
the SKA methodology is a method to obtain risk
insights. The nnhanced methodology consists of
several'"stepe" that an analyst should carry out,
beyond those already specified in either the NRC-type
or the SPRI-type SMR methodology. In this paper, the
steps involved in the enhanced methodology will be
discussed, with emphasis on their rationale.

A_ _ INTRODUC'QQL{

A new technique known as the seismic marain review methodolocy_
has recently been developed _that enables the ' seismic margin' of
a specific nuclear power piant to be analyzed. Two different
variants of this methodology-have been developed, one by the U.S.
Nuclear Regulatory Commission, NRC (Ref. NUREG/CR-4334, 1985;

--

This short paper is a summary of part of an NRC report,*

NUREG/CR-5679, to be published soon as a full report of the
work-that is summarized hero. The authors of NUREG/CR-5679,
besides the author _of this short paper, are David L. Moore
and_Jeffry A. Julius,_both'of NUS Corporation, Kent,
Washington. The work has been sponsored by the office of
Nuclear Regulatory Research of the U.S. Nuclear ReguJatory
Commission. It is referred to here as (R9f. Budnitz, Moore,
and Julius, 1992),
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NUREG/CR-4482, 1986) and the other by the Electric Power Renearch'

Inntitute, EPRI (Ref. EPRI-Margins, 1988). Starting with an
earthquake level chosen for margin review, the new technique
determines whether the plant can or cannot withstand the review-
level earthquake without a core-damage accident: here 'with-
standi means ' withstand with a h h confidence of a low probabi-
lity of failure', called 'HCLPF'. Thic IICLPT-based method can
develop a lower bound on a plant's 'neinmic margin' without
undertaking a costly full-ocope PRA.

In three trial applicationn (to the Maine Yankee, Catawba, and
llatch nuclear power plantn), some limitations in the methodolo-
gies have boon revealed (Ref. NRC-Maine Yankee, 1987; EPRI-

,

Catawba, 1989; Georgia Power, 1991; APG, 1991). One of these
limitations is the subject of thin paper. The limitation can be
stated as follows: -

The current methodology only analyzen planto up to
" level I" as defined in standard PRA nothodology ---
that is, the methodology only analyzes accident
sequences up to the onset of core damage. There in no
analysis of plant damage states and of the potential
of a given sequence to lead to large radiological
releases.

The broad goal of the project that this paper nummarizon han been
to develop the HCLPF-based margin methodology further. The
9hicRt_ive has becp to_ provide recomencl ttoDElgr_enhanCfmRDtD_.19A
_thf1_ margin methociolonie_st These enhancements will enable
neicnic-margin analyato to obtain rich innights concerning the
DOlentj a 1 lo._r_lRI.9 R_EsEl L9100ic a LEn le an 00

The significance of the problem being addressed is as follows:
the seismic-marginc methodology has been developed to a mature
state, and may become a utandard method used for reviewing rany -

nuclear power plants, especially in the context of URC's IPE
(Individual Plant Examination) program. The fact that NRC is
endorning the seismic-marginn methodology an one way to accom-
plish the IPE objectiven for earthquake-initiated accidents tall
encourage many utilities to une coinmic-margin methodo for the
IPE (Ref. NRC-IPEEE Generic Letter, 1991). Also, most of the
older U.S. plants will be doing neismic reviews of equipment noon
to satisfy the requirements of resolving NRC Unresolved Safety
1scue A-46, " Seismic Qualification of Equipment in Operating
Plants." The resourcen (person-yearn and dollars) to be devoted
to such reviews will be very subctantial in the next tow years.
If limitations in the seismic-margin methodologien are better
understood and partially remedied, these resources will be more
effectively applied, and the engineering insights will be more
technically sound.

Furthermore, it is anticipated that the cost of applying the

14
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;

,

F

proposed enhanced methodology should be only slightly greater (in
the 10% to 15% range) than the cost of applying the existing
seismic margin methodology, if a level-I seismic PFA or level-1
IPE internal-initiators evaluation is available. IJ there is no
PRA or IPE to fall back on, then the effort will be greater.d

,

This is because in this case it is necessary to develop informa- t

'

tion anew about containment systems and functions and so on.
This c::tra effort could be very large.

. ,

at TECHNICAL APPROACH j

The project's technical approach has been to demonstrate the
feasibility of the proposed enhanced methodology by applying it
in two actual cases

(1) by revisiting the completed Maine Yankee trial margin study,
-

which used the NRC-type aargin approach; and (2) by studying the
applicatlon at Match of both the EPRI-type and the NRC-type
approaches together. An attempt was made to revisit the Catawba
trial application of the EPRI-type seismic-margin methodology,
but not oeough information was available to provide useful

,

methodological insights.

| The coismic-margin approach stays away from dealing with overall
L earthquake-initiated risk directly. Indeed, one major benefit of

a seismic margins review is the fact that the nethodology does|

not rely at all on input concerning the seismic hazard. Rather,
the margins approach begins by defining a peak ground accele-
ration level and spectrum (the " review-level earthquake") against
which the specific plant is to be reviewed. Both the NRC method

! and the EPRI method then review the plant to determine whether
-

I the plant's seismic capacity is, or is not, above the review- .

'

--level earthquake. The plant's capacity is expressed in terms of
its "HCLPF capacity value", as defined in the methodology
documents. If the plant HCLPF value is above the review-level
earthquake, then the statement can be made that "there is a high
confidence of a. low probability of failure if the plant were
subjected to an earthquake smaller or equal in ' size' to the
review-level earthquake".

There are important strengths to the HCLPF-based aporoach, which
uses as its main tool the proposition that it is feasible to
develop, for each component, structure, or equipment item at a
plant, the so-called "HCLPF value" ---- defined as that value of
- peak ground acceleration at which analysts can agree that for

- - - - that component there is "a high-confidence ef a low-probability
of failure". If this HCLPF value for cvery plant component and
structure is known, then it is possible to develop a HCLPF value
for key accident sequences, including combinations of seismic-
induced failures of various components and' structures. The HCLPF
value of a given sequence is obtained by combining properly the

|

|

!
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IICLPF values of the various items whose failures contribute to
that sequence.

In principle, this method can be used as a .aans of determining
the llCLPF value for nacJl accident sequence, and hence by proper
analysis for "the plant-as-a-whole". Unfortunately, such a
complete analysis would require an etfort nearly as extensive as
that required for a full-scope FRA. The great value of the
newly-developed seismic margins approach is that it avoids this
large effort by judiciously using conservative screening methods
to reduce the number of components requiring detailed analysis.

In the !!RC-supported approach, such screening is done within both
the systems-analysis part and the fragilities-analysis part of
the methodology, and involves eliminating (screening out) many
components (R01. liUREG/ CR-4 3 3 4 , 1985; 11UREG/ CR- 4 4 8 2 , 1986). The -

fragilities screening eliminates components based on screening
guidelines whenever it can be established that their capacities
are, with high confidence, well above the review-level earthquake
being used in the analysis. Syst;ms screening is done to
eliminato components which are parts of systemn not needed for
certain functions. This set of simplifications is coupled with
eliminating the seismic hazard evaluation: the question of how
probable might be the earthquake-initiated accidents of interest
is simply not asked.

In the EPRI-supported approach (Ref. E PRI -!1a rg i r.m , 1988), the
screening is done by the judicious selection, narly in the
analysis, of one or more "succenn paths" that represent a methods
whereby the plant can reach a safe shutdown condition after the
occurrence of the postulated review-level earthquake. The
analysis team then examines each selected success path in detail,
determining the !!CLPF capacity values for the functions, systems,
and components required to operate successfully after the
earthquake. -

h EVM U ATI O!1 Of TurmE A S I DI LUX _0_f_IllE_Miin!A E MIS

Based on the work described, the authors' evaluation is that the
recommended methodological enhancements are indeed ful ,
feasible. A summary of that evaluation is as follows:

'I h e authors believe that it in fully feasible to obtain insights
using the seismic-margin methodologies concerning whether
specific earthquake-caused faults, leading to core-threatening
accident scenarios, are or are not associated with potential
large radiological releason. A proposed methodology to accon-
plish this in specified in the body of the report.

The principal limitation is that the insights obtained are only
approximate. This is mainly because the categorization of

16
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success paths or cutsets into accident sequences, and further
into plant damage states and radiological-release " bins", can
only be approximate in light of shortcuts taken in the early part
of the seismic-margin methodology. In the authors' vies, these
shortcuts can only be overcome by carrying out a full-scope
level-II PRIs . Some of these shortcuts involve how non-seismic
failures and human errors are treated, even using the enhanced
methodology that is recommended in this report. Other shortcuts
involve the compromises intrinsic in the quasi-quantitative
features of the margin-review approach. To repeat, the authors
belleve that only a ful1 level-II PRA can overcome these
difficulties.

A further limitation of the EPRI-type success-path margin method,
which is absent when using the NRC-type fault-space method, is
that one group of accident sequences will be missed entirely.
These are postulated sequences in which the initiating event
would be earthquake-caused losn of offsite power, but core damage
would occur with no other seisnic faults (due only to subsequent
non-seismic faults or human errors). If seismic-caused failures
were to occur in the containment or in containment systems, which
could lead to potential large radiological releases, the
existence of these would be an important insight that the EPRI-
type methodology simply cannot identify.

Despite all of the limitations just discussed, it is the authors'
overall evaluation that the enhanced methodology is well worth
undertaking.

| The recommendations here are considered enbmle ngIIkg of the
guidance contained in the standard reports supporting the NRC and
EPRI seismic margin review methodologies. It will not be
possible to understand how to apply the enhancaments here without
reference to these original methodology reports.

L. DD12RTION OF THE HEPS_JlL_TULIUUMLCEp_ MET 110DOJAM

The broad structure of each of the enhanced methodologier can be
found in the body of the report, NUREG/CR-5679 (Ref. Budnitz,
Moore and Julius, 1992). Here, only the summary tables will be
displayed, showing the several Relw in both the NRC and EPRI
margin-review mett logies, with enhancements. The analyst
should note that i 1s not necessary to perform these Steps in
the order listed. Indeed, it in probably more efficient to carry
out certain Steps concurrently with otherg. An example is the
systems-analysis work in Step C of the NhC-cype methodology.
Another example is the seismic-capacity assessment work in NRC
Step G, or alternatively in EPRI Step G.

Enhanced URC seismic Margip_tieth2dololln The original NRC
methodology guidance provides for 8 Steps. The enhanced guidance

i

r

t
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recommends 9 more Steps to consider the potential for large
radiological releases. The structure is summarized in Table 1.-

Enhanced EPRI Seismic Marctin liej;Jigiqlqqyi The original EPRI
methodology guidance provides for 7 Steps. The enhanced guidance

,

i

recommends 9 more Steps to consider the potential for large
radiological releases. The structure is summarized in Taj21o. 2.

The' enhanced methodology consists of 9 additional steps, and is
somewhat different depending on whether the EPRI-type success
path approach or the llRC-type fault-space approach has been
selected. The differences are in the first two additional steps;
the last 7 additional steps are very similar.

The assumption is made that a seismic-margir. review has been
completed, using eithe the EPRI-type or the NRC-type methodo-
logy, and following the guidance in the appropriate EPHI or NRC
methodology reports.

It is also assumed that either a level-I PRA or an internal-
jnitiators IPE analysis has been accomplished, or is being
accomplished in parallel with this analysis. While this is not
an essential assumption, if it is not true a considerable amount
of extra effort will be required to complete the work here.-

The 9-step enhanced methodological guidance can be briefly
described as follows:

FPRI-tyne seltmic-marcin methodolocs. Sten 5 A c:nd 11

dteo A rut Determine if any success path has a llCLPF capacityt

less than the SME. If there are none, the
methodology stops.

S tep_Depa For each low-HCLPF success path identified in Step
A, determine the one or more accident sequences
associated with that postulated low-HCLPF situa-
tion.

NJK-t ype s eis mic-m a rgin methodoloev. Steps A and il

El.ep ANRc Identify each cutset whose HCLPF capacity is less than
the SME. If there are none, the methodology stops.
Also, identify relevant non-seismic failures, human
errors above'the screening cutoffs, and opportunities
for recovery.

- Mf0P'JNRC For each Cutset identified in Step A. determine trq one
t-/ S or more accident sequences associM ed with that

postulated low-HCLPF cutset.

18
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J2111-nne or NRC-tue selunit-smgin mtlluntninnditrLC 10 1

Sico C For each accident asiuence identified in Step D,
use the event-tree method to extend that sequon--
to one or more plant-damage states. The use of
internal-initiator event trees should generally be
satisfactory for this purpose.

Sinn_D Perform a binning of the plant damage states
identified in Step C, into bins corresponding to
types / sizes / severities of radiological release,
with emphasis on largo, early releases and
intermediate-sized releases.

Step E For each large-release and intermediate-release
bin identified in Step D, determine the contain-
ment systems and functions and the operator
actions called on by plant procedures as the
sequences associated with that bin evolve in time.

Sten _f For each large-release and intermediate-release
bins identified in Stop D, determine the contain-
ment systems and functions and the operator
actions available for recovery as the sequences
associated with that bin evolve in time.

Sten G Assess the HCLPF capacity of each containment sys-
tem / function identified in either Step E or Step
F.

Step 11 Assess the likelihood of operator error associated
,

with those_necessary operator actions identified
in Step E, and the likelihood of success for those
operator-initiated recovery actions identified in
Stop F.

Eten_1 Document the results and insights derived from
earlier Steps.

A more extended description of the 9 steps can be found in the
full report, NUREG/CR-5679 (Ref. Budnitz, Moore, and Julius,
1992).

i

L ALTERNATIVES TO THE _9 STEPS _DESQRLDXQ_AJ19_V_E
,

"

The 9-step methodology just discussed is the recommended approach
for obtaining insights about the potential for large radiological
releases. However, it is not the only way to obtain the en-
gineering insights. Here, some alternative ways to approach
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,

these issues will be discussed.
,

.

Idtgrnatile A. P e rigrm_HCLE_capmLty_teylew_ Lor _ALLe ontainment '
' EZElemEl The recommended methodology, as structured, has as one

objective that not all containment functions and systems need be
examined for their seisric HCLPF capacity --- the HCLPF capacity

,

work need be done only ?or those which are involved in the
accident sequences / plant damage states surviving the screening. !
This can be a great simplification, reducing cost, effort, and

|complexity.
,

The price paid for this simplification is that significant
systems-analysis work is required in Steps B, C, D, E, and F.
This systems work would not be necessary 11 the following four
itema could be accomplished successfully:

(1) all containment functions and systems were reviewed
|and found to have high HCLPF capacities, above the SME;

(2) this was also found to be true of all support,

systems necessary for the minimum configuration of
front-line containment systems to perform the needed
functions;

(0' no spatial systems-interaction issues or other
unusual ways were identified that could compromise
these containment functions; and ,

,

(4) the cperator actions required were reviewed and
found to be acceptable in terms of susceptibility for
error.

i This approach could be an acceptable alternative to the 9-step '

process outlined earlier.

Alternative B. Reducej;Lp_tegran --- a ;1yptematic conta_inment-
function walkdown, bn.t without calculations: An abbreviated
alternative, not as satisfactory as " Alternative A" but perhaps
acceptable in some cases --- especially in regions of low
seismicity, such as along the U.S. Gulf Coast --- could be a

. reduced program. Such a reduced program would emphasize a
' thorough walkdown, but would not necessarily emphasize HCLPF
i capacity calculations.

This reduced-program approach is suggested in the spirit of the
MRC's suggested reduced program guidelines for the seismic-margin,

|- methodology for the IPE. The NRC's recent guidance on this
| subject should be referred to for further background information
I (Ref, NRC-IPEEE Generic Letter, 1991).
|
,
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IAllt 1: 1

ENilANCED NilC SEISMIC WMLGIN METilODOI OG V

ELen Dmrinti^n

Original NRC Step 1 Select Se2snue Margin Earthquake ,

Original NRC Jtep : Initial Systems Review

Original NRC Step 3 Component Grouping t, .' 7LPF

Original MRC Step 4 First Plart Walkdoan

Originst NRC Step 5 Syste.n htmiehng

Original NRC Step 6 Second Plant Walkdawn

Original NRC Step 7 Determine blinimal Cutsets

Original NRC Step 8 Finabse Plant-Level llCLPF

New NRC Step A identify Cutsets with IICLPF < SME
and NSF, ilE, OFR

New NRC Step B Determine Accident Sequence for

End law HCLPF Cutset

New Step C Extend each Sequence to Plant Damage
States

New Step D Bin Plant Damage States by
Radiological Release Potential

.

New Step E Determine Needed Containtnant Systerns

and Functions and Operatcr Actions
Called on by Procedures

New Step F Deternune Containmen; Systems and
Functions and Operator Actions
Avadable for Recovery

New Step G Assess llCLi'F for each Containment
System / Function

New Step H Assess Likethood of Operator Error
or Operator Recovery Actions

New Step 1 Document Results and insight.s
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TAIll E 2

T. Nil A NfED EPRI SEISMIC MA RGIN METIIODOI OGY

E, ten D.tgritithn

Original EPRI Step 1 Select S.lsrnie Margin Earthquake

Original EPRI Step 2 Select Assessment Team

Original EPRI Step 3 Pre.Walkdown Preparatory Work

Original EPHI Step 4 Systems and Element Selection
Walkdown

Original EPRI Step 5 Seismic Capability Walkdown

Or.ginal EPRI Step 6 Subsequent Walkdowns

Originst EPRI Step 7 Selandc Margin Assessment Work

New EPft! Step A Determine if ar./ Success Path has
RCLPF < SME

New EPRI Step B Determine Accident Sequences for

Each low-liCLPF Success Path

New Step C Extend each Sequence to Plant Damage

Ctates

New Step D Din Plant Damage States by
Radiological Release Potential

New Step E Determine Needed Containment Systems
and Functions and Operator Actions
Called m by Procedures

-

New Step F Determine Containment Systems and
Functions and Operator Actions
Available for Recovery

New Step G Assess IICLPF for each Containment
System / Function

New Step 11 ' Assess Ukelihood of Opeistor Error
or Operator Recovery Actions

New Step i Document Results and Insights
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_

Abstract
s

The Large-Scale Seismic Test (LSST) Program at Hualien, Taiwan, is a follow-on to
the Soil-Structure Interaction (SSD experiments at Lotung, Taiwan. The planned
SSI experiment will be conducted at a stiff soil site in IIualien, Taiwan, that
historically has had slightly more destructive earthquakes in the past than Lotung.
The LSST is a joint effort among many interested parties. The Electric Power
Research Institute (EPRI) and the Taiwan Power Company (Taipower) are the
organizers of the program and have the lead in planning and managing the
program. Other organizations cofunding and cost-sharing the LSST Program are the
U.S. Nuclear Regulatory Commission (NRC), the Central Research Institute of
Electric Power Industry (CRIEPI), the Tokyo Electric Power Company (TEPCO), the
Commissariat A L'Energie Atomique (CEA), the Electricite de 1. 'nce (EdF), ;
Framatome, the Korea Electric Power Corporation (KEPCO), the Korea Institute of
Nuclear Safety (KINS) and the Korea Power Engineering Company (KOPEC).

The LSST was initiated in January 1990, and is envisioned to be five years in
duration. Based on the assumption of stiff soil and confirmed by soil boring and
geophysical results, the test model was designed to provide data needed for SSI
studies covering: free-field input, nonlinear soil response, non-rigid body SSI,
kinematic interaction, spatial incoherency and other effects. Some specific questions
raised by LSST members concerning model design were on embedment effects,
model stiffness, base shear and openings for equipment. This paper describes
progress in site preparation, design and construction of the model and development
of an instrumentation plan.
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Introduction and Background

EPRI, in 1985, ivith the cooperation of Taipower, designed and constructed two
scaled (1/4-scale and 1/12-scale) reinforcs.1 cylindrical concrete containment models
in Lotung, Taiwan, for studying SSI under strong ground motion earthquakes
(Tang, H.T.,1987). The soft soll site conditions at Lotung were ideal for invoking
significant SSI, particularly for reduced scale models. The Lotung experiment was
extensively instrumented to record free-field, SSI and structural response data
(Tang, H.T., et C ,1987). Before the deployment of instruments, the U.S. NRC also
cosponsored some low-level forced vibration tests (FVT) to evaluate dynamic
characteristics of the soil-structure system (Tang, Y.K., et al.,1987).

Because of its extreme soft soil conditions, the Lotung experiment is limited in
addressing certain SSIissues, such as effects of structural deformation, foundation
uplifting, and particularly, the stiff soil conditions (EPRI,1989 and
Tang, H.T., et al.,1090). To confirm and expand the findings and analytical
validations achieved in the Lotung program for more prototypical stiffer soil site
applications, a stiff soil site experiment is needed. Specifically, one would like to
estab!ish a basis to address the following questions:

Have Lotung results captured all key SSI behaviors directly applicable to*

prototypical nuclear power plants?

Are conservatisms identified based on soft su. site data equally valid for stiff*

soil sites based on extrapolation using qualified analytical methods but lacking
actual stiff soil data confirmation?

I

How do soil property uncertainties affect SSI?*

|

Can one quantify uncertainties and resolve inconsistencies among different*

laboratory and in-situ soil characterization techniques?

; Additionally, associated with the U.S. Standard Review Plan revision, resolution of -

Unresolved Safety Issue (USI) A-40, NRC raised several questions specifically
!

pertaining to the Lotung results. Stiff site data and analysis can further substantiate
answers to these questions.

With the cooperation of Taipower, a site meeting the desired stiff soil conditions
was identified in Hualien, Taiwan. An international consortium has subsequently
been formed to implement the LSST Program at Hualien for SSI research.

EPRI and Taipower are the organizers of the program and have the lead in planning
and managing the program. Other organizations cofunding and cost-sharing the
Hualien LSST Program are NRC, CRIEPI, TEPCO, CEA, EdF, Framatome, KEPCO,

,

KINS and KOPEC.
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l
Objectives'

The objectives of the Hualien project can be summarized as follows:

To obtain earthquake-induced .SSI data at a stiff soil site having similar*

prototypical nuclear power plant soil conditions.

To confirm the findings and methodologies previously qualified against the*

Lotung soft soil SSI data for prototypical plant site applications.

To quantify results which were not available or lacked resolution in the Lotung*

study, such as structural deformation, torsional response, spatial incoherency
effects and others.

To quantify uncertainties and resolve inconsistencies among different*

laboratory and in-situ soil characterization techniques.

To further validate and improve the technical basis for realistic SSI analpis*

approaches.

To further support the resolution of USI A-40 issue, and provide a basis for*

improved and rational seismic design.

Site Conditions

The general geology in Hualien consists of massive unconsolidated, poorly bedded
conglomerative composed of pebbles varying in diameters from 10 to 20
centimeters. Scoping geophysical and boring tests conducted in 1989 by Taipower
and the Institute of Earth Sciences show that the shear wave velocity for the top
layer of 100-meter depth is around 400 m/sec and for the layer below (up to about 7
km depth) is 1500 m to 1850 m/sec. The 50 m boring revealed that the top 5 m is of
silty sand and the layer below consists of gravels of diameters varying from 3 cm to 7
Cm.

Subsequent more detailed in-situ boring and geophysical testing by CRIEPI further
confirmed the general geological formation and geotechnical behavior observed in
the scoping investigation. Undisturbed samples cored from frozen soil ground are
being tested in the CRIEPIlaboratory for characterization of soil constitutive
properties under both infinitesimal and finite strain conditions.
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Test Model Design

The test model designed for the Hualien LSST program is almost a replica of the
Lotung model, except that, for the purrose of lowering the soil-structure system
frequency to 3 to 5 Hz because of the stiff soil fourWation condition, the roof slab is
enlarged and thickened-to increase the mass. This similarity will make the
comparison of results between the two experiments more compatible. Ilecause of
the stiffer foundation, the Hualien model is expected to experience slightly more
deformation response than the Lotung case, although rocking will remain the
dominant model dynamic response component.

Some additional criteria considered in the design of the model include:

Embedment to be 25-30% with the model founding on the gravel layer.*

Design level ground motion to be 0.25 g with a synthesized spectrum based on*

local earthquake characteristics and wave propagation path conditions.

Model response to be elastic at the design level ground motion.*

Model to be as heavy as possible to enhance soil foundation behavior*

investigation.

Instrumentation Layout

The instrumentation layout in Hualien is very similar to the one in Lotung. In the
- following, the layout of each category of instrument is briefly described.

Free-Field Instrumentation

For the free-field instrumentation, the layout is shown in Figure 1. There will be
five three-component (EW horizontal, NS horizontal and vertical) accelerometers
located on the ground surface along each arm. The first accelerometer will be
located close to the c tside wall of the containment model, with the next three
located approximately 1/2,1-1/2 and 2-1/2 diameters away, respectively. The fifth .

triaxial accelerometer will be about 5 diameters from the model wall. Because of site
constraints, not all instruments may be lined along a straight arm. Nonetaeless,
orientation of each accelerometer component will be properly aligned.

There will be three downhole arrays as shown in Figure 1. All three will consist of
four. triaxial accelerometers with one at the interface of alluvium and gravel layers
(~5m depth) and the others at depths of 1-1/2,2-1/2 and 5 diameters from the
grotmd surface. One of the downholes will be on the north-west arm (arm 1) below
the most distant surface unit from the model and the second one will be below the
most distant surface unit on the south-east arm (arm 2). The third downaole array

.

e
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|

| will be either directly under the model or at the edge of the model (in this case,
under either arm 1, arm 2 or arm 3 gage depending on actual site conditions).

Soil-Structure Interface Instrumentation

Interface behavior between the containment model and the soil will be monitored:

To determine soil bonding at the structure interface,*

To detect gaps at the interface due to uplif t or rocking, and*

To investigate the maximum soil stress beneath the foundation.a

Twenty-eight total pressure transducers will be installed on the model. The -

locations of these instruments are shown in Figures 2 and 3. Out of the nine
pressure cells which will be placed under the foundation, eight will be placed forty-
five degrees apart, just inboard of the containment shell perimeter, and the ninth
one will be at the center of the foundation. Nineteen pressure cells will be placed on
the outer surface of the containment shell at different depths of the embedded
portion along five directions, north, south, east, west and north-west.

Structura! Response Instrumentation

The containment model will be instrumented with triaxial accelerometers at
locations shown in Figure 4 to record model response data. Four accelerometers
along the east, west, south and north directions will respectively be placed on the
basemat inside the cc,tainmel.t adjacent to the containment shell and four will be
on the roof top inward of the edge. Along the same directions, at mid-height
between the ground level and the bottom of the roof, four accelerometers will be

[placed on the inner surface of the containment shell, and at the height of the
ground level, two accelerometers will be placed 90 apart. One additional
accelerometer will be installed on the rooftop near an opening designed for
equipment transportation in and out of the containment.

Pore Pressure and Ground Settlement Measurement

Although liquefaction potential at Hualien is relatively low, pore pressure variation
during earthquakes will nonetheless be measured to provide full understanding of
site characteristics and ground response. Ground settlement will also be monitored
to provide information for evaluating dynamic and static soil loading bearing
characteristics.

CRIEPl will deploy four pore pressure gages, seven settlement gages and two
inclinometers, according to the layout as shown in Figures 5 to 7. Also shown in the
figures are four additional pore pressure gages, which wdl be installed to assure
sufficient redundancy because of past high failure rates of pore pressure gages at
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Lotung. The four additional pore pressure gages will be installed near the downhole
accelerometers closest to the ground surface (1/2-diameter depth), two near the
structure model along Arm 1 and Arm 3 and two away from the model at the end of
Arm 1 and Arm 2 (5-diameter distance away from the model edge.)

-

Coordination With SMART-2

The layout of the Hualien free-field instrumentation as shown in Figure 1 is
designed with the primary focus on SSI research only. Sensors deployed a distance
away from the test model will furnish the " free-field" data in the sense that the data
is not contaminated by the presence of the test model. The " free-field" cata is
normally used to define the control motion for SSI analysis. For those sensors in
the close proximity of the test model, they provide data to evaluate the SSI effects on
the " free-field" motion due to the presence of the test model. The recorded data
serves as part of the technical basis in qualifying SSI analysis for defining foundation
input motion. The Figure 1 layout also allows one to obtain data required for
studying spatial incoherence of wave motions in a domain having the dimension of
the order of magnitude of several test model foundation diameters. Furthermore,
not only the surface spatial incoherence can be studied because of data from the
three surface arms, the three downhole arrays will also yield data for evaluating
spatial incoherence at depth.

However, to quantify and characterize strong motion characteristics which include
source mechanism, wave attenuation, and spatial incoherence, strong motion
network with larger spacing between instruments such as the ones in the SMART-1
array (Bolt et al.,1982) is required. Since SMART-2, a second strong motion array in
Taiwan,is going to be deployed at Hualien by the Institute of Earth Sciences,
Academia Sinica, coordination between the LSST array and the SMART-2 array has
been established for mutual benefit.

Summary

The LSST program is moving along accordit to plan with a slight schedule delay
because of lengthy process involved in obtaining construction permit for the test
model. The facility is now scheduled for full operation in the fourth quarter of 1992.
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CONTAINNIENT PERFORNIANCE EXPERih1ENTS
UNDER SEVERE ACCIDENT LOADINGS 1
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Albuquerque, Nh1 87185
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Abstract

This paper provides a summary and status report for two ongomg
experimental programs. The purpose of each program is to detennine the
behavior of certain components of the containment pressure boundary when
subjected to severe accident conditions. The first program is investigating the
effect of various parameters on tearing of the steel liner in reinforced concrete
containments. The second will attempt to detennine if worst-case containment
loading conditions are capable of causing leakage through piping penetration
bellows. The liner test program is almost complete; however, the bellows
tests have not yet begun. Therefore, the emphasis of the paper is on the liner
experiments. The research activities described herein are a part of the
Containment Integrity Programs, which are managed by Sandia National
Lacoratories for the U.S. Nuclear Regulatory Commission.

1.0 INTRODUCTION _

.

The perfonnance of the containment building in a nuclear power plant is a critical factor in
determining the consequences of a severe accident. As an example, the consequences of the
Three hiile Island accident may be compared to that at Chernobyl. Because of the importance
of the containment, the Nuclear Regulatory Commission began a series of programs about ten
years ago to investigate containment integrity under severe accident conditions. These
programs are collectively known as the Containment Integrity Programs. The main goal of this
work is to develop a complete set of validated methods for estimating the pressure capacity, at
elevated temperatures, of light water reactor containment buildings.

To accomplish this goal, a series of scale model containment buildings have been tested to
failure by internal overpressurization at ambient temperature. A 1:8-scale steel containment
model [l] and a 1:6-scale model of a reinforced concrete containment [2] have been tested at
Sandie. Also, a 1:10-scale prestressed concrete containment model has been tested in the
United Kingdom under a cooperative agreement between the NRC, UKAEA, and others (31

I This work was supported by the U. S. Nuclear Regulatory Commission and performed at Sandia National
Laboratories, which is operated by the U.S. Department of Energy under contract number DE- AC04-
76DPOO789
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.

All of the models were heavily instrumented so that the test results could be compared to pre-
and posttest analyses. In this way, the adequacy of existing analytical methods to predict
containment behavior has been assessed, and improvements have been made 14 9).

The number and size of penetrations included in the containment models were limited by their
scale so an adequate representation of the wide variety of penetration designs could not be
included in the containment models. Therefore, several other research programs have been
undertaken to better understand the behavior of penetrations under severe accident conditions.
These programs have included tests of a full-size personnel airlock (101 and electrical
penetration assemblics (EPAs) [ll), a 1:6-scale pressure unseating equipment hatch [121,
compression seals and gaskets [13), and inflatable seals I141

As a continuation of the Containment Integrity Programs, there are two ongoing research
activities. One program includes a series of experiments to better understand the effects of
various parameters on tearing of steel liners in reinforced and prestressed concrete '

containments. Pretest analyses have been conducted for these tests. The predicted results are
being compared to those observed in the tests in order to detennine the adequacy of existing
analytical methods to predict liner tearing.

The other ongoing program is investigating the performance of containment penetration
bellows when subjected to severe accident loadings. Bellows are used at the piping
penetrations of steel containments to minimize the loadings imposed on the containment shell
that are caused by differential movement between the pipe r,nd the wall of the containment, *

These types of bellows are an integral part of the containment pressute boundary During
accident conditions, the bellows may be subjected to combinations of axial compression, lateral
offset, .uternal pressure, and elevated temperatures. The purmse of the test program is to
detennine the types ofload combinations necessary to cause leakage past typical containment
penetration bellows.
.

The liner tearing experiments are almost complete at th time of writingt however, the bellows
tests have not yet begun. Therefore, the remainder cc this paper will be devoted to the lineri

tearing experiments.

2.0 EXPERIMENTS TO INVESTIG ATE LINER TEARING IN CONCRETE
CONTAINMENTS

2.1 Motivation For Test Program

A 1:6-scale reinforced concrete containment model has been internally pressurized to failure at
Sandia as a part of the Containment Integrity Programt A cross-section of the model is shown
in Figure 1. As is typical in reinforced concrete containments in the U.S., a steel liner on the
inside of the wall formed the containment pressure boundary. Studs were welded to the
outside of the liner and embedded in the concrete wall to anchor the liner to the wall;

The design pressure for the model was 46 psig. During the test, the internal pressure was
slowly increased using nitrogen gas up to a maximum pressure of 145 psig. At that poirit,
leakage through tears in the steel liner became so large that the internal pressure could not be
increased further. The rate ofleakage grew very rapidly from almost no leakage at 138 psig to
the maximum amount at 145 psig. At the maximum test pressure, the rate of leakage was in
excess.of 4000 scfm, which is 40% of the model's volume per minute.

!
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I The r:lative location of the tears in the liner are shown in Figure 2. Note that all of the tears are
adjacent to penetrations along the circumference. This is because the highest strains in an
intemally pressurized cylinder occur in the circumferential direction. Posttest examination also
revealed that each tear was directly associated with a stud.

The primary liner tear occurred adjacent to a thickened insert plate at a piping penetration. The
majority of the leakage was caused by this tear. A photograph of the tear is shown in Figure 3.
The tear was approximately 22 inches in length and passed through the first row of studs in the
liner adjacent to the insert plate. The actual h> cation of the tear was along the edge of the studs
on the insert plate side.

Figure 4 shows a honzontal section of the wall through the area in which the tear occurred.
i'or simplification, only the circumferential (hoop) reinforcet ent is show n in this figure. The
figure shows the thickened insert phue (3/16"), the liner plate (1/16"), and the relative location
of the studs that are attached to both the insert plate and liner. The shank diameter of the studs -

is approximately 0.15 inches and they are about 3/4 of an inch in length.

It is believed that the liner tear at this location was caused by two factors. One is the dif ference
in thickness between the insen plate and the liner plate. The other is the load imposed on the
liner by the studs that are located near the thickness discontinuity.

As the model was pressurized, the walls moved radially outward and were stretched in the
hoop direction. Because the insert plate is thicker,it tends to stretch much less than the thinner
liner. The hoop reinforcement is continous through this region, so it stretches uniformly. As
a result, there is a natural" slippage"l: tween the liner and the concrete wall. The studs, which
are embedded in the concrete, want to follow the motion of the concrete wall. Ilowever,
because the base of the studs is welded to the liner, the studs resist this slippage and by doing
so impose a local" point" load on the liner at their base. It is believed that this additional liner
load caused by the studs is the main reason for the liner tear at this location.

Before the test of the 1:6 scale contamment model, several organizations conducted pretest
analyses to determine the expected model response and the expected failure mode [6L
Although liner tearing was postulated as a possible mode of failure by some organizations, no

-

one predicted the above mechanism that led to the primary liner tear. Many, if not most,
-

experts felt that the large amount of total elongation of the liner (ahout 259) would be
sufficient to prevent extensive liner tearing before another mode of failure was realized.

After the test, additional detailed analyses of the region around the main liner tear were
conducted. These analyses were able to reproduce the mechanism that caused this tear. In
Reference (5], strains as high as 26% (about 15 times the free-field strain of l.5-2.0G) were
computed at the base of the studs for the maximum pressure level of 145 psig. This type of
strain concentration is much higher than would be caused solely by the change in thickness
between the liner and insert plate and clearly shows the importance of the studs in causing the
principal liner tear.

A plane stress finite element method was used in this analysis to model the behavior of the liner
anchorage system. Because of the good agreement with the test result, it was felt that the
parameters of primary importance could be adequately represented using a plane stress model.
Ilowever, there was only one data point, the 1:6-scale model, that could be used to validate the
analytical method. For this reason, a series of " separate effects" tests were dec gned and are
now being conducted.
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The purpose of these tests is to further investigate the effect of various parameters on liner,

tearing and to provide additional data that can be used for validating analytical methods. 'I he*

final objective of this program is to develop a validated method to predict the initiation of liner
tearing for reinforced and prestressed concrete containments with differing anchorage and
discontinuity details.

An outline of the test program, as well as a brief description of the available test results, is
provided below. Because the teus have only been recently completed, a detailed presentation
of the results will be deferred to later publications for this program.

2.2 Description of Liner Test Program

The liner tearing test program consists of two phases. The primary purpose of the Phase I
tests is to detennine the effect of preload in the liner on liner tearing. The main objective of the -

Phase 2 tests is to further examine the mechanism that caused liner tearing in the 1:6-scale
reinforced concrete containment ruodel using uniaxial test specimens.

13ecause the dominant strains at fadure in the 1:6-scale model were in the hoop direction,it was
felt that the important liner tearing parameters could be adequately investigated using uniaxial
tensile specimens. Therefore, all of the liner specmens were or will be tested in uniaxial
tensien. It is much easier and less expensive to conduct uniaxial tests than trying to reproduce
the actual bi-axial strain state that was present in the 1:6-scale model.

Pretest analyses, using the same plane stress approach as previously applied to the 1:6-scale '

containment model, have been performed for each of the liner tests. The results of these
enalyses are being compared to the test results to further detennine the adequacy of plane stress
methods for predicting liner tearing.

2.2.1 Phase 1 Tests

t)rior to the test of the 1:6-scale containment model, it was generally accepted that the studs
used on the liner of reinforced concrete containments were not strong enough to tear the liner. 1

This conclusion was based on the results of construction tests of stud anchorage systems.

During construction, what is known as a " hammer" test is nonnally perfonned to detemiine the
adequacy of the connection of the stud to the liner. For this test, a stud is welded to the liner
and a hammer is used to bend the stud. In all known tests of this type, the liner is never torn.
If a failure occurs,it is in the connection of the stud to the liner.

Stud shear tests were also conducted at Sandia during construction of the 1:6-scale model to
determine the shear stiffness and total shear strength of the studs. In these tests, studs were
welded to the liner material and then the studs were embedded in a Oxeu block of concrete. A
tensile load vas applied to the liner which induced a shear load on the studs at their connection
ta the liner. The liner load was increased until failure of the specimens. In every one of these
tests, the studs failed in shear without tearing the liner.

There is one critical difference between the above construction tests and the test of the 1:6-scale
model. That difference is that a substantial liner preload existed in the 1:6-scale model at the
time of the liner tear, however, there was no preload in the liner for the construction tests. The
preload in the 1:6-scale model was pmduced primarily by the overall" free-field" hoop strain,
which was about 1.5 to 2.0% when the main liner tear occurred. As shown in Figure 6, this
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amount of strain is sufficient to yield the liner material.

The purpose of the phase 1 test series was to further demonstrate the importance of liner
preload on liner tearing and also to determine the adequacy of plane stress finite element

. methods to predict liner tearing.

The test specimen configuration used for these tests is shown in Figure 5. The overall length
of the specimen is 60 inches. Liner segments are used on each side of the specimen for
symmetry. ' A "dop-bone" shape is used to ensure that the maximum stress will occur at the
location of the studs while minimizing the strain concentration caused by the reduced section.
The liner width varies from 24" at the ends to a minimum of 8t' at mid length. The sides of the
liner are cut at a radius of 45". A single row of four studs is attached to each liner segment at
mid length. The spacing between the studs is 2", the same as used around penetrations in the
1:6-scale model. These studs are embedded in a common block of concrete, which is 10"
thick. The specimens are constructed of the same types of materials as used in the 1:6. scale
model. The liner thickness (1/16") and stud size is also the same as in the 1:6-scale model.

A total of five Phase 1 tests were conducted. In the first ' est, no liner preload was applied. - Int

the remaining four tests, uniaxial tension was initially applied to the specimens to induce
preload in the li:.u. A constant amount of preload was maintained throughout each of these
tests. After the desired amount of preload was applied, shear loads were imposed on the studs
by pulling on th : concrete block. The stud leading was slowly increased until either the studs
failed in shear or the liner was torn by the studs.

A summary of the applied liner preloads and resulting failure mode is provided b Table 1.
-The first tests without liner preload were similar to the previo"s shear rests conducted at
.Sandia; -As expected, the studs failed in sher without tearing .. e liner. The nN four tests
were conducted with liner preloads ranging from in engineerint, stress from 60 to 70 ksi. An
engineering stress strain curve for the liner is shown in Figure 6 fcr reference purposes. The
yield stress for the liner is about 52 ksi and the ultimate strenpth is afproximately 74 ksi.
Thus, the applied preloads were all well into the inelastic range for his mserial.

Referring to Table 1, the test results indicate that a liner preload 'm the range of_63 to 65 ksiis
required in order for the studs to be " strong enough" to ; ear the liter. At preloads of 65 ksi or
more, the liner was torn by the studs before they far d i7 shear, anwever, for preloads of 63
ksi or less, the studs failed in shear before tearing .h:Jiner. Again, for these preloads, the
studs were not strong enough to tear the liner.

- Before the tests, planc stress analyses were conducted to attempt to predict the amount of liner
preload necessary to enable the studs to tear the liner. Plane stress continuum elements were
used to model the liner. The studs were idealized as simple spring elements. The spring
stiffness was based on the preHous stud shear tests that were conducted at Sandia. The
predicted failure modes from these ,.m lyses are also shown in Table 1.

Note that three different stud str wths were assumed for the analyses. A range of stud
,

strengths was used since previous stud tests had indicated considerable scatter in the stud
'

strength data. The mean stud svength from the previous tests is about 1450 pounds.

The analyses indic.aed th". if a stud strength of 1300 pounds is assumed, the studs will not be
strong enough to . ear th; liner, even at the maximum tested preload of 70 ksi. For a stud
strength of 1450 pounds, the transition from stud failure to liner tearing was predicted to be
between 6 and 70 ksi. Finally, this transition is expected to occur between liner preloads of
60 and 65 ksi,if a stud strength of 1600 pounds is assumed.
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When comparing the observed failure nn!es to those predicted by analyses,it appears that the
pretest analyses were reasonably accurate. In fact, if the actual stud strength was 1600
pounds, the predicted failure modes are in excellent agreement with the test results.

In summary, these tests and associated analyses have show a the importance and sensitivity of
stud strength and liner preload on liner tearing If larger diameter and thus stronger studs were
used,it would be expected that less liner preload would be required for the studs to be able to
tear the liner. Of course, smaller and weaker studs would require more liner preload.

The difference is significant in the consequences of liner tearing and stud failure lf the studs
fail in shear, it is of little consequence to the containment integrity; however, if the liner is tom,
the leak integrity of the containment will be compromised. As was the case for the 1:6-scale
model,it is possible that the ultimate failure mode of the containment pressure boundary could
be leakage through liner tears. ;

2.2.2 Phase 2 Tests "

Phase 2 A Tests

The sole purpose of the Phase 2A tests was to investigate the effect of the change in inickness
and the weld bet Aeen the liner and insert plate on the capacity of the liner. Immediately after
the 1:6-scale model test, some expe.ts speculated that the primary reason for the main liner tear
was the strain concentration caused by the change in thickness. Also. it was postulated that the
heat affected zone associated with the weld could have been a factor in causing the main liner
tear.

The configuration of the Phase 2A test specimens is show n in Figure 7. In order to isolate the
effects of the change in thickness and the weld, only the liner and insert plate are included in
these specimens. The same types of materials and welding methods are used for these
specimens as used in the 1:6-scale model. The overall length of the specimen is 52" Itis
composed of 17"-long segments of insert plate on each end welded to a common IS"-long haer
section. The width of the specimen is 10"

A total of three tests were conducted. During the tests, the specimens were pulled in uniaxial
tension until a tear occurred in the liner. Fadure initiated in the liner near the weld in same of *

the specimens and near mid-length of the specimen, well away from the weld, in others.
Ilowever, the observed tensile strength of the liner and the total elongation were very similar
for all of the tests. The liner elongation and strength properties from these tests were also very
similar ta those obtained from tensile coupon tests for the liner material.

Based on these test results, it can be concluded that the change in thickness between the liner
and insert plate does not significantly reduce the capacity of the liner. Also, the weld that
connects the insert and liner plates does not affect the liner capacity. This conclusion further
s"pports the theory that the studs were an essential contributor to the main liner tear.

Phase 2B Tests

The objective of the Phase 2B tests was to determine if the mechanism that caused the main
liner tear in the 1:6-scale model could be reproduced using a uniaxial tensile specimen. The
Phase 2B specimen represents a circumferential slice of the model, ignoring curvature, through
the location where the main liner tear occurred Thus, the tensile stress applied to the specimen
represents the hoop stress in the 1:6-scale model.

.. ;
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The specimen design that was used for these tests is shown in Figure 8. Liner / insert plate
sections are used on both sides of the specimen for symmetry. The overall specimen length is
44". The insert plates are 14-1/2"in length and are welded to a common 15"-long section of
liner material. The width of the liner and insert plate and the remainder of the specimen is 10
inches.' The total depth of the specimen is 15 inches.

Studs are attached to the liner and insert plate at the same spacing (2"in both directions) as in
the 1:6-scale model. The studs are embedded in a common block of reinforced concrete. Ten
No. 6 reinforcing bars are included in the concrete. This amount of reinforcement provides the
same ratio of liner to reinforcing bar arn % in the 1:6 scale model. Also, the same types of
materials and welding methods are used in the Phase 2B specimens as in the 1:6-scale model.-

.

During the tests, the reinforcing bars and liner / insert plate are pulled unifonnly in uniaxial
tension. The applied tension is slowly increased until failure of the specimen. At the time of
writing, two of the pisrud three tests have been conducted, in each of the conipleted tests,
failure occurred as a result of a tear in the liner at the first row of studs adjacent to the lasert
plate. This is the same relative location as the main liner tear in the 1:6-scale model, Thus, it
appears that these initial tests have been successful in reproducing the mechanism that caused
the tear in the 1:6-scale model.

Pretest finite element analyses were also conducted for these specimens. A plane stress
approach was again employed with the liner and insert plate modeled with plane stress
continuum elements. The studs were idealized as spring elements with one end connected to-
the liner or insert plate and the other connected directly to the reinforcing bar. In this way,it is
assumed that the concrete is 100% effective in forcing the head of the studs to follow the
motion of the reinforcement as the specimen deforms. This is perhaps a conservative
assuinption for predicting liner tearing, but it is necessary to allow a relatively simple analysis
of this complex problem.

Because the tests were only recently completed, there has not yet been time to make a detailed
comparison of the test resuhs to the pretest analyses. However, early comparisons indicate that
there is relatively good agreement between the predicted and observed results. The total
specimen load required to cause a liner tear is about 15% higher than predicted. One possible
explanation is that, in the actual test specimen. the concrete is not 10(F/c effective in forcing the
head of the studs to follow the movement of the reinforcement. If this is the case, it would
explain why more specimen load _would be required than was predicted to produce enough
slippage to cause the liner _ tear.

E e detailed comparisons tween the predicted and observed response will be conducted
- and, if necessary, improvements will be made in the analytical method.

Phase 2C Tests

The final series of tests will investigate the effect of containment pressure on the mechanism
- that caused the main liner tear in the 1:6-scale model. To accomplish this, the same specimen
design and test procedure as used for the Phase 2B tests will be used. In addition, uniform

_ pressure will be applied to the liner surface on each side of the specimen. The pressure will be
increased during the tests such that the relationship between containment pressure and hoop
strain is the same as that which occurred during the 1:6-scale model test.

It has_ been speculated that the coraainment pressure will increase the amount of friction-
between the liner and concrete wall and, thus, reduce the amount of load transfer that is canied
by the studs. If this is true, then the total amount of specimen load required to tear the liner
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should be larger than for the 2B specimens.

The Phase 2C tests will be conducted after completion of the 2B tests. Completion of the 2C
tests will mark the end of the currently planned liner tearing tests.

3.0 SUMMARY-

Results of the completed liner tearing tests have successfully extended the understanding ot the
effect of various parameters on liner tearing. The Phase I tests verified the imponance ofinitial
liner preload on liner tearing. These tests showed that significant initial liner strain (or
preload), well into the inelastic strain range, is necessary for the studs used in the 1:6-scale
model to be " strong enough" to tear the liner in that model. If the studs had been significantly
weaker, the mode of failure could have been changed from liner tearing, which caused the
failure of the 1:6-scale model, to stud failure, which would not cause any leakage through the
liner. Also, plane stress finite element analyses were succesW1 in indicating the approximate
amount ofliner preload required to enable the studs to tear the mer.

The Phasc 'A tests proved that the change in thickness and the weld tetween the insert plate
'

and liner, acting .done, do not appreciably reduce the liner's total elongation or tensile capacity.
Thus, it was further confirmed that the studs are an essential ingredient in causing the liner tear.
Finally.'the Phase 2B tests have successfully shown that the mechanism that caused the main
liner tear in the 1:6-scale model can be reproduced in a uniaxial tensile specimen. This is
significant in that it seems to indicate that only in-plane phenomena are significant and that out-
of-plane factors do not have to be included in analytical models used to predict this type of
mechanism. - This is further demonstrated by the relatively good agreement between pretest
plane stress analyses for the 2B specimens and the test results.
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Table 1
Predicted and Observed Results

of the Phase 1 Tests

Stud Liner Preload (ksi)
. Strength
(lbs) None. 60 63 65 70

_

Predicted 1300 Stud Stud Stud Stud
'

----

Failure
Mode 1450 Stud' Stud Stud Liner----

1600 Stud Stud Liner Liner----

Observed - Stud Stud Stud Liner Liner--- --

Failure Mode
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High Level Solstmc/ Vibrational Tests at the HDR - An Overvlow

by
C. A. Kot, M. G. Srinivasan, B. J. Hsloh, AIDonne National Laboratory; i

D. Schrammel, L. Malcher, Kernforschungszentrum Karlsruhe, FRG; i

H. Steinhllber, Fachhochschule Giessen - Friedberg, FRG;
J. F. Costello, U.S. Nuclear Regulator Gomtnission. Office of Research

ADSTRACT

As part of the Phase || testing at the HDR Test Facihty b KahkMain, FRG .

'
two series of high-level seismic! vibrational experiments were periormed. In the'

first of these (SHAG) a coast-down shaker, rnounted on the reactor operating
floor and capable of generating 1000 tonnes of force, was used to investigate

'

full-sc&ie structural response, soil-structure Interaction (SSI), and
piping' equipment response at load levels equivalent to those of a design basis
earthquake. The HDR soll/ structure system was tested to incipient failure'

exhibiting highly nonlinear response, in the load transmission from structure to
piping / equipment significant response amplifications and sh|lts to higher

,

frequencles occurred. The periormance of various pipe support configurations
,

was evaluated. This latter effort was continued in the second ceries of tests
(SHAM), in which an in-plant piping system was investigated at simulated seismic
loads (generated by two servo-hydraulic actuators each capable of generating
40 tonnes of force), that exceeded design levels manifold and resulted in

i

considerable pipe plastification and failure of some supports (snubbers). The
evaluation of six different support configurations demonstrated that proper
system design (for a gWen spectrum) rather than number of supports or system
stiffness is essential to limiting pipe stresses. Pipo strains at loads exceeding the
design 5 vel eightfold were still tolerable, Irdicating that pipe f ailure even under |
extreme seismic !oads is unlikely inspite of multiple support f ailures
Conservatively, an excess capacity (margin) of at least four was estimated for the

"

piping system, and the pipe damping was found to be 4%. Comparisons of linear
and nonlinear computational results with measurements showed that analytical
predictions have wide scatter and do not necessarily yield conservative
responses, underpredicting, in particular, peak support forces.

-1. Introduction

- The Helssdampfreaktor (HDR) Test Facility is located in KahPMain in the Federal Republic-

of Germany,40 km east of Frankfurt / Main. It was built as a prototypical Superheated Steam
Reactor in the period of 1965 to 1969 and shut down in 1971 after only 2000 hours of operation.
Ailer extensive decommissioning and conversion work it has been used since 1974 by the HDR
Safety Project (PHDR). of the Kernforschungszentrum Karlsruhe (KfK) to perform
vibrational /Jeismic, thermal hydraulic, blowdown, and other experineonts related to the safety and
design of nuclear power p ants.

The overall objective of the HDR project is the experimental verification of calculational
'

methods and procedures for use in reactor design and safety analysis, as well as the generation of
experimental data and information that can be directly applied to power reactors. White the KfK,
on behalf of G9rman Federal Ministry of Research and Technology (BMFT), is responsible for the
penormance of the experiments, data acquisition, comparisons and evaluations, the efforts are, in
general, carried out in collaboration with many industrial and government institutions both within
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Germany and abroad. Spedfically, the U S NRC Office of Research has collaborated with KlK in
many of the research efforts at the HDR.

During the first phase of HDR testing in the time frame from 1975 to 1983, low and
intermediate level vibrational experiments were performed on the HDR structures and equipment,
using eccentric mass shakers, explosives, impact and snapback techniques [1]. In the second
phase of HDR testing seismic margins tests of the reactor building, called SHAG, were carried out
in 1986 using a large coast down shaker located on the reactor operating floor. These were
followed by f ailure and seismic margins tests of piping, called SHAM, which were performed in
1988. The U.S. NRC Ollice of Research through its contractors, Argonne National Laboratory
(ANL) and Idaho National Engineering Laboratory (INEL), collaborated extensively in these latter
two test series under a special agreement between KfK/BMFT Snd NRC for the HDR Phase ||
testing. In this paper interest is limited to the full scale high-level seismic tests of the HDR building
and piping, i e., to the SHAG and SHAM tests. The following provides a brief description of the
HDR Test Facility, the SHAG and SHAM tests, an overview of the results obtained from these
experiments and related analyses, and discussions' conclusions emphasizing the implications for
nuclear reactor safety and design.

2. HDR Test Facility

The HDR reactor building, Fig.1, is a reinforced concrete and steel structure
approximately 52 m high. It is embedded to a depth of 13 m giving the building an overall height
of 65 m. The outer diameter is 22.4 m. The internal concrete structure consists of 2
concentrical cylinders interconnected by numerous walls and floors separating compar1ments for
the mechanical equipment. The reactor pressure vessel is located at the center. It is 10 m in
height, and has an inner diameter of 3.0 m and a wall thickness of 14.2 cm.

A steel containment with a wall thickness of approximately 3 cm enciosos the inner
structure, separated from it by a 2 cm thick styrofoam layer. The steel cylinder extends to a height
of 40 m, where 2 polar crane is located (10 m atme the operating floc r) and is topped with the
hemispherical steel dome. Personnel and equipment hatches are connected to the steel
containment shell. The third part of the building, the extemal containment built out of reinforced
concrete, is also a cy'indrical shell with a hemispherical dome. The wall thickness is 60 cm and has
little reinforcement because the HDR was not designed against extemalloads other than wind
loads.

Finally, the basement consists of the foundation slab and a massive inner cylmder that
forms an egg-cup like support for the inner structure. Structurally, this can be regarded as the
only connection between inner steel containment and concrete containment. The two shells are
independent of each other at all other points. The annulus between concreto and steel shells is
60 cm wide and is accessible. On one side of the reactor building is the crano and equipment
tower and on the other side the operations building (Fig.1), Because the site was previously
used for brown coal mining activities, the soil characteristics were improved before constructon by
vibration injection of gravel columns down to the solid clay layers at 20 m depth. The ground water
table is located 6 m below the surf ace.

An electrically heated boiler of 4 MW, permits the simulation of boiling water as well as
pressurized water reactor conditions in the mechanical equipment and piping. Besides that,
extensive f acilities for measurement and data acquisition were inst alled,400 f ast (4 kHz) and 200
slow (2.5 Hz) measuring channels can be sampled simultaneously. This measurement / data
acquisition system is connected through a data link with a data base at the PHDR/Kf K in Karlsruhe.
In addition to the experimental data, this data base also contains the results of calculations, which
are performed for all experiments. This provides a sound basis for data evaluation and for the
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,

verification of codes, mathematical modeling practicos and assumptions (paramotors and'

boundary conditions).

3. SHAG Experiments Test Series T40
4

The cor,terpicco of the Phase il seismic / vibrational testing at the HDR was the high level
shaker test series (SHAG) which was perfermed in June and July of 1986 [1,2,3]. Those tests in
which the NRC/RES and many other organizations participated provided the culminauon of the
seismic testing of the reactor building that progressed through low and intermediato level testing
in Phase 1. The purpose was to investigate full scalo structural response, soil / structure
interaction, and piping and equipment response under strong excitation conditions, i.e., under
excitation levels that induco significant strains in the structure and soil and produce nonlinear
effects in the soll/ structure system and pip!ng As with all HDR experirnents, the primary intent of
the SHAG tests was to verify and validato calculational procedures and analysis methods. At the
same time, the experimental data provide direct infortnation on the response and performance of

,

structural systems, piping, and equipment under high dynamic loading; such information may
have direct applicability to understanding the behavior of nuclear power plant systems. Examples
of this were the evaluation of various pipo support configurations in an in. plant piping system and
the investigation of the performance of a typical U.S. gate valvo under seismic loading,'

3.1 Test Description

The excitation in the SHAG oxperiment war, provided by a largo occontric mass
coastdown shaker designed by ANCO Engineers, Inc., capable of gor. orating forces in excess of
1000 tons (metric) which was ;nounted on the operatlog floor of the HDR building as shown
schematically in Fig. 2. The shaker was designed to develop maximum accolorations in the HDR
building on the order of 5 m's2 and maximum displacements of about 7 cm. tom starting
frequencies ranged from 1.6 to 8.0 Hz. Details of the shaker operatien have been desenbod
previously [2,3). As the shaker revolutions (frequency) slow down and building resonances are
traversed, the shaker energy is transferred to the building and the interior components. The
increase in building responso when the shaker reaches one of its resonances can clearly be soon
in Fig. 3.

The primary purpose of the SHAG experiments was to subject the HDR Reactor Building,
which was not designed for earthquake loads, to vibrational excitation up to incipient failure,
where local damage could occur but global f ailure would be excluded. Other objectivos included
the study of load transmission through the structures and equipment, and the investigMivn of full-
scale equipment and piping response,10 paaicular the responso of an in plant piping syst6m,
called the Versuchskreislauf (VKL) with different multiple support configurations was evaluated.

- A total of 460 channels of instrumentation was used during the SHAG tests to measure all
important response parameters, including the safety aspects of the HDR and neighboring f acilities ,

[3] in planning the SHAG tests, it was intended that the loading of the HDR f acility not bo limited
by the excitation system but rather by the capacity of the building itself. Nearly all tests were

4designed to generato nominally the same peak force of 10 kN, at different starting frequencies
of the shaker. Higher shaker frequencies (4.5 to 8.0 Hz) were intended primarily for piping
excitation, while the lower frequencies (1.6,2.1, and 3.1 Hz) were intended primarily to challenge.

the soil! structure system. A total of 25 experiments were performed,-10 of these were for the
investigation of soil / structure system responso, the remaining 15 served to study the VKL piping
behavior. Of the latter,5 tests were performed at pressurized water reactor conditions (210*C,70

kN).

,
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3.2 Reactor Bullding, Soll and Free Fleid Result Overview (

The HDR Reactor Buiking was essentially des 6gned for dead weight and operational
loads, with the only external load considered being the horizontal wind load Hence, the building
is very lightly reinforced particularly in the outer concrete containment (shield building). Prior to
the tests extensive safety calculatons were undertaken [4,5]. These indicated that the reactor
building could only be subjected to relatively low shaker eccentricities (about 104 kom).
Therefore, a procedure was estabbshed requiring that each test be accompanied by calculatonal 5

safety evaluatons and an immediate assessment of cribcal test measurements before proceedity
with the next test.

During the prehminary shaker functionabihty tests it was established that the load
distribution in the building is quite different from that assumed in the static safety calculations, c nd
that a large share of the load (about 60%) is carried by the inner shell structure and the walls which
are normally neglectc j in static calculations. Taking these aspects into account it was estimated

5that shaker tests with eccentricities of up to 10 kgm could be undertaken. _

'

While the safety calculations predicted that the concrete foundation region would
experience the highest stresses, it was found during the functionabihty tests, and confirmed by
more refined calculatons [5], that the greatest challenge to the building was in the outer concrete
structure. Specifically, locations vwhere floors are coupled to the outer structure (shell) and the
embedded region of the outer shell were determm9d to be weak points Therefore, these
regions were extensively instrumented and samples were taken io determine the characteristics
of the concreto. In the actual expenments masses of up to 25 tons per shaker arm were used,
with the starting frequencies as planned between 8 0 and 1.6 Hz and eccentricities between
4,700 and 67.000 kgm Peak forces of more than 104 kN (1000 tonnes) were reached as shown
in Fig. 4.

3.2.1 Maximum Building Responses

As anticipated the highest stresses in the reactor building occurred in the outer
contlinment (shield building) due to vertical membrano fcrces in the lower portion of the shell
between the e!evations 010 and -11 m This regon is only minimally reinforced. The tensile
forces which can be sustained by the reinforcement are less than those allowed for the concrete
proper. Based on the measured cracking strength of the concrete the highest allowable
membrano tensile stress was determined to be 0.5 MN'm2 Obviously credit could also be taken
for a compression stress of 1.1 MN'm2 due to the dead weight of the concrete shell. The
maximum allowab!c membrane stress was slightly exceeded in the tests.

There was extensive tracking of some interior floors, shifting and collapse of some
masonry walls, and impact with neighboring structures. Nevertheless, the HDR Reactor Building
sustained no significant g'9al damage. This, inspite of the f act that the building was not
seismically designed and was subjected to peak accelerations of 0 4 g and displacements of
!5 0 cm. which correspond to an earthquake exci*ation of an intensity 7 8 on the Mercali scale. A
comparison of the maximum building responses in the SHAG tests and a maximum credible
earthquake in Central Europe is given in Fig. 5.

3.2.2 Reactor Building Frequencies and Damping

in earlier experiments [6] it had been clearly established that the reactor building
response is dominated by rocking modes, nominally at about 1.5 Hz, and out-of phase bending
modes, at around 2.5 Hz, in which the outer concrete containment shell moves in the opposite
direction to the inner steel shell containment. Both rocking and out of phase bending are
associated with two very closely spaced modes, one in each of the horizontal directions (x and z).

W
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A detailed system identification analysis indicates, that as the loads in the SHAG
experiments were increased (frorn 4,700 to 8,200 kgm) the frequencies of the out of phase
bending modes decreased by about 4% while the modal damping increased by about 30% The
latter consists primarily of structural damping in the concrete structures in the foundation region
where the inner structure and the outer shcIl are coupled. The effect was even inore dramatic for
the *wo rocking modes, where as the load increased (from 4,700 to 67,000 kgm) the frequencies ,

dropped by about 40% to around 1.0 Hz. At the same t;me the damping increased by about 50%
to values as high as 9% of critical (see Fig. 6). This damping is composed of concrete structural
damping, radiation damping, and hysteretic damping in the soit However, the large frequency
shifts are primarily caused by the reduction in shear stiffness which is associated with large shear
deformations.

3.2.3 Load / Vibration Transmission

One of the objectives of the SHAG experiments was to investigate the transmission of
'

vibrational energy from the shaker to the building, its large components and piping, the
surrounding soll and adjacent structures. As shown in Fig. 3, the load transmission to various
parts of the reactor building was primarily effected by energy transfer during the traversal of the
various building resonances

It is interesting to note that white the shaker excitation was limited to relatively low
frequencies (8 Hz maxirnum), significantly higher frequency vibrations were measured at many
locations throughout the building and particularly at mechanical components. Thus in the VKL
piping, frequencies as high as 10-12 Hz were strongly excited. This is due primarity to nonlinear
effects, such as impacts.

Response amplification was also in evidence at many locations and was particularly
pronounced for the VKL piping. Here, velocities and acceterations were as much as 20 times
higher than those in building proper, This is partially due to the fact that the VKL was not only
attached to the building walls, but also to a large vessel (the HDU). The opportunity for double
amplification of the motion, via nonlinear effects, was thus established, Other equipment which
exhibited response amplification include the polar crane (tactor of 3-4), the materiallock (f actor of
2), and the ertemat crane structure (f actor of 5-6) which was primarily excited during the traversal
of the rockbg mode. Because of its unique stiff mounting, only the reactor pressure vessel did
not show any response amphfication relative to the reactor building.

The operations building is adjacent to the reactor building and is connected to it by a
bridge structure. During the SHAG tests this structure was coupled to the two buildings
predominantly by friction and was displaced only by a few millimeters. The operations building -

proper, whict '1as its dominant vibration mode at 3.1 Hz, experienced only very minor damage
during the te is

3.2.4 Foundation, Soll and Free Field Response

Using acceleratian measurements and assuming rigid body behavior, it was determined
that the foundation Etab experienced only minimal torsional and vertical motions. The horizontal
translational motions are essentially zero 'when bending resonance is traversed. On the other
hand, there are significant rotational motions about the horizontat axes; Based on the relationship
between the horizontal translations and the rotations, the center of rotation during the traversal of
the rocking mode is determined to tio 15 m below the foundation slab.

Assuming no tensile stresses could be transmitted at the foundation-soil interf ace,
nonlinear pretest calculations [7] indicated that considerable basemat httoff would occur at the
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highest possible shaker load. Based on the measurements in the experiment with maximum
shaker eccentricity (67,000 kgm), there was no indicaton of lif toff. This was substantiated by
pcst test calculations [8] which show that properly reducing the soil stiffness and adjusting the
damping to match the test results leads to considerable margin against basemat liftoff.

A pretest safety assessment of the possibiitty of soil Iquef action and building instabilty
was performed by comparing the expected dynamic shear stresses with the normal stresses due
to building and overburden loads. T he estimates indicated that even for shaker loads in excess of
those planned, there would be no danger of soit liquef action, These conclusions were
substantiated by pore pressure measurements during the SHAG tests, and extrapolation of the
results confirm that the simple approach, used in safety regulatons for estimating possible soil
Iquef action, is vahd [8).

A rotationally symmetric nonlinear finite difference model vt the soil was coupled to a
simple beam model of the HDR telding [8] to Dredict the free field response in the SHAG
cxpenraents, it was found that even for shaker loads much larger than those planned, the free _

field vibrations at all neighboring installations would be very benign During the tests actual loads
were only about one half of those used in the safety assessments. The maximum measured
vibration amp'itudes in the free field occurred at higher f requencies during the rocking mode and
were primanly horizontal responses During the bending mode traversal, vertical responses were
dominant

3.2.5 Comparlson of Calculated and Measured Soll Structure Interaction
Response

In aJdition to the safety assessments a number of predictive calculations were periormed
by German investigators for the soil structure interaction response of the reactor telding [9]. A
best estimate pretest safety prediction was also performed by Weidlinger Associates [10]. In the
latter the site is represented by a fully 3 D firute element rnodel with a nonhnear constitutive
relation, and the containn,ent building is represented by a beam model with the structure
assumed as linear elastic. The structural beam modelis coupled to the continuum site mod 91 at
the soil structure interf ace, and separation and recontact at the interf ace are included in th]
model Lastly the shaker is modeled by the appropnate nonlinear ogid body dynamics equations
which are coupled to the beam superstructure lhe process of shaker arm closu 3, contact and r
energy transfer between shaker and structure are simulated.

Calculations using this model were performed with the FLEX Computer Code [10] to
simulate the soil structure interaction for two of the planned SHAG experin..nts with starting
frequencies of 16 and 3.1 Hz respectively. The results of these computations were then used as
input to a detailed finite-element analysis of the foundat on and embedded region of the reactor
building to determine the expected internal forces / moments and stresses. Since these
calculations were performed for eccentricity values and'or shaker starting frequencies that were
larger than those used in the actual tests, a direct comparison with measured values is not
possible. However, qustitatively the predictions for both the soil-structure interaction and the
detailed response in the embedded region are qu;te correct Thus, no soil f ailure and no
significant basemat liftoff were predicted The maximum moments in the outer containment wall
due to membrane tensions were also correctly shown to cxceed the allowable moments.

The computational models used by German investigators included the tollowing [8,9]:

Model BHZ - Beam moc' vith elastic coupling between between inner and outer
structure; nonlinear soil 4pnngs denved from a prehminary soil structure interaction
analysis.

u
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The analysis gave a f ailure probabihty of 2.2% for the foundation slab and 16 0% for the
outer containment shelt. Companng these results with the usually accepted values of 10-6 for the
probabihty of collapse or 10'3 for the loss of building functionality confirms that the HDR buikiing
was indeed tested up to incipient failure in the SHAG experiments, without 2nducing global
damage

3.3 Evaluation of the VKL Piping Responses in SHAG Tests

The VKL piping as used in the SHAG Experiments (Fig. 8), consists of a number of pipo
runs ranging in nominal size from 100 to 250 mm. The piping is attached a the HDU vessel and
associated manifolds and forms part of the exp;rimental piping system at the HDR facility. The top
of the pipe runs at about 28 m above ground level, just under the HDR operating floor (where the
shaker is located). The originat HOR hanger system provided primarily vertical dead weight
support and consisted of six spring and constant force hangers and one threaded rod. To avoid
possible permanent damage to the VKL piping, two rigid struts, adjacent to the spherical too
(Fig. 8), were added to the support system. The intent in the SHAG tests was to compare the
performance of this very flexible conventional support system (HDR system) with the behavior of
hanger configurations designed for seismic loading and to evaluate their relative responses under
indirect (through the building) loading at levels of excitatica of a dMgn basis eartrydake.

- The evaluation concentrated on five support configurations. These included the very
.lexible HDR system, the flexible KWU configuration with five struts (designed by KWU,
Offenbach), the stiff NRC configuration with six struts and six snubbers (designed by INEL), the,

EPRINA onfiguraton with three plastic dampers replacing the snubbers (designed by Bechtel
Power C rp ), and the EPRl/SS configurahon in which the six snubbers were replaced by seismic
stops (designed by R L. Cloud and Associate Two additional configurations that usad viscouse

dampeis were tested ea;h in a single experia.. : only. These were the CERB configuration and
the ANCO configuration (designed by ANCO Engineers, Inc ). Support locations are indicated in
Fig 8 and the support arrangements used in each configuration are given in Fig. 9.

For each of the five evaluated configurations, three experiments were performed with
nominally the same loading. i e , the same shaker eccertricity and starting frequency. However, a
direct comparison of the measured responses for the different configurations is not meaningful
because of the dependence of shaker force on frequency. This results in higher loadings at
higher frequencies. Hence, the more flexible (lower frequency) support Configurations are less
challenged in the tests. Therefore, the individual experiments were normalized by multiplying the
measured responses by factors correspondmg to the ratios of the maxima in the building
response spectra (for each test) to the maximum value of a reference spectrum with a peak at
40 m/s2 [3,8)

The comparison of normahred peak responses (Fig.10) does not indicato any
advantages for a shff support system (NRC) relahve to a reasonably designed flexible (KWU)
system. However, the very flooble HDR configuration, which was not designed seismical|y,
rasults in unacceptably high displacements and stresses The snubber replacement
configurabons, i.e , energy absorbers and seismic stops, proved themselves in that they
performed as well as the NRC conhguraton. However, the seismic stops resulte 'in some local
high level impact kuds [3. 8].

A number of companson calculations for the VKL response in the SHAG tests were
undertaken by German and U S :nvestigators (8,12] in general, the computational p edictions
showed considerable deviahons from the experimental results These discrepancies can be
partially althbuted to modehng, i e , d,fferences in masses, stiffnesses, and representation of
suppor1s, an,1 partially to the ideahzation of the excitahon in the calculatonal models. However,

%
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the dominant factor for the lack of agreement between measured and calculated results can be
attnbuted to the poor definition of boundary conditions of the VKL piping in the SHAG tests. In
the experiments the VKL piping was trat properly isolated or disconnected from other piping and
the stiffnesses of anchors were not defined. Those effects strongly contnbuted to the responso
of the VKL piping, but could not be represented in the computational modeling.j

4. SHAM Experiments . Test Series T41

As the last series of tests in Phase il of the HDR Safety Program, high-level solstnic
experiments, Asignated SHAM, woro performed nn an irsplant piping system during April and
May 198f he objectives of the SHAM experiments were to (I) study the responso of piping |

subjected to seismic excitation levels that exceed design levels manifold and which may result in :

failure /ptastification of pipe supports and pipo olomonts;(ii) provde data for the validation of iinear
and nonlinear pipe response analysos: (iii) compara and ovaluato, under identical loading
conditions, the performance of various dynamic support systems, ranging from very flexible to
very stiff support configurations;(iv) nstablish seismic margins for piping, dynamic pipe supports,'

and pipo anchorages; and (v) investigate the responso, operability, and fragility of dynamic j

supports and of a typical U.S. gate valve under extreme levels of seismic excitation.

The SHAM oxperiments were conducted as a cooperativo effort among a number of
organizations in Europe and the USA. Those included KfK/PHDR, with the participation of the
Fraunhofer Institut for Betriebsfestigkeit (LBF), Darmstadt, FRG, and the Kraf twork Union (KWU),
Offenbach, FRG; the Contral Electricity Generating Board (CEGB), UK; the Electric Power

,

Research Institute (EPRI), Palo Alto, Califomia, with the participation of Bechtel Power Corp. and
R. L. Cloud & Associates; and the U.S. Nuclear Regulatcry Commission, Offico of Roscarch
(NRC/RES), which supported the efforts of Argonno National Laboratory (ANL) and Idaho Nationat
Engincoring Laboratory (INEL).

,

4.1 Description of the SHAM Experiments

The test object in the SHAM experiments was again the VKL piping system that was'

afteady extensively tested in the SHAG oxperiments. In the latter tests, exciidtion of the piping
resulted from the shaking of the HDR containment building, in the SHAM experirnents, direct,
high-level shaking of the VKL piping was used. Therefore, some significant modification of the
test loop was necessary, An isometric Okotch of the VKL piping as used in the SHAM testing is
shown in Fig.11 The VKL consists of multiple stainless stoet pipe branchos ranging from 100 to
300 mm in diamotor, with the main two flow loops connected to the HOU vessel and tno DF16
manifold. A third major branch connects the DF16 manifold to the DF15 manifolJ. Aside from the
pipo hangers and dynamic supports, the only points of fixity for the entito system, including the
HDU and manifolds, are the supporis t the bottom of the HOU and the nearly rigid attachment of
the DF15 manifold. All extraneous piping leading to other flow systerr s in the HDR woro
disconnected for the SHAM tests. As in the earlier tests, the fest Icoo agalt' included an 8" U.S.
gato valve from the decommissioned Shippingpor1 Atomic Power Station. (For details 500 Ref.
13,- 14, and 15.)

The VKL piping was excited directly by means of two servohydraulic actuators rated at
_

.40 tonnes _(metric) of _forco each, As shown in Fig.11_ both actuators were acting in the
horizontat x direction at hanger location H5 and at location H25 (DF10 manifold). The excitation
system was designed and furnished by LBF-Darmstadt, FRG, and included a computer-
controlled hydraulic actuating / control system to provido predetermined displacement-time
histories. Extensivo protest design calculations indicated that the hydraubc shakers would be
capable of producing up to 6 0 accoloration for the VKL piping, with a maximum displacement
(stroke) of i125 mm [14].
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Six different dynamic support systems were designed lof the VKL piping by the various
partecipants in the Sf4M testing. These ranged from the very staff NRC system with rigid struts

'

and snubbers, designed by INEL, to a very flexible HDR system rth essentially only dead-weight
supports. The supports of the NRC system were designed as weak as possible to permit the
investigation of support failures. Two support conhguratons, provided by EPHI in collaboration
with industrial partners, contained snubber replacement devices. The first of these, designed by
Bechtel Power Corp., uses Energy Absorber (EA) devices, in which a set of specially designed3

steel plates is plastically deformed to dissipato energy and restrict pipe motion under seismic
loading. The second snubber replacement system, designed by R L. Cloud & Associates, Inc.,
includes Seismic Stops (SS). In their current design, these stops are simple telescoping-tube
devices with presel internal gaps that allow a certain amount of rnotion to accominodate thermal
effects. During seismic excitation, the motion is restricted' stopped by impacting on disc spring
pads. Two other support configurations, designed by KWU and CEGB, rely only on rigid struts for
dynamic restraint and attempt to optimize the number of supports. Figure 12 shows an overview
of all the support configurations with the kication and type of dynamic support clearly indicated
All configurations used the same dead-weight hanger system shown in Fig 11. Sirailarly, all
configurations employed the same rigid struts at locations H4 and H23 These are horizontal
struts in the z direction and their primary function is to stabilize the input motionf of the actuators,
at H5 and H25 respectively, so that they move only in the x direction. The components of thesei

supports were sized for the highest loads anticipated.

All dynamic support systems, except the CEGB configuration, were designed for the
common HDR spectrum shown in Fig.13. The actuators were displacement controlled, and the

,

basic earthquake displacement history used was an artificially generated displacement-time
function of 15 seconds duration fitted to the preselected common Safe Shutdown Earthquake
(SSE)-floor-response soe:trum with a 0.6 g peak acceleration (ZPA), shown in Fig.13. Th9
CEGB hanger system was designed for the Sizewell B spect<um (Fig.13) which peaks at lower
frequency than the common HDR spectrum

Nearly 300 channels of data were recorded, with major measurements be;ng strains,
accelerarons, displacements, and forces. Details of the instrumentation and data acquisiten have
been reported elsewhere [13,14, and 15).,

Fifty-one individuct experiments were performed with the VKL piping and the six
dalerent pipe support configurations (see Fig.14). Two random excitation tests of 120-s
duration, with each of the hydraulic actuators s:ngly and separately (H5 and H25) were performed
for each hanger configuration. These tests provided dynamic characterization of the systems in
the frequency range from 2 to 40 Hz.

For all but the COB configuration, carthquake experimonis were then performed at the
low to intermediate level, i.e., at excitation levels ranging from one SSE (0.6 g ZPA) to
three/f our SSE. These experiments were carried out with the 15-s duration displacement
history based on the common HDR spectrum scaled to the proper SSE level The two hydraulic
actuators (at H5 and H25) were operated together and in phase; both were programmed to
provide identical displacement histories. The purpose of these tests was to study the behavior of
piping systems at load levels exceeding the design load and to compare the performance of

.different support configurations. These tests were also intended to provide seismic-margin
information for dynamic cupports, and data for the validaten of linear analyses.

Two conhgurations, namely the KWU system and a modified NRC system [16], were then
| tested to high levels of excitation (up to 800% SSE) again with scateda>p displacement histories
j and both actuators operating in phase, The purpose of the high-level tests was to obtain

information on possible pipe f ailure/plastif cation, seismic margins for piping, and pipe supports,|

| and to provida data for the validation of nonlinear analysis methods.
|

I
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The CEGB configuration was subjected to its own test program. Low- and intermediate-
level earthquake tests were performed with dispacement histories of 20-s duration drived from
Sliowell B spectrum and an Allsitos spectrum [ Fig.13). Intermediate- and high-tov- ests were
also performed with sine burst histories near the piping resonanco, with a duration or 7.0 s and
maximum displacement of 60 mm. Finally, to provido a comparison with the other mnfigurations, a
100% SSE earthquake test was performed with the displacement history derived from the |

common HDR spectrum.

4.2 Highlights of SHAM Experimonial Results f

Detailed result overviews and discussions have boon provided in eariier publications [13,
16). Following the system identification tests with random excitation, simulated oarthquako
experiments were performed with all support configurations. The overalt sequence of events
during these tests and the approach are best illustrated on the basis of the strain measuromonts
et cross section 7 close to the "Teo" shown in Fig.15. In this figure the range of strains between
tha upper and lower limits for each test is given by the bold vertical bar. The thinner horizontal
con. Octing lines betwoon those bars give the permanent strains remaining after each test. The
sequence of bars from left to right corresponds to the test sequence.

'

In the first series of experiments with the HDR spectrum the excitations were limited to
such levels so as not to exceed the nominal support forces by more than a factor of four and to #

limit the strains in straight pipo sections to 0.2% and in elbows to 0.4% For all the configurations ,

designed for this spectrum, loads up to 300% SSE could be sustained without significant
problems except for the malfunctioning of two snubbers. These woro replaced by snubbers of
ditforent design but similar capacity.

Comparison tests were then performed with the 100% SSE HDR spectrum loading for the
HDA and CEGB configurations. The latter was then tested at 100% and 300% of its design
spectrum (Sirowell B) and at 50% and 200% loading corresponding to the Allsites Spectrum. The
second series of tests was concluded with a 200% SSE (HDR Spectrum) test of the HDR support
configuration.

The modified NRC configuration [13) was then subjected to loads up to eight timos of the
design earthquake. At 600% SSE three snubbers failed due to overload, these were not
replaced. At 800% SSE an additional snubber fMlod without damage to the piping or excessivo
pipe deformation. These tests also caused the ,alture and/or loosening of some typical support
anchors.

The purpose of the following sine burst experiments with the CEGB configuration was to
induce the so called "ratchoting" phenomenon, t;, rough the combined action of the static loads
(intomal pressure and dead weight) and the dynamic vibration excitation. This effect can be
clearly seen in Fig.15, where the permanent strains Orow monotonically from test to test, on the
top side of the pipe as tensile strains and on the bottom sido as compressive strains. The
resulting global deformation of the piping remained quite limited. Therefore, it was possible to
perform the tests with the KWU configuration at 400%, COO % and 800% SSE loading (HDR-
spectrum) without repairing the piping. Again in these tests the piping did not fail.

4.2.1 Piping Stressos/ Strains

An impression of stresses / strain levels in the SHAM experiments can be obtained from
Figures 16 and 17. The fictitious clastic bending stresses at cross-section 7 (see Fig.15) in tho -

small diameter pipe reached 600 MPa (Fig.16), f ar into the plastk: regime, with the permanent
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strains exceeding 1% Similarly, the umphtudes of the local strains at Elbow 1 (see F6g.15)also
reached about 1% (Fig.17).

!

| Comparisons of the response of the VKL p; ping with the varcus support configurations,
at design levelloading (100% SSE), were extensively discussed in References 13 and 10. Of
primary interest are the stresses in the piping Examining the maximurn values of the bending
stresses which are dominant under dynamic loading, it was found (see figures 10 and 11 of
Reference 13), that at most locations the stiff NRC configuration had the lowest stresses.
However, the differences relative to the KWU contiguration and the two EPRI configurations was :

insignificant. The pipo region in the vicinity of the excitation point at the DF16 manifold exhibited
relatively high stresses for all configurations In the remainder of the 200 mm piping the peak
stress values were all quite inw (10-40 MPa).

1

None of the configurations f.fectned for the HDR spectrum demonstrated any particular
advantage or disadvantage relative to $"ess levels On the other hand the HDR con'iguration,
which was not seismically designed, and the CEGB configuration, which was designed for another
spectrum, exhibited much higher stresses in the 100/125 mm piping.

A direct link between the number of dynamic supporis and tha piping stresses could not
be established. A similar conclusion was already reached in the SHAG tests in which the piping
was subjected to indirect excitation through the building. Hence, it can be retterated that of
pnmary importanco to the stress levels in the piping is the proper design cf the support system for
the actual loading spectrum, and not the number and type of supports or the overall stif fness of
the suppoit configuration.

i

!
The stress allowables used in the design process for earthquako loading are based on

i,
nominal (minimum) matenal strength parameters. Actual material strengths are usually significantly j
higher than those values. This approach is used to prevent the plastification of substantial '

regions of the piping and thus to avoid pipe collapse or ratcheting For the very tough steels used
currently in reactor construMn these stress allowables are set much lower than is necessary in
order to avoid crack formt during seismic excitation.

This is clearly illustrated in Fig.18 which givas the allowable strain for the austenitic steel
(DIN u961 German Nonns) for Level D conditons as well as fatiguo cycle curve for the material
based on the German Standard KTA 3P012. It can be seen that the material can sustain up to

410 cycles at the allowable strain lovel. A_ comparison of the actual strain amptitudo frequencies
experienc J in the SHAM tests at two highly stressed locations and the fatigue cycle curvo can
also be na.Jo on hand of Fig 18 The differences between these curves indeale that the entire
SHAM test series would have to be repeated approximately 40 times in order to reach the f atigue
hfe of the material; This provides clear ovidence that a singlo earthquake event has no influence
on the fatigue life of piping components. For the very few high level vibration cycles experienced
in a typical earthquake e> citation, the stress allowables used in the design procedures are thus

'

very conservativo.

4.2.2 Support Loads and Responso
.

The dynamic supports used in the SHAM expenments included struts, snubbers, energy
absorbers and seismic stops. The other supports, such as spring and constant force hangers,
carry primarily the stauc loads and do not influence the dynamic behavior, in the tests each of the
support types was separately investigated in at least one support cor'hguration.

1

Intuitively, one would expect support loads to decrease with an increase in their number.
i

However, it is actually possible to increase the loads by the introduction of additional supports,
i.% there is no direct correlahon between the number of supports and the magnitude of the
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loads. The design of a particular configuration is much more important than the number and type
of supports, Similarly the f ailure of supports during the tests dd not necessanly lead to increased
loads at other supports or increased stresses in the piping, in particular, the f ailure of snubbers
under ovenoad occurred as individual events without having a direct effect on neighboring
supports (no * Zipper Effect").

The snubber replacement devices again performed very satisf actorily. The Impact forces
in the current seismic stops with disc-spring impact pads were significantly reduced and were
hardly greater than those occurring during snubber lock up.

Twelve different struts were used in tho experiments (2 manufactures,3 sizes). None of
them failed in spite of the fact that some of them repeatedly were subjected to loads exceeding'

the expected fourfold margins. A total of 15 sr.abbers were used. In contrast to the struts,4 out
of 9 snubbers, that experienced overloads, failed outright. In addition, at least two additional
snubbers matfunctioned in that they allowsd excescive travel and had a reduced load bearing
capacity, Not all snubbers were able to sJstain the expected threefold margin (relative to their

'
nominal capacity). All snubbers f ailed undor overload without any external signs of damage. In all
cases the failed snubbers to.1 their capat.lty to transmit loads and their motion was unrestricted
until intemal impact occurred (behavior sirnilar to seismic stops).

4.3 Damping -

Damping values currently used in the design of nuclear piping are chosen very
conservatively. They take account of extarnal damping effects by allowing larger damping values
for larger diameter pipes The effect of ad level on intemal damping is accounted for by using
higher damping values for the SSE than for be OBE. Because in most vibrational investigations
of piping, the damping values have been fou3d to be higher than those typically specified in
design codes (12%), damping has been a subject of much debate. Recently it i,as been
proposed both in the USA [17,18] as well as in Germany [19) that rnore realistic damping values
be introduced into the design process for nuclear piping systems.

The motivallon for this is that conservative damping values lead to stiff piping system
designs under seismic loading, and this, in turn,' leads to significant disadvantages in

'

accommodating normal operationalloads. Also, there exists a considerable amount of earthquake
experience indicating that flexible piping systems do not fall under seismic loading. Lastly the
eviderce of the SHAM experiments show that the flexible KWU configuration performed as well
as the very stiff NRC system under extreme seismic loading without sustaining any damage.

,

Because of this background it was important that the damping in the SHAM experiments
be evaluated very carefully, in particular, since the SHAM tests offered many advantages over
other piping vibrational tests. These are: (i) a f airly prototypical piping system (branches, nozzle !

connections to vessels, different pipe diameters), (ii) the excitation was earthquake-like, (iii) the
loads / stresses were increased stepwise far beyond the yield point, and (iv) the same piping
system was investigated with different support configurations Hance, the procedures used in
the damping evaluation were also much more sophisticated than the typical single degree-of-
freedom approaches, Parameter identification techniques were directly applied to the measured
data of the random tests with curve fitting over all modal frequencies and measurement locations
dono simultaneously. For the seismic experiments parameter variation calculations were used to
fit the individual modal damping values at different loading levels,

Figure 19 presents the damping values as a function of frequency for three support
configurations (HDR, KWU, NRC) as derived by parameter identification from the random test data.
On the average thesa results show a tendency for the damping to increase with the number of
dynamic supports. However, the difference in the mean damping value between the flexible
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KWU system (3 92%) and the stiff NRC configuration (4.15%) is fairly minimal Note that there are
individual modes with either very weak (0.9%) of very strong damping (9,5%).

The dependence of damping on the loading magnitude, as obtained by parameter-
variation calculations for individual modes in the earthquake experiments with the KWU
configuration, is presented in Fig. 20. These results are compared with damping values used in
existing regulatory codes or proposed in new standards. For most of the presented modes there
is an increase in damping as the loads increase from 300% to 400% SSE. However, inspite of a
modal stress of 500 MPe, the damping does not increase for Mode 2. No correlation seems to
exist between the calculated modal stresses and the damping values. On the other hand there is
a correlation between the system damping (average of six relevant modes) and load level, namely
damping decreases as the load increases from 100% to 200% (3.2 to 3%), then remains constant

i as the load increases from 200% to 300%, and then increases more rapidly (to 3.7%) as the load
increases to 400%.

:

Qualitatively this behavior is in agreement with earlier experience and is due to the fact ;

that there are damping mechanisms for which the damping force is independent of the vibration ;

ampktude (e.g., friction forces). These decrease proportionally with increasing amphtudo, while
other damping mechanisms (e g., material damping) come only into play at higher amplitudes.
However, it is surprising that the latter effect only became effective in the earthquake losts at
loading levels at which stress allowables for Level D were exceeded at a number of locations and
the yleid point was exceeded at many other points in tne piping system.

Comparing the derived damping values with the standards, it is seen that existing codes
such as the German KTA Standard are very conservative. On the other hand, the proposed
PVRC damping of 5% [17] and the damping values of 7.5% proposed by Hadjan [18], are too
high. The latter values were obtained by extrapolation from f airly low level experiments (stresses
usually less than one half of yield [18]), and do not appear to be substantiated by the SHAM test
results in which the yield limit for the piping materiats was substantially exceeded.

The newly proposed German KTA standard [19] with a uniform damping of 4% appears to,

! be quite realistic on the basis of the SHAM test results, For a given seismic spectrum the
I application of this damoing value will not necessanly ahvays yield conservative values for specific

pipe stresses. However, thsre are sufficient additional conservatisms embedded both in the
,

definition of the design spectrum and even more so in the stress allowables (as again evidencedI

| by the SHAM results) to assure that safe designs will result.

4,4 Comparison of Computational and Experimental Results

The ditferent pipe support configurations in the SHAM tests were all designed for a given
loading spectrum using typical design analysis procedures. A detailed comparison of calculational
results with the measured data indicates [13,20] that typical dcsign analysis procedures (time-
history analysis, response spectrum methods) are not necessarily conservative, even when
superposition of the responses in different excitation directions (3D-Excitation) was used. Real '

conservatisms are only introduced through spectrum broadening or the selection of proper
- dampirg values. Most importantly it was found that the design analysis, at least in this appfication,
underpredicted the maximum dynamic support forces.

The purpose of most of the post test calculations was to venly hoh well the piping
,

| response could be represented by linear modeling using realistic damping values and the actual
excitation loads. In order to provide a certain variabihty in modeling and calculational approaches,
three different German institutions were involved in the post test analyses. In ail their modeling
Rayleigh damping is used as was also the case for the KWU protest calculations [20]. Figure 22
gives a statistical evaluation obtained by comparing the maximum values of the four linear German
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predictions, including the KWU protest analysis (BKWU), with the corresponding measured
values (KWU configuration,100% SSE test). The mean values, standard deviations, and ;
smallost/targest values for accoloration, strut forces and bending stresses are given Values larger,

than 1 indicate calculational overestimates and values smaller than 1 are underestimates. In the ;

statistical evaluation the tc.,uns at all measurement locations were equally weighted, regardless of
the absolute value.

In general, the accelerations and support forces are underpredicted and the mean values
of the calculational results differ httle from each other, with the exception of model CKWU for tho

;

accelerations and CMPA for the strut forces. The mean values for the stressos are all close to
'

unity, i e., in the mean the calculations essentially provido a good estimato of the maximum '

stresses.

Similar linear computations were performed by ANL [21) for both the KWU and NRC
configuration. As soon in Fig. 22, the statistical evaluation of the results is not very diflorent from
that of the German studies. Again support forces and accelerations are underpredicted and the
variabikty in the results is quito largo. The best estimate is obtained for the pipe stresses. The
large discropancies relative to the measutoments, for the accelerations and support forces, are
related to higher frequency components in the measurements that result from the nonhnearities
in the actual system. It is gratifying to note that pipe stresses, which govem the design, are at
least in the mean, relatively well estimated by the calculations.

To account for the inherent nonlinearities of some of the supports (energy absorbers,
soismic stops, snubbers), nonlinear modeling was used to estimate their responso [20) In the
mean the results are somewhat closer to the. measurements than those of the linear models, in
particular, for the forces in the nonlinear supports. However, the insignificant improvement in
predicting the forces in the remaining supports, the accelerations and the stressos, does not
justify the largo calculational effort required for the nonlinear timo history analyses.

Extensivo nonlinear material ruponse in the 800*/. SSE test with the KWU conf >guration
was limited to the two most highly stressed pipo regions. This made it possible to estimate the
local nonlinear effects using a simphlied approach in which the nonlinear contributions to global
behavior of the affected regions are derived from static calculations and added to the linear
response [20,22). Extending the method to time history analysis and using parameter variation
computations, it was possible, with this approach and reasonable computational c!! ort, to define
the essential differences between linear and neolinear structural responses.

Fully nonlinear simulations of the 800% SSE test with the KWU support configuration
woro carried out by ANL using the NONPIPE computer code [231, The elastic-plastic behavior in
this case is modeled by assuming moment-curvature and torquo4wist relationships to be trilinear
and by an approximate treatment of strain hardening based on this trilinearity. There is again
significant variability in the quakty of the predictions. The results are statistically evaluated by
comparing maximum values of the prediction to measurements for accolorations, strains, and
support forces. As seen in Fig. 23, the mean values of the nonhnear prosctions are, in general,
better than those for the low levelIcats using linear analysis. While support forces are still
underpredicted, the results are closer to the measurement. The best predictions are obtained for
the strains. Some of the outliers in the latter are due to the f act that the calculations predict strain
ratcheting at somo locations. Thit phenomenon did not occJr in the test be;ause the material
had been strain-hardened in preceding experiments.

4.5 Seismic Margins Evaluation

Because of their reasonable prototypicanty in support design, piping layout and seismic
excitation, the SHAM experiments provided an opportunity to demonstrate that piping systems
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'

designed to current practice have large rnargins against f ailure and to quantif y the excess capacity
of pipe components and dynamic suppons. Such an evaluation was undertaken [24] using both
the system design information and the experimental measurements for the KWU and NRC
configurations.

Different design approaches, standards and philosophies were used in the two system
desi@s, resulting in some discrepancies in support strength and allowable stress values. To

.

account for this, the design results weto normalized to a common basis (Level C allowables) and |
margins were acjusted by overdesign factors [24) Seismic margins were estimated for both the
piping itself and the dynamic supports. These were calculated in two ways On one hand design
load level was used as a basis and on the other hand component capacity was used. Both of
these estimates give determinMic excess capacities and do not represent seismic margins in the
probabitistic sense.

,

Based on loading level alone, it was determined that the margin against pipe f ailure is at,

least 8 (KWU configuration). However, using the yield strain as an indication of nominal capacity, it
was found that the excess capacity for the pipe materialis at least 4. Similarly, for the struts, the
margin against failure based on load level alone appears to be at least 8, since no struts failed
even at 600% SEE. For the snubbers, the same margin is atout 3 because some matfunctions
occurred at that level. Taking into acccunt overdesign and comparing the actual forces
experienced by a particular support with its capacity, the lowest margin for snubbers is found to be
about 2, and for struts, on the order of 6. Finally, making allowances again for overdesign, the
SHAM tests show that the margin for the overall piping system is at least 4. This clearly
demonstrates again the ruggedness of piping systems when subjected to the seismic loading.

5. Discussions and Conclusions

The high level vibrational'scismic experiments at the HDR have provided much useful
information and insight concerning the behavior of reactor systems, piping, and components.t

'

Thus, in the SHAG experiments the reactor building was tested to incipient f ailure, as indicated ;

i both by measurement and probabilistic structural analysis, demonstrating that even structures not
'

designed for earthquake loading have considerable capacity to resist such loads The data show
that as loads are transmitted from the building to equipment / piping considerable response
amplification (up to 20 time 3 in the SHAG tes's) may be expected. Also nonlinear ettects, such as '

impacts, may shift the response spectra to significantly higher frequencies than those contained
in the excitation proper. lne solkstructure interaction phenomena at the SHAG load levels
(approximately equivalent to SSE loads) were inherently nonlinear as indicateJ by strong rocMng
mode frequency reduction and simultaneous increases in dampiry Hence, in any computational ,

; modeling of soikstructurc interaction response it is essential to include the nonhnear effects,
l such as the reduction in soil stif fn6ss and shear modules with increasing deformations.

| ine 3 HAG experiments also demonstrated that piping systems with well designed
j compliant dynamic support configurations perform as well as those with stiff support

configurations. It was also found that snubber replacement devices (energy absorbers and
'

seismic stops) perform as well as snubbers in limiting p!po stresses. These findings were further
I amplified in the SHAM test series where six different support configurations were subjected to .

seismic loads exceeding design levels manyfold, in the latter tests it was also found that there is,

'

no correlation between the number of supports and pipe stresses as long as the support system
is properly designed for the given seismic input spectrum.

| The SHAM test again established that piping is very rugged in resisting seismic loads and
that insplte of significant local pipe plastification and multiple support f ailures, there is no danger of
pipe failure during the limited number of high loading cycles occurring in a typical carthquake.
Similarly rigid struts were found to be very strong; none of them failed in the tests inspite of the
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lact that some of them experienced six-fold overloads relative to their nominal capacities Failures
and malfunctions did occur in snubbers, some at loads less than three times their capacities.
However, the f ailures of Individual supports did not necessarily result in load increases at other
supports and/or pipe stress increases. The overall margin or excess capacity for the piping
system was found to be at least four.

A detailed and careful evaluation of pipe damping up to load lovels of 400% SSE resutted
in an overall system damping of approximately 4%. This indicatas that piping damping values
used in current codes and standards are conservative. On the other hand some of the proposed
pipe damping values that are based on extrapolation from lower level tests appear to be too high.

Fmally, extensive comparisont; between measurements and both linear and nonlinear
calculations showed that considerable scatter can be expected in the prediction of pipe |
response. Further calculational procedures, whether they bo design or best estimate
calculations, are not necessarily conservative in predicting peak responses. In particular, peak
support forces may be significantly underpredicted. In general, the best predictions are for pipe
stresses which govern the piping design and the inherent conservatisms built into the design
process assure that piping systems are ruggedly designed and in no danger of falling under
seismic loads.
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; The Structural Aging _(SAG) }rogram is conducted for the Nuclear
|4 Regulatory Conmission. The program has the overall objective of

preparing an expandable handbook or report which will provide the
NRC with potential structural safety issues and acceptance criteria

j for use in nuclear power plant evaluations for continued service.
L -Initial focus of- the program is on concrcte and concrete-related

materials which comprise the safety-related (Category I) structures':
in light-water reactor facilities. The program consists of a
management task and three technical tasks: materials property data
base, structural _ component assessment / repair technology, and
quantitative methodology for -continued service determinations.
Objectives, background information, and accomplishments under each
of these tasks are presented.

I esearch sponsor by the Office of Nuclear Regulatory Research, U.S.R
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1. INI'RODUCTIOt1

IU story tells us that concrete is a durable material. However, a n' rter o f

factors can cmpromise its performance: (1) faulty design, (2) use of
unsuitable materials. (3) irproper workmanship, (4) exposure to aggressive
environments, (S) excessive structural loads. (6) accident conditions, and (7)
a combination of the above. Further:rore, aging of nuclear powr plant
concrete structures occurs with the passage of time and has the potential. if |

its ef fects are not controlled, to increase the risk to public health and
safety. Many factors complicate the contribution of aging ef fects to the
residual life of the various safety-related concrete structures in a plant.
Uncertainties arise due to the following: (1) dif ferences in design codes and
standards for carponents of dif ferent vintage: (2) lack of past measurements
and records; (3) limitations in the applicability of tire-dependent models for
quantifying the contribution of aging to overall structure, system, or

component failure; and (4) inadegaacy of detection. inspection, surveillance,
and maintenance methods c c programs.1

2. BACKGROUt0

Within the nuclear power industry, the aging of plant structures, systems, and
corponents has become the subject of significant research in the last fes
years.2-4 This interest is prompted by the need to quantify the ef fects of
aging in terms of potential loss of ca"ponent integrity or function and to
support current or future condition assessments of critical components. Since
certain concrete structures (Category I) play a vital role in the safe opera-
tion of nuclear paer plants.5-8 guidelines and criteria for use in evaluat-
ing the remaining structural margins (res9 dual life) of each structure are
needed.

3. CATEGORY I C0tCRETE STRUCTUFES

3.1 Desicn Consideratione

Category I structures are those essential to the function of the safety-class
systems and compoacnts, as well as those whose failure could lead to loss of
function of safety-class systems and components housed, supported, or
protected. In addition, these structures may serve 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 Regulatione (10 CFR 50)9. which
is clarified by Regulatory Guides, Standard Review Plans, !UREG reports, etc.
The " General Design Criteria" of Appendix A to 10 CFR 50 require that
structures, systems, and componcats important to safety shall be docigned.
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l

fabricated, erected, and tested to quality standards ccmensurate with the
inportance of the safety functions to be performed. "Ceneral Desir;n Cr iteria

2" require that the structures inportant to safety bo desir;ied t o wit hstand
the ef fects of natural phenarena (e. g. , earthquakes , tsunamis. hurricane <.
floods, seiches, and tornados) without loss of capability to perfcnn theit
safety function. " General Desir;1 Criteria 4" require that structurer

inportant to safety be able to accommodate the ef fects of and to be canpatible
with the envirotrental conditions associated with nonnal operation,

traintenance, testing, and postulated accidents, including loss - o f - coolant
accidents. Furthe rmore , these structures must be appropriately ptotected
against dynamic effects including the offects of missiles, pipe whip, and
flooding that tray . esult fran equipment failures and frcn events and
conditions outside we nuclear power plant.

Design and construction requircrents for Category I concrete structures of -

early light-water reactor (WR) desig;1s were specified in /cerican Cencrete
Institute (ACI) Standard 318 " Building Code Fequirements for Reinforced
Concrete," (Ref. 10) as supplemented by regulatory guides and by the P :'
Standard Review Plan. ll Cu: rent design and construction requirements for
concrete ctructures which perfonn safety-related functions at nuclear pcun
plants are contained in ACI 349.12 lhe procedures and requirarents in this
doctrrent are endorsed by U.S. Ihclear Regulatory Guide 1.1C13 as providing an
adequate basis for complying with General Design Criteria for thclear flants
(/ppendix /s to 10 CFR 50) for s t nictures other than reactor vessels and
contaitrents . Section III. Division 2 of the !cerican Society of Meenanical
Engineers Boiler and Pressure Vesstl Code (AE!E Code), first published in
1975, contains rules for the desig;1 and construction of concrete

contairrnents .14

3.? Pmerirtion of Catezor/ I Cencreto Structures
_

"

A nryriad of concrete structures are contained as a vital part of an WR
facility to provide support, foundation shielding, and contair:nent functions.
The names and configurations of these structures vary somewhat from pla-t to
plant cepending on the nuclear steam supply systen vendor, architect -engineer
firm and owner preference. Prifrary contairr.ent construction types utiliced in
the U.S. include: steel (PJR ice condensor, PJR large dry. FWR pre-!E. BWR MK
I. BWR tEII. and BWR b5: III). reinforced concrete (?WR ice condensor, PJR
large dry PJR subatmospheric, SWR lE I, BWR FS21 and BWR IE III), and post
tensioned concrete (PJR large dry and BWR FSHI) . More detailed descripticns

of the prirrary contaitrents and other safety-related concrete structures are
orovided in Refs. [7, 8. 15. and 16].
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3.3 Pot ent ial IW,7rniat ion Factors
t

The longevit;/, or long-term perferrance, of the Categor/ I concrete structures
is primarily a function of the durabi11ty or propensity of these sttuctures to
withstand potential degradation effocts. Over the 1ife of a nuclear p%e r
plant, changes in the properties of the structure's constituent raterials will
in all likelihood occur as a tenult of aging and envirorwntal streswr
effects. These changes in properties, haaever, may not be detrimental to the
point that the structure has deteriorated and is unable to neet its functional

and perfotrance requirements.

Concrete in rany structures, ham /er, can suf fer utriesirable degrees of chang
with time because of improper specifications, a violation of specification, or
environ ental stressor or aging effects Prirary rechanisms (factotu) which
can produce prerature deterioration of concrete structures include inreth_ '

impact either the concrete or steel teinforcing matr 'Is. Degrad a of
co~ rete can be caused by adverse perforrance of either it cerent pa:te
ratrix or aggregate raterials under chemical or physical attack. Chrr.ical
attack tray occur in several fotr.c: ef florescence or leaching, culf ate attack,
attack by bases and acids, salt c rystalli cat i on, and alkali-aggtegate
reactions. Physical attack mechanisms for concrete include: f r eece/ t htra
cycling, thetrcil exposure /thetral cycling, irradiation,

abrasion / erosion / cavitation, and fatigae or vibration. Degradation of mild
steel reinforcing raterials can occur as a result of corrosion. irradiation,
elevated tenperature, cr fatigue effects. Prestressing materials are
susceptible to the same degradation mechanisms as the mild steel

reinforcarent . plus 1cus of prestressing force dae prirarily to tendon
relaxation and concrete creep / shrinkage. A core detailed discussion of the
degradation mechanisn is provided in Refs. [8, 15 and 16].

4. STRU'TUFAL AGING PROGPM ,

Results of a studyl5 cc:viucted under the NRC Nuclear Plent Aging Research
17Pt oi; ram were used to help fonnalate the Structural Aging (SAG) Program which

was initiated in mid- 19SS. The SAG Program has the overall objective of
preparing a handbook or report which vill provide NRC license reviewurs and
licenseen with the f ollcaing: (1) identification and evaluation of the
structural degradation precesses (2) issues to be addressed under nuclear
pcwer plant (UPP) continued service reviews, as well as criteria, and their
bases, for resolution of these issues; (3) identificaticn and evaluation 'f

relevant inservice inspection or structural assessment program in use, c-
needed; and (4) quantitative methodologies for annessing current, *

,

predicting future, structural safety rargins. The results of this study will
provide an improved basis for the NRC staf f to evaluate requests to cc ntin :>
operation beyond the naminal 40 year design life of a NPP
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The SAG Progran consists of a tranagernt task (Task S.1) and three technical
tasks: rsiterials property dat a base (Task S.2), structural component

assessment / repair technology (Task S.3), and quantitative methochlogy for
3

continued service determinations (Task S.4) . The taskt interf ace with each
other and are augmented by doctrmntation and technology transfer activities. ;

The follcwing sections provide a brief objective statement. background
discussion, and stmrary of accmplishments for each of these tasks.

4.1 Task S.1 - Pt ogram Hracent

4.1.1 Ooiective

me overall objective of the progran managenent task is to ef fectively
manage the technical tasks undertaken to address priority structural safety
issues related to nuclear per plant continued service applications.

Managment duties include planning, integrating, monitoring, reporting, and
techno. logy transfer. A key part of the managenent f unction is the integration
of the technical objectives and the efforts of various program participant:

4.1.2 Backcround

The SAG Program is attinist ratively carried out thrcugh the Engineering
Technology Division of CFNL. A key par t of the managenent function is the
integration of the technical objectives and the ef forts of the various program
participants. Progran developments are transferred to the technical

conm2nity thrcagh progress and topical reports , program review . meet in gs ,
infonrati' n meetings, open-literature papers, and technical caninit tee
participation.

4.1.3 Sumary of Accm W ishments

Prorram Plannine nnd Resourro A!]ocation Subtask. Under this subts;k, tw6

five-year plans (Ref. 18 is th_e most recent and final) were prepared
und eleven subcontracts have been adninistered: Construction Technology
laboratories (2); Johns Hopkins University: Multiple Dynamics Corporation;
thrional Institute of Standards and Technology (2): EQE Engineering: Jack R.
Benjamin and Associates: Tay. cod Engineering, Ltd.; Wiss, Janney, El str,o r

. Associates, Inc. ; and Sargent & Lundy Engineers. Certain of these subcontract
activities will be discussed later in this dsetenant under the appropriate

program task.

Program M, nit or ine n 'd Centr <1 Subtark. Progran tronitoring and control
activities have included: preparation of anrraal technical progress reports
(Ref. 19 is the most recent), presentation of papers at the Water Reactor
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Safety Infortration Peetings.16,20/22 and several briefings to NRC
personnel.

Dmtrentation and Technoloc'/ Tranrfer subtnsk. Doctrnentation and technolog
transfer actions have included the preparation of 26 technica~ reports and
papers, technical presentations at 15 meetings, and participation in 11
technical corrmitt ees .19 Technology exchange has continued at both the
international and danestic levels with contacts at more than 80 international
and 70 darestic research organizations.

4.2 Tark S.2 - Materials Proportv Data Base

4.2.1 Obiertive

'"he objective of the raterials property data base task 1s to develop a
computer-based structural raterials property data base which will .contain
information on the time variation of raterial properties under the influence
of pertitient envircrantal stressors and aging factors. The data base will
have use in the prediction of potential long-term deterioration of critical
structural canponents in NPPs and in establishing limits on hostile
envircrrnental exposure for these structures. The results also will have
application in helping to establish traintenance or remedial measures programs
that will assist in prolonging component service life and improving the
probability of the ccqxanent aurviving an extrare event such as a IDCA.

4.2.2 Pn"kcround

One of ' the fi.' dings in Re f . 15 wns that ratetials property data for
concrete over an enended tim period are limited. This is especially true
for concretes which have been subjected to aging factors or environmental
stressors character 1stic of those that could occur in a NPP. Another
limitation on materials property data availability is that in order for the

'

data to be considered as being of "high quality." detailed information such as-

constituent canposition, mixture proportions, curing conditions, environmental
exposure. _ etc. , are required. Unfortunately, for most structures that have
been in service for the period of interest, 30 to 103 years, this-information
and the tir.e variation of the properties of the construction raterials are not
available.

4.2.3 Sumrrarv of Accamlishments

M uctural Materials In forr'at ion Center (FMIC) Fornulation/ Imnlerentatien
Subtask. A vital carpenent of the SAG Program is the development of. the SMIC.
The SMIC will consist of twu forr.ats: the data base will be available in an
expandable, hard-ccpy handbook version (Structural litterials Handbook) and in

,

an electronic version (Structural liaterials Electronic Data Base) for use on i
\- |

,

!

|

t
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an IN4-compatible personal cmputer. 23 ' The handbook will serve -as the
information source upon 411ch the electronic data base is built. Initially,
information related to concrete, metallic reinforcements, prestressing steels,
and structural steels will be incorporated into the data base. As the data
base is developed, other structural materials will be added,

Structural Fhterials Handbook
The Structural Materials HancLook is an expandabla, hard-copy reference
doctant that contains emplete sets of data and information for each material
in SMIC. The handbook consists of four volumes that are provided in loose-
leaf binders for ease of revision and updating. Volume 1 presents design and
analysis information useful for structural assessments and safety margins
evaltiations. for example, design values for mechanical, thermal, physical, and
-other proper-ies presented as tables, graphs, and mathmatical equations.
Volta 2 provides test results and data used to develop the design values in
Volume 1, Volume 3 presents material data sheets which provMe general
information, as 'well as traterial composition and constituent material
properties, for each material systm contained in the handbook. Volume 4
contains appendices describing the hr.ndbook organization, as well as updating
and revision procedures.

Initially, Volumes 1, 2, and 3 of the handbook each will contain four chapters
of materials property data and information, with the chapters consistent
between volumes. Each material in the data base is assigned a unique seven-,

character material code 23 Miich is used in both the handbook and electronic
data base to organize materials with camon 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 coman
cmpositional traits. The class index is used to organize groups of materials
with common campositional traits into subsets having a similar expositional
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, ASM standard specification for tratallic reinforcement,
etc.

A wide variety of information and materials- property data is collected and
assmbled for each 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-
-

23 selected f rm an established set of material propertydigit property code -

categories, e.g., general information, constituent material and plastic

concrete properties, trechanical properties, etc.
.
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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 sancshat subjective,
five quality levels have been developed. These levels, presented in order of
descending quality, include recommended, selected, typical, provisional, and
interifn. Eleven criteria are utilized in the evaluation of the quality of
data and values.23

Structural Materials Electronic Data Base
The Structural Materials Electronic Data Base is an electronically accessible
version of the Structural Mterials Handbook, It has been developed on an

,

IBM-compatible personal canputer using a data base management system. To
ensure that the - handbook and electronic data base are canpatible, 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. Due to sof tware limitations, the electronic data base is not as

comprehensive as 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 managemeat systen includes two software programs:
MatDB24 and EnPlot.25 MatDB is a menu-driven software program that employs
window overlays to 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 pop-up menus for creating and editing
engineering graphs. It includes curve-fitting and scale-conversion features
for prerring engineering graphs and utility features for generating output
files. The graphs generated with EnPlot can be entered directly into the
MatDB data base files. These graphs are compatible with Microsoft Word, the
word processing software used to prepare the handbook. Both MatDB and EnPlot
operate on an IBM PC, PC/XT, PC/AT,-or compatible computer. System
requirements include 640 K of memory, hard disk, graphics cacd, monitor, and
DOS 3.0 or later.

Data Collection Subtask. In parallel with the ef forts to develop SMIC,
numerous activities are being conducted relative to development of materials
property data for input into SMIC. Potential sources of information include
cognitant foreign research establishments- in Europe, North hrerica, and Asia:
domestic research establishments such as government facilities, universities,
and consulting / engineering firms; and obtaining and testing of aged material

_

samples iran prototypical nuclear power plants or civil works structures. To
date. data _ basesi have been prepared for 37 material systems: 34 concretes,
one metallic reinforcement, one prestressing tendon and one structural steel.

|

|
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Material Behavior ModeHng Subtaski Prediction or explanation of the complex
- inter-relationships -that - occur betwer concrete's constituents and betwen
concrete and its environment requires che development of mathematical models
% sed on scientific and engineering principles. Such models play a vital role
in the develorrent of -reliability-based life prediction methodologies ~,r
concrete structures in nuclear powr plants.

Activities under this subtask are being conducted at the National Institute of
'

'

,

Standards and Technology (Gaithersburg, Maryland) and address evaluation of:
-(1) models which possibly could be used for predicting the remaining service
life of concrete exposed to major environmental stressors and aging factors,
and (2) accelerated aging techniques and tests which either provide data for
service life models or which thanselves can be used to predict the renaining
service life of existing structures. Possible significant degradation ,

processes which wre identified for concrete structures in nuclear powr plant
facilities included corrosion of steel reinforcement, sulfate attack, alkali-

aggregate reactions, frost attack, leaching, radiation, salt crystallization,
and microbiological attack. Mcxiels identified for these processes wre
evaluated. Methods used for prediction of service lives of construction

,

materials have included estimates based on experience, deductions from|
performance of similar materials, accelerated testing, applications of

| reliability and stochastic _ concepts, and mathematical modeling based on the
| chenistry and physics of degradation processes. A draf t report has been

prepared presenting results of this study.26

4.3 Task S.3 - Structurni Component Assessmont/ Repair Technolow'

4.3.1 .QbigJ;,in

The overall objectives of this task are to (1) develop a systenatic
methodology which can be used to make a quantitative assessment of the
presence.: magnitude, and significance of any environmental stressors or aging

.hich could impact the dutability of safety-related concretefactors w

components in NFPs and (2) provide recormended inservice inspection or
sampling procedures which can be utiliced to develop the data required both
for evaluating the current sttmetural condition as wil as t rending the
perfonnance of these components for use in continued service assessments.
Associated activities in meeting the objectives of this task inc]ude the
identification and evaluation of techniques for mitigation of any
environmental stressors or aging factors which may act on critical concrete
canponents , and an assessment of techniques for repair, replacanent . or
retrofitting of concrete components which have experienced an unacceptable
degree of deterioration.
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I

4.3.2 Backcround

Evaluation of Concrete Material ~ Svstems. Since the ability of a concrete
component to meet its functional and performance requirements over an extended
period of time is dependent on the durability of its constituents, techniques
for the detection of concrete cmponent degradation should address evaluation

! of- the concrete, mild -steel reinforcing, prestressing system, and anchorage
mbedments.

Concrete cracking, voids, and delaminations can be detected by visual
inspections, nondestructive testing (ultrasonic and stress wave, acoustic
impact, radiography, penetrating radar, thermal mapping) , and core
examination. In situ concrete strength determinations are through - either
direct (core tests) or indirect techniques (surface hardness, rebound,

.

penetration, pullout resistance, break off resistance, and ultrasonic pulse
velocity) . The primary distress to which mild steel reinforcement could be
subjected is corrosive attack. Techniques for corrosion monitoring and
inspection of steel in concrete include visual, mechanical and ultrasonic

tests, core sampling in conjunction with ch mical and physical tests,
potential and thermal . mapping, and rate of corrosion probes. The present
basis for conducting tendon inspections is presented in NRC Pagulatory Guide
(RG).1.35. " Inservice Inspections of Ungrouted Tendons in Prestressed Concrete
Containments (Rev. 3)" and companion IJ 1.35.1, " Determining Prestressing
Forces for Inspection of Prestressed Concrete Contairrents." Failure of a
concrete embedment will generally occur as a result of either improper
installation or deterioration of the concrete within which it is mbedded. A
cmbination of visual examinations and mechanical tests is used to evaluate
the general condition of an embedment.

,

More detailed-information on many of the above techniques can be obtained from
Ref. 27. Quantitative interpretation of the results obtained from many of the
nondestructive evaluation (NDE) methods can be dif ficult, however, due to the

absence of: correlation curves to relate in-situ strength to NDE parameters.
- Also, many - of . the methods only make surface determinations- of concrete
properties which can be quite dif ferent from internal properties, particularly
where a camponent - may be several meters thick. In addition. none of the
techniques provide rate effect data which can be used for continued service
considerations.

; Inservice Insomtion of NDPs. Inservice inspection requirements are imposed
on nuclear plants through documents such as the following: 10 CFR 50, NRC

Regularoty Guides, Plant Technical Specifications. Inspection and Enforcement-
-Bulletins, NRC letters, and Section XI of ASME Boller and Pressure Vessel

Code.26 However, because each nuclear plant has its unique construction
permit issue and operating license issue dates, each plant could potentially
have a different set of minimum inservice inspection requirements. Therefore,

;

100.

. - ~. . . .- . - . . - - - -_ - - - -. , .



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

to sirplify continued service evaluations, it wauld be advantageous to br/c a
standardized inservice inspecticn program that could not enly be used to
identify but also to qmunif y rely det eriorat ing influences. Limited

.

inf ornation on critetia, inspection, and terting tequireronts f or developmnt
of such a procedure ate available in the f otn of dxtemmts published by the

, ,Atmrican Concrete Institut e. a- A Additional information is provided in Ref s.
33-35, ikwver, the application of requ.rernts presented in these documents
to nuclear caf ety-related concrete structures r egait er evaluat ion.

Pf m M al Ma rurm. Objective" of t emdial work at e to r estore the cmponent 's
structural integrity, arrest the mechanis ; ptoducing dicit ecs, and _c.ro re , as

far as peccible, that the cause of distrecs will not tecccur Basic
components of a progta a to meet these objectiven include diagnacir (damage
evaluation), prognonic (can repair bn ende and in it economical), ccheduling
(priority assi gtrent c) , rothcd celection (dependo on nature of disttens. -

adaptability of proposed trthod, er /i ro: rent , and costs), preparation
(function of extent and type of distress), and application.36

Typical typec of distress that can occur in LWR concrete structures and
necessitate repair actions include cracking, spalling or delaninat ion ,

nonvicible voids, and f racturing or shatterine. Although a wide variety of
materials are availrble for the repair or raintenance of concrete exhibit ing
distresc, they generally include one or more of the following materials:
epcm' resins , shoterete, ot eplaced a vrer, ate conc ret e , en. oxy ceranic f oa'rs .

- t t .

replacement mcrtar or concret e, wedge anchors and addiritnal reinforcemeat,
and miscellaneous realant materials.37 Selection of the technique for repair

of a concrete structure depends to a large degree on tne sice, depth, and area
of tepair required. Existing einnents can also becorre inadequate due to
either a change in perf onnance requi t umnts or occutrence of an ocorload
condition. Under these conditicns retrofitting may be required to teeutchlich
serviceability. Retrofitting can be accomplished by eithet strengthening of
existing elements, replacernnt, addition of new f crce- resist ing elemnt s , a _

combination of elenent strengthening and addit ion, or use of suppiment al
connec ting devicec,17 Criteria for application of the repair technigwr
require developmnt.

4.3.3 Summru of errrW ' A nto
ca .e ra. ~U,u - a-WR Criti cal C~er re o rm, mr. .an, ,~ m. m. < 4 f i +< m. . u + v. . N .- ons aeu ~m

- - 1
. -- .u s .

a report has beenwith th1tiple uynaracs Cotporati"n (Sc athfield, Michtgan),
prepared which presents an a gir g mecc mt :rthodo] agy fot cencrete

% Fertinent carm, onents of the rv thodolerysttuctures in nuclear v. a n c,lantr a

64
- k_ 6 6. k .

( k &
g

signifiCarce aScor3rrnt techniqc_. 7nd a ciru:Eural cubeleTut and Curilative
ranking syste
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Typical safety-related concrete structures in LWR facilities are identified,

described, and their design and construction requirenents and prifrary
materials of construction desigiated, The relative 1:rportance of - the
structure's subelements, safety significance of each Category I structure, and
influences of envirorrnental egosure are presented - in terms of numerical
rating systers. The importance _ of a subelement to a specific structure is
related to its impact on the ability of the structure to meet its functional
and performance requirements. The - rating system established for structural
subelenent importance is based on a 1 to 10 scale, with 10 being highest. The
safety significance of the subelement is assessed based on the importance of
the safety function the subelement may be (or is) required to perform, as wull
as the nterber 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 environmentc1 ef fects are highly influential on the
service life of concreto structures, an environmental exposure classification
pro-edure wns also developed. A rating system was established to incorporate
environmental exposure conditions and includes seven categories, ranging from
most severe (subterranean) to mildest (controlled interior) . The .resulting
environmental rating system is based on a 1 to 10 scale, with 10 being nest
aggressive.

Potential degradation or aging factors which could affect the performance of
the Category I concrete structures during their lifetime were previously
identified (Section 3.3) . The sigiificance of a particular degradation factor
is evaluated for a particular structure /subelement in terms of (1) its ef fect
on overall structural integrity, (2) environmental conditions present. and (3)
materials of construction. Because of the variability in likelihood of
occurrence of ~ degradation to concrete structures in U.S. IWR plants due to
design dif ferences, material utilization, geographical location, etc.. the
grading system for degradation factors is provided in tenns 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 evahtated
subelenent (between 1 and 10) are then cmbined into a single degradation
factor significance value by suming the degradation factor grading values and
dividing by the number of degradation f actors, for instance.

DFS = (IDFG,) / n. (1)
4-i

- where
DFS = degradation factor significance value, rounded to nearest

integer.
DFG - degradation factor gtading value, and

n ntrnbec of degradation factors, up to a total of three.

!
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Determination of the relative tanks of the Category I structures and their
| subehamts is based on the wighted contributions of: (1) st ructural

importance of subelanents . (2) safety significance, (3) environmental
exposure, and (4) degradation f actor significance. A subelmlent rank within
each Category I structure is determined as follows:

SR wi(I) + w2(SS) + w3(DEG), (2)
where

SR subelement rank,

I subelcrent importance.
SS safety significance
DEG - (EE + DFS)/2, rounded to nearest integer.
EE environmental exposure.
DFS - degradation f actor significance [Eq. (1)]. and
wi. W2 W3 wighting f actors.

Use of wighting f actors (1 to 10, with 10 highest) pennits certain components
of Eq. (2) to be anphasized. Since the degradation factor significance was
considered to be heavily influenced by the environmental exposure, these two
criteria have been combined, averaged, and rounded to the nearest whole
integer. The cumulative rank for each Category I concrete st octure is
detennined as follce,::

N

CR = [SR / N, (3)i
131

where
CR etmalative rank,

SR subelmient rank, and

N ntenber 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 ntrnber of
subelements.

10E/Srrline Inspection Technoloev Subtask, The major emphasis of work
under this subtask has been related to activities conducted at the

Construction Technology Laboratories. Inc. (Skokie, Illinois), to review and
assess 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 materials have been reviewd. Direct

techniques generally involve a visual inspection of the structure,

rancval/ testing / analysis of material. or a combination. Periodic visual
exantinations of exposed concrete provide a rapid and effective means for
identifying and defining areas of distress, for example, cracking, spalling,
and volume change. In areas exhibiting extensive deterioration. or when
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.

quantitative results are desired. core samples can be raioved for - strength
testing and petrographic exardnation. The indirect techniques measure sane
property of concrete from which an estimate of concrete s trength, elastic-

behavior, or extent of degradation can be made through correlations that have
been develcped. 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 refraction.
(7) modal analysis. (8) nuclear. (9) radiography. (10) rebound hamer. (11)
ultrasonic, and (12) pulse echo. In addition to ccre sampling. potential

~

destructive testing techniques that can be used to evaluate concrete materials
include (1) air permeability. (2) break-off. (3) chemical. (4) probe
penetration, and (5) pull out. A description of each of these test methods,
as well as their capabilities and limitations, has been carpiled and a report
prepared.39

Pedial/P eventative M,rures censiderations subtark. Two subcontracts have
been implenented under this subtask. The first subcontract has been placed
with Taywood Engineering. Ltd. (TEL). (landon. England) and the second with
Wiss, Janney. Elstner Associates (VJE) (Northbrook. Illinois). Basic
activities conducted under each of these subcontracts are related to a teview
of repair procedures for concrete material / structural systems, establish: rent
of. criteria for their utilication, and evaluation of their effectiveness,

khenever possible, actual applications of repair procedures to nuclear power
plant concrete structures are to be factored into the assessment. Any
potential impacts of a repair on the inspection procedures are to be addressed
as well as techniques which can be used to mitigate the effects of

.

environmental stressors or aging factors. Reconrnended preventative measure
procedures which can be used to ef fectively offset, counteract, or minimice
any minor deterioration effects to prevent them from beccaing significant will
be established. The subcontract with TEL is addressing repair practices f rom
the European perspective and the WJE subcontract from the U.S. perspective.
Both of these subcontracts will be completed during Fr' 1992.

- 4.4 Task S.4 - Omntitativo Methodolcev For Continyd Service Daten"inntions

4.4.1 Obiective

The overall objective of this task is to develop reliability-based procedures
that. can be used for performing condition assessments and traking life
predictions of critical concrete structures in nuclear power plants.

4.4.2 Backcround

Once it has been -established that a corponent has been subjected to
envircrrrental stressors or aging factors - that have resulted in deteriorating
influences, the effects of these influences must be examined and related to a

i
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condition or structural reliability assessment, especially where the component
is - being considered for _a continuation of its service past its initial
licensing period. In order to continue the operation of NPPs, evidence should
be provided that the critical safety-related concrete st metures in these
facilities.in their current condition are able to withstand potential future

design events (over the continued service period) with a level of reliability
adequate to meet requirments for protecting public health and safety.

A methodology for conducting such an assessment presently does not exist:15,18
howver, stmetural reliability techniques have advanced to the point where it
should be possible to make a quantitative evaluation of the durability
(residual life) of a concrete structure based on a knculedge of the condition
of the structure when it was built, its service history, its present

- condition, and projected use during a time interval part its initial licensing
period.40,41 Such techniques would provide guidance to utilities and

'

regulators alike regarding the technical data to be submitted in support of an
application for continued service, current structural condition and the need,
if any, for future inspections or regular maintenance as a condition for
granting a license for continued operation.

4 4.3 fumr.arv of Acccinnlishments.

A reliability-based methodology for assessing the current condition and future
structural performance of concrete structures subjected to aging, particularly
frarn envirornentally aggressive stressors, is being developed by researchers
at the Johns Hopkins University (Baltimore, Maryland) . The methodology takes
into account the stochastic nature of past and future loads due to operating
conditions and the environment, randomness in strength and in degradation
processen. The methodology is summarized below. Mcre detailed information is
contained in Refs 22 and 42.

Ccm'nent Aging and Structural Resistance. A large volume of statistical data
has- been gathered in research over the past decade to develop improved bases
for structural _ design of cmmon reinforced concrete structures 43 and concrete
structures in nuclear powr plants.44 The strength statistics presented in
Ref. 44 ' are based -on the assumptions that (1) the rate at which load is
applied to the component _ is relatively slow. (2) variabilities in material
properties and dimensions correspond to levels of on-site quality control that
are typical of those found at a nuclear plant construction site, and (3) long-
term strength changes in the concrete or steel due to maturity of concrete,
environmental stressors, and possible corrosion of reinforcement are ignored.
Time-dependent effects on in-situ strength were ignored in developing
probability-based limit state design procedures for concrete structures (for
ernple Ref. 45) . Howver. -such effects must be considered in assessing the

.

effects of aging and possible structural deterioration and in perfonning
condition assessments of existing concrete structures in nuclear plants.
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Environmental stressors may attack the integrity of the concrete and/or steel
reinforcement in concert with or independent of operating envirotrnental or
accidental loads.46-48 For concrete strength, the most. significant factors
are f reeze-thaw cycling, sulfate attack, alkali-aggregate reactions within the
concrete, and t mperature and irradiation effects. For defonned _ bar
reinforcement, the possibility of corrosion is the most important, foll e d by
elevated temperature and irradiation effects: for prestressing tendons,
detensioning due to tendon relaxation, anchor'g; failure, or creep in the
concrete must be considered in addition to the factors that affect deformed
bars. Conceptually, a' time-dependent degradation function, g(t), defining the '

fraction of initial strength rmaining at time t, can be associated with each
of these environmental stressors 42 Moreover, g(t) may not be monotonic

- because of the presence of several mechanisms, some of which may degrade
concrete strength while others may cause the strength to increase. Due to
uncertainty in the degradaticn mechanisms and the lack of experimental data,
the functions g(t) ultinately should be treated as stochastic rather -than as
deterministic.

1

Stochastic Land Mor!M s. Events giving rise to significant structural loads
occur randomly in time and are random Jn their intensity. If the load 1

intensity varies negligibly or slowly duri Tg the interval in which it occurs. |its effect on the structure is essentially static. For reliability analysis
purposes, then, the load intensity can be vreated as constant during an event.
When viewed on a timescale of 40 years, the duration of design-basis events
generally -is very short, and thus such events occupy only a small f raction of |the total life of a ecmponent. With these assmptions, a structural load !

history can be modeled as a sequence of randomly occurring pulses with random
intensity Sj , and duration, t, as illustrated in Fig.1. It is assumed that

.

the event duration is- suf ficiently short that any change to the state of the i

structure occurs only during the application of the load (for instance. |

cumulative damage during a load event does not occur). Many of the operating,
environmental, and accidental loads that act on nuclear power plant structures
can be modeled by such processes.49

s
1

i. The load process shckn in Fig.1 must be described statistically in order to
! be useful: in -perfonning time-dependent reliability analyses. Based on the

- above description of design events, the occurrence in time of a particular
event -(for example, accidental pressurization) may be described bj a Poisson
point process. With the Poisson model, the probabilit- that N(t) load- events
occur within the interval (0 t) is

P[N(t) = n} = (At)" . exp(-At);n = 0,1,2,.. (4)
n!

1

|

-

|

L
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mean rate ofin Wiich P[*] probability of event in brackets and ). --

occurrence of the events. The sequence Sj, j " 1. 2. . . . .n, are asstned to be
identically distributem and statistically independent randan variables
described by disttibution function Fg(x). This simple stochastic load nodel
allows the temporal variation in the load to be described by the mean rate of
occurrence, the event duration, t, and the distribution function of the
intensity of the structural action, S, arising f rcm the event. These

statistical descriptors are illustrated in Fig.1.
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_ i g. 1. Schematic prest. ition of icad ptccess
and degradation resistance.

Time-Nmn@nt Relinbility Analysis for A Single Cm'ronertt. When structural
safety under a single load is in question, the structural reliability, as

50,51measured by the probability of survival. L is represented by

.

L = P[ R > Sl = , oF,(r)f,(r)dr ,5)(
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i

in which Fs(x) is the probability distribution function of the st ructural
action due to the applied load, S, and f (r) is the probability densityR i

function of the resistance of the structure. R, expressed in units that are
dimensionally consistent with S. Structural loads and strength vary in time,
making st Netural reliability time-dependent.52 Reference 22 presents an
illustration of the basic concepts of time dependent reliability analysis for
a structural cmponent subjected to a sequence of discrete stochastic load i

events such as shaan in Fig.1. Also presented in Ref. 22 is an illustration
1

of the effect of degradation in ca:ponent strength on the relinallity function j
when several simple parametric representations of time dependent load and j
strength have been utilized. '

24sttin Reli nbi11t v. A r.ttmeture is a system ccupe,ed of members such as
beams, columns, slabs, and bulls. A systun can be modeled by a ecmbination of
two fundamental subsystms: series systans and parallel systems.50 A serios
systen fails if any of its ca1ponents f ail, while a strictly parellel systen
faih on1'/ if all its cmponents fail. Because sttmetural redundancv is
modeled by a pamllel system. the reliability of a structure modeled as a
series systen of ccrnponents provides a 1 cur bound estinate of the actual
systen reliability.

If vi denotes the event that the ith canpanent f ails within time interval
(0,tL), the reliability function cf a series systen. L;(tL), can be expressed
by

LA) = 1 - 4 F U F U ... U F,,,]i 2

(6)
~ FlFi n F2 n ... p F.)

_

in which Fi 11. the emplenent of event Fi and :a iu the number of the,

i ccrnponents. The sensitivity of the reliability function to the numbet of

i ccrnponents and the stochastic dependence betwen their strengths is

j 121ustrated 4.r. Lef. 22.

Preliminarv Conclusions and Research Needs. As noted on Refs. 22 and 42, the
reliability is sensitive to encice of initial ecuponent strength and strength
degradation models, including time variation, the mean occurrence rate of load
events, and coefficient of variation of load intensity. less sensitivity wus
shown to degradation rates belcu a thresnold and to dependence in cmponent-

strengths within a systen. Appropriate degradation characteristics - and load
pre mss statistics must be identified to utilice the above methodo. logy.
especially in realistic condition assessments.

.
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Periodic in";ervice inspec* ion provides additional st atistical dat a on the
,

condition of a structure. These data can to used to update nttuctural
| characteristics using Bayenian theory.53 The revised reliability function

evaluated with an updated resistance nodel would facilitate an inproved
assemnent of condition and future perfonr.ance. In general, the accuracy of
estimation of structural characteristics should inctease with the additional
data. In the absence of in-service irmpection, the confidence interval on the
reliability function increases with t ine because of uncert ainty in the
deterioration nodels. Thus, shorwr intervals betwen inspections and trere :

cmprehensive inspections will lead to nar roer confidence intetvals on the
reliability f anction. Paintennnce nay delay the initiation of deteriorat ion
and/or impts/e the resistance of a deteriorated structure and accordingly,
in rease tae reliability function. As with inspection, ncre frequent and
empt ebensive maintenance will lead to higher reliability.

:

Since t :spection and maintenance are cortly, there are tradeoffs totwen
extent jnd accuracy of inspection, required level of teliability, and cost.
Time-Jepr;ndent reliability analysis can provide a tool to detemine strategies
of inspection und maintenance that are necessary to nointain reliability at an

acceptable level. The nothodology to determine the inspection /nnintenance
strategies will be developed in a subsequent phase of the SAG Progrren. t

1

S. APPLICATICN OF RESULTS

When ccepleted, the results of this progrun will provMa an inproved basis
f or the NRC staf f to evaluate t equest s for continue . rration beyond the
ncrninal 40-year design life of a nuclear pcwr pt Acre specifically,

potential regulatory applications of this researt! .de: (1) inproved

predictions of long-renn material and stmetural -anance and available'

safety margins at future times, (2) establistrnent or limits on exposure to
envirorrnental stressors, (3) teduction in total reliance by licensing on
inspection and cutveillance through development of a methodolog/ which will
enable the integrity of structures to be assessed (either pre- or post-
accident), and (4) improvanents in da rage inspection nethodolog/ through,

potential incorporation of results into national standards which could be;

referenced by standard revies plans.
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ABSTRACT

This paler describes experimontal demonst r ation of the
self-protective 'eaturen of PIUL in a large tale teut
loop in ABB Atc - engineerinq labm at orie The loop.

employs real time simulation of core PO W'. r af a f unct ion
of coolant conditions in an electrically hont e:1 fuel -

asnembly model.

System responsen to variotc aevere t. r a n n i e n t. s were
st udied. Comparisons were made with predictiona ot the
RIGEL code, which has been developed ;pecifierily for
study of PIUS type reactoru, Tre- select ed recu.c pre-
sented in this pater are based on previout paper;, see
roference (1) a el [2]

A comparinon between test results and calculated result
was made ''o r main s t a t. e variables cuch as presiuro,
t empe ra t ur eS , Concentrations, heat fluxe1 and r u15 Ila

rates.

The testi have demon st r at ed the nel f-protect ive tnermal-
hydraulics of Prescur' red Water Peactor primary aycte: 1

designed according to the PIUS principle onri verifiod
the capability at the RIGEh code ta predict theit be-
haviour during severe accidents and in normal ope 2ation -

transients.

1 J tJTRODUCT IQti

By baning the reactor design on the Plus (Proce s inherent
Ultimate Safety) principle, avoidance of severe accidents can La:
made as a built-in cha r a ct.e r i s t i c of the primaty system, .i n d e pe n-
dent of engineered saf et y systems and virtually im'me to human
error or mischief, see reference {31 Thi< make: it I- ;iblo b n *- h

to satisfy ;tringent aately r equ i r e re n t. and to subst ant a a : ly

simplify the plant- design.

Employing the PIUS principle, ABB Atom has int r odu c aci pte nurized
water reactor conceptr: the SECURE reactor for los t om;w t at u r e

heat g e nt' r a t i on , e.g. diCtriCl heating, Jnd t ht' EIUb redClor fo'

l15
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,

.

electric power generation. SECURE operates at a preneure of 2.0
.

| MPa with a 190 C core exit temperature, while these values for
PIUS are 9.0 MPa and 290 C, respectively.

The thermal-hydraulic function and the transient response of PIUS
| during accidents have been tested at the ABB Atom laboratories in !

an electrically heated mock-up, ATLE, of a SECURE reactor.
'

r

Computer simulations of the transients have been made before each '

test .un in order to predict the thermal-hydraulic behaviour of'

the test loop in advance. After the tests were carried out, new
computations were nade in order to ensure that initial conditions
and disturbances, boundary conditions, were identica1 to the
measured one.

The simulation of transients has been made by the RIGEL code [4]
which da a computer program developed by ABB Atom for dynamic
analysis of PIUS / SECURE reactors. This program is an i ttpo r t a n ti

| tool in the design work on these reactors, due to its relative
! simplicity. For the simulations a nodal model of the ATLE loop was
j made comprising the primary system, the pool and the intermediate

cooling loops.
'

t

| A comparisons between some of the test results and calculations as [
'

well as a discussion of these comparisons are presented in this
paper. The aim of these comparisons is to verify the RIGEL code's
ability to predict the dynamic behaviour of the PIUS / SECURE
reactor in normal operation and during severe accidents. The co:n-
parisons are made mainly for the primary state variables in each
transient with different initial disturbances.

2 THE ATLE TEST LOOP

A scale model of a SECURE reactor, the ATLE Joop was built in ABB
Atom's ena'neering laboratory to verify the computational methods
and to de: un s t ra t e the self-protective thermal-hydraulics of the
PIUS / SECURE type reactors.

The volume scale of the loop is 1:308 of a real SECURE reactor,
there are 308 fuel assemblies in a 400 MWth SECURE core. The
height of the test loop is the same as in the full scale design to
ensure similarity in the driving buoyancy force during a
transient. The test loop.and the reactor operate with identical
temperatures and system pressure. Figure 2.1 shows the outline of
the-loop.

2.1 Thermal-hydraulic design

The loop consists of the main reactor parts: reactor pool, primary
System, pressuriner, heat exchangers. |

|

|

|

|
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FIGUim 2.1 Outline of the
ISTLE test loop

The two fjow paths merge in the downcomer downst r ear, of the } ty n'ru
The water flows downwards to the lower plenum just below the i n l e t.
orifice to the rod bundle The lower plenum it connected to tho
pool via the Lo n'e t Thermal Density Lock (LTDL) Further detail: cn
the test loop can be found in reference [1] and (2}

_

The puol and the primary sjntem water contain boro 1, in the f ort

of boric acid, in the P Ills / S E CU RE reactors In tne t_ e s t l o ,p , the
content of boric acid is simulated by means of an easily w acur-
able indicator subst ance, such as a strong electrolyte, sodium
sulfate. The electrical conductivit y of the fluid, compensated for
the t. e mp e r a t u r e dependence, serves an a measure of the beton
concentration.

?.J Sinulated nuclear core

The " core" in the test loop is a full senle e .B electrically
h e a t. e d rod assembly with uniform heat generation.The ;upply at 1%
current from a static converter to the roa bundle is controlle.d ny
a point reactor kinetics madel running in real . ne on an 7BP'

P./sS T E R 3roCeSS Cor>puter to sinulate the nUC UUE U*bdYiUUI O! thU
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core. The point kinetic model simulate, neutron kinetics and heat
conduceion in the fuel. '' h e inlet and outlet terperatures,.

conductivities and volds f rc. the core are used as input data for
the model. The tr.e a n fuel temperature is calculated in the model.
Reactivity feedback from changes in the moderator temperature,
fuel temperature, " boron" concentration and void, if any, is
considered. Figure 2.2.1 shows schematically the " simulated
nuclear core" in the test loop.

Fuct Assornbly C Current

' Power supply The concentration '

@
9- of the sodium cul-

re - - Static fate had to beg
' Converter kept very low,-w ~

D !
-

mine water conduc-
however, to mini-

fO

S ! . O tivity because the
$ f | ||8- -

Temp. p tentia1 differ-

| 7J : Point ence between theg N

f |
- y_ _

h Vold. Model the pressure ves-
>00'

.-- Kinetic heated element a n <i

eg
; sel led to a pro-x

Pressure duction of oxygen-

Vessel hydrogen gas mix-
Normal ture.
Flow Direction

FIGURE 2.2.1 Core model

2.3 Control system design

The ATLE loop includes control systems in the same way as in an
actual SECURE reactor, see figure 2.1.

The hot / cold water level in the LTDL is controlled in the loop Cl.
The level is primarily a function of the density difference
between pool and riser and the pressure drop in riser and core,
depending on the pump speed. The hot / cold interface level is
determined from the measured average temperature along the density
lock. The calculated water level is compared with a set point
value for the hot / cold water level. The difference is procecsed in
a PI controller. The output signal is used in a static frequency
converter which controls the feed frequency of the power supply to
the pump.
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The hot / cold water level in the UTDL ir cent r olle 1 in ! wp C. Ihe

hot / cold level in primarily a function of the man, i nventi > r y in

the primary system. The position of the but/ cold i n t. e r f a ce it
determined from the measured average t errpe r a t u r e along th" denrity
lock. The calculated position is cortpared wit h a wt point value
The difference is procensed in a pl controller. The out put c1gna1
cont rols a cont rol valve for diccharge w a t. e r , low water level,
otherwise the reactivity control nystem inject > water to the
primary system without changing its conductivity

The water level in the precourizer, pool cide, controlled in..

loop C4. The water level in primarily a function 31 the puo2 mass
inventory. Actual water level is detrrmined by dp-m a: uina. The
calculated level is compared to a set point value is n on/off

controller controls a discharge valve in the pc31 The valve l'

closed if actual water level in below cet point value
-

The pressure 's controlled in the loop C5. The measured pres,ur"
in the pressurizer is compared to a p rede t.c t mi ne d set point value
The difference in processed in a p1 controller. The out put sianal
controls the elect ric power t o the boiler

The " reactor" is controlled in the loop C3. The " react or p o .w t " 15
primarily a function of the water conductivity and the water temp-
erature. T% reactivity control syst em consists of a corn out let
temperature measurement device, ono ' lean water purnp and t' s

" conductivity wat pump". The measured core outlet temperature it
compared to a set point value. The difference in procen:ed in a
specially des ed P controller. The output aignal f. rom the con-

troller controls both t. h e clean water pump and the " c o n d u c t i v i t. y
water pump". The conductivity of the injected water to the primary
system is predetermined function of the core outlet tempe rat u re A

decreace in core ou t. l e t temperature causes an inject ion of wat"r
with less conductivity than at nominal power to increase t hi

_

reactor power.

It should be emphasized that all control devices ar" denigned Ln
aid in operation of the system, not to ensure its ,a f et y, which if

totally independent of such device .

2.4 Instrumentation
\

The test loop is equipped with several thermometers, mu< flow
meters, dp-cells, absolute prensure metert and conduct /ity s

meterb More than 200 measuring points are available for record-
ing. The maximum nampling frequency is 10 He wh ch i: rapid enough
even for fast transiente
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3 Tile RIGEL CODE

The design of a new reactor system as PIUS / SECURE, required an
assessment of a large number of alternatives in the initial phase
of development. A special computer program, RIGEL, has been
developed for that purpose (4]. Initially, the emphasis in the
RIGEL program was on the speed of computation without an undue
sacrifice in accuracy, and on the flexibility to accommodate
design changes. As the optimal PIUS design crystallized the ,

emphasis in RIGEL gradually shifted to more sophisticated |
modelling. As illustrated in this paper, the present level of I

modelling allows us to predict the behaviour of the physical
system with good confidence.

As input to RIGEL, the hydraulic network is divided into a number
of fluid volumes interconnected by fluid junctions. In booth types
of nodes, thermal equilibrium between phases is assured. The basic
variables integrated in a fluid cell are the pressure, specific
enthalpy and boron content, In fluid junctions, one integrates
mass flow, energy flow and baron flow, except for those nodes
which have a boron delay model. .; team velocity in assumed to be a
linear function of the water velocity. In parts of the network
where no heat transfer occurs and where tne fluid is known to be
in sing:n phase, one can opt for a special modelling of non-
dissipatJ w propagation of temperature and boron fronts {2)

lie a t transfer is modelled by heat capacity cells and heat flow
junctions, where the energy and cnergy flow, respectively, are
integrated in time. A number of different correlations for heat
transfer and also a lookup table for critical heat flus cal-
culations can be selected, reference [6]. Thermodynamic functions
of water / steam are read from tables generated from analytical
expressions.

Special node mndels are provided for the pressurizer where thermal
unequilibrium is taken into account and the density locks, where
the fluid phases, or fluids et different temperatures, are strati-
fled. Further, separate models are provided for pumps and control-
1ers. The neutron kinetics is represented by a point reactor
model.

A semi-implicit numerical integration scheme is used, employing
linearization about the old time values by the Jacobian matri> of
the system of equations.

4 MODELLING OF Tile ATLE LOOP

The model of the primary system contains the reactor core, the
riser, the pressurizer, the recirculation loope wtth the pumpe
and heat exchangers and 1inally the downcomer and the inlet
plenum, Figure 4.1
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_

A point reactor model is used to simulate the neutron kinetics in
t. h e core. Reactivity offects of fuel and coolant temperatures, ,

void and boron concentration, i.e. conductivity, are taken into
account. The reactor core is divided into four hydraulic noder and
four fuel cells, not shown in figure 4.1.

The pool, i.e. the pressure vessel which contains the highly con-
ductive cold water, is divided into a n o:r.be r of fluid cells inter-
connected by fluid junct. ions. The primary nystem ia connected to
the pool through the t. wo thermal density locks and via the pres-
surizer. The recirculation pumps and the pump motors are modelled
as two h yd ra t. l i c nodes connected by heat flow j u n c t. i o n s to the
heat transfer wall. The heat transfer coefficients are flow de-
pendent.
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The secondary system, i.e. the intermediate cooling loops are
modelled as flow paths to each secondary side of the two heat
exchangers in the pri:ary Syst em.

'

The model of the control system covers the cont rol of the hot / cold
water interface level in the two thermal density locka, loop C1
and C2, the water level in the pressurizer, loop c4, the pre: nure
control in the pressurizer, loop CS, and the reactivity centrol |
system, loop C3. |

5. cot.' ' ARI S CH OF ATLE TESTF AND RIGEL POST CALCULATIONS l

The test results from the transients performed in the ATLE loop
have been compared to computer simulations by the P l G P.L procram.
Representative transiente have been selected in order to e amine
the capability of the RIGEL code to predict different event s in
the dynamic behaviour of the loop botl durinq n o r n.a l operation and
accidents.

The starting steady state conditions in individua) tests were used
as input to the computer s i mu l a t i on r. . The calculated steady state
solution for the model was exposed to identical disturbances as in
the ATLE loop.

The results from the test und from the simulation were plotted
together on the same diagram for tho final analysis and com-
parison. The broken linet in each plot indicate the test r e r.u l t s ,
while the solid linea shaw computed values.

One of the variables of interest is the mass flow rate through the
lower density lock It is i mpo r t.a n t to predict cor rect ly how fast
the lock in penetrated after a disturbance Otner interesting
variables are " boron concentration" in the core and the outlet
water temperature frcm the core. We have investigated the ability
of the code to predict the interaction between different control
systems, during normal operation transients.

The first two tests, load tollowing and power grid disturbance,
demonstrate normal operation of a SECUPE/ PIUS p .i n t under d!!-
ferent conditions. The third test wl. s used to ver fy the iraproved
method to track baron f r o n t. propagation before iimulating tran-
sients where boron front phenomena Lake place. The t e: taining three
tests, pump trip, loss of heat exchanger and uncontrolled boron
dilution, illustrate the response of the reactor to severe dis-
turbances that would require intervention by safety systems i'
conventional PWR's.
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| FIGURE 5.1.2 Beactor power during load following

|

| Figure 5.1.2 shows the measured power transferred to the coolant,
i . e .- the power to the electrically heated rod bundle, and the,

l predicted power to the coolant. The overall agreement between pre-
| dicted and measured power to coolant is very good during the
; entire transient.
i

A comparison of the slope for the two curves shows good agreement,
i 1.e. the dynamic behaviour of the ATLE loop is very w( 11 simulated
i by the model of the ATLE loop in the RIGEL code during the entire
! -transient.
i

k

The " boron conc 3ntration", i.e. the conductivity in the test loop
is compared to the predicted conductivity at two locations in the
loop, namely at the inlet to the core and at the outlet from the
core.

Figure'5.1.3 shows the measured and predicted outlet conductivity.
.

The agreement between measured and predicted. conductivity.is very
gocd. The-agreement in conductivity level and the agreement in the
slope of the measured and. predicted curves show that the-
reactivity control system and the dynamic behaviour of the test
loop i s- - ve ry well slmulated by the RIGEL code during the entire
-transient. -

\

l
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FIGURE 5.1.3 Electrical conductivity of water at the core outlet
during load following

5.2 Grid voltage disturbance

The PIUS / SECURE reactor under normal operation should tolerate
smaller disturbances in the grid power supply without unnecessary
and time consuming s h u t.d own s . A typical grid disturbance that a
power plant in Scandinavia is required to withstand without
disconnection from the grid, is a total loss of voltage lasting
0.25 s followed by a full recovery in 0.5 s. The temporary loss of
power effects the recirculation pumps, with the ensuring
disturbance in the hot / cold interface in LTDL. The response is
strongly damped and the interface level swings only once above and .

once below its steady state value. The LTDL is designed to
accommodate the anticipated changes in the interface level,

without being penetrated by the pool water. We have selected the
duration of the loss of power to be 2.1 s - suff liently long for
a small amount of borated water to enter the primary loop. All
controls were active. The excess boron was subsequently
automatically diluted by the reactivity control system. The ful1-
power operation of the reactor remained undisturbed.

Figure 5.2.1 shows the total mass flow and the flow trough LTDL
during the disturbance. The computed response of the system to the
disturbance is faster and smaller than tbe measured one, probably
due to insufficient detail in modelling the built-in control
systems in the frequency converter of the power supply to the
recirculation pumps. The overall agreement with the measured
response is good.
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FIGURE 5.2=1 Response of water flows to a power grid disturbance

5.3 Boron front propagation

The transient starts with an injection of highly conductive water
to the loop upstream the downcomer. The shape of the conductivity
-water pulse is similar to a square pulse with a duration of about
25 seconds. In the test, the dispersion process is dominated by
turbulent diffusion with a very small amount of pure mixing in
branches.

5.3.1 Improved transport-model

The comparison'between test and computation shows a' good overall
agreement. ' Fig'u re 5.3.1.1 shows the conductivity in the inlet
plenum to the core.

,

We can note that the transport t3me for the conductivity pulse to
the first conductivity meters is-almost equal in test and' cal-

.

culation.

Comparison of the first rise in conductivity shows good simi--
larity, which- implies lan- identical exposition of the disturbance
inithe computation . - However,-- we - can observe a-- small - pha se e r ror,
approximately 20 degrees after one recirculation time. This phase
error is accumulated during the transient which causes a total
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phase error to be greater than one period at the end of the
transient,
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FIGURE 5.3.1.1 Electrical conductivity versus timo, inproved
transport model

There are uncertainties in the measurement of mass flow rate and
in the volume of the primary system, these two u n c e r '. a i n t i e s can
explain the accumulated phase error.

Finally the decay ratios for the test is 0.8 and for the com-
putation is 0.75 and the conductivity at the end of the transient
differs less than a few percent. In reference [2] a number of
boron front propagation test are compared to the RIGEL code, all

-

of them shows good agreement test versus simulation.

5.3.2 Standard transport model

an illustration we have made an identical simulation of the
insient with use of standard techniques to compute boron trans-

port. Figure S.3.2.1 rhows a comparison between test and the
standard method to track boron front propagation.
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5.4 Recirculation pump trip

The recirculation p u.1p trip involves a rapid transfer from power
operation to reactor shut down and natural circulation with
borated pool water, 'I he predictions of mass flow through the lower
thermal density lock and the conductivity in the core have been
studied in the most detail,

The transient starts when the power to the recirculation pumps is
shut off, When the pump revolution rate decreuses, an inflow ot
highly corductive water through the lower thermal density lock
starts, due to the disturbance in the pressure balance between the
riser and the pool.

Figure 5.4.1 shows the mass flow rate through the lower thermal
density lock. The overall agreement between calculated and
measured flow rate is good, ll o w e v e r , after the peak in flow
through the density lock occurs, we can observe a faster decay of
the predicted flow.

This discrepancy is probably caused by neglecting the pressure
vessel heat capacity, thick walled pressure vessel, in the com-
puter model. In the model without any energy stored in the pres-
sure vessel walls, the temperature in the riser will decrease
faster.
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The mass flow rate through the lower thermal density lock is
presently only a function of the temperature distribution in the
riser. Therefore, the maus flow decays faster in the simulation
than in the test.

When the recirculation flow decreases due to the pump trip, the
core outlet temperature increases very rapidly. Figure 5.4.2 shows
the outlet water temperature from the core. The discrepancy
between predicted and measured temperature is small.

The conductivity in the " core" starts to ri se when the lower
thermal density lock is broken. Figure 5 . 4 . ~a shows the increase of
conductivity in the lower plenum. The agreement between
simulations and test data is very good.

A comparison between measur:d power to coolant and predicted power
shows a good agreement. However, the predicted power decays some-
what faster than the measured power after about 30 seconds, see
figure 5.4.4.
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5.5 Partial loss of heat. sink

A loss of heat sink involves a fast decrease in tne power l' ,a d due ,

to an event like isolation of a steam generator, P1US, or a purp
trip in an interrnediate cooling loop, SCCURE.
The transient starts when the power supply to one of the inter-
mediate cooling loop pumps is shut off. The heat e>;tracted from
the primary l oc.p decreases rapidly and a hot water front starte
propagating along the downcomer.

When the hot water reaches the core region figure 5.5.1, the pres-

sure balance between t.he hot riser and the cold pool is a f t, e c t e u, .
The LTDL is penetrated and the borated pool wat ' r startt flowing
into the loop figure b.b.2.

,

The intlow of borated water is intermittent, ontil the pump con-
troller, Cl restores a stable hot / cold intertace in the LTDL. The
system response is oscillatory, with damped o s c i l l a t i o n t, of a

,

period equal to the recirculation time figure 5.5.3.
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The amplitudes of oscillations are very sensitive to the exact
mechanism of dissipation of the circulating boron and temperature
fronta,
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After the oscillations die out, the cystem reaches a new steady
state at a lower power. Since only two controllers are active, C1
and C 5, the final state depends only on the total amount of boron
that entered the primary loop. In the absence of feedback, t. h e
disagreement between measured and computed fina) states depends on
the accumulated error in the integrated water flow through LTDL.
Considering the complicated flow regime in LTDL during oscil-
lations, the error in the competed final state is not xcessively
large

A total loss of heat sink, i.e. a loss of power supply to both
cooling loop pumps, leads to a strong ingress of borated water
into the primary loop, shutting the reactor down.

5.6 Uncontrolled boron dilution

We have studied the response from the primary system to an unccn-
trolled injection of clean water. The reactivity system, C3 was |

switched off and the by-pass valves in the i n t e rmedi n e loops we:-
closed during the entire transient.

"Le total amount of clean water injected to the p r i ma .: y system it
l imi t e c' to the size of clean water storage vessels for tne plant.
The disturbance corresponds to an unmonitored control-rod with-
drawal accident in a conventional PWR,

Points of special interest are the conductivity in the core, the
power level and the intermittent flow through the lower thernal
density lock, LTDL.

The behaviour of the transient can be divided into three pnases,
namely:

- The dilution phase. During the dilution phase boron on the
primary system is diluted and the reactor power increases. In
the test this phase lasts up to 300 seconds.

- The boration phase. During this phase bort. tion of the primary
system takes nlace, due to an intermittent inflow of highly
" borated" water from the pool through the LTDL. In the test it
occurs between 300 - 1500 seconds.

- The recovery phase. The boron concentration in the primary
system is stabilized and a new steady state is reached. The
recovery phase starts when the available clear- water storage
has been used. This phase is not described in this paper.

D4
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5.6.1 The dilution phase, 0 - 300 ..econdu

The transient a t a r t. s wh"n the c1tuin water Purnp st arts up to itr
maximum possible flow rate. Thi< cold wate. in j"et te n ta the
primary system causes a temporary decrease of the .: e l e inlet and
outlet temperatureu.

The hot / cold interface level in LTDL will be lowered du" to the
disturbance in the pressute balance 1etween the riser and the
pool. The LTDL control aystem Cl suppresse<: the r eci rculat ion punp
revolution rate to compensate for the new t emperat u r e disttibution
in the tiser.
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FIGURE 5.6.1.1 Wat e temperature in the reactor core durinq
-

an u nco nt ro l l eri boron dilution

Figure 5.6.1.1 shows the core inlet and outlet water temp"ta-
tures.The small d i r c r e pa n c:/ [or the core inlet temperature i> !
constant, due to an init ializat ion error of tho core inlet

ten.perature during the str uiy state calculation of the loop.

The baron concer.tration in the primary syst en decrease- during
t h l: phase. Figure 5.6.1 J shows the core outlet water c o n --

ductivit.y. At the beginning of transient the dil ut ion tak", place
ntepwise "Se lengt.. of the step it equal to the recirculat >n

time of . loop. Atter about four recirculation t. ime < the ' harp

co n ce n t t i. t i o n front hat diffused mainly due to turbulent m i :-: i n g in

the primary system.
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ductivity rises, see figure 5.6.1.2, each time an inflow from the
LTDL' occurs. The inflow of water stops whenever the ten +erature in
the riser falls due to the fast power decrease, caused by the
highly conductive water reaching the core.

The conductivity of the core inlet water continues to decrease to
a lower overall level than r,efore the inflow of highly conductive
water from the pool. The decrease in the mean conductivity is
caused in part by the fact that the plug of highly borated water
injected through LTDL is shorter than the recirculation path of
the loop.

The minimum conductivity of clean water pockets finally levels off
due to the turbulent diffusion from the plugs of highly conductive
water.-An eci 111brium state is now rea"hed between the injection
of clean water and the inflow of higl conductive water through
the LTLL. At this time, the reactor power has reached its maximum
value and a new state of the loop is reached with an almost
constant power amplitude oscillation. Figure 5.6.1.3 shows the
power to coolant.

A comparison of rest results with the calculated behaviour of the
transient shows an overall good agreement for this phase too.
However, there are some discrepancies. In figure 5.6.1.3 the
oscillation of the power to coolant is shown. The predictec power
amplitude is-1 wer because the prediction of_the amplitude of the
" boron oscillation" is lower.

Figu re . 5. 6.1. 4 shows the mass flow rate through the LTDL. The
underestimation of the amplitude of the mass flow causes an
inadequate boration of the primary system which has feedback to
the mass flow through the LTDL. Otherwise there is a good !
agreement between measured and calculate data.

The conductivity in the primary. system is.shown in figure-5.6.1.2.
,

Comparison of test results with the calculated ones shows a good |
overall agreement, both in amplitude and ' damping. A small dis- |
crepancy is observed in the prediction of the-conductivity in the -

iclean water pocket. '1his error is caused by the underestimation of ,

the-flow-through the LTDL.

6. DISCUSSION
.

We have compared the results of simulations made by the RIGEL code
against-the results from a number of tests in the ATLE loop. These
comparisons include the transient behaviour- 'uring small and large
disturbances, i.e ' normal power control and boron dilution,

i
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The comparisons show a good agreement. both in ma g n i t. u d e and time
of various physical events. A discrepanel is cbserved in the core
coolant outlet temperature caused by an unsuitable location of the

7 thermocouple probe in the ISTLE loop and due to 1 imitations in the
' RlGEL code to predict the propaga*: ion of temperature fzonts. The

computed results differ less than ten percent trora the m asured *ones, even though the nodalization of the ATLE loop is rc!atively
coarse. The average node volume in th; primary loop is bout four
percent of the total volume of the primary system.

From the results, in part presented above, we conclude that the
- RIGEL code is a suitable computational tool tor simulating the

dynamics of the ATLE loop. The simulations give reasonably
accur te information about the response of variables 1ike tempeca-
ture, flows and concentration of boren following op2 rational dis- _

turbances in the system

Thus the test results constitute a confirmation of t. h e nredicted

self-protective thermal-hydraulics of a PIUS Lype primary reactor
system.
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EXPLOITING DIGITAL SYSTEMS TECilNOLOGY

TO IMPROVE NUCLEAR S AFETY

R.A. Olmstead, N.M. Ichiyen, J. Pauksens
Atomic Energy of Canada Limited. AECL CANDU

ABSTRACI'

Nuclear plant designers in the 1990's have excep:ional opportunities to
exploit rapidly evolving computer and information system technology to
make significant improvements in public safety. The Canadian experience
with digital systems indicates that these improvements will be malimd in
two areas.

1. Reliabihty, functionality, and simplicity in the design of S tfety
Protection Systems and Engineered Safety Features Systems (ESFS).

2. Improved performance and fewer errors from the operations staff.
Benefits achieved by automation, superior information management,
and simplified maintenance.
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l. INTRODUCTION

This paper describes some of the safety benefits that have been realized from
digital systems technology applied to the reactor designs in the Canadian nuclear program. The
biggest challenge was to establish and licence an adequate methodology to be used to ensure
sufficient quality for" safety critical" software. The area with the greatest potential for
improvements to plant safety is the man / machine interface.

2. MAN /MACillNE INTERFACE

The man / machine interface represents an exceptional opportunity for industrial !

plant designers to realize significant gains through cost avoidane, operational reliability and
safety. This opportunity exists because of rapid technological development in computers and j
electronics, coupled with significant progress in the behavioural sciences that gn atly increases ,

our knowledge of the cognitive strengths and weaknesses of human beings. |

Significant event uta from operating nuclear plants in many com tries
consistently indicates that the root cause of events leading to equipment or safety barrier
impairment results from operator / maintenance human error in 4040% of the cases. The
contribution of human error to the accidents at Three Mile Island and Chernobyl further
underscores the need for design features that accommodate human cognitive strengths and
weaknesses. Equally important, the significant events attributed to human errors represent a
large cost iceberg in operating pawer stations.

i in CANDU stations, as in most complex industrial plants, the man / machine
interface design has progressed through three generations.

- Ert Generation control rooms consisted entirely of fixed, discrete components
(handswitches, indicator lights, strip chart, mcorder, annunciator windows, etc.) lluman
factors ingt was based on intuitive common sense factors which varied considerably from
one designer to another.

- Second Generation control rooms incorporated video display units and keyboards in the
control panels. Computer information processing and display are utilized. There is

--systematic application of human factors through ergonomic and anthropometric standards
and cookbooks. The human factors are applied mainly to the physicallayout of the control
panels and the physical manipulation performed by the operators.

- Ihird Generation control rooms exploit the dramatic performance / cost improvements in
j' computer, electronic display and communication technologies of the 1980's. Further

applications of human factors address the cognitive aspec:s of operator perfo., nance.

At AECL, second generation control moms were installed on CANDU stations
designed in the mid 70s and early 80s. Third generation features will be incorporated in the
CANDU 3 station design and future CANDU statione

- ,'f".il"mora 143-
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There have been significant improvements in the m:m/ machine interface in
CANDU stations over the past three decades. The continuing rapid technological developments
in computers and electronics, coupled with an increasing understanding and application of
human facters principles is leading to further enhancements. This paper outhnes pmgress
achieved in earlier stations and highlights the features of the CANDU 3td generation control
room.

2.1 S ECON LLGENERATIOEM AN/MACillN E_lEIliRFACES

The t ontrol centre m the four operating CANDU 6, single unit stations represent a typical
second generation man / machine interface. Some of the features are described below: _

IhtitttkEtacLCencent
lluman factors research and experience in the aircraft industry has made this

concept standant practice in the cockpit. In the CANDU 6 control room, a light always signals a
situation that requires openuor action - an annunciator, handsmitch discrepancy, a computer
program that has failed, etc.

JheBfteen.Minutelule
There is sufficient autornation to ensure that no operator action is required in the

fhst fifteen minutes of the worst case dual failure event, analyzed as part of the safety analysis
for the plant. Consequently, CANDU crerators have, as a minimum, fifteen minutes to perfonn -

diagnostics and planning before taking u. rect action hut for single event cases at least 10 hours is
available.

AVIDlHaliOu

The use of computers in process and safety systems has,in many cases freed the
operator from tedious, distracting, stressful tasks to allow him to concentrate on mon strategic -

matters. For example, the boiler feedwater transient after a reactor trip tequires no operator
attention. Automadon wann-up and cool down of the primary and secondary process systems is
another example,

Ihtm;utEngilletItdlesling

in the later second genennion units, sor a periodic testing has becn automated to
reduce human err.;rs that are often associated with teAnm uoring, repetitive tasks. When
manual tests are required, the design ensures that the tests arc N n-intrusive" This ensures that
maintenance staff do nnt modify or contact the internals of the p' ant equipment to carry aut the

*tests.

w ww
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Reduced Panel Congestion

This was accomplished in three ways:

1. Reducing the number of annunciator windows by limiting their use to major alarms and
group alannt.

2. Use of CRTs to present displays that integrate information from different systems and
equipment.

3. Automation of tasks previo .uly accomphsk J by operator manipulation of control panel
devices.

Good.AnthIcaemetrics

Making reference to the appropriate design " cook books", the size, shape, slope,
illumination level, and many other parameters of the physicalinterface were optimized to
accommodate the physical characteristics of f = operator.

Good Control Panel Layout

'I he design incorporates logical grouping and clear delineation of panel switches
and indicaiors. Panel mimics are utilized with hand switches located to represent the location
ar.d states of the controlled device as it relates to the mimic. The design incorporates standard
shapes, position codes, colour codes, and a systemic and consistently applied method for
labelling panel components. The alarm annunciation system classifies, sorts and allows
conditional suppression of unnecessary alarm messages.

2.2 THIRD GENEMllON M AN/M ACHINE INTERFACES

Future CANDU stations willinclude a third generation man / machine interface.
The principles underlying many of the design requirements are based on theories established by
the discipline of Cognitive Science that seeks to imegrate engineering and psychology to

{describe the behaviour of humans as components in an information processing system. In
particular, the work of Rasmussen (13), Weiner (14) and Woods (3) has had a significant impact.

The superordinate goals for the design of CANDU third generation convol rooms
are the following:

1. OpnadenaLDesign ObjeciLves

Change the design process so that high leml operational objectives drive the detailed
design of the cognitive and physical man / machine interface.

2. Elevate the Role of the Onerator

Apply additional automation selectively in order to remove tedious, d.istracting activities
and provide the operator with tools to function on the level of a situation manager who
plaas, organizes activities and solves problems.

3. Context Sensitive Informadion

Package and present information, to suit the context of particular situation, so that the
operator can quickly absorb the relevant data.

2" , , ,
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4. Ecep_ttte_Optatenaleuch_willithel'lant

P ovide information and activity that will keep the operator alert and in touch with the
plant.

5. Bexible Control Room

Provide the operating utility with a control room that uses a minimum number of
standardized components in a flexible interface that can be tailored to suit a different
operating philosophies and methodologies.

The Nature of Man

For the third generation man / machine interface, the designer must be aware of
certain unique characteristics of men that set them apan from machines. Figures 2 and 3, for
example, list some intuitively derived strengths and weaknesses of men and machines in
performing plant con'rol functions.

Ihploitinglhtman Creatiyity

Some of the features of the third generation control room are designed to
facilitate man's unique ability to synthesize volumes ofinformation and make good decisions,
even when the data is incomplet : or inconsistent. This is the key to ensuring an adequate
response to the unanticipated or e :scure case e vents that are a fact of hfe in complex industrial
facilities.

A I resh Pengenjyc

Regardless_of the quality of the man / machine interface design, the public
perceives human variability to be such that any task given to man has a relatively high
probability of being performed in error. This perception tends to suggest that there are higher

-probability failum modes than those identified in the random equipmcnt failures covered in the
probabilistic safety ana :s.b

The famii..tr concepts of redundancy and diversity will be applied so that a
second human is available to con 6rm the safety critical actions of the operator. The most
difficult requimment is to ensure that the redundant human is also sufficiently " diverse". This
means his knowledge, training and recent activities should be sufficiently different to ensure that
he does not make the same cognitive error as the first man and become part of a common mode
human error. In CANDU stations, separation of perspective is achieved through the roles and
activities assigned to the shift supervisor and the first operator respectively.

houlding Time for_Opcators to Think and Plan

in the CANDU 3 design, no operator actions are required for the first 8 hours;

after any design-basis initiating events, provided safety systems operate as designed. Simple -
design changes can extend this to 36 hours or more. liven for event sequences where mitigating

,

systems are assumed to fail, the operator is not called on to act in less than 15 minutes. The role
of the operator is changing form first-line response to one of verifying the plant's own automatic
response.

Wi" t u..,-
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Radenalidngfen0icting Objectivts

The Chernobyl and the Three Mile Island incidents were panly the result of
conflicting opera ional objectives. Procedures in these plants did not adequately resolve the
potential for inappropriate action. For example, at Three Mile Island, the objective to cool the
fuel conDieted with the objective to maintain two phases in the pressurker. For the third
generation MMI, man / machine interface detailed procedures and the detailed interface design
will be systematically derived from a complete set of high level operational objectives. If
implicit objectives are present, they mu.st be made procedurally explicit.

Ihe_Lufermation Interfact

the " human" interfaces with the p! ant mainly through infonnation while the direct
manipulative interface, by comparison,is trivial. The interface is not man to machine but to
information about a machine. (See Reference 6).

Information will be available to the operator in the context of his specific
objectives in a particular situation. This means that,instead of organizing information in
association with systems, areas of the plant or equipment, the operator will have access to
infonnation and control facilities focused on functions such as maintenance of fluid or energy
balance, achievement of poison overnde or necution of an emergeng operating procedures.

Alttemmien

For third generation control rooms, autouation will seek to transfer the low level,
distracting and stressful procedural tasks from the man to the machine. Both manipulative and
cognitive tasks of this type will be automated. For example, the nomial equipment sequencing
required to valve in the shutdown cooling system will be perfonned by the machine. This will
allow the man more freedom to perform at the level of a planner or situation manager. When
complex manual sequences are automated, a few manual operations will be retained in order to
keep the operator aware of and involved with the process.

Elealhility

In the past, the control room design left the operating station staff with
insufficient scope to apply the;r expenence to determine the form of infonnation presentation or
the define operating methodologies. Third generation control rooms will utilize standard
keyboard /CRT based operating consoles for interaction and banks of CRTs for information
displays. The utility will have more capability to influence operational procedures and make
changes over the life of the plant.

Changingite_Dnigh&en

For the advanced CANDU control room, the design process is a significant
departure from previous practice. The traditional approach was to break the information
interface down by plant system or equipment. Each system designer then specified the alarrra,
displays and comrol interactions they believed were adequate in that narrow context. the station
technical unit was then gisen the job of creating operating and emergency procedures based on
the design as given. In the new app:oach, after the basic plant operational requirements are

2.2?' , :. .-
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established, draft procedures will be pnxluced. Then, a mixed team of designers and operating
staff will define an information/ interface system design that will be bacd on the real objectives,
tasks and activities of the operators.

Context Sensitive Infonnation

The traditional large area of panels containing complex con 6gurations of
handswitches, recorders, meters and indicator lights will be eliminated. He control room will
be compact module containing a few sit-down computer consoles that will provide information
to the operator that has been processed to reflect the context of his speciGc objectives and tasks
in each particular situation. Figure 5 il;ostrates these features. The detailed operating
procedures are written at the beginning of the design and form the basis for the infonnation
system design.

>

"Illackhoard Displays"

The control room environment will be dominated by several !arge dynamic colour
graphic mural mimics. One will depict the major equipment and system status of the entire

'

plant. Another will provide an easily interpretable picture of critical plant parameters and how
they are changing or interacting. Tlvse displays are the " blackboards" upon which information
is presented to everyone in the conimi cenue without censoring because of limitations in the size
of regular CRTs. Current plant st tus at the most detailed level will be available on both the
" blackboards" and console CRTs. Traditional annunciation windows will be replaced by >

indicators on the blackboards and pattern displays on the CRTs.

Computer Assisted Proceducts -

Computer assisted procedures will minimize the need for paper procedure books.
The operators will use CRT screens that present integrated text, graphics and check hsts,

~

possibly supponed by a corr puter synthesized voice. The displays will guide them in a
systematic and rapid execution of the procedure. A particularly valuable aspect of the procedure
presentation is an Event Confinnation Field which, at each stage of an event specific procedure,
indicates to the operator if plc < conditions are confirming the correct event diagnosis. Some of
the procedures will be " context sensitive"in that the computer will edit and simplify them based
on its knowledge of the actual state of the plant (e.g. it will not display an instruction to tum on a
pump that is already on).

D_GiliQn Supportlici}ily

in advanced, third generation control rooms a knowkdge based decision support
system utilizing several online expert systems will provide the operator with infonnation and,
when appropriate, a "what if" query facility to help him anticipate and plan for future action.
Associated with this facility are knowledge based event diagnostics that will help locate nx)t
cause events. The output is in the form of recommendations with the rationale for each
recommendation provided on request.

Already asailable is a system to mfonn the operator which channel to fuel next
and another to indicate the euct channei containing a defective fuel bundle.
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EattemRetegmtion

Cognitive science recognized that humans are particularly effective in leaming to
associate significant meaning from shapes and patterns. Control room displays will seek to
exploit this factor by presenting alarm configurations and plan parameter deviations in the form
of interpretable patterns.

Critical Safety Parameters

Critical safety parameters, a short list of" vital signs" relating to tM public safety
defence barriers, will be prominently displayed in graphical pattern fonn permce.ently on a ,

dedicated CRT screen or blackboard displays.

Voice Annunciation j

Voice annunciation will be utilized in a few selected situations where redirecting
the operators' attention is imperative. For example, voice will be used to announce the at the
entry conditions for an Emergency Operating Procedure have been realized.

Equipment Configuration and Status Disolay

Plant Equipment Status Schematics on the control room CRT will be operated
directly from the plant Computer Aided Design and Drafting data base. The state of devices ,

such as locally operated valves will be semi-automatically updated on the CRT displays from bar I

code readers connected into data highways by the plant operating personnel. |
Operation Information

1

The basis for an Operation Information System will be provided. This capability '

will electronically integrate and automate many of the tedious, labour intensive activities
associated with operating a nuclear station. For example, maintenance records, work contre.:,
man-rem statistics, equipment status, event logging and reporting and work scheduling. The
result will be a significant reduction in operating costs and operator stress levels and perhaps
operations staff. This facility will be developed by the operating utility associated with the
plant.

Comonter Annunciation Alarm O_verload

With approximately 6000 measured and calculated variables for a single nuclear
unit, there are operational circumstances when so many alarms can arrive thrt an overload
situation develops. Such alarm overloads can impose severe demands upon the operator and
have significant implications in terms of training, the structum of procedures and safety.

To some extent, the problem is a consequence of the avaihbility of better
instruments and tools to handle direct and derived data. Computerized techniques have
contributed to the problem; they v/ill also be part of the solutions. It is easy to present a very
large volume of alarm data spanning many different fauh scenarios with various degrees of
importance and credibility. The challenge is to package the messages that are relevant in a
particular situation and time and to articulate the alarm information in such a way that it directs
the operator's attention to the remedial task at hand. Notice that we are not proposing to
suppress information but rather to package and prioritize it in ways that make sense in a
particular situation.

l
|
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Recognition of the above problems has stimulated development of solutions. These include
the fobowing:

- The use of a high level, easy to use, programming language so that the station staff will
be able to inttaduce the results of real operating experience.

- Improved alarm categorisation strategies, including:

ElanLSlatt (e.g. reactor shutdown or at power, heat transport system pmssurized hot ora.

pressurized cold, class IV power available or not),

b. Action Time (e.g. Operator action within one hour, maintenance action wnhin 8 hours,
~

longer temi maintenance action.

Response Category (i.e. plant diagnostic message, equipment status message, maintenancec.
message, software and hardware error messages).

- Increased use ofinterpretable shapes and patterns for presentation of alamis and
deviation displays.

- Nuisance alann suppression.

- Selected voice annunciation.

Standardization

Although there may be several design and architect engineers performing the
detailed design, the layout, architecture, ergonomics and control philosophies of the entire
control room will be universally consistent.

Access to ControLRoomIhtta

Because all plant data is available on high speed data highway, simple interfacing
-

will provide controlled access to all control room infom1ation for use in the plant management
computer system or on terminals on or off the site.

Colt

The climination of fixed panels, utilization of standard operator consoles, the
application of computers to operational configuration control and the reduction in trunk cabling
will yield significant cost benefits.

Comclusion

Third generation CANDU contro .oom brings together the principles of
cognitive science, new ;echnology and lessons learned by CANDU operators. In this control
room, the operator will work with tools that were crafted to serve his objectives and work on his
tasks. Most important, he will function an level ti at exploits his unique ability to innovate and
fenn strategies to deal with unanticipated obscure case events.

This design approach should result in improved operator reliability while, at the
same time, reducing costs.
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1

2.3 REDUCED COMPLEXITY TilROUGil DISTRIBUTED COMPUTER
CONTROL

The AECL CANDU 3 station will achieve a significant reduction in the number
and diversity of control and instrumentation hardware components. Implementation of all plant
controls in a distributed system is central to this objective.

Scope of Apolication

Data acquisition and process control functions for most of the non safety systems
are performed by an advr.nced distributed digital control system. Completely separate control
equipment is used for the separate backup safety systems and their support systems. The scope
of the Distributed Contred System includes the conventional balance of plant process systems, as
well as the nuclear steam plant systems.

The DCS control functions include low level control and interlocking functions
,

for individual process devices such as pumps and valves, as well as high-level control and
co-onlination functions for groups of devices and systems. Examples of the high level group
control functions are re..etor regulation, heat transport system pressure and inventory control,
and steam generator level control. The scope of the DCS control functions includes manual and
automatic control modes.

ConcQ11

The DCS consiswi a number signal scanning and processing stations linked by
high performance data highways. Process instrumentation and control devices are connected to
stations assigned to specific plant areas and functions,in order to reduce the amount and
complexity of plant cabling and wiring.

The overall configuration is based on the same concepts that have been
successfully applied to the current generation of CANDU plants; i.e. the system is divided into
three sepaiate channels to match the channelization of redundant sensors and process devices.
Within each channel, redundancy, self-checking, and automatic switchover concepts are used to
prov:de a fault toierant system.

Watch-dog times are used to ensure that safety related output signals are reset to a
safe state if they are not cyclically updated with valid data.

Benefits

The functions performed by the DCS are implemented in current CANDU plants
by a dual digital computer control system (DCC), in combination with a relay logic system and a;

number of analog control loops using electronic controllers, current alarm units, and other
analog dev! s. All of these systems and devices are connected to process instrumentation
devices, and to each other, via multiconductor trunk cables and about 80,000 cross connection
wires in a large central control distribution frame.

i
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| 'I he DCS concept makes a significant contribution to the reduction of project cost
and schedule. The plant construction and cenunissioning schedule is reduced by at least 2'

months, due to the reduction in site cabling and wiring. The design costs are reduced due to the
use of a functional process control language and computer aided design methods. Equipment
cost, design cost and maintenance cost are all reduced by increased use of up-to-date
standardized equipment.

Improved reliability is obtained by the elimination of a large number of wiring
connections, and by the use of continuous comprehensive self-checking, and more
comprehensive recundancy and channelization.

2.4 DIGITAL PROTECrlON SYSTEMS -

Inladucliem
The approach in Canada to digital systems in protection systems is a combination

of the techniques from successful use of computers for control, world trends in software
engmeering, and the overall principles of safety system design, such as simplicity, and
defence-in-depth.

llistorically, CANDU was among the first reactors to include computers in safety
systems with the PDCs (Programmahle Digital Comparators) used in the CANDU 600 reactors
(early 1980s). PDCs were used to implement the trip decision logic for the process trip
parameters (see Figure 1).

The operating statistics indicate a significant contribution to plant safety. The
three CANDU 600 stations (Wolsong 1, Gentilly 2, and Pt. lxpreau) have a total of 2M 7
PDC-years of operating history without a single unsafe failure reported. All PDC failums have o

been safe failures which can he contrasted with the experience with the conventional ponions of
the system whem about 1/4 of the failures are potentially unsafe, i.e. temporarily diminish the
redundancy of protection, until corrected. This is due largely to the design that employs features -

such as self-checks," continuous" testing, hardware watch-dog timers, etc. which convert
;etected unsafe fau!ts mto safe failures (i.e. trip the channel). From the production r 'bility

viewpoint, there have been no spurious reactor trips attributed to PDC related failure

This experience has confirmed our original reasons for using computers, that they
enhance safety availability (conurt unsafe failures imo safe ones), and also improve pnxtuction
reliability.

This concept evolved furthm in the Darhngton fully computerised shutdown
'

systems (see Figure 1). llere the functionahty has increased to include not only the safety trip
decision logie but also channelized displays to the Operator and automated testing and
monitoring functions as well. It is imponant to note that while the overall functiona!;ty has been
increased, the safety critical portions base been localized no the channehzed inp computers
only) and the trip functions kept as sunple as ponihic This is a key component of the
" Canadian" approach.

RGuhuuryhum
in the course of de_smn evohn. m a n i nhcr o! Im hase ansen, mainly with

re5pect to soitWare. The main iwucs are:

v w::w ,,
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a; no agreed upon, measurable definition of acceptability exists for the engineering of safety
critical software.

b. no widely accepted and adopted practices for the specification, design verincation and
testing of safety critical software exists.

c. _ it is not possible to quantify the achieved reliability of the software component of a safety
system,

d. it is not possible to quantify the benefits of using diverse software.

it is not possible to exhaustively test software in all of its possible modes; thus it is uncleare.

what constitutes a sufficient degree of testing.

Because of these issues, obtaining a license from the regulatory authority, the
Atomic Energy Control Board (AECB), for the Darlington shutdown system trip computers was'

difficult. Several additional design and verification processes were backfitted after the original
software development process was completed. The key additional processes were:

preparation of a mathematically precise software requirements specification.a.

b. fonnal verification of the code against the requirements specification.

statistically valid, trajectory based random testing to demonstrate that the software reliabilityc,

was consistent with the system reliability requirement.

d. hazard analysis of the code to identify failure modes that may lead to an unsafe event.

The application of many of the techniques used represented their first use in a
nuclear safety critical application. Many valuable lessons were learned about the merits and

- applicability of the techniques.

To avoid sirnilar difGculties in the future, to document some of the lessons
learned, and to document how to apply t e techniques rationally during the softwareh

development process as opposed to after- he-fact, Ontario Ilydro and AECL fonnula_ted a
strategy for the development of a set of standards, procedures and guidvines for software
engineering. The set of standards, procedures and guidelines will address the requirements for
all levels of criticality.

'

To date, a high level standard for the software engineering of safety critical
'

' software, the highest criticality level, has been produced. This standard dennes the software !

engineering process, the outputs from the process and the requirements to be met by each output.
The requirements are expressed in methodology independent terms so that various techniques for
software engineering may be used to meet the requirements of the standard. This allows _the

,

stan< lard to be used to assess the acceptability of various proposed techniques and allows for
techniques to evolve without requiring changes to the standard.
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CittientMelt
The software engineering development efforts in both Ontario liydro and AECL

are co-coordinated through a committee called OASES (Ontario liydro/AECL Software
Engineering an< lards). Through OASES, a program has been established to determine the.

detailed methodowgies to be used for all phases of the software development cycle. Detailede

(methodology specific) procedures and tools to support the inethodologies will be produced for
safety critical software by :he end of the calendar year.

Review of the standards and methods by the AECB is being sought during their

development to inen:ase the probability of their accephnce-
Standard for Software Engineering of Safety Critical Software:

The fandamental principles which were the basis of the requirements in the high
level standard for safety critical software are described below. These principles wem the basis of
the requirements within the standard

- A planned and systematic Software Engineering Process must be followed over
the entim lifecycle of the software. Both the original development and any revis; ns must be
treated as an integral, continuous and interactive process. Any changes must be verified to the |

same degree of rigour as the original development.
In order for software to be " engineered"it must be developed according to a

planned and systematic process that has been designed to produce software of the required
quality. In order to maintain the quality, all revisions made to the software until its retirement
should also be performed according to a planned and systematic process.

Documentation must be prepared to clearly describe the required behaviour of the
software using mathematical functions written in a notation which has a well defined syntax and
semantics.

Mathematicci functior s provide a mechanism for completely, precisely and
'

unambiguously specifying the reqaired behaviour of the software.

By having the behaviour of the outputs specified by mathematical functions the .

following advantages are achieved:

i. the requirements will be more complete since input domain coverage can be checked
to determine if the required behaviour of the outputs has been specified for the
complete, valid range of each input and for all combinations of inputs that affect each
output.

ii. the requirements can be uniquely interpreted since the notation has a well defined
syntax and semantics.

iii. the mathematical representation facilities the use of mathematical verification
techniques that allow the design to be transformed into a mathematic-1 fum . an form
for direct comparison with the requirements.

The outputs from each development process must be reviewed to verify that they
comply with the requirements specified in the inputs to that process. In particular, those outputs
written using mathematical functions must be systematically verified against the inputs using
mathematical verification techniques.

'.f? *
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Stepwise refinement is an important concept not only because it allows the
developer tt : die several more manageable problems instead of one large one, but also because
it allows the e cifier to more effectively perfoun review. It is very difficult to review software
listings to detennine if they represent a solution to the right problem. It is much more
manageable to first verify that the requirements are correct, then venfy that the design
description correctly satisGes the software requirements, and then, Gnally, verify that the code
satisfies the design description.

Mathematical verification provides and effective mechanism for demonstrating
confomt e to specifications. Mathematical serification is most effective when it is integrated
into the design process.

|

.

The structun of the software must be based on "Infonnation Iliding" concepts.
Infomtation hiding is a software design technique in which the interface to each software

,

module is designed to reveal as little as possible about the module's inner workings. It was,

developed by Dr. D.L. Pamas in 1972 and is described in reference [31. In this way,if it is
)

necessary to change the functions intemal to one module, the resulting propagation of changes to
other modules is minimized. This results in modules that are loosely coupled or independent of
each other as much as possible.

Loosely coupled modules are easier to review since the reviewer can focus on the
module under review instead of the dependencies between several modules. Also, loosely
coupled modules mean less interaction between various software developers which results in
higher productivity.

Both systematic and random testing must be perfonned to ensure adequate test
coverage.

Testing is the proecss of executing a program with the intent of finding errors.
Errors may consist of non-conformance with the requirements specification or the design |

description, or incorrect object code pnduced by the compiler or assembler. It is impractical to |
exhaustively test the software because the number of test cases to provide every input
combination (exhaustive input testing) er to cause every path through the software to be
executed (exhaustive path testing)is too large. The question is therefore "What set of tests,less
than exhaustive tests, constitutes an adequate set of tests?"

Adequate test coverage must be accomplished through a combination of
systematic white-box and black-box test cases along with randomly generated test cases. The
design of the black-box and white-hmx test cases should be such that a predefined coverage is
accomplished that should uncover many of the most common errors. The purpose of the random
test cases is to improve the effectiveness of the test cases by compensating for false assumptions
and biases of the tester.

Reliability of the safety cntical software must be demonstrated using statistically
valid, trajectory-based, random te, ting

2,e"l* i +

_ . _ _ _ _ . _ _ _ _ _ _ _ _ _ _



_- __ _ ___ _ - _ _ _ _ _ _ _ _ _ _ _

As discussed above,it is not practical to exhaustively test software. As a result
the software will be placed in service with the knowledge that it may encounter a combination of
input conditions never tested for and for which the softwan may fail to meet its requirements.i

As far as possible this degree of uncenainty must be quantified so that it can be shown to be
consistent with the reliability requirements of the overall system,

it si possible to use random testing as a means of determining the probability that
software product will encounter an input sequence that will lead to errors. From thic it is
possible to determine the number of random test cases required to demonstrate a specific

,

$ reliability value. [2]
w
h Configuration management must be maintained throughout the entire life of the -

are to ensure up-to-date and consistent software and documentation.x

5 The objective of Configuration management is to identify the configuration so a
software system at discrete points in time for the purposes of systematically controlling changes
to the configuration and maintaining the integrity and traceability of the configuration over the
entire lifecycle of the software. Configuration management of the outputs of the processes must e

be maintained to ensuie that the correct version of each output is being used at any point in time.

The objective is aise to control all changes made to the software. software
engineering is iterative in nature since changes to requirements, design, code, and venfication

'

pacedures occur at many points during the process.

Ongoing training must be undertaken to ensure that personnel have the skills
required to perfonn their jobs.

Since software engineering is a relatively new field, there is not yet a definition o
the minimum set of skil.3 that a software engineer must possess. This problem is also -

complicated by the fact that software is being introduced in areas where personnel are not
-

familiar with the specialist techniques required to develop safety critical software.

Therefore it is necessary that the skills required to perform the various software
engineering process be identified and compared with the skills of the individuals perfonning the
processes.

Verification of the software must be carried out throughout its entire life. All
chang _s to an output must be verified in the same way as the original output.

Between the time sonware is first released for use and its final retirement it
undergos changes to correct detected errors and to respond to moditications and enhancement in
requirements. To ensure that the software does not degrade over time, the level of verification
must be maintained. The verification of changes must therefore be performed in the same
manner and to the same degree of rigour as changes would be verified during initial
development.

Independence of design and verification personnel must be maintained to help
ensure an unbiased verification prwess.

2,2",d?' 1 n-
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The effectiveness of the verification process is greatly enhanced when personnel
other than the designers perform the verification. Independence of the verifiers provides a
perspective to the verification that is not biased by the design of the software but is strictly based
on the available documentation.

,

Analyses must be performed to identify and evaluate safety hazards associated
vith the computer system with the aim of either climinating them or assisting in the reduction of

any associated risks to an acceptable level.

To provide adequate confidence that the safety critical software will operate in a
safe manner at all times an analysis must be performed whose purpose is to identify any failure
modes that may lead to an unsafe action, and then either eliminate them or, where possible,

,

enst:re that the failure mode can be detected and the system put into a safe state.
'

The high level standard captures the essence of the Canadian approach to use of
software in safety systems. The fundamental principles which were the basis of the
requirements in the high level standard for safety critical software are described below.

Summary:

The Canadian approach to digital systems in safety systems represents an i

incorporation of our experience in control computers and world trends in software engineering
with our overall principles of safety system design, such as simplicity, and defence-in-depth.
Feedback from the world community indicates that we are at the forefront of efforts in this area.

i
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I1A_N

+ CREATIVE

USE OF JUDGEMENT, EXPERIENCE, HEURISTICS+
__

+ MAKES DECISIONS OUT OF INCOMPLETE DATA

CAN SYNTHESIZE SUPERORDINATE OBJECTIVES+

FORGETS-

- GETS OVERLOADED

TUNNEL VISION-

SUBJECT TO FATIGUE AND EMOTIONAL INTERFERENCE-

LOGIC AND REASONING FAULTS OCCUR-

_

Pigure 2

159

- - - - - - _ - _ - - - _



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

MACHINF

+ REPEATABLE RESULTS~

+ PREDICTABLE CAPACITY

+ NOT SUBJECT TO FATIGUE OR EMOTION

+ CAN SIMULATE LEARNING AND JUDGEMENT

+- CAN PERFORM COMPLEX COMPUTATION AND LOGIC

- NEEDS COMPLETE SET OF INPUTS TO FUNCTION

LIMITED ABILITY TO LEARN-

SUBJECT TO DESIGN ERROR-

REQUIRES MAINTENANCE-

SOMETIMES FAILS CATASTROPHICALLY-

|

|
Figure 3
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ANALYSIS OF POSTULATED EVENTS FOR THE REVISED
ALMR/ PRISM DESIGN'

G. C .' Slovik and G. J. Van Tuyle
Brookhaven National Laboratory

ABSTRACT

The Nuclear Regulatory Commission (NRC) is continuing a pre-
application review of the 471 MWt, Liquid Metal Reactor, PRISM by
General Electric, with Brookhaven National Laboratory providing
technical support. The revised design has been evaluated, using the-_

SSC code, for an unscrammed loss of heat sink (ULOHS), an unscrammed
loss of flow ' (ULOF) with and without the Gas Expansio3 Modules

.(GEMS), and a 400 unscrammed transient overpower (UTOP) event. The
feedback effects for U-27Pu-10Zr metal fuel were modeled in SSC.The ULOHS accident was -determined to be a benign event for the
design, wich the reactor power transitioning down to a decay heat
level within 500s. - Tho power during the postulated ULOF events,
with the GEMS functioning, transitioned to decay heat levels without
fuel damage, and included a 300K margin to sodium saturation. The
case without-the' GEMS.'nad only a 160K margin to sodium saturation
-and higher fuel temperatures. In addition, the clad was predicted
to quickly pass through the-eutectic phase (between fuel and clad),
and some clad wastage would result. The 40C UTOP was predicted to
raise the power to 1.8 rated, which later stabilized near 1.2 times
- full power. SSC predicted some localized fuel melting for the
-event, but the significance of this localized damage has not yet
been determined. If necessary, the vendor has options to reduce the
maximum reactivity insertion below 400.

1. INTRODUCTION

-The Nuclear _ Regulatory Commission (NRC), with technical aupport provided
by the Broo_ haven-National-Laboratory (BNL), is continuing a-pre-applicationk
review:of the 471 MWt . PRISM advanced reactor design. The evaluation of the

-

initial-design has already been released (Ref. 1) with the supporting. technical
analyses performed by BNL (Ref. 2). Among the findings of the report was the
determination that there were apparent vulnerabilities in the passive shutdown
response to certain improbable, un3 crammed, events. In particular, events which
involved a rapid flow reduction without scram _were of concern since the sodium

- margin _to= sodium boiling was' not- large enough to account for all .the
uncertainties. Since boiling of the sodium could introduce positive reactivity
and trigger a power excurLion, any potential'for sodium boiling is a cause for
concern.

In response to the initial findinge by the NRC (Ref. 1), General Electric
(G.E.) revised the PRISM design (Ref. 3). In several cases, the changes.were

made to directly address the NRC concerns. Other changes were dictated by the-

U.S. Department of Energy (DOE) as design improvements or revisions to enhance
the economics of'the plant. As the resalt of these changes, nearly all of the

- *This work was performed under the auspices of the U.S. Nuclear Regulatory

Commission.
'

4
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BNL analyses were repeated to factor in the new components and the revised
operating conditions. I(cy findings with respect to the postulated unscrammed
cases are summarized in this paper.

2. THE ALMR DESIGN

The ALMR plant, as presently proposed by G.E. , consists of three identical
power blocks of 465 MWe, for a total plant electrical rating of 1395 MWe (Table
1 and Figure 1). Each power block is comprised of three reactor modules with
individual thermal ratings of 471 MWt. Each module has its own steam generator

,

which is combined in each power block to feed a single turbine generator. The ;

reactor module (Figure 2) is about 19 meters (60 feet) high and about 6 meters '

(20 feet) in diameter, and is placed in a silo (i.e., below grade).
!

Under normal operating conditions, four EM pumps draw sodium from the cold '

pool and drive it.through eight pipes to the core inlet plenum. The sodium is
heated as it passes upward through the fuel assemblies (hexagonal cans containing
w'.re wrapped pins) and into the hot pool above the core region. The heat is j

transferred to the intermediate loop sodium by the intermediate heat exchanger ;

(IHX), as the primary sodium passes from the hot pool to the cold pool. I

The core design is illustrated in Figure 3. A " limited free bow"
7enstraint system is utilized to assure an outward bow in the active core region ;

of the assemblies as long as the peak temperatures are in the core center and i

decrease radially. The bowing is only one of several reactivity feedbacks that l
are significant. The other feedbacks are Doppler, sodium density, fuel l
expansion, core radial expansion (via grid plate and above coro loed pads), the
control rod drive line expansion, and the Gas Expansion Modules F .,. Most of
these feedbacks are negative for off nominal conditions, einer , . easing the
power and core average temperature causes the core criticality to uocrease. This
characteristic gives the core power the tendency to transition to a lower level

'at an elevated temperature (unless the sodium boils). Predictive criculatione
are performed to determina the rate, direction, a J magnitude of the ceactivity ;,

feedback componente during postulated transients. Linkage.between the reactor
modules is only through the turbine systems, and is further reduced by the use
of a saturated steam cycle. As a result, one can generally decouple the reactor
modules, particularly for the shorter unocrammed events.

Table 1. ALMR Plant Design Data

Reactors Modules Per Power Block: Three
Number of Power Blocks; One/Two/Three
Electrical output: 465/930/1395 MWe
Reactor Power: ' 471 MWt
Turbine Throttle Conditions: 7.58 MPa (Saturated)
Primary Sodium Inlet: 610K

Outlets 758K
Secondary Sodium Inlet: 555K

Outlett. 716K
Peak Fuel Pin Linear Power 305 W/cm
Peak Fuel Burnup: 135 mwd /kg

| Refueling Interval 18 months
|

3. PRISM SHUT 00WN AND HEAT REMOVAL,

|

The PRISM reactor shutdown system ut11Lres six control rode, with each
control rod capable of shutting the reactor down. Extensive diversity in the
system, i.e., each rod has its own electrical system, independent drive motors,
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,

and a gravity crop alternative, greatly reduces the likelihood of this system
failing entirely.

In the center of the core is a hollow assembly beneath a container holding '

B C balls. Dropping the balls is another independent means of terminating power.
4

G.E. calls this system the " Ultimate Shutdc n System" (USS). However this is a
comparatively slow system, which requires minute or two to respond.

When the passive-shutdown response is triggered, it can reduce the reactor
power in response to most postulated unscranmed events. However, criticality of
the system must be terminated as so n as possible to remove the risk of
uncertainties. The potential f or positive reactivity . r sertions through sodium
boiling, or fuel relocation, dictates that this class of events be evaluated.
Calculations provided the timing at which events progress and gave insight into
the inherent response of the system during unscrammed events.

If there is failure to remove enough heat from the primary system, the
sodium will expand, and the hot pool sodium will eventually (a few hours) spill
over the reactor vessel liner. This will' establish an alternate flow path and
will increase the heat being rejected off the reactor vessel surface to the
atmosphere (Figure 2). Once this has occurred, the Reactor Vessel Auxiliary
cooling System (RVACS) becomes fully functional and removes the decay heat load
efficiently enough to prevent damage to the reactor vessel and other key
components. Even without the spill-over, including normal operating conditions,
there is substantial parasitic heat removal by conductance through the vessel
liner, vessel, and containment vessel.

In the PRISM design, the use of sodium coolant and the relatively small
reactor power facilitates this type of passive decay heat removal. Both the
normal cooling and auxiliary cooling system (ACS is a natural circulation air
j'cket around the steam generator) can work well under natural circulation
conditions. However, G.E. prefers to emphasize the L.'ACS performance rather than
the reliability of the normal plant cooling systems. It is very difficult to
completely fail this system even if partial blockages of atmospheric air are
postulated. Even if all three heat removal systems f all completely, it would be
at least twelve hours before significant core damage would result, because of the
large thermal mass of the system.

4. U-10Zr-27PU FUEL
'

The current _ metal fuel composition proposed for PRISM is U-10Zr-27Pu. The
initial data indicates that the burnup response of the ternary metal fuel is more
complex than that for the original U-Zr metal fuel, showing axial expansion early
in the burnup cycle, as well as fuel component migration. In theory, the
behavior of the three component t rnary fuel should be more complex than-binary
fuel, and it should require some time to characterize fully. Argonne National
Laboratory ( ANL) will be obtaining more data on the ternary fuel within the next
year and hopes to addreen some of the-questions that have resulted from the data
obtained from the first few pins. The radial migration of the uranium and
zirconium componente during burnup is very substantial and causes large changes
in local fuel thermal conductivities and significant changes in the fuel solidus
and liquidus temperatures. In addition, thete may be some radial relocation of
the_ plutonium component, which could change the radial power distribution within
the f uel pin. Consequently, some problems with metal fuel have been identified,
but judgement will-be reserved until more conclusive data has been compiled.

S. PRISH MODELING

i The SSC (Ref. 4) and MINET (Ref. 5) codes were used in this analysis for
complimentary purposes. SSC was developed at BNL for analyzing LMR transients.
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SSC can model core regions in detail, as well as the primary system,-the.IHX,
intermediate loop, steam generator, and the major components of the ternary loop.
However, alternate flow patterns that may develop during loss of heat sink events
or certain loss of flow can become very complicated, which requires the MINET
flexibility for that part of the analysis.

.'

5.1 SSC Model

In Figure 4 a schematic drawing .f the PRISM model is shown. The cot- was
represented using 7 channels fuer (or driver), internal blanket, radial
blanket, control assembly, shield assemblies, ho? driver, and hot internal
blanket. Each channel has 2 axial nodes in the lower shield, 6 axial nodes in
the_ fuel region, and 4 nodes to represent the upper gas plenum.
5.2 Reactivity Feedback Models

~

Several reactivity feedbacks are important in the passive shutdown response
for the metal cores. Because of the smaller Doppler feedback in the metal cora,
reactivity feedbacks having little importance in oxide cores are significant in
the metal core. The main reactivity feedbacks are as follows:

5.2.1 Doppler Feedback

As the fuel temperature increases, more neutrons are parasitically absorbed
in the resonance energy range. For metal f uel, Doppler feedback is smaller than
it is for oxide fuel because of the harder neutron energy spectrum, which places
fewer neutrons in the resonance energy range. Also, due to high thermal
- conductivity, metal fuel operating temperatures are much lower than those in
oxide fuel cores. This allows the power and temperature defect in a metal core
to be small (~Sl.20), allowing the criticality of the system to be influenced by
other natural feedbacks.

Each of the 6 axial levels in the SSC fuel representatio . wa-a given equal
weight and was referenced to the cold shutdown temperature. The Doppler,

coefficient is-given in the form of:

. a g.

which leads to the reactivity equation for the-Doppler as:

3 6

es" * { m tr. - po, (1)i

k' = Multiplication factor

a t- = Node Weighted Doppler Coefficient
gy = Average Node Fuel TemperatureT

TRep = Reference Fuci Temperature on an Absolute Scale (K or R)
5 = 6 Axial tevels in the Fuel Channel
i =.3 Different~ Fuel Channels (i.e., driver, internal blanket, and

radial blan'ket)
po = Steady-State Reference Value for Doppler Reactivity, p

i

|
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- k-1
The standard definition of neutronic reactivity is used (i.e., p= ).

Dy definition, the reactivities are referenced to rero at the steady state
conditions, i.e., before the transient begins.

5.2.2 Axial Fuel Expaasion

Metal fuel expands axially when it he . 4 up. Axial expansion increases the,

core height and decreases the effective 'ity of the core material. This
increases the probability that a neutron 5 scape the core, giving a negative
reactivity feedback.

%11 analyses performed using SSC assumed that the fuel is in contact with
the H1d clad. This is the most common state for the equilibrium cere since only
2$4 of the core will be reloaded at each refueling, and the fuel is in an
unlocked state- i.e., below 2 a/o burnup, only briefly. Axial expansion is
dominated by the clad af ter lockup since metal f uel is weak (i. e., small yout j's
Hodulus). The fuel elongations in E3C calculations were calmalated by using an
average strain, weighted with Young's modulus

, , e , Y, A,., * te Y, A-
Yg Ag * Y, A.

where
c = strain (Af/t)
Y = Young's Modulus
A = Nominal cross sectionst area
e = clad
f = fual

The Ph!SH axial fuel expansion feedback evaluation was performed using an
equation similar to Eq. (1). The reactivity worth was detormined from the
dif f erence betwee~ the initial fuel length and the elongated length at any given

time.

6.7.3 Sod iu.a Density Feedbagh

Thermal expansion of the sodium is the only significant positive reactivity
f eedbdek, except f or the long term withdrawal of the control rod drive line with
vessel heatup. The 't.ormal expansion results in fewer Sodium atoms within and
surrounding the core. The dominant effect is the reduction of the collisions
between neutrons and sodium atoms, which hardene tha neutron energy opTetrum and

yields a not positive reactivity feedback offect from the increas3J neutron
importance.

with theThe feedback formulation was of the same form as Equation (3 2,
referenca density at the refueling temperature. Each node w*J given equal weight
within the given category (i.e. , driver, internal blanket, and radial blanket),

5.2.4 -Control Rod Drive Line and Vessel Thermal Expansion

The magnitude of is feedback is dependent upon the initial position of
.the control rode on the control rod worth curve. The control rod drive lines,

which are in the upper internal structure, expand when they are heated, inserting
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'

i

!
'

the control rods further inta the reactor, adding negative reactivity.

The thermal expansicn of the reactor vessel vltimately limits the amount -

of negative reactivity inserted by the :ontrol rod orive line. The reactor;

vessel in cantilevered from the top, and expands down and slowly withdraws the
control rods from the core up to the control rod stop positiono. The time e

constant for the reactor vessel is about 700s, while the control rod drive line
expansion time constant is around 28s. Thus, the initial response to increased
sodium outlet temperaturen is a negative feedback, while the long term offect
could end up being positive.

Control rod and vessel expataion are calcutated in SSC using single node
t e'npe ra tu re s for the vessel and control rod drive line masses. The total

~

* .:sngated length is calculated by subtracting the vessel expansion from the
|csntrol rod drive line expansion to detesmine the net control rod expansion into '

the core.

5.2.5 Radial ExItennign

The radial dimension of the ccre is determined largely by assembly spacing.
This spacing is determined by the grid ~ plate below the core and by two sota of
load pads above '.he core, When the structures heat up and expand it increases
the core radius, which reduces the cere average density in the radial direction.
The ef f ect increases neutron leakage and generates a negative feedback response.

In the SSC calculation, no credit was given for the thermal bowing of the
assemblles. It is noted that the bowing offeet may reouce the risk associated
with several severe accident sequences. " wover, the total worth of the.

(limitad-f ree) - bowing carries significant u.csrtainties. Bowing should add
negative reactivity to the system. At this time, it 6oesn't appear that bowing
can insert any positive reactivity during any portion of the postulated accidente
reviewed to data. Hence, neglecting it is a conservative assumption.

SSC tracks the radial expansion of the coro from thermal expansion only.
This is accomplished by tracking the structure temperatures at the above core
load pada (just above tlo fueled area) and at the grid plate.

The coefficients supplied for radial expansion were calculated using a
uniform increase over the core radius. However, the above core load pao (ACLP)

;

responds to the core exit nodium temperature while the grid plate reeponds to the j
core inlet temperatore. This causes non-uniform expansions, and the worth of I,

cach component must be weighted. From geometrical considerations, the split for
PPISM is 65% f rom ACLP and 35% f rom grid plate, and this was utilized in both the
BNL and GE calculations.

5.2.6 CEM Mode _linn_

The GEM is eseentially an empty asserrbly duct, sealed at the top, open at
the bottom and connected to the high pressure in the inlet plenum of the core.
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The range of operation of the GEMS tested in FFTP can be seen in Figure 5. A
i

hexagonal cross section duct, with a wall thickness slightly greater than the
standard f uel and Llanket duct, f orms the unit. When the pumps are at full flow,
the plenum pressure (minus the static heat to the GEM level) compresses the gas

c r> r e . This causen morein the GEM cavity to the poriion of the GEMS above the
neuttons to be scattered and deflected back into the core, ao compared to when
the gas is adjar.ent to the core. When the flow decreases, the trapped helium

expands and drops the sodium level into the core region. As a result, fewer

neutrons are scattered back into the core region. The offeet increases as the
gas a pands into the core, until the gas-liquid interf ace drops below the core.
At this point the maximum negative reactivity of 69 centn (i.e., 23 conte each)
in imposed. This device of f ere a t,ascive nega tive f eedback which can protect the
power-to-flow ratio during sudden loop of flow events.

In SSC, three equations are solved iteratively until they converge to give
the correct sodlum level in the GEMS. They are -

(2)v t. - v, . vg

(3}rg -p . he= re!
.

(4)pg evg M2.p .T

where
VL = t otal GEM volume (m**3)
V = GEM sodium volume (m**3)g
Vg = GEM g=An volume (m**3)
Pg = GEM gas pressure (Pa)

Core Inlet Plenue pressure (Pa)Pci =

sodium density (kg/m**3)=p

gravity (m/s**2)g =

GEM area (m**2)A =

sodium level in GEM (m)
-

hp =

Mass of Hell.um in GEM (%g)Mg a

helium gas constant (-)R =

GEM gas temperature (X)T =

The gas temperature closely follows the GEM ahell temperature which is
determined by tracking the heat transfer between the neighboring assemblies and
the GEM

(5)cp Mg . <tTidt to

GEM belium specific heat (J/kg*K)where cp =

heat from conduction fromQ =

surrounding fuel assemblies (watts),

time (s)t =
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These equations are solva ? at each time step to determine the sodium level
in the core. The worth of the CtMm when the level is equal to, or greater than, |

the top of the core is zero. When the Invel reaches bottom of the core, the CEMs
i are worth -69 cents. Intermediate levels are interpolated. i

)

6. ANALYSIS OF UNSCRAMMED EVENT 3

The transient response of tus FFItac .hodule to various unscrammed events was
evaluated using SSC, and compluranted using MINET calculatLons when necessary.
SSC has been benchmarked against both ARIES (G.E. ) and SASSYS ( ANL) (Ref. 6) over
the years, and has consistently generated similar resulte for similar events.
The calculations contained in this section used models that were more

.

conservative than those used by the vendor.
.

Three unserammed (beyond design base accidents) events are covered in this
section. They are the unscrammed loss of heat sink (ULOHS), lose of flow (ULOF),
and the transient overpower (UTOP) event. This set of transients is not all
inclusive, but it does demonstrate the passive shutdown response of the current
PRISM design.

6.1 Unscrammed ULOH5

. This event is initiated by a sudden stoppage of the intermediate loop flow.
' Physically, this would be equivalent to the intermediate loop sodium being dumped

into the system dump tank during a sodium-water reaction event. All heat
generated af ter that event is . retained in the reactor module. The reactor scram
system is also assumed to fail, while the rest of the system continues to
function. The ir.itial operating conditions for PRISM, and the corresponding
initial conditions from SSC are shown in Table 2.

Table 2
Table of Initial and Key Operating Parameters

p3serirition PRISM ESg,

Power (MWt} 471 471
Cover Gas (kPa) 99,3 99.3
Primary Flow (kg/s) 2513 2507

! Primary Sodium Inlet (K) 610.9 610.9
Primary Sodium Outlet (K) 758.1 758.0
Core Height (m) 1.342 1.3462
Peak Fuel Pin ..erage Fuel Pin 1.31 1.31
Fuel Pin OD (: .00668 .00668
Driver Fuel ...s/ Assembly 331 .331i

'
Intermediate Sodium Flow (kg/s) 2293 2275
Intermediate Sodium IHX Inlet (K) 555.4 557.0

Intermcdiate Sodium IHX Outlet (K) 716.5~ 720.0
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The system remains at sated power for many seconds. The slow increase of
core inlet sodiam temperature, due +o the large thermal mass in the cold pool,,

is shown in Figure 6. The figure also indicates that the power begins to
transition downward once the core inlet temperatures increase significantly. The

|core outlet temperature does not pass through the same temperature increment as
fthe inlet because the core power is decreasing.
I

The incre ase in the core inlet temperature had a dramatic affect on the |
'

neutronic feedbacks as shown in Figures 7 and 8. The total reactivity remained

constant (at zero) until the higher temperature sodium enter ed the core. A

negative feedback then resulted f rom the thermal expansion of the fuel (axial),
the core radius, and control rod drive line. Those effects were only slightly

countered by the positive sodium density effect. It should be noted that the
control rod drive line's negative reactivity worth was reduced af ter 200 seconds
by the thermal expansion of tne reactor vessel, which pulls the control rods f rom
the core (F1gure 8). The net effect is that the increase in core temperature ,

'

generated a negative reactivity response, which reduced the power to decay heat
levels by 500s.

A representative temperature profil3 f or a peak node in the hot channel is
shown in Figure 9. The temperature decrease after 75s is representative of all
the mid-core fuel temperatures. Some of t19 fuel centerline temperatures below
the core mid-line increased because of the higher inlet sodium temperatures, but
these locations do not contain the limiting fuel temperatures. The ability of

the reactor to transition to a lower power level removes the concern of fuel
f ailure for this event. Figure 10 shows the margin to sodium saturation is about
560K.

Thus, the ULOHS event does not present a significant challenge to the PRISM
passive shutdown response. The peak fuel temperatures decrease; thus there is
no concern for fuel damage for the calculated event. The only lueue might be the
length of time this transient is allowed to continue and the impact on Larvice
limits. A remaining safety issue is the tendency of the vessel to expand ano
pell the control rods out of the core (to the rod stop position) which reduces
the negative worth a id can even insert positive reactivity. However, the

ultimate shutdown system could be activated to establish shutdown, and would
preclude prolonged unscrammed events.

6.2 MLOF Events

The loss of flow event is assumed initiated by a trip and coast down of the
EM pumps f rom full power (Table 2). It is further assumed that the secondary

loop cantinues to operate and the scram signal fails to insert the rode. This

event was the most challenging for the previous design, which did not include
GEMS. Since GEM reliability is still an issue, we analyzed this event f or a ULOF
with_and without_ GEMS.

6.2.1~ULOF with GEMS

The trip and coast down of the pumps results in a power reduction almost
immediately (Figure 11). Figure 12 shows that the core outlet temperature peake

,
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at about 50K above operational and drops to below ?OOK by 300s. Power deceases '

and reduces the peak f uel temperature (Figure 13). consequently, no f uel damage |
would be expected. '

,

The various reactivity feedbacks are shown in Figures 14 through 16. The
total reactivity was predicted to quickly drop to -400, then slowly back off toi

-15C by 600s. The grid plate and ACLP in Figure 14 are the components of the'

radial expansion term on Figure 15. The grid plate is in contact with the inlet
sodium, which experiences little change in temperature, while thu ACLP above the '

core sees a reduction in core exit temperatures. This causes a contraction and
insertion of positive reactivity. The core cool down causes a contraction f rom ;

the fuel (axial expansion), sodium density (this is a negative effect), and the
control drive line. These effects, except for the sodium density, are all
positive reactivity feedbacks. The dominant negative feedback is the GEMS, which
reduces the power in proportion to the core inlet plenum pressure and overrides
the positive reactivity feedback from the thermal contractions. Thus, the
overwhelming negative fwedback from the GEMS causes the core power to decrease1

to decay heat levels by 500s. The fact here is that the reactor power level is
reduced by the GEMS, rather than a balance established between the thermal
expansion (or contraction) feedbacks of the core. Consequently, the GEMS
function more like passive control rods, with the reactivity worth dependent on
the core inlet pressure for thts event. Finally, Figure 17 shows the margin to |sodium boilit.,- to be approximately 300K with the GEMS. l

,

6.2.2 ULOF Without GEMS

This event was analyzed identically to the ULOF with GEMS, except for the
removal of the GEMS from the modeling. From Figures 11 and 12, it can be seen
that the power and core outlet temperature are higher than the previous case.
The power level drops to about 10% of the initial power level by 600s, which
results in the core outlet temperature being about 100K above the case with GEMS.

The neutronic feedback behavior for the case without GEMa is qu ite
different, as shown in Figures 18 through 20. Without the GEMS, thcre isn't a |
large dominant negative feedback. Actually, the increase in temperature in this
event generates the transition to a lower power by establishing a new reactivity
balance between the thermally activated feedbackr. Heating up the sodium flo'" ag
in the core generates a negative feedback from radial expansion (i.e., A C. . . , ,

axial expansion, and control rod drive line thermal expansion. The Doppler term
is initially negative since the core average temperature of the fuel increases,
but as the power declines, the average fuel temperature decreases and turns
positive. The increase in the sodium temperatures contributes a positive
response. However, the feedbacks all combine to produce a net negative f eedback
which reduces the core power to 10% by 600s.

The difference between the two cases with and without GEMS can be judged
,

- in terms of the peak fuel and sodium temperature. As shown in Figure 21, the '

peak fuel temperature was predicted to be ll50K which is higher than before, but
still lower than the solidus temperature of the fuel, which is 1249K. As shown
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:

in Figure 17, the peak sodium temperature in the core came within 160K of the
saturation temperature, which remains a significant margin.

I

6.2.3 ULor Conclus12D

The SSC predictions indicato PRISM would be able to withstand the ULOF
events with and without the GEMS. When available, the OEMs dominate the |
neutronic feedba.ks and bring the power down to decay heat levels within 500s, i

with a margin to sodium boiling of 300K. The fuel temperatures decrease ;
'

demonstrates that fuel damage le not a significant risk for this event. For the

case without the GEMS, TSC prudleted that the thermal repansion f eedbacks would
be activated and combine to reduce power to 10% r u. rid by 600s. The fuel

temperatures for the case without GEMS do not indicate significant damage, but
the margin to sod'um boiling is reduced to 160K. Without the CEMr, however,

7
there could be a small amount of cladding wastage during this event.

6.3 ])_TQP

'

An unprotected transler.t over power (UTOP) accident results when positive
reactivity is inadvertently inserted into the core, leading to increased reactor >

power. The scram signal is assumed to fall to insert the rods. The l istilt ing

case is the accidental witndrawal of all of the control rode. This event is

bounded by the excess amount of reactivity in the core. In an oxiue core, the

temperature and power def ect, along with the built in excess reactivity for the ,

burnup swing, can arte .. to several dollars. This makes the event very severe.
In the metal f uel core of PRISM, a small temperature and power def ect ( ~$ 1. 2 ) and
negligible burnup swing (~$d.04), and the excess reactivity to account for a fuel
axial growth with exposure, are the only excess reactivities built into the
system. The amount of po*;e nt ia l reactivity available for the insertion is
reduced further by adding control rod stops, which reduce the available
reactivity by limiting withdrawal distance. GE's current objective is for the

rod stops to prevent the not rod insertion worth available for withdrawal from e

exceeding 400, which includes a 10C uncertainty allowance. The reference PRISM
UTOP rate is'2C/s (since it is the maximum control rod withdrawal seseed to a'

total of 400).

6.3.1 C,peronent Micration and the UT2P Event

;Saeed on experimental data from EBR-II, it is clear that annular zones
develop in the ternary metal fuel pine during burnup. Component migration

'

changes the local thermal conductivity, solidus and liquidus temperaturcs, which
impact the peak f uel temperatures and the margin to fuel melting. In addition,

any plutonium migration could redistribute the power within the pin. The SSC
calculations here used the most conservative estimation of the therma!
conductivity, which included the ef fect of plutonium and zirconium migration, as
well as a redistribution of power in the pellet. These calculations will be re-
evaluated and revised as new ternary fuel data becomes available.

Startino fr.Ju numal operating conditions (Table 2), a reactivity insertion ,

of 2C/s was conti.ued for 20s,- for a total of 400. It was further assumed that

the sc rarr cywem failed to insert the contrcl rode, but that the rest of the

i
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b

system (i.e., !HX, EH Pumps) continued to f unction. The power increase f or this
event would be limited in an oxide core by the Doppler effect. H3 wever, in
PPISM's metal fuel : ore, the thermel expansion (negative) feedbacks must
supplement the (small) Doppler feedback to terminate the power excursion.

The power is predicted to reach 1.8 times the rated level (Figure 19), and
then f alls back to abot.t 1.2 times the rated power level. The core outlet peaks
at about 880K, and drops to 840K after the new power level has been stabilizad
by the reactivity feedbacks.

The reactivity f eedbacks of the system are shown in Figures 23 through 25.
The total reactivity increases during the control rod withdrawal process. The
components of the radici expansion term, shown in Figure 23, indicate that the
ACLPs respond quickly to the increase in exit sodium temperature, while the grid
plate reactivity is delayed until hotter sodium enters the core. The reactivity
figures indicate that the increased temperatures resulting from the powee
increase activatee the thermal expansion (negative) reactivities. This reverses
the power increase and gradually reduces the power to 1.2 times the rated power
level. The only positive f eedback in the system was due to the decreased sodium
density, which contributed less than 100 during the event.

The pea's f uel temperatures at the hottest location can be seen in Figure ;
26. The fuel temperatures reaches 1400K, which is far above the solidus

_

tempera +ure for nominal fuel (i.e., ~1275K). Furthnt, if we consider the
migration of the zirconium and uranium components, she local solidus temperature
could be as low as 3200K. Both the ARIES (GE) and SSC (BNL) calculations
predicted some melting. The GE analysis, predicted a small fraction of molting
for a few seconds while the SSC results, reflecting reduced thermal conduccivity
due to component migration, predicted i significant fraction of the peak pin to
melt. The degree and poasible acceptability of local fuel molting during a
postulated 40? UTOP is an open issue. Certainly G.E. has some options for
reducing the size of potential UTOP initiators, e.g., by moving the control rod
stops more frequently. However, the performance of the ternary metal f uel is not
fully understood at this time, and the fuel developers at ANL are hopeful that
further data will support their position regarding +.he acceptability of the 404
UtoP. The margin to sodium boiling (Figure 27) was predicted to be about 340K.

)

7.0 SUMMARY

The revised PPISM design han been evalu-ted using SSC for an unserammed
loss of heat sink (ULOHS), an unscrammed loss of flow (ULOF) with and without the
Gas Expansion Modules (GEMS: functioning, and a 400 unscrammed transient
overpower (UTOP) event. The f eedback ef f ects for U-27Pu-10 r fuel were modeled.

The ULOHS accident was predicted to be a benign event for the design, with the
reactor power transitioning down to a decay heat level within 500s. The power

i during ULOF events, with the GEMS functioning,-decreases to decay heat levels
'

without causing fuel damage and leaving a 300K margin to sodium saturation. The
case without the GEMS had a 100K margin to sodium saturation and higher fuel
temperatures. The clad was predicted to quickly pass through the eutectic phase

| -

|

|

|
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(between f uel and clad), which would waste some clad. The 40c UTOP was predicted
to raise the power to 1.8 times rated power initially, with the power later
decreasing to 1.2 times rated power. SSC predicted some loJalized fuel melting
for the event, but the significance of this localized damage has not yet been
determined. If .:assary, the vondor has cptions to reduco the maximum
reactivity insertion below 400.

.
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Accident Simulation and Consequence Analysis in Support of hillTGR
Safety Evaluations

S. J. Ball, R. P Wichner. O. L Smith, J. C. Conklin
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Oak Ridge, Tennessee 37831 6010

W. P. Ilarthold
13arthold Associates, Inc.

AllSTRACT

This paper summarizes research performed at Oak Ridge National Laboratory
(ORNL) to assist the Nuclear Regulatory Commission (NRC) in preliminary
determinations of licensability of the U. S. Department of Energy (DOE) reference
design of a standard modular high-temperature gas. cooled reactor (MitTGR)'. The
work described includes independent analyses of core heatup and steam incress
accidents, and the reviews and analyses of fuel performance and fission product
transport technology.

Reactor DescripHm

'I he MilTOR consists of four tall cylindrical ceramic core reactor modules each with a thermal power
rating of 350 MW and a single once-through steam generator with a superheater to provide high-
temperature (538'C,1000'F) steam (Fig.1). High pressure helium is driven downward through the
annular ' core cooling channels by the single motor-dnven mam circulator. A smaller capacity

- circulator / heat exchanger loop, the shutdown cooling system (SCS), is located whhin the steel reactor
vessel. In cases for which neither the main nor the SCS loop is available, afterheat is removed by
a passive, safety graue air-cooled reactor cavity cooling system (RCCS) surrounding the reactor vessel. '

The RCCS is in operation at all times and does not require operator or automatic actuation in the -
event of an accident. Instead of a conventional scaled containment building, there is a " tight" reactor
building with contamination control. The overalifcontainment" design is centered on the multiple
silicon carbide and pyrolytic carbon coatings on the microscopic fuel kernels, which together with the
primary pressure boundary, are considered to be a sufficient containment barrier.

Core IIcatop Accident Analyses-

2. The ORNL MORECA code was developed to study core heatup accident scenarios, and thus
*

~

;

- includes detailed thermohydrauhe models for the core, vessel. SCS, and RCCS, with the recent
addition of core point kinetics. The steam generator and balance of plant are currently not modeled.
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Fig.1. The 350-MW(t) modular high-temperature gas <ooled reactor module. Source- U.S.
Department of Energy, licensing Han for the Standard MHTGR. HTGR-85-001, Rev.
3,1986 (this document is classified as " Applied Technology" and is not in the public
domain; requests for this document should be made through the U.S. Department of
Energy, Washington, D.C.).
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l
I

blodel DescriptiOD The 3-D core model uses one node cach for the (4 fuel and 139 reflectori ,

elements in each of 14 axial regions. Tte core representation (205 X 14 = ''s70 nodes) allows for i

detailed investigations of azimuthal temperature asymmetries in addition to axial and radial profiles. |
Variable core thermal properties are computed functions of temperature, orientation, and radiation
damage,,

!

The primary coolant flow models cover the full ranges expe ted in both normal operation and I

accidents, including aress"rized and depressurized (and in between), for forced and natural ;

circulationJ upilow anu downflow, and for turbulent, lam:nar, and transition flow regimes. The
primary loop pressure calculation considers variable inventory (due to depressmitation actions) and
k>op temperature changes, with a simplified model of the steam generator cavity gas temperatures.

,

510RECA code capabilities have been expanded to include anticipated transients without scram
( ATWS) events. Using the ATWS option, a scram does not to occur, as would be expected, at the !

time of a loss of forced circulation (LOFC), but instead is assumed to occur at an arbitrary time later
(or not at all). The model for fuel (as distinct from moderator) temperature is a rough appnmmation
valid only for slow transients characteristic of LOFCs. The poir;t kinetics approximation for the
neutronics is a prompt jump, sing e precursor group model which has been compared, for transientsl

of the appropriate rate and magnitude, against calculations using a model with prompt generation
time and six precursor groups. Temperature reactivity fe<:dback from the 3 D mottcling of fuel.
moderator, and reflectors utilizes nuclear importance weighting. hiodels for xenon and samarium
poisoning are included.

.

,

Workstation Version With the workstation version of htOR11CA, it is possible for the
operator /analpt to have direct on line involvement with the postulated accident scenarios. l.cng term
LOFC accidents are simulated both with and without total or partial depressurization of the primary
coolant. Wide varieties of LOFC accidents are studied interactively, including long-term core heatup
scenarios for which active cooling systems are either unavailable or available only intermittently in

'

degraded states.

The workstation display screen (Fig. 2) presents a summary status of the simulation for the RCCS,
vessel, cot t and SCS. Along the bottom of the screen are the * buttons" (accessed by a mouse)
allowing operator intervention, including control of the simulation speed, control of the SCS
operating parameters, allowance for " degrading" the effectiveness of the RCCS, and co:. trol of total
or partial depressurization transients. The maximum vessel and core ' uperatures are displayed at
elevations corresponding to their location in the core. This display feaiure is expected to be useful
for review and confirmation studies of the safety system design, operator emergency procedures, ;

operator training procedures, and post accident monitoring systems. Because computations are fast
(up to 2l00 times faster than real time on a Sun SPARC station 2 for non ATWS tiansients),

'

sensitivity studies can be run readily.

Analysis Results The analyses show fuel temperatures closely approaching or slightly exceeding the

nominal failure onset limit (1600* C) or. %r some ATWS cases and for some of those in which the
RCCS is assumed to fail catastrophically. Ja certain LOFC scenarios, predicted maximum vessel
temperatures exceed slightly the extended ash!E pressure vessel code's upper temperature limits.
All of the transients ate characterized by very slow heatups due to the small power densities and large
heat capacities associated with the core materials. In reference case calculations of the depressurized,

I.OFC, maximum fuel temperatures are reached in 4-5 days Pressurized LOFC maximum fuel
temperatures are typically lower, with the peaks occurring after 3 4 days.
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'

For an LOFC event accompanied by an ATWS and with no oprator action, recriticallity following
xenon poisoning decay may occur after about 40 hours. Depending on the scenario, with no
corrective actions taken, some fuel damage would be predicted after 3-4 days. Several of the
operator interaction scenarios were found to be of particular interest. For example,it was found that
in certain later stages of ATWS LOFCs, operator use of a degraded SCS for core cooldown could ,

actually cause significant increases in maximum fuel temperature. This is due to the fact that the
'

additional core cooling, which causes an increase in reactivity (and power), does not cool the botter
parts of the core in proportion to the power increase. ,

I

,gractivity Consequences aryl Fission Product 1<elease Resuhi g from Accidental Moisture ingressf
into the MilTTiR Core

- Preliminary safety analyses of MllTGRs have identified the accidental admission of secondary side
steam (and/or water)into the primary circuit as a potentially serious event. Prob! cms arise from (1)
the resulting positive reactivity insertion, and (2) the hydrolytic enhancement of fission product
releas. from flawed coated fuel particles. This section describes the development and application of
two preliminary mathematical simulations which treat the neutronics, thermohydraulics, and certain
physical chemistry processes believed to be important in such accidents. A neutronics,
thermohydraulics and control system submodel of the primary system permits moisture ingress to be
coupled with reactivity and control feedback effects, and a physical chemistry subrnodel characterizes
processes contributing to the release of fission gases into the primary system.

The purpose of this research is to perform scoping studies of postulated accident scenarios, and to
determine the relative importance of design features, mitigating actions, model assumptions, and
parameter values to the severity of the predicted results. Insights gained from these studies provide
guidance on regulatory technology development needs.

Thermohydraulics Submodej The thermohydraulics moisture ingress submodel treats processes which
are inherently very complex and for which comprehensive models and data are not availabk. llence

- engineering judgments were made in developing the submodel such that reasontbiy.well.known
processes were modeled from first principles, while other less-tractable phe%mena were treated
parametrically. For example, sensitivity analyses were used to deleraine the importance of
paramet r s treating steam injection into and subsequent transport arcand the primary system, which
is compacated by such factors as condensation on surfaces at tengeratures belowsaturation. Factors
affecting the entrainment and redistribution of condensate .ne unrated and uncertain ability of the
circulator to pump steam, the damaging effects of steara ar a steam water mixture on the safety relief
valves, and the heat transfer coefficient of the heliumsteam mixture were also studied parametrically.
The resulting submodel is a fast and efficient ar.alytical tool that avoids the long setup and running
times characteristic of conventional broad spectrum hydraulics codes. A fully implicit finite difference

-scheme is used to solve the model equations, which circumvents the common stiffness moslem of
coupled .ieutronics and thermodynamics systems.

The thermohydraulics submodel was run to reproduce two transients from an independent analytical
3model reported in the literature . In the first of these the power level was ramped back to

approximately 20% in one minute by reducing feedwater flow, with the reactor tracking. In the
second test the helium flow rate was reduced to 50% and then restored to full flow over a period of
three minutes. The results of both of these transients compare well with their counterparts in the
literature.
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1

Applications of the model to date treat main 4 team ingress sia steam generator tube ruptures with
normal controls either operating r.r failed, and with primary safety relief valves operating or failed

; open.

Sensitivity studies investigating ranges of possible operational actions induded esents with reactor !

'

and/or feedwater pump trips, variatiom in steam generator isolation and dump times, and tube breaks,

i occurring in different parts of the steam generator. Initial studies suggest that even for catastrophic
postulated breaks (five steam generator tubes), ingress rates and steam accumulation in the prinmry1

'

system is relatively slow, requiring typically 10 minutes to reach masimum vapor densities of ,

'

approximately 1 lb/ft) (Fig 3), This result is encouraging in that there appears to be time for
appropriate operator actions such as trips and isolation of the steam generator in case automatic trips
fail. In previous scoping studies, displacement of the helium in the primary system was not accounted
for, leading to fast steam density buildups and subsequently to very large power excursions. IIere the
exsursions were found to be comparatively mild, typically with a maximum power increase of less than ,

50% (without scram). Steam ingress rates and magnitudes are dominated by major system features |
'

such as breas size in comparison with safety relief valve capacity and reliability.

P_hysical @mistry Submodd in the physicat chemistry submodel, the time. delay of steam and fission
product dif f usion through the core structural graphite is treated in one-dimcasional spatial resolution
(Fig. 4). This representation is based on the standard equivalent cylindrical cell for the MllTGR,

geometry. The cell is approximately 1.4 cm in diameter with a central fuel zone surrounded by a
graphite annulus and then an outer coolant annulus. Steam density in the coolant channelis a time- ,

dependent boundary condition (eventually to be provided by the thermohydraulics submodel). |
Transport of steam through graphite is modeled by considering adsorption of steam on pore surfaces '

and oxidation of the graphite. |
|
''

Multi component diffusion theory treats the interactive effects of helium, hydrogen, carbon monoxide,
$ team and fission product gases. Upon reaching fuel compacts, the steam causes hydiolytic reactions
with esposed fuel kernels. Production, decay and transport of krypton and xenon isotopes are
simulated, as well as the production, sorption, and decay of iodine to xenon, Released gaseous fission

,

| products are transported through the graphhc web to the coolant channels by back diffusion, and
then may escape through safety relief valves if primary system overpressure has occurred. It is

! recognized that important processes involving non. gaseous fission products are yet to be characterized
l and added to the model.

Initial validation activities for the physical chemistry submodel include comparison of calculated gas
diffusion coefficients with selected data. While no multicomponent data have been found for

|
' MIITGR gas mivures of interest, good agreement between model and experiment in some special

,

cases lend credibility to the multicomponent formulation.

Applications of the physical chemistry submodel include analysis of the sensitivity of fission gas
release to three key parameters in the modeh (a) steam adsorption in the graphite, (b) magnitude
of fuel hydrolysis, and (c) the diffusion coefficients.- Results to date indicate fission gas release rates

| to the coolant channel to be very sensitive to the level of hydrolysis and comparatively insensitive to-
steam adsorption on graphite and the diffusion coefficients. i

I

i Fuel Reliability 5tudy
|

| A review of MitTGR fuel is currently in progress, motivated principally by the recommerdation of
the DOE designers to substitute a tight reactor building for the conventional, sealed coaainment

i
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vessel. Conventional LWR designs tely primarily on the fuci dadding, pressure vessel, plus the scaled
containment building as barriers to fission product release. The hillTOR approach capitalizes on
the strength and integrity of the ceramic fuel coatings as the primary barrier with the primary system
steel vessels as the secondary barricts. In the process, one traditional containment barrier is replaccJ.
so there is added dependence on the fission product barriers within the fuel particles.

Fuel *teliability"is here defined as behavior in accord with model predictions in both normal service
and under accident conditions. When applied to ardl*t consequence estimates, the current
behasioral models indicate that reactor safety goa) et without the scaled containment.
hforeover, the preliminary safety assessment in De dra, Evaluation Report (SER)' states that
neither DOE or NRC contractors have identified acciden. inat would requhe the additional barrier
of a scaled vessel. Also, extensive in.pde fuel tests, as wcll as both U.S. and f oreign reactor operation
experience, using fuel similar to the current selecuan, have all been used to support this assessment.

Nevertheless, several considerations encourage a conservative or cautious approach on the part of
the NRC. -it is noted that the current fuel design is relatively new, and while enhanced future

; performance is promised, no extensive testing record exists at this time. The cristing fuel behavior
models are based on older designs, principally the high quality fal produced in Germany for thei

AVR and TilTR IITORs. In addition, a prototype fabrication facility for the selected fuel design
does not currently exist. llench scale facilities were used to fabricate the fuel for the limited testing
conducted thus far.

The * Weak Fuel" Concept Therefore, as an expression of caution, the NRC has adopted a concept
termed " weak fuer to explore the effect cf miscalculation regarding the degree of fuel integlity. The
" weak fuel" con:cpt is a penalty placed on consequence estimates in which a poorer fuel tesponse
is assumed than is predicted by the behavioral models. The concept is currently being applied, on
an interim basis, to hillTOR concepts which do not employ a scaled containment vessel.

! h1IITGR Fuel Reliability Fuel reliability depends on (a) proper fuel design to satisfy performance
specifications,(b) fabrication and process control techniques which accurately produce the design,(c)
well constructed QA and OC procedures and, (d) behavior of the product in service that is in accord
with e-pectations. llence, evaluation of fuel reliability must cover these areas.

Fuel Fabrication Lab-scale hillTGP.-quality coated f uel particle fabrication has been demonstrated
overseas. The German company llOl3EG has fabricated hillTGR quality fuel particles that were
irradiated followed by heatup tests and this fuel performed as expected. Ilowever, at this time. (1)
no U.S.-made hillTGR-quality UCO fuel has been fabricated in more than capsule test quantities
and (2) this fuel has not been irradiated under prototypical conditions. The performance of hillTGR
fuel is inferred from earlier U.S..made UC, fuel and German-made, mostly UO; fuel.

1

The fabrication process for coated particle fuel is highly complex. Temperature, pressure, gas
composition and flow rates. coating rates and raw product compositions have an impact on _the fuel
product attributes and need _to be tightly _ controlled in the fabrication process. The process-

parameters affect the geometry of the fuel particle, the density of its components, and attributes like
microporosity, isotropy / anisotropy and sic phase composition.

The coated particle is a highly complex fission product containment system, consisting of multiple
interacting coating layers whose properties change under irradiation. Ilow simultaneous changes>

within the specifications in, for examp!c, coating thickness alfect fuel performance in the reactor
under normal operating and accident conditions is only inferred from models developed for different
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fuel types operating under different conditions. There is no universal fuel model but models i
'

developed so far are design. specific, and how the fuel designs perform depend also on specifications,
fabrication, quali;y assurance and control.

|

The fuel compact fabrication process introduces the pow!Niity for coating failures, While the !
protective pyrocarbon (Ppye) layers are intended to provide protevion in the compact fabrication'

process against excessive loadt. that could crack coating layers, the relationship between coating
failure and the need for a Ppye layer has not been clearly established,

,

i

O A.'OC Methods While many quality assurance and quality control (OA/OC) methods have been
developed and used in the past, there are questions about the reliability of the qualiij control of the

,

burn leach process, which is um d to determine the int:grity of the very important sic coating layer.

Most of the currently available quality control techniques are destructive methods. Because the initial
fuel defect fraction is to be in the 10 range, large samples sizes in the 10' range need to be analyzed5

for proof of the low defect fraction. In this regard it is very important to emphasize that even a
perfect ONOC program can only ensure as manufactured fuel quality, but it cannot ensure that the
fuel is also reliable.

While different sample sites have been proposed for the_ sampling of different attributes, no
relationship between sample site, attribute and impact on performance has been documented, i.e.,

j the current OA/OC plan does not explicitly prioritize quality control activities. Such a prioritization
needs to be based on the relative (and quantifiable) importance of particular measurements with
respect to achievemer.t of the fuel design requirements.

1

At this time it is also not known how uncertainties in quality control techniques have to be accounted i

for in quality assurance. Furthermore,it seems necessary for fuel OA/OC to distinguish between an
evolving fabrication technology and a mature fabrication technology. For a first of a kind reactor,
different constraints have to be applied than for the n th reactor,

The proposed OC methods test the measurable properties of the fuel, such as thickness and
uniformity of the coatings. Ilowever, none tests the functional requirements for the fuel particles and
compacts,i.e., the overall radionuclide retention capability of the complex multi-layer particle design
and fuel compact.

Conditions for Reducing the '' Weak Fuel" Durden Because of these risks / uncertainties, the imposition
of a weak particle penalty seems to be justified, based the current state of the art in fuel and fission
product technology. As the technology basis is broadened with the understanding of fuel
performance and fi.ssion product transport, the weak fuel penalty can be lessened.

The following conditions are judged to be conducive to the reduction and possible climination of the
" weak fuel" penalty for MllTORs with no scaled containment:

_

1, the existence of a mature MilTGR fuel fabrication industry with an established record for
producing fuel which performs to expectations in reactor service;

| 2. a good comprehension of fuel failure mechanisms to provide an unambiguous
interpretation of capsule test data;

1 a good understanding of fission product transport; and
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4. a successful testing / demonstration program of sufficient scope on the selected fuel design,
produced using prototypical methods.

t

Ession Product Platcout and Liftof f Evalualis

A review has been conducted regarding the technical status of "plateout" and ''liftoll' modeling as it
relates to a dry depressurleation event of an MilTOR primary systemf These terms are in quotation
marks to signify that they represent a number of chemical and physical processes which follow
dif ferent rules of behavior. Moreover, the behavioral rules differ significantly between fission product
elements due to major differences in chemical affinities and physical properties. This study covered
the platcout and liftoff characteristics of the fission product elements iodine, cesium, strontium and ,

silver. lodine is treated in a relatisely complete fashion. The unique features of platcout and liftoff
behavior of the other three elements are qualitatively summarized.

i
,

Ikesition Mechanisms The variota possible modes of Jepsition in the primary system were
evaluated. Because of the relative simplicity ofiodine 6cmistry under these conditions, the principal
inventory h> cations ofiodine can be cited with a good degree of certainty. These are (a) circulating
as a gas,(b) chemisorbed on circulating dust, (c) chemisorbed on metal surfaces (d) chemisorbed on
the extensive graphite su which forms the open, connected porosity, (c) chemisorbed on plated
dust. A test calculation ...dicates that by far the principal deposition mode of iodine is as
chemisorbed material on steel alloys.

'

Ilecause of the relatively complex chemistry of cesium,it principal plateout modes (and hence also
its response to depressurization conditions) require careful evaluation. The principal characteristic
of cesium is its tendency for reacting with many oxides to form stable compounds of the form Cs,MOy

(where M is any metal). For example, cesium chromate is readily formed, either in dust or in the
adherent oxide coating on steel alloys. The liftoff characteristics o.~ these two modes are vastly
different. In t. % , there is indication of ecsium diffusion inte oxide coatings on steel, which
further enhances apportunity for a permanent, immobile repository for cesium. An additional
feature of cesium . as reistively high sorptivity in graphite. Therefore, the cooler graphite regions
may be a significant -tory location for cesium.

The principal deposition (hence liftoff) features of strontium re! ate to its high oxygen affinity.
Strontium will form the refractory oxide even under the expected strong reducing conditions.
Because of the high melting point and extremely low vapor pressure of the oxide, Sr0 will very likely
permanently deposit where it forms, on dust or on structure and perhaps even within graphite. The
liftoff behavior of strontium depends heavily on determining where the oxide forms. In addition,
similar to cesium, graphite has a significant sorptivity for strontium.

Since silver is essentially chemically inert under primary system canditions, its deposition and liftoff
behavior depend on the effects of its physical properties. Silver's low vapor pressure and high melting
point (1234 K) signify ihai it will freeze permanently upon any opportune surface. It is very likely
that silver condensed or fixed surfa es will not lift off. If the vapor pressure of silver in higher,

temperature areas is sufficient, thermal transport will gradually mose condensed deposits to low
temperature regions where it would collect as a distinct phase, in additr Peach Bottom llTGR
data indicate that there is some association of silver with dust.

Chemical Environment The chemical environment in the primary system is dominated by the
presence of graphite, which imposes reducing conditions throughout, and is modified by unpredictable

,
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| Mgress rates of oxidants from various sources, e.g., minute leaks from the steam generator, graphite |
L outgassing, and maintenance operations. The oxidants rea;t with graphite _to form mainly CO and |
| H , which exist in , ailibrium with the oxidants CO and 110, the ratic being indicative of the2 3 2
'

xygen potential v ac systera.
i

informatm. actor dust characterization and dust plateout modeling was reviewed. Reactor dust
data are availade from the Peach Bottom IITGR and the AVR pebble bed reactor, the letter

|- cun ,tly only in preliminary form The Peach flottom HTGR surveillance data are by far the most
complete dost data r.et for a non-pebble bed IITGR. The AVR dust data indicate that a significantlyi

Jerca n dust is produced in pebble bed reactors due to a much higher degree of graphitee
r . r.

L
-

'ri. _ . found in the Peach Ilotton, samples were (a) graphite particles from-

'

,sor. * u.1 res, however frequently containing materials other than expected and
occasionJly u ~ of carbides, (c) carbon filamentary material from surfaces evidently growing

'

hm ecal:. * d) debris from maintenance or core replacement activities (c) much other,s

unidentifie usually containing silica. Generally, the dust samples cantained sigmficant
*

cesium activhy. J1y ut end of life conditions Some iodine, strontium and silver were also-

o

obseived ass < ciateo 'th dust.

Dust r yand Liftoff Modeling The status of dust platecat modeling was reviewed and applied
to conani~ns in the MllTGR heat . hanger. Although some weaknesses exist, dust platcout
modeling is in a fairly advanced state tunpared witn dust liftoff estimation. The weak,. esses lie with
prediciions relating to crossflow exterior to tight;y packed tubes, which is the typical steam generator
condition Application of availanic plateout raedels to such a flow con iguration is highly uncertain.r

An additional uncertaimy relates to predicting platcout of large par b es (i.e., > 1 pm) where the
net deposition rate is affecteo by a fractional bounce-off.

In general, dust lift #f mode . - i 9 wo categories which may be termed either " force ratio" or
" turbulent burst"'w els. "Forcu do models postulate Ib i liftoff occurs when drag or lift forces
exceed the force attraction. "i'urbulent burst" models postulate that liftoff results from the

- penetration of the laminar subir. rr by bursts of tarbulence from the turbulent zone. The framework
for a lift >ff model may be developed from either postulate; however, most recent developments are
based on the ' turbulent burst" concept. Physical reality appears to favcr the turbulen' b~urst -
mechanism for particle liftoff. An important implication of the " turbulent burst" approach is that the
liftoff process occurs continuously, even at steady state (i.e., et shear reos of unity) at which time

I - deposition and liftoff rates are in equilibrium. Thus, during depressurizanon, some lifte fis predicted -r

for shear ratios of unity and below.

lodine Platcout and Liftoff Estimate A sa_mple calculation ofiodine plateout and lifto f attempts tor

integrate the numerous influential factors. The motivation is to pbce these fact . . in a proper
perspective. The estimation assumes iodine to exist m five forms: circulating as gas, sorbed on
circulating dust, and chemisorbed on steel graphite and on plated dust in the stetm generator. ~

Simple models are used to cznimate the ,otm iodine inventory in the primary system;its distribution
amang the five forrn , ! amourc hemically desorbed due to depressurization and, the amount
removed with the liftca of dust.

Some conclusions resu(ting from the sample calculation for hxline liftoff are the following: (a) The
dust liftoff effect is predicted to be ?uite small, the primary reason being that only a small and brief

- increase in shear Tario is predicttj m the tubing. The evident reason is that the tubing region is
|

|

!

'
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protected from high shears by the large flow resistance af forded by the circulator, which is situated
between the b.eak (i.e., the open relief vme) and the tubing. If true, the depressurization llow is
such that the steam generator tubing region is at ieast partially a demi tone. Regardless of which
liftof f model is used in such case, only extremely small du.. "rtolls would be orediewd from the steam
generator. (b) A second reason for the small e!Tect of d, liftoff is that only ~ 3G of the iodine
inventory is predicted to be associated with plated dust. The bases for this estiraate are the observed
circulating dust levels in the Peach llottom HTGR, and an approximate : actor of 100 lower iodine
sorptivity for " dust" relative to steel. (c) A possibly surprising result is that chemical desorption from
graphite and from plated du'.t is about as significant as from steel despite significantly lower
inventories. The reason is that weak chemisorbers like graphite. which capture only about 2% of the
primary system iodine despite its enormous surfacm therefore also more readily desorb iodine under
depressuritation conditions for the same reason. The net result is a predicted 0.0059 iodine release
from the primary system due to a base cas: dry depressurization. The estimate would increase by
including higher shear zones, e.g., the core, in addition to the steam generator.

_.

Conclusinns

The LOFC heatup accident an:dyses and sen.itivity studies have shown that the current MilTGR
design appears not to be susceptible to significant fuel fadure from postulated LOFC accidents, even
from those of very low probability. Several days would elapse before worst-case ATWS-LOFC
combination events lead to the initiation of fuel lailures. Initial steam ingress accident scenana
analpes ir.dicate much milder consequences than those previously seen in bounding calculations. The
ORNL results generally corresponded well with independent calculations by DOE contractois and
by Brookhaven National Laboratory. Considering the fact that these are calculations of some of the
most serious types of accidents that can be reasonably postulated, the fact that there is such good
general agreement is strong evidence that the analyses are relatively straightforward and therefore
credible. The one major area of concern was with possible vessel overheating. and that would not

,

be considered an immediate safety concern unless RCCS or rettial RCCS failures occurred.

A study of fuel reliabihty, with principal emphasis on the " weak fuel" issue, noted the interrelated
~

importance of many steps in the production of the fuel. Ilow fabrication process parameters and
#

uncertainties in QC methods affect fuel reliability is not yet well defined. The tolerance for c.ror
must be extremely low, consider!ng that without a scaled containment building. fuel particle barrier
integrity must provide a major containment function. Recommended steps for reducing the " weak
fuer penalty were octlined.

A review of the mechanisms for pleteout and liftoff of fission pruducts in " dry depressurization"
accidents concluded that a sufticient technical basis for modelir g these phenomena does not curreuly
exist. The behavior of iodine, cesium, strontium, and silver was studied. The more signilicant
conclusions are: the iodine-131 released from the primary system would probably be quite small, in
the order of a few millicuries; releases due to dust transport would al<n be quite small :ie to the fact
that shear forces in " worst case" depressurizations barely exceed normal sheer forces; and that
chemical reactions and radioactive decay tend to work in favor of reducing releases.

References

1. P. M. Williams, et al., Dralt Presplication Safe'y B uation Report for the Modular liigh-
Ic.m_perature Gasi'noted Reactor, NUREG-1338. U.S. Nuclear Regulatoty Commission.1989

m

- -- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __



.-- .~ . - . . . - - . - . - ~ _ - . . . . . - . . - - . . - . ~ . . ....-.-. - .... ---. -.

2. S. J. Ball [ hiORECA: A Computer Code for Simulatine htodular 11ich-Temperature Gas Cooled
lleactor Core Ileatip Accidents, NUREG/CR-5712, (ORN11Tht-11823), November,1991.l

3. C. hi. Woodworth, et al., The Approach to hiultimodule Control of the hillTGR. pr( ted at
IAEA Technical Committee hiceting on Desi,- Requirements, Operation, & hiaintenance of Gas.
Cooled Reactors, San Diego, Sept. 21-23,198h, iP ?8-66, NG/ ICE, Stone & Webster Engineering
Corp., Boston,1988.

4. R. P. Wichner, Fission Produc1Platenut and I iftoff in the h1HTGR: A Review. NUREG/CR-
5647, (ORNLithi-11685), April,1991.

"

|-

i

|

1

\
,

|
|

|

|

c

,

196

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



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

Initial Performance Assessment of the Westinghouzg
AP600 Containment Design and Related Safety Issues

J.L. Tills
Jack-Tills and Associates, Inc.

K.E. Washington and V.F. Nicolette
Sandia National Laboratories

Abstract

The CONTAIN codc is currently being used to - predict containment
thnrmal hydraulic conditions during design basis and severe accidents

,

for advanced light water reactor (ALWR) designs such as tne
Westinghouse AP600. In the AP600 design, a passive containment
cooling system (PCCS) is used for reducing long-term overpressure
during accidents. CONTAIN models for heat and mass transfer within
the|AP600 containment and outer air-cooling channel are verified by
comparing recent CONTAIN calculations to integral test data obtained
by Westinghouse in their PCCS Integral Test Facility. The comparison
includes tests in which the outer containment- wall' is botn dry and
wet, that is,=the wet testa involve an evaporative water film that
enhancoe heat transfer as will be the case _for AP600. The
appropriateness of the heat and mass transfer analogy methodology used
in the - CONTAIN code is demonstrated. Code model limitations are
discussed along with model development plans and applications for
AP600.

1. Iutroductiot

Containment designs are being developed for conceptual advanced light water
~

reactors (ALWR's) that incorporate passive cooling and decay heat removal
features for protection against long term containmont overpressure in accident
situations. The_ passive nature of these containment systems-poses technical
challenges to containment--analysis codes for predicting containment response in
both design - basis and beyond design basis events. ' ,Such challenges include-

natural draf t flow in the channel o mside the containment shell, behavior of an
evaporative flowing water. film on : he containment shell, stratifice. tion of gases
within the containment, internaz antainment condensate film behavior not
adequately represented by existing correlations, and numerical challenges arising
out of : the " need to efficiently perform- long-term containment response
calculations.

'l-The CONTAIN code is the principal code in the~ regulatory complex for performinc
such predictions. This code has been developed for the analysis of existing
light water reactor containments, with emphasis on performing best-estimate-
predictions under severe accident conditions. For existing plants and severe

*~This work was ' supported by the U.S. Nuclear Regulatory Commission and
performed at Sandia National Laboratories, which is operated by the U.S.
Department of Energy under contract number DE-AC04-76DP00789.

197

- . . - - - - - - - - . - . - -



- - - - . --. -- . - . - _ - - - . . - . . . . - - ~ _ - - - - - -

!

accident conditions, the CONTAIN code has been extensively tested and validated.
Some examples -of - the demonstrated capabilities of CONTAIN can be found in
References [2-8). A relatively complete summary of other CONTAIN -code
validations can be found-in Reference 9. However, this demonstrated capability
of CONTAIN for existing -designs does not directly translate into t'.e same
capability for the challenges posed by the passive advanced reactor containment
decigns described above. It is therefore appropriate that the CONTAIN code be
assessed for its ability to meet the challenges posed by these new desigas.

Preliminary steps taken to perform this assessment and model correlation
improvements resulting from this assessment are the topics of this paper. In
particular, this paper focuses on the assessment of the CONTAIN code for use in
analyzing the Westinghouse APC00 contai.iment design. (The CONTAIN code version
is 1.12, with developmental updates to implement a crude evaporative figm model
and to correct a known error in the structure heat transfer model. ) The
methodology used to date has been the analysis of the Westinghouse Passive

UContainment Coollng System (PCCS) experiment performed to assess the
performance of the pas.41ve heat removal feature of the AP600. Future work on
CONTAIN assessment will include other advanced passive designs, such as the GE
SBWR containment; however, this paper is limited to the AP600 features. |

!In the next section, pertinent heat and mass transfer models used the CONTAIN
code are briefly described. Each model is later referred to in .he sections |dealing with calculational results. Section 3 provides a description of the j
Westinghouse Integral Test Facility, and selected tests conducted to assess the -

performance of a simulated PCCS heat removal channel. The results of a i

comparison between the integral test data presented in Sectton and CONTAIN |o

calculations arc oiscussed in Sections 4 and 5. A summary of the in:egral test
,

calculations is_ included in cection 6 along with a brief discussion on the j
significance of this study and plans for future CONTAIN ap(Lications for AP600
containment analyses. |

2. Heat and Mass Transfer Models

The emphasis in this paper is on the heat and mass transfer modeling of the
Westinghouse Integral Tests which demonstrate energy transfer mechani sms
important to the AP600 PCCS. Three models required in the analysis of these
experiments are (1) duct convective heat transfer, (2) wall condensation and
evsporation mass transfer, and (3) structure-to-structure thermal radiation
energy transfer. Each of these energy and mass transport mechanisms is modeled

in the CONTAIN code as describe 4' in this section. Specifically, the total heat
flux to a wall surface q (J/m s) consists of four components representing
convective heat transport (q ), the-heat transported by'the mass flux - (q,) ,c
radiative transport (qr), and sensible heat carried by aerosol water deposited
on the eurface (q ) . Since aerosol deposition __is not occurring in the integral
tests, this mode is not discussed here, but is considered in section 5 ir
relatios. to a modification of the CONTAIN code to allow treating a structur"
flooded ri an external water source. The total heat flux for structures is the
sum of .tese components,

9 * 7e + q, ' gr * 7, (2.1)
d

7* the analysis of the Integral Tests, the correlations that quantify each
component are investigated and verified, with the exception noted for the aerosol-
water deposition model. In the following discussions each component is briefly'

reviewed; further detail on each codel can be found in Reference 12.

I
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2 .1- Convective heat-tlrasfer model

The convective heat transfer is calculated using the relation

q , " h , ( To w - Tg) (2.2)

where T, in either the water film surf ace teroperature or the dry wall ourf ace
t en peratu re.

The he> transfer coefficient h for convective heat transfer is related to thee
Nusselt number Nu by

Nu kh, = (2.3)

Here, k is the thermal conductivit y of the gas-vapor mixtt.re and L is the
characteristic length of the wall. Sevetal standard correlations are available
in CONTAIN for determining Nu in either forced or natural i ta l ly developed
convection regimes. For-laminar natural convection,

Nu = 0. 27 (Gt PI) 2/' (2.4)

For. turbulent natural convection,

Nu = 0.14 (Gt P2 ) 1/5 (2.5)

For. forced convection,

Pr /') (2.6)Nu = 0. 037 (Ro*/2 2

In these equations, Gr le the Grashof number, and Ru in the Reynolds numner.
In the code,-the. larger of the natural or forced convection Nunselt numbern is
always-used.in modeling the heat-transfer.

The forced convection Nusselt number for a structure requires an estimation of
the velocity of the gas mixture parallel to the structure surf ace. This velocity
can either be specified by the code user, or calculated from flow path velocities
that lead into or out of the cell where the structure resides. In '.he case where
the velocity v is calculated by the code, the velocity across a structure in
defined as the average of the inlet and. outlet velocity for a cell:

(v,+vouc) /2 (2.7)V= j .

The expression for v;, is

V;,, = [ Ca n, f,| Wrp| R T ,/ (M}n,;P,) g2,ayg

[MY#

.

I99

.,



- . . - - . - - - . - . - - - - - . _ _ - - . . . - = . _ _ - - . - - - . . _ . _ . - . - . - . - . - .-

, whe r e C,,,, f, is a coef ficient, which car. be specified for each flow path and each
A ,, is a _ hydraulic area,ctructure, N is the mass' flow rate in the flow path, 3

_
fp -

whi ch ' can be specified for'each structure, R is the gas constant, M is they

upstream call molecular weight, P is the pressure of the downstream cell, andT,,e
"

is the Irlet temperature of the incomtng gas. The outlet velocity v itoo,

determitied by

voye = { C,,c, fp|W ,l/ ( A,,jp c) (2,9)f

'"|12'

where p, is the density of the gas raix t u re in the cell and-C is anu, , r,
coefficient which can be specified for each flow math and each structure. (In
the case where the cell-is a duct, the cell velocity is approximately modeled by
using the duct hydraulic area for And, with C ,fp and Coe,f, 1.)a

fn

2.2 Condensation and Evaporation Model

The second component of the total heat flux, accounting for the heat transported
by the mass flux, is given by

H ( Tj) ] for condensation; (2.10)7,, * J l #,( T ,ji) - 3u

and,

qi - J [N,( Tj) - H; ( T,) ] for evapora tf ort; (2.11)

2

whare - #, is the vapor specific enthalpy and H, is the liquid specific enthalpy.
The vapor mass flux J in Equations (2.10) and (2.11) is given by

,

J = K/f(Pg P,,). (2.12).

.

In Equation (2.12), M is the vapor molecular weight, P,,, is the partial pressure
of-the-vapor in the' bulk atmosphere (at the bulk temperaturo, Tey;,), P,, is the

saturation pressure at the film surface temperature, T, ,

and

Sh P D' .

! K, = _ (2.13)
R T P, L

|

,

i

where

P= cell pressure,
D,y mann diffusivity of vapor in the noncondonsible gas,
R gan constant,=

f= the average of T un and T ri et u

. characteristic length,L =
.
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and,

P ~Pvt np^' ,
(P- p,,) (2.14)

" ~ii' - P .)o

where P,y la the saturation pressure at the interior or exterior wall
temperature.

The Sherwood number Sh itself is determined by using an analogy bet waen heat
transfer and mass transfer.

Sh = Nu (Sc/ PT) L'' (1 - ))

In this expression, Sc is the Schmidt number for the bulk gas-vapor mixture. The
~~

Nusselt number Nu is defined by Equations (2.4), (2.5), or (2.6).

2.3 Thermal Radiation Model

The third enmponent of the total heat flux q, is the radiation heat flux from
the gas 'Tixture and the direct flux from other surfaces that enclose the gas
mixture. The net radiation flux q, , , to the i-th surf ace with area A, is the

difference between the !' coming radiation flux density Ej and the outgoing
radiati ' flux density, or radiosity, $,.

Gr , =5,-$, (2.16)

Since t.ie outgoing flux is the sum of the reflected flux and the blackbody flux
multiplied by the emissivity e f of the surf ace, the following equation, obtained
from Kirchhoff's law, is used to determine the net radiation flux:

e -

g _ 'g g ($ j - Bj) (2.17)Tr i "

where

B = o T| = blackbody flux emitted from the surface,f
Stefan-Boltzmann constant, ando a

T, = surface temperature.

The radiosities are determined by solving the following system of simultaneous
equations

$f - (1 - e ) Fg{1 - e,g)$ ,
x , .1
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F e,yB, (2.18)=e B,+ (1 - e )j 3 o
Jet

-\

where-

"
# number of surfaces,=

y view factor from surface i to surface j,r -

o Tj = Planck blac)thody flux for the gas, at temperature T, andB, =
y

g emissivity of the gas, which is a function of the beam length to thee =

receiving surface.

The dry surface emissivities, view factors, and characteristic beam lengths
between surf aces are provided by the code user. Whenever a water film is present
on the surface, the emissivity for that surface is automatically equated to the
emissivity of water, which is set to 0.94. Since the surface and gas
temperatures are known, a network of equatione for the radiative heat transfer
among the surfaces can be constructed, and the resulting linear systems of
equations is' solved to give the net radiative heat flux to each surface. These

| equations are solved with a standard linear equation solver.
|_

(-

! 3. Description of In m ral Tests

The main purpose of the Westinghouse PCCS Integral Tests was to investigate and
demonstrate water film behavior, mass transfer (evaporation), and convective heat
. transfer on the enternal surface of a steel tank initially filled with one
atmosphere of nitrogen and heated on the inside with dry steam. The tests
provided heat transfer data at near prototypic conditions for inside containment
heat transfer by condensing steam, and external heat transfer by conduction,
convection, radiatior., and water evaporation. The test f acility shown in Figure
3.1 consists of a 7.3 meter tall, 0.91 meter diameter, steel tank surrounded by
a cooling air annulus constructed to simulate the Westinghouse PCCS. The steel
- tank is pressurized with steam ovor a range of anticipated design basis pressures
(1.6 to-3.7 bars) and cooled externally by air and external water flowing down

! along the vessel outer wall.

The flow of air up through the annulus is driven by a f an located above the uteel
tank; therefore, flow in the annulus is forced flow as opposed to the natural
draf t flow conditions that will be present in the AP600 PCCS annulus. The forced
air flowrates in the annulus however have been matched to the estimated bulk
natural draft flowrates that are expected in the PCCS annulus during long term
pressurization scenarios (2 - 5 m/s).

- The test matrix for the PCCS simulation test contains 36 separate tests. In each
test, data to obtained fcr near steady-state conditions. Data, presented in
Reference 11, is given in the form of average vessel heat flux verses internal
tank preesure; therefore, the experimental measurements as given are inteoral
test results.

The location of injected steam into the tank is varied. The majority of the
tests were run with a uniform axial steam injection to simulate a well-mixed'

(. steam environment within the tank. In other tests the steam injection location
l was varied from a bottom inlet to a high inlet location. The tests analyzed in

this report are rertric'ed to the uniform injection tests. In Figure 3.1 the
axial distribution pipe for distributing the steam is shown. There are holes
drilled in the pipe, which is surrounded by an outer sheath with of f set holes of

.
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la rger diamete r. The outer sheath serves as a baf fle to help prevent steam jets

: frc., in. pact iny directly on the pressure asel walls. The total area of the
outer sheath holes is approximately 1.2 m

The first eeries of tests are the so called " dry" tasts in which there was no
' water flooding of the outer vessel wall. These tests, #1 through #4, are,

described in Table 3.1. For the " wet" tests in which a water film covered the
vessel outer surf ace, four tests are selected as representative, and these tests
are defined in Table 3.2. For each selected wet test, the water film completely
covers the outer vessel wall 3uch that there are no dry-out regions.

j

4. Integral Test Facility (Dry) Modeling Results

The dry cents are used to verify the correlations for single phase heat trarsfer
in a simulated PCCS duct under forced flow conditions. The tests are also useful
for quantifying wall condensation on the inside.of the pressure vessel wall for
steam / gas mixture conditions that are prototypical ot AP600 containment interior
utmospheric conditions. Shown in Figure 4.1 is the CONTAIN nodalization model
of tha facility. Cell number 1 represents the interior of the pressure vessel
(containment;, cell 2 approximates the plenum region where air flows into the
outer annulus (PCCS duct), and cell 3 in the outer.annulue (duct). A fourth
cell, not shown, represents the outside environment. A cross-section of the

,

i facilltf showing the vessel wall and duct well heat transfer components,
| discussed above, is presented in Figure 4.2.
|

| A com.non correlating equation for single-phase fully developed convective heat
transfer in Jong noncircular ducts 19 the Dittus-Boelter equationi

Nu a 0. 023 Re /SPr /3 (4.1)4 1

where * he characteristic length of the duct is the hydraulic diameter, D. For4 3

the cire"lar-tube annuli such as the Integral Test duct, the hydraulic c ameter
is

''*# ~#''EI'" #'*# f'~' =D -D (4.2)Dn=4 wetted perimetez 2 1

>

where D is the outer diameter of the annular charnel, and D is the inner
a i

diameter of the channel. The hydraulic diameter of the test facility air duct
is 0.76 metero.

iEquation (2. 6) is a Nusselt number correlation for forced flow parallel to a flat
plate with characteristic length, L. Combining Equation (2.3) and (2.6), a
slightly more general correlation for the duct Nusselt number can be written as

Nu= CRe'/'Pr /3 (4.3)l

where

p.p.O {4,4)C=
.
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and

y=b (4.5)
D.,

which in the r&tio of an adjusted hydrauMc diameter D$ to the actual hydraulle
diameter of che duct. The heat transfer coefficier.. h, determined by thee

Dittus-Boelter correlation, can therefore be ef fectively formulated from the flat

plate correlation given in Equation (2.6) by substituting D$ for L. Frer this

case C = 0.023, and D* is determined from Equation (4.5) with D set to the3

facility duct hydraulic diameter.

A review of test f acility geometry, showing a duct of length 6.4 meters, together
with the range of air flowrates suggests that the velocity and temperature
profiles within the duct trill not be fully developed during the experiments;-
therefore, entrance-effects must be considered. A method for accounting for
entrance-effects is to include a multiplication factor on the infinite length
3 eat transfer coefficient calculated by the Dittus-Boelter equation. The
recasting of the CONTAIN forced flow heat transfer equation in the more general
form a. lows entrance-ef fects to be included by varying the " adjusted" hydraulic
diameter appropriately. In this application the duct air velocity is calculated
hy the code, using Equation (2.7), with the coefficients C and C inup e rp
Equations (2.8) and (2-9) set equal to one.

Before the results of the'CONTAIN calculations are discussed, it is shoulo be
noted that ths vessel pressure is very sensitive to the inter'.or gas / mixture
temperature, Figure 4.3. Vessel pressure is therefore a useful and appropriate
parameter - to focus on in assessing the integral energy transport from the
interior'of the vessel to the air duct. Since the experiments are: intended to
simulate near prototypical accident conditions, agreement between measured and
calculated vessel pressure provides verification data for an integral assessment

,

of a containment code, where in the experiment the pressure vessel is the
" containment".

To investigate entrance-ef fects, a series of CONTAIN calculations were completed
for tast #3 by varying the " adjusted" hydraulic diameters, as discussed above,
so that entrance-eifects could be accounted for using a ccrrecti.on f actor applied

.

I

to the Dittus-Boeltar infinite duct length heat transfer coef ficient, Figure 4.4.
Agreement with the experimental vessel pressure is obtained with a correction in j

the infinite length heat transfer coefficient, A 'h 1.32. Review of-the |=m
-literature - on recommended entrance correction factors gives no conclusive
guirlance on this experiment since the geometry and experimental conditions are
such that the flow in the duct in not fully developed turbulent. In this case,
the most reasonable approach is to use the correcelcr for entrance-ef fects given
in Reference 13,

h/h =1+ (4.6)2

N

where h,is tt.e heat transfer coefficient tsiculated using the Dittus-Boelter
equation, L is the-dect length (6.4 meters, excluding lower plenum regian), and
the value 3.0 is selected for a flow region that is developing. Using the above
equation with the f acility duct ' geometry, the orrection factor for entrance-
effects is 1.36. The agreetent between the CONTAIN calculations and the

J.

:-
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engineering estimate is quite satisfactory. The correction factor of 1.32 is

}
therefore used in subsequent calculations.

i
In Reference 11 the results of the Integral Tests are presented as plots of

I vessel average heat removal flux verses measured vessel internal pressure. The
heat removal is determined from a heat balance on measured inlet and outlet
steam /condennte f low. A comparison of the experimentally determined reaults for
duct porforme.nce versus the CONTAIN results ate shown in Figure 4.5. The

agreement between the pressure calculation and data is within 5%, which is quite
good. The slightly lower heat removal rates celculated with CONTAIN are, in
part, due to the dif ferences in the measured and calculated condensate drainage
temperatures. The measured condensate temperatures, which are lower than the
calculated temperatures by a few 10's of degrees r, probabl" reflect the lower
plenum collection pan heat loss, which is not accounted f or in the CONTAIh model.

Two sensitivity calis lations are also plotted in Figure 4.5. In the firnt
calculation the vesse- nitrogen gas is replaced with steam so that the interior
condensation occurs without a noncondensible gas preeent. As shown, the heat
transfer without the noncondensibles is significantly higher.

-

In the analysis of the dry test it became cleu that thermal radiation heat
transfer between the vessel wall and outer duct wall is requi.ed to pradict the
vessel pressure. This is evident from the other sensitivity cace (without
thermal radiation) plotted in Figure 4.5. A heat transfer summary of the CONTAiN
code results for test #3 is given in Table 4.1. The heat trans fer ecxnponents , g , q,, q,y

are tabulated along with surface temperatures and bulk gas temperatures. A

s.imilar table for the case without radiation from vessel to outer duct wall is
presented in Table 4.2. When thermal radiation between structurea is included,
approximately 28% of the total vessel energy is transferred f rom the vessel wall
directly to the outer duct wall. The majority of the transferred energy is in
turn transported to the air flow by convection. The veault is that the
temperature of the vessel wall is reduced by about 10 K since the effective heat
transfer area for convective heat transfer has been significantly increased by ,

the direct transfer of vessel wall thermal energy to tno outer duct wall. The . . ,

outer duct vall with radiation heat transf r is about 10 K higher than an
identical calculatior. without radiation. (In this test calculation, as well as
all others, the emissivity of the dry walls is estimated to be 0.8.)

5.0 Integral Test Facility (Wet) Modeling Results

In comparison to the dry test energy transport model, Figure 5.1, the wet tests
are modeled with a water film on the outer vessel wall such that the mass heat
flux component from the f iltu to the air is included in the total energy
transf ed from che veasel wall. The " wet" model is sh~ m in Figure 5.1. The
tests are modeled in the CONTAIN code by making a m' ac code modification to
allow the wall flooding rate to be simulated as a pseudo water aerosol depositicn
rate. The aerosol heat transfer term, reretred to in Equation (2.1), given by

q, = R ( Tg) J, (5.1)

where J, is the mass flux of acrosol water being deposited on the sar t ace, whiM
is modified so that

(5.2)G. * H ( T., ;,,, ,m m) Ji 7 3

,,,
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In Equation (5.2), _the mass flux of water flooding the vessel surface J,, m is' ,

specified by dividing the total water flooding rate (given in Table 3.2) by the |
total m ssel wall surf ace area (dact plus plenum) . This model of a wetted vessel !
outer.$.all is one-dimensional; that is, the film thickness does not vary along |
the length of the vessel. The maximum film thickness is specified by the user

|
to approximate a thickness foc gravity draining films on vertical surf aces>

i

negitscting film surf ace to air shear." Water added 1.i excess of the maximum film
thickness is drained off the surface at the film temperature. In these
calculations, the CONTAIN default maximum film thickness, 0.0005 m, is used.
This method of modeling the water film on the. vessel outer wall is a reasonable
approach provided tnat the film does n at dryout and that the film thermal
resistance is relatively small compared to other resis* ar es between the interior
vessel gas and duct air, which is the case in these tests. (In most tests, the
film resistance is less than .15% of the total resistance. For actual containment
conditions where the ccndensation coefficient in the contain.uent is lower than

L observed in these tests, as discussed later, the film resistance is considerably
less than the total resistance between interior gas mixture and duct air.)

Because film evaporation on the outer vessel wall is such an of ficient manner of
heat transport, the rate of steam in tion into the pressure vessel is almost
an order of magnitude higher than in the dry tests at identical vessel pressures.
-Thir. means that the steam flow conditions within the vessel probably are not the
same as that ef fectively modeled in the dry test according to an assumed natural
convection alge rithm for flow parallel to a vertical flat plate, Figure 5.2 (a).
.In the case of the higher injection rates, the steam flow pattern within the
vessel changes from one of parallel flow driven by buoyancy forces to a momentum

| jet directed normal to the vessel wall as indicaced in Figure 5.2 (b). In the
latter, the " jet" velocity is determined based on the steam injecticn rate and
sheath hole area. To estinate the expected increased condensation rate for this

1

| dif ferent flow pattern, the heat and mass transfer analogy is used to provide .3 |

| model. '

From the engineering lite rat u re ,15 average heat transfet from fluid streams
directed normal to a plate can be apprvximated by

|

Nu = 0. 22 8 Re""Prth (5.3)

To model the convective as well as condensation conditions within the pressure
vessel, a inodification of the flat plate Nusselt number correlation, Equation
(2.6), is made so '' Tat a more general correlation

Nu = crc'P:" (5 4)

can be used to override the def ault equation, with the user specifying calues for
C, m, and n for each selected heat transfer surface.

To estimate the coefficient C, - a series of CONTAIN calculations are made for
increasing values of C, starting with the flat plate coefficient,=0.037. The
results of these calculations for test #17 is shown in Figure 5.3 for a. case in
which m=4/5 and n = 1/3. (Note that with m = 4/5 and n *- 1/3, the same method a

used in sect ' 7n 4, that is, using an " effective = characteristic lengt?" for a
structure, can be used to approximate flow directed normal to the vessel
surface.) The resul* s of the series indicate that a value of C - 0.2 gives good
agreement between measured and calculated vessel pressures. The value of the
coef ficient obtained empirically here is comparable to the coef ficient reported

|
'

,
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in Equation (5.3); it is noted that C - 0.2 corresponds to a slightly higher
exponent on Re (0.8 vs. 0.731).

A comparison of the wet integral test data to the CONTAIN calculations for the
four wet tests tabulated in Table 3.2 is shown in Figure 5.4. Two CONTAIN
calculation ser' ? are presented indicating heat removal rates .for correlations
in which the Nuse.ut multiplication coef ficient s is 0.037 (CONTAIN default} and
0.2 (approximate ,rmal flow coefficient as determined above). In both
calculational serit m = 4/5 and n = 1/3, and the plate characteristic length is
the vessel height (uniform injection directed toward the entire vertical vessel
wall). . The divergence of the flat plato correlation with increasing steam
injection rates in clearly evident, indicating that the flow pattern within the
vessel along the vessel wall surface is changing. Improved agreement by using
the correlation for flow normal to the vessel wall shows that the inteoral
behavior of the experiment can be obtained with CONTAIN using the existing models
for mass transfer.

A breakdown of the total heat flux, similar to the dry test case above (same
interior vesnel pressure), is presented in Table 5.1 for Test #17 (C = 0. 2 ) . The
energy componen- values can be compared to the dry test case. In the wet caae,

the dominant ens eoy transfer component is clearly the evaporation component
,

whereas in the dry case the main component is ~'nvective energy transport.
Radiation heat transtJ- in t'. wet test is about half the dry case (not'

negligible) which is a re*1 etion of the approximately 40 degree K drop in the
outer vessel radiating temperature for the wet case.

In a truly prototypical experiment simulating an accident scenario, the pressure
vessel would be scaled to a much larger dimension such that steam momentum jets
would not directly impact on the veerel interior wall, at least not the entire
wall. In such cases the computational methods normally used in CONTAIN for
interior heat and mass transfer to the containmer.t wall would be expected to
provide a gcad approximatica of wall heat transfer and condensation, as was the

3 wever, in the testa described here, the integralcase for the dry tests. .

behavior of the test could only be approximated by adjustments in the vessel
interior heat transfer correlations to approximate a non-typical flow condition. '

6. Summary

The analysis of the Westinghouse Integral PCCS tests has .een completed using the
CONTAIN code, version 1.12 (with modifications noted). Four dry tests and four,

wet tests have been calculated, and the results compared to $he integral test
results. In the case of the dry tests, good agreement between data and
calculations were obtained only when channel t hermal radiation heat transfer and '

thermal entrance-length effects were taken into account. The importance of
structure-to-structure thermal radiation within the PCCS channel _is clearly
demonstrated in these tests. The capability of the CONTAIN code to accurately
calculate energ; - exchange with the net rOlation enclosure model is e vn in-

thece tests. Entrance-effects for air f low - within the test channel also
,

-algnificant in these tests, and an accounting of this-effect is requ- d to
predict the integral data. In these cale tlations, by an appropriate modif ' ation,

of the channel characteristic diameter, entrance-ef fects were approximat 2d, and
good agreement with test data was obtained. Results of the comparison between
dry test data and CONTAIN calculations indicate that the current CONTAIN models
- of heat and mass transfer are approprp te for PCCS modeling-without the presence
of water film.

In the wet tests a water film covers (no dryout) the vessel wall. This was-
simulated with CodTAIN by treating __ flooding as a pseudo water aerosolthe

,

i
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deposition, specified by the user. Evaporation of the water on tha vessel wall
surface is determined using existing mass trans; 7r models in the code. Mass
transfer in the PCCS channel is determined using the heat and mass transfer
analogy methodology used in CONTAIN with appropriate correlation adjustments to
the heat and mase transfer equations to account for entrance-ef fects. Agreement
between the wet test data and calculations is obtained at the higher vessel
pressures by using a heat transfer correlotion that approximates the assumed
condition of steam flow directed normal to the vessel interior wall surf ace. The
relatively high steam injection rates in the relatively small pressure vessel
tende to make the wet integral test somewhat non-typical of anticipated
containment wall boandary conditions. Nevertheless, a method similar to the
manner fo adjusting the heat transfer correlation for entrance-length effects
was found to be succersful in bringing the test data and calculatad results into
aereement. This agreement, obtained using correlations found in the heat
transfer literature, indicates that the condensation and evaporative modeling
methodology within the CONTAIN code are appropriately suited for PCCS modeling
application.

Although the success of the CONTAIN code in predicting the Westinghouse Integral
PCCS tests is gratifying, and shows the correctness and flexibility of the heat
and mass transfer modeling approach, there remain a number of limitations in the
current CONTAIN models for treating the actual PCCS in the context of the AP600I

geometry and accident conditions. First, the teste considered here have been
purposely eclected for film t. 3 rage that is essentially one-dimensional so that

, no film thickness traciring would be required. CONTAIN's one-dimensional heat
I sink models need to be modified to approxLnate the 2-dimensional film drainage

that can lead to partial coverage and possible dryout of surfaces. A more
general correlation for heat and mass transfer needs to be implemented to treat
wavy film interfaces, non-vertical wall surface orientations, and conditions in
which the film may be unstable. Obviously, as shown in these integral tests, the
presence of film on the containment outer wall is extremely imporU nt to the
pressure response of the containuent. PCCS models muet therefore be developed
to predict conditio_n_s in which a film may or may not be present. In 'ddition,
the models for film evaporation in the CONTAIN code do not accour~ for the

q
poscibility of film boiling, which might occur during some accident events, j

l Finally, the verification of the heat transfer correlations in the Westinghouse
?)Integral tests is only strictly applicable for forced convective conditions.

Natural draf ting --in wne PCCS egannel may require an alternative model for ]lpredicting surface heat transfer (and therefore mass transfer), This natural q
draft model may be considerably more complicated than the forced convective a
correlatione explored in this paper for the Integral PCCS tests, and more
difficult to verify-aince test facilities of very larc,e scale may be required.

The futuro prospects for accident simulations using CONTAIN appear bright,
however, in light of this an: lysis. Carrent plans are to continue the ALWR

,

design basis and severe accident cal.;ulational ef forts with improved models and |
features, as suggestod by these-comparisor calculations and as discussed above. -j
The models will be applied to an AP600 p. nt design. The CONTAIN AP600 plant -

deck is now being- constructed using recently obtained Westinghouse
specifications. This deck will be used to investigate various DBA long-term
pressurization scenarios, rapid orossurization evento such as hydrogen burne, and
other centainment threat issues regarding hydrogen gas distributions.

i
i
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Table 3.1- AP600 PCCS Test Data and Rosalto for Dry b ration"'
,

_

1est ho.

1 2 3 4

Nomine! lest Corditlens:
|Test vessel inter. Pressure (Pa gauge) 6.9e4 1.4e5 2.1e5 7.Be5 )

|_ 1est vesset inter, Pressure (Pa) 1.7e5 2.4e5 3.1e5 3.8e5
i

| Annulus Air velocity (m/s) 2.4 2.4 4.9 4.9
|-
| Annutus Air inlet f emerature (r) 296.8 305.5 302.3 295.2
r
' f aternal Water Film Surpty (kg/s) 0.0 0.0 0.0 0.0

Measured Conditions::

I
Internal Steam and Condensete:,

i

i Steam inlet Pressure (Pa) 1.7e5 2.4e5 3.0e5 3.7e5

! Steam inlet Teeperature (K) 357.3 398.0 406.7 413,5

Steam /Co,densate TLow (kg/s) 5.7e 3 8.2e 3 1.5e-2 1.Ee 2 |

External Air Flow

u-. ea mration (6g/s) 0.0 - 0.0 0.0 0.0

pm-dus -ir Flow (kg/s) 3.9 3.9 7.9 8.5-

nr c%s Air- A 1 (deg K)D 3A 3.7 4.6 5.0a

heat Balance Swynary:
CInternal Steam ersf Condensate (W/m s 734.4 936.6 1780.9 2190.6

* untform steam inlet Arrangement

AT * % n,,- Tw ,,

* Based on an ef f ective watt area = 20.25 m2

_
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Table 3.2- AP600 PCCS Test Data and Results for Wet operation"
. - - .

Test ho.

12 il 17 18

kceinal f est .Corditions:

Test Vessel inter. Pressure (Pa gauge) 6.9e4 1.4e5 2.1e5 2.8e5

eest Vessel thter. Pressure (Ps, 1.Te5 2.4e5 3.1e5 3.8e5

Annutus Air Velocity (m/s) 2.4 2.4 4.9 4.9a"

Annutus Air Intet f erterature (K) 327.6 327.6 327.6 327.6

External water Film sumty (kg/s) 1.9e 1 1.9e 1 3.0e 1 3.0e-1

Measured Corditlans:

Internal Steam and Cordensate

Steam Intet Pressure (Pa) 1.Te5 2.4e5 3.1e5 3.8e5

Steam Intet Temerature (K) 394.3 413.3 420.8 425.0

steem/Cordensate Flow (kg/s) 2.Be 2 7.0e-2 1.3e 1 2.0e-1

h ternal Air Flow!

Water Evarnration (kg/s) 2.2e 2 6.1e 2 1.2e-1 1.7e-1

Anrutus Air Flow (kg/s) 4.1 4.7 8.0 8.1

Annulus Air A 1 (deg K)b -1.2 -1.1 0.3 0.8
'

Heat Galance Strmaryt
2Internal Steam ard Condensate (W/m )* 3511.3 8444.2 15517.3 22836.2

* Uniform Steam Intet Arrangement'

~

A T * T ,asee - 7 ,3.,o 1

2* Based on en effective watt area = 20.25 m

Table 4.1' CONTAIN Ileat Transfer Summary for Test 3 (w wall radiation)a

Surface T T Q, O Q,b O
g g c net

(K) (K) (Watts) (Watts) (Watts) (Watts)

1 '390.4 385.6 770.5- 474.4 29866.4- 31107.3

2- 305.9 383.3 -8817.8 -22124.7 0.0 -30942.5

3 305.9 315.7 8356.3 -5730.7 0.0 2625.6

4 302.29 -314.8 0.0 .-2525.6 0.0 -2625.6
- _ _

" Summary excludes lower plenum heat transfer out of vessel
-

which is 3017.97 Watts

D Condensate runoff =.7079.81 Watts

11

.

.
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T6.ble 4.2 CONTAIN Heat Transfer Summarys for Test 3 (w/o wall radiation)
|

Surface T ,, T Q, Q, Q ,b qg g

,
(K) (K) (Watts) (Watts) (Watts) (Watts)

1 401.4 398.09 743.3% 369.38 30060.0 31173.0

2 306.05 395.73 0.0 -30701.2 0.0 -30701.2 |

3 306.05 305.17 0.0 603.17 0.0 603.7 - i
|

.4 302.2a 304.98 0.0 -605.0 0.0 -605.0
;

* Summary excludes lower plenum heat transfer out of vessel
which is 2105.5 Watts

D Condensate runoff = 7813.02 Watts

>-

aTable 5.1 CONTAIN Heat Transfer Summary for Test 17

Surface T ,, T Q O O O
g i r c m net

(K) (K) (Watts) (Watts) (Watts) (Watts)
--

1 388.59 380.16 2755 5630- 2.64e5 2.67e5

2 328.23 341.3 -4792 -4097 -2.63e5 -2.72e5

3 328.23 326.64 3928 795.3 0.0 4723

4 302.04 325.1 0.0 -4723 0.0 -4723

* Summary excludes lower plenum heat transfer out of vessel,
which is 3.0425e4 Watts

b condensate runoff = 5.888e4 Watts

,
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Figure 3.1 AP600 Passive Containmer.t Cooling Integral Test Facility [11]
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SAND 91-1459C

AN APPROACH FOR ASSESSINC ALVR PASSIVE SAFETY SYSTFM RELIABILITY"

Tania M. llake

Reactor Systems bafety Analysis Division
Sandia National Laboratories

Albuquerque, New Mexico 87185

ABSTRACT

Many advanced light water reactor designs incorporate passive
rather than active safety features for front-lins accident
response. A method for evaluating the reliability of these passive
systems in the context of probabilistic risc assesrment has been
developed at Sandia :lational Laboratories. This method addresses
both the component (e.g. valve) f'ilure aspect of passive system
failure, and uncertainties in system success criteria arising from
uncertainties in the system's underlying physical processes, These
processes provide the system's driving force; examples are natural
circulation and gravity-induced injection. This paper describes
the method, and provides some preliminary results of application cf
the approach to the Westinghouse AF600 design.

INTRODUCTION

A program to develop and irnplement a method for evaluatine, passive system
reliability in advanced light water reactors (ALWRs) is being conduc.ted at
Sandia National Laboratocies-(SNL). The purpose of this paper is to provide a
brief overview of this method and results obtained thus tar.

Many of the ALWR concepts proposed for the next generation of nuclear power
plants rely on passive rather than active systems to perform safety functions.
Despite the reduced redundancy of the passive systems as comparad to active
systems in current plants, the assertion is made that the overall rafety of the
plantLis enhanced due to - tha much higher expected reliability of the passive
systems. In order to investigate this assertion, a study is being conduc ed at
SNL to evaluate the reliability of ALWR passive safety features in the context
of probabilistic risk asse.. ment (PRA).

The term " passive" as use are refers to systems which rely heavily on natural
processes such as natural J rculation to perfor.m their function, rather than on

"This work is supported by the United States Nuclear Regulatory Commission and
is performed at Sardia National Laboratories, which is opirated for the U.S.
Department of Energy under Contract Number DE-AC04-76DP00789.
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decidedly " active" components such ' as pumps. However, many passive safety
systems do contain roechanical compotients, valves in particular, that must change
state-for the system to operate. Generally these valves will have to change

- state only once during their mission, and motive power is in the form of stored
energy such as compressed air or battery power.

Fast reactor _ PRA methods are directly applicable for the component failure
aspect of_ passive system modeling. On the other hand, accounting for
- uncertainty in the natural processes involved in. passive system operation
requires an alternate _ approach. This is essentially an uncertainty in the
success criteria for the passive systems, Specifically, given proper component
functioning / valves open or close as required), a measure is needed of the
degree .of cer ta;nty that the natural process (natural circulation, gravity-
induced flow, evaporative cooling, etc.) provides the fluid driving force or

- heat removal required to avert core damage, This uncertainty derives to some
degree.from uncertainty.in parameters associated with the process of interest,
such as heat transfer coefficients or friction factors. Further considerations

'

include initial or " boundary" conditions, such as break location for a loss of
- coolant initiating event, and thermal-hydraulic modeling uncertaintles.

|

OBJECTIVES / SCOPE |

|

The obj ective of this study is to compare the reliability of passive safety
-

systems in an ALVa with the reliability of corresponding active safety systems
in _a current generation reactor. The quantification of passive system
- reliability is not-as straightforwarc' is for active systems , due to the lack of |operating experience, and to the greater uncertainty in the governing physical i

phenomena. Thus, the adequacy of current methods for evaluating system '

reliability must be assessed, and alternatives proposed if necessary. !

For this study, the Westinghouse Advanced Passive 600 MWe reactor (AP600) was
chosen as an " exaraple " advanced reactor for analysis, beca ne of the

i

availability of AP600 design information. This study will compare the
reliability of AP600 emergency cooling systems with that of correspond N, j
systems in a current generation reactor. The evaluatton of- passive sy.' 2

'

- reliability will take place in the framework of PRA, se t.ha t the final results I

can be compared-in'a direct way to measures (e.g. core damage frequency, CDF)
of current plant s a fe ty , i

The comparison between eurrent and advanced reactor designs will be on the |
functional level, rather than on a system-by-system basis. The reason is that -i

_

it is not generally possible to identify a single system in the ALWR design |
which directly corresponds to a single system in a curren, plant. Rather, a j
collection of systems in the advanced reactor perforr,s the same functicn as a
usually larger collection of systems in a current plant.

-

-The function of_ interest for -' this study is the- emergency c ,oling function, |
conditional on reactivity control following an accident initiating event. In

- other words, reactivity control systems will not be analyzed, but will be
assumed to be 100% . reliable , Analyzing reactivity control in addition to
emergency cooling would introduce a great deal of complexity without much added -;

|
r

!
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benefit for demonstrating the methodalogy. Here, emergency cooling refers not
only to those systems required to inject coolant, but also t o remove decay heat .

The performance of the emergency cooling function will he evaluated for
response, starting f rom full-powe r condit ions, to a typical set o f PRA int e t nal
ini tiat ing events :- transient s and loss-of -coolant ac cident s (LOCAs) . Thi s will
allow direct comparison to the response of current reactor systems to these
initiators. The issue of ident i f ying pot ent ially new init iating event s f or t he

AP600 is being addressed in a separate, related NRC. sponsored analysis

BRIEF AP600 DESIGN DESCRIPTION

This section presents an brief overview of the more pertinent aspects of the
AP600 design. A multitude of references in the literature can provide more

information regarding the design. The following description and tigures are
~

based on references (1), {2}, and [3]

The design approach for tit e AP600, as for other ALVR concepts, involves

simplificat ion to leprove economics, construction, maintenance, operatlon, and
safety. Passive safety systems are employed which use natural driving forces
only, and minimal dependence on support systems. Active non-safety systems
perform during nor mal plant operations and also provide backup to the passive
safecy systems in response to accidents.

The 600 MWe PWR incorporates a low power density core , and no bot t om head ve ssel
penetrations. The reactor coolant system contains tuo hot legs and four cold
legs, with two standard Model "F" steam generators (SGs), four canned-motor
reactor coolant pumps (RCPs), and a 1300-cubic-foot pressurizer The RCPa are
mounted int gally to the SGs, which eliminates the pwrp suction leg piping
Figure 1 provides a depiction of the reactor coolant system (RCS). ,

Passive decay heat removal for response to t ransient initiators (after failure
of normal, active systems) is providen by the pansive residual heat removal 4

( PPJiR) system. Figure 2 is a sicolified schematic of the system, which
incorporates three heat exchangers housed in a large tank the in-containment

~

refueling water storage tank (IRWST) . Natural circulation drives the fluid from
the surge line of the pressurizer, through the heat exchangers , t o the cold-leg
side of the steam generator. 'I h e heat exchangers ar e cooled by the fluid in t he

IRWST, also through a process of natural circulation within the tank

Passive coolant injection following loss of coolant accidents is provided by a
redundant arrangement of high- and low-pressure injection systems. T'a e s e

systems feed into the reactor versel via two safety injection, or di rect vessel
depiction of. the passive safetyinj e c t ion (DVI), lines. Figure 3 provides a

inj ec t ion systems. The high pressure passive injection systems are the core ,

makeup tanks (CMTs) and the accumulators (ACCsi The ti o CMTs are capable of
ir.3cting by gravity at any reactor presst re , because of pressut e-equalization

f rom tne RCS cold legs to the top of t he CMTs Two accumulators, similarlit. s

to current PWR accumulators, are mai nta ined with a nitrogen ovetpressure of
approximately 700 psi. One CMi' and one accumulator feed each DVI line

lil
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Figure 2. Passive Residual Heat Removal System Simplified Schematic. [3]
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A four-stage automatic depressurization system (ADS) is employed t , allow the
use of low pressure passive injection systems, or " feed and bleed" cooling
following cn accident initiator. For low pressure, longer term coolant
inj ec tion, the ADS actuates to- reduce RCS pressure to near-containment
atmospheric. Then the IRUST can inj ec t via gravity. induced flow through two
redundant lines, one to each DVI line.

The passive containment cooling system, shown in Figure 4, provides heat removal
to the ultimate heat sink during use of the passive core cooling systems, and,

controls containment pressure. The containment is cooled by natural convection
.of air, as shown in Figure 4, and assisted by evaporative cooling of fluid
sprayed onto the exterior surface of the steel containment vessel.

APPROACH
|

This section describes a method developed to meet the objective for this study
of comparing the emergency cooling functional reliability f or the AP600 to that
for a current generation reactor The specif;c steps to be performed are
outlined below. Existing methods and screening techniques are proposed where
possible to ef ficiently attack the problem. The method whi-h has been developed j
should be generally applicable to any advanced reactor concept's passive |
features, although this has not been investigated in depth. !

Three phases form the approach to this study of passive system reliability:
(1) methodology development and component failure quantification, (2) natural
process assessment methodology demonstration, and (3) passive system reliability
method implementation. The method developed in phase 1 involves splitting the
problem into two . parts : (la) the aspects that current PRA techniques can4

addresa (component failure quantification), and (1b) aspects for which a new
technique is needed (natural process assessment). The natural process
assessment portion involves an interim demonstration phase, where the method is
applied to a small portion of the problem to verily its merit and identify any
problems (phase 2). Upon successful completion of the phase 2 demonstration,

, . phase 3 will involve full method implementation for the AP600 emergency cooling
I f' me t ion .

At this time, phase 1 is essentially complete, and work has begun on phase 2.
A draft NUREC/CR documenting the results of phase 1 is currently being
distributed for comment at NRC, A brief discussion of the results of the phase
1 quantification follows this section describing the program approach.

In developing the methodology, the goal was to maximize use of existing PRA
technology, in this case NUREG-ll50 [4] methods. Further, a 1trerature survey
forme.d the starting point for the methodology development task, to identify any
potentially useful- methods which have been proposed or applied for~ analyzing
advanced reactors. From this survey it was apparent that nearly all past
studies of passive reactor designs quantitatively consider only the component
failure aspect of passive system failure. One study, however, quantitatively.
examined uncertainties in inherent shutdown processes for an advanced 1iquid
metal. reactor by propagating uncertainties through an analysis code (S]. The
method developed for this study incorporates an analogous approach.

l
.
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As indicated - in Figure 5, . the methodology developed for this program can be
grouped into five steps:

(1) System level qualitative analysis to identify systems with potentially.
important_ natural process uncertainties,

,

(2)- In depth sequence-level component failure quantification using NUREC-
1150 Level 1 methods.

.(3) Sensitivity calculations to evaluate importance of success criteria
uncertainties,

,

(4) As essment of contribution to mean core damage frequency from
uncertainties associated with the natural processes .nvolved, and

(5) combination of results from the s.e quence -level compenent failure i

analysis and natural process assessmeat.

The remainder of this section presents a more detailed discussion of each of-,

-these steps.

|
STEP 1: System-level cualitative analysis

The purpose of the - system-level qualitative evaluation is to gain a Mt er
understanding of the passive systems to be analyzed, and the natural processes
upon which they rely for their driving force, In addition, we seek a rough
prioritization of passive systems, based in large part on the expected
importance of process uncertainties to system failure. This amounts to a
preliminary screening-of systems for which detailed natural process assessment
(Step 4 of the method) will be applied. This prioritization is necessary

. _

because of the resource intensive nature of natural process assessment,

The system-level evaluation begins with investigating the components, such as
valves or tanks, which must operate within each passive system, A high-level
screening fault tree model of the component failures is constructed, to provide
a-rough quantitative measure of system failure probability based on component

,

failures only. Next one examines the types of passive systems to be analyzed, j

and identifies the natural processes on which they depend for their operation.
These processes may include alternative motive fluid forces, such as gravity or

'

;

gas-pressure , - or. heat transfer processes, such as natural convection or |

| radiative cooling,
t 1
'

-A screening comparison is then made between the contribution to mean system
failure probability from failure of its components, and the expected importance
of natural process uncertainties. In other words,.if the components which must
function for a passive system to operate have a high failure probability, then
any uncertainty in their natural processes wi11 'likely be less important to
overall system failure, For this preliminary evaluation, the level of natural
process uncertainty importance is determined primarily using engineering
judgment; thermal + hydraulic models are not constructed until Step 4 The
engineering judgment can be based on such considerations as current-generation
plant information, vendor _ analyses and tests, and rough system performance
calculations. For example, the uncertainty _in a flow loss coefficient in the
-downstream piping of a gravity flow system may be more or less important,
depending on the level of design margin in the head of th_e fluid. The result
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Figure 5. Simplified overview of ALWR passive
system reliability evaluation method
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of this system level analysis is a coarse prioritization of passive systems
based on naturel process importance.

STEP 2: Secuence-level component failur_e cuantifigAILqn

The next step of phase 1 involves in-depth analysis of component failures.
NUREC-1150 PRA methods [4,6] are used here. Four distinct tasks are involved:

,

(1) Event tree development
(2) Fault tree model development
(3) Data, common cause, and human reliability analyses

,

, (4) Quantification of core damage frequency for base case
;

Event trees delineate the systems which can be used to fulfill a specific
function (emergency cooling for this analysis) in response to an accident
initiator. For the Ap600 this includes credit not only for passive safety i,

systems but also active non safety systems. Fault tree models are constructed '

to represent component failures for the systems of interest, including any
support system requirements. In the event and f ault tree development, a " base-
case" set of success critecia is assumed, based for example on preliminary
vendor analyses.

Failure data from past PRAs and existing databases are applied to the component
failure basic events. Current plant data are generally applicable due to
similarities of components included in advanced reactor designs and in current ;

operating units (particularly true for the AP600). There are some exceptions j
which result from differences in areas such as component uaage or system safety '

classification (i.e. safety versus non-safety grade). Here, the current data
can be supplemented with such items as vendor test data, the ' EPRI ALVR
Requirements Document goals for component reliability [7], and expert opinion.

The data analysis task includes a common _cause analysis as well as pre- and
post-initiator human reliability analyses (HRA). For the llRA , numerous
assumptions are generally necessary for an advanced design, because of lack of

'

operating procedures and knowledge of specific plant operator practices.

'Once faul and event tree models have been built and the database developed, a
" base-case" quantification of functional care damage frequency is performed.
For the AP600, this step results in an emergency- cooling function CDF based on
Westinghouse-specified success critoria. This forms a baseline for later
comparison in Step 3. In addition, the models and. results of this task will be

combined with the results f rom Step 4 (natural process assessment) . The result
will be an overall measure of passive cooling system reliability, considering
both component failures and-natural process uncercainties.

STEP 3: Sensitivity calculations to cvaluate success criteJ,la importance

A primary focus _ of this study is uncertainty in the natural processes governing
passive - system operation. This translates, as mentioned previously, to
uncertainty in the success criteria for the various systems used in accident
response. One can examine cases where the components of a passive system have
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functioned according to " base-case" system success criteria, e.g., the pro;)e r
combination of valves have changed state. It inadequate flow or heat removal
is realized due to uncertainties in the natural processes involved in the
system's operation, then a more restrictive set of success criteria applies.

Say, for example, that in a natural circulation, passive heat removal system,
two of three heat exchangers are necessary according to base-case success
criteria. However, a greater-than-expected flow loss coef ficient may apply due
to corrosive processes or other uncertainties in the natural circulation loop.
The flow in the loop may then be inadequate t o remove ccre heat . Pe rhaps t hree
of three heat exchangers ate required in this case to generate a great enough
temperature differential and provide a greater fluid driving force.

To investigate the importance of pot entially more rest rictive success criteria,
which may apply due to natural process uncertainties , the fault and event tree
models from Step 2 are modified to reflect the more limit.ing criteria. The

-

point-estimate CDF is then requantifled for each case to examine the change
relative to the base-case CDF. For this study, three different types of
sensitivity calculations are investigated:

(1) within-system success criteria sensitivities
(e.g., requiring two-of- two instead of one-of-two trains of a passive
system);

(2) crors-system success criteria sensitivities
(e.g., postulating that after success of one passive system, which '

leads directly to aversion of core damage for the base case, another
system is postulated to be required); and

(3) passive system risk increase importance
(he e, the passive system is assumed to fail, even if the system
components fur.ction properly according to system success criteria).

The first and second groups deal with the effect of degraded passive system
performance. That is, the system operates at a level of effectIves.:ss not
adequate to prevent core damage alone, and requires either an additional train

,

of the same system, or another system operating in concert, to avert core
damage. The third group addresses cases where the passive system components
function according to base-case success criteria, but the natural processes are
completely ineffective The passive systen is therefore failed, and the
" backup" systems which can be used following systcm f ailure are added as branch
points in the event tree. In other words, the system's failure pat.h in the
event tree is followed. These sensitivity calculations should consider
correlations among systems, i.e., whether failure of one passive system due to
natural process inadequacies implies failure of other passive systems possibly
dependent upon the same natural process.

The results of these sensitivity analyses will provide guidance as to which
passive systems are more iropor t an t to core damage frequency, given different
levels -of degraded performance due to naturai process uncertainties. A

quantitative prioritization can be const ructed based on largest increase in CDF
relative to the base case. This will aid in selection of passive systems and
associated natural processes for analysis in Step 4, natural process assessment .
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STEP 4: Natural orocess assesang

As mentioned previously, the second phase of the program will examine the
feasibility of. the natural process assessment methodology. This methodology
will be applied to only a few accident sequences in phase 2, to demonstrate the
method. Such a demonstration is needed because the approach for natural process
assessment- is resource-intensive. Upon successful demonstration, a
comprehensive implementation of the methodology will be completed in phase 3.
This section briefly describes the natural process assessment method.

In order to incorporate natural process uncertainties in the quantificatioa of
passive system reliability, selected accident sequences involving passive system
operation are analyzed using thermal-hydraulic models. Only sequences which
indicate successful component functioning for the passive system (s) of interest
will be analyzed. That is, we are -interested only in situations where the
natural process uncertainties may negatively impact overall core damage

-frequency. Here, although the mechanical components have operated correctly to
.

meet the assumed system success criteria, uncertainties in parameters such as |
heat transfer coefficients or as-built dimensions of components inay result in '

inadequate flow or heat removal by the passive system (s). A more restrictive
set of success criteria applies, with a particular degree of certainty. :

!

The sequences to be analyzed are selected based on the results of Steps 1 and
3: qualitative infor.aation on the expected importance of the natural process !

to passive system operation, and ouara.itative results of the component failure
sensitivity calculations. Th sequence-level appcoach to the analysis is
necessary because evaluation on the system level, i.e one passive system at a
time, would not consider the influence of other passive and active systems which
operate (or fail) in the sequence. Thus, each sequence potentially represents
a unique set of conditions affecting the outcome of the thermal-hydraulic ,

analyses, althaugh some binning of similar sequences is possible. !

$
First, thermal-hydraulic models of the ALWR are built. Sensitivity calculat ions 1

-

are performed using the thermal-hydraulic code to determine the most important g
code input parameters, such as heat transfer or flow loss coef ficients. Next, ;

expert elicitation is performed using the NUREG-ilSO structured approach, to
obtain distributions on values for the important -input parameters. Latin
Hypercube Samples are constructed from the distributions on the input parameters
in order to build multiple _ input decks for the thermal-hydraulic code. The j
multiple code calculations are performed for a given sequence and the results ]

|analyzed to determine the contribution of the natural process uncertainties - to
overall sequence outcome. Output distributions are generated, and the results ;
are finalized with input from the expert panel. In this final step, the experts
will -also be asked to provide measures of modelir g uncertainties.

For phase 2' of this study (method demonstration), the above steps will be
performed for a few sequences involving operation of Ap600 passive systems
associated' with. core cooling oniv, as opposed _ to including containment heat
; removal. The Ap600's core and containment cooling systems are to a great extent
coupled, and complete evaluation of the core cooling systems will require
consideration of the containment systems. However, modeling of these coupled
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processes will be a great deal tuote involved than modeling just the primary
system. This comprehensive modeling is unnecessary for demonstration of the
method. Such a complete analysis is to be perforteed in phase 3, the

implementation phase, of the program.

STEP 5: Calculation of overan_Cpy and comparisortto current _plutt

In this -tep, completed af ter the . base 3 implerrentation of Step 4, the results
of Steps 2 and 4 are combined to provide an overall measure of the reliability
of systems serving the emergency cooling function. The product of Step 5 is
a complete distribution of the errergency cooling functional failure probability,
cons'dering component failures and natural process uncertainties in both core
and containment heat removal precesses. The result can he compared with the
similar quantities for the current-generation reactor design. The current plant
quantities can be extracted from an existing PRA of the current-generation -

plant.

" example" current plant forFor this study, Surry Unit I will be used as an
Westinghousecomparison. Surry is similar to the AP600 in that it is a

pressurized water reactor. Further, a detailed PRA exists for Surry, since it
was analyzed as part of the NUREG-ll50 analyses [8].

RESULTS OF PHASE 1

To date, phase 1 of this program is complete. This section presents some
preliminary calculational results of phase 1. A NUREG/CR draft documenting
phase 1 in detail is currently being circulated at NRC for comment; the final
report will be issued within two months after receipt of NRC comments.

Step 1 of the method, the qualitative system-level analysis, provided a coarse
prioritization of passive systems in terms of expected importance of their
natural process uncertainties. The systems found to be more important, and t hus
deserving of further analysis in the natural process assessment (Szep 4), were
those associated with natural circulation cooling in the primary and -

containment. This includes the PRHR system, and the internal containment
recirculation involved in long-term IRWST injection.

The first result of the sequence-level quantification effort (Step 2 of the
method) was a base case value for the CDF, considering only the emergency
cooling function (i.e conditional on successful reactivity control). Only
internal initiators were included in the analysis. Westinghouse-specified
success criteria were used to form the " base case" AP600 design changes
through July 1991 were considered in the analysis. The results reported here
'hould be viewed with caution, however, since the design is in a state of flux,
and assumptions had to be made in cases where design detail was unavailable

An additional assumption in the analysis involved assigning current plant check
valve data (failure probability and uncertainty range) to the check vaives in
the gravity flow systems which operate under low pressure dif ferentials. This
assumption was based on a cursory analysis and expert guidance. Further, the
testability of components was not considered in great detail.
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The base case quantification, considering internally generated transients and
LOCAs, resulted in an estimated inean CDF for the emergency cooling function only
of 3.9E 6/yr. The 5th anu 95th percentile values were 6E-7 and 1.lE-5/yr,
respectively. This compares with a previously reported Westinghouse value for
overall CDF of 1.2E-6/yr f rom a preliminary analysis (1989) [ 3) , which was based
on an earlier version of the AP600 design. The dominant initiator was predicted
to he a small LOCA (69%), with the most dominant failures lavolving operator
failura to proparly align non-safety backup systems af ter failure of f ront-line
passive systems.

This core damage frequency does not include natural process uncert ainties. Step
3 of the inethod involves performing sensitivity calculations for varying success
criteria assumptions. These calcula-lons were performed to determine those
systems that would have the greatest impact on the core damage f requency i f the
natural process failed to provide adequate driving force for the system, and the
system success criteria were incorrect. These results provide input for
selection of systems and processes for analysis in phases 2 and 3 of the study,
where ancertainties in the natural processes are quantified.

An described above under the Step 3 methodology discussion, three cases of
success criteria sensitivities were examined. Case 1 examined within-system
success criteria variations, e.g. requiring two-of-two instead of one-of- two
trains of a system. Case 2 looked at cross-system success criteria
sensitivities, where more systems were postulated to be necessary than specified
by the base case success criteria. The importance of each passive system was
investigated in Case 3, by postulating that the pass ;ve system is totally
ine f fec t ive .

Figures 6 through 8 provide the results for each case of the s e ns i t.i v i t y
studies, in terms of relative increase over the base-case results. As can be
seen from Figure 6, the IRWST in the injection mode causes the greatest relative
increase versus any other single system. CMTs and ACCs are important only when
combined (more restrictive system success criteria for both systems). Figure -

7 provides the results for Case 2 and combined Cases 1 and 2, Here, PRHR is
shown to be important. The CMT/ACC combined case result is driven by
incorporating the Case 1 CMT/ACC result. Finally, Figure 8 presents the Case
3 results. From this table, PRHR, IRWST, and CMT are the more important,
although there is not a great distinction among any of the systems. They all
involve an increase c' about two orders of magnitude over the base-case CDF.

Based on these sensitivity studiec. those systems determined to be most.
Important are PRRR, CMT inj ec tion, and IRWST injection. These systems involve
natural circulation in the primary (PRHR) and within containment (long-term
IRVST inj e c t i o n) , and gravity inj e c t i on to the primary (CMT and IRWST
injection). As discussed in the previous section, the method for exnlicitly
addressing the natural process uncertainties in these key systems will be
demonstrated in phase 2.

>
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Figuro 6. Case 1 Success Critoria Sensitivity Results
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SU) DIARY

A methodology has been developed to evaluate ALWR passive system reliability in
the context of PRA. The method considers the component failure aspect of
passive system failure, and quantitatively addresses uncertainties in the
natural processes upon which these systems rely for their driving force. The

-

Westinghouse AP600 serves as the example ALWR for demonstration of the method.
The first phase of the program is coephte, yiciding an estimat e for emergency
cooling function core damage frequer.cy (component failures only) for the AP610.

Sensitivity calculations were performed to determine the importance of various
success criteria uncertainties, which arise from uncertainties in the natural

processes. From these calculations, and other qualitative evaluations of the
passive systems, those systems involving natural circulation in the primary
system and within containment , and gravity inj e c t ion to the primary system,
appear most important.

The method for explicitly addressing the natural process uncertainties in these
key systems will be demonstrated and implemented in phases 2 and 3 of the
program. Thermal-hydraulic calculations will be incorporated into a formal
expert judgment process to address uncertainties in selected natural processes
and success criteria.
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Figuro 7. Caso 2 Success Critoria Sensitivity Results
(CDF Relative to Baso Case)
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Figure 8. Caso 3 Success Critoria Sensitivity Results
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Abstract

We have been developing an artificial intelligence (Al) computer simulation called
Cognitive Ewironment Simulation (CES). CES simulates the cognitive activities
involved in responding to a NPP accident situation. It is intended to provide an
analytic tool for predicting likely humen responses, and the kinds of errors that can
plausibly arise under different accident conditions to support human reliability
analysis (HRA). Recently CES was extended to handle a class of interfacing loss
of coolant accidents (ISLOCAs). This paper summarizes the results of these
exercises and describes follow-on work currently undenvay.

Introduction

The U. S. Nuclear Regulatory Commission' has been conducting a research program to develop
more. effective tools to model the cognitive activities that underlie intention formation during NPP
emergencies. Under this program an artificial intelligence (AI) computer simulation called
Cognitive Environment Simulation (CES) has been developed (cf. NURZ3/CR-4862;
NUREG/CR-5213). CES simulates the cognitive activities involved in responding to a NPP
accident situation. It is intended to provide an analytic tool for predicting likely human responses,
and the kinds of errors that can plausibly arise under different accident conditions to support.
human reliability analysis (HRA). Recently CES was extended to handle a class of interfacing loss

. _ f coolant accidents (ISLOCAs). This paper summarizes the results of these exercises ando
-describes follow-on work currently underway. A full description of the results of the ISLOCA
exercises are provided in NUREG/CR-5593.

Cognitive Environment Simulation

CES is an artificial intelligence (AI) system that simulates the cognitive activities involved in
emergency response under dynar* conditions. CES monitors and tracks changes in process state,
identifies abnormal and unexpected process behaviors, builds and revises a situation assessment
(what influ' rices are currently acting on the monitored process), for aulates hypotheses to accounte

for unexplained process behavior, and formulates intentions to act based on its situation
; assessment.
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CES is built on top of an Al problem-solving system called EAGOI) that was developed especially
for performing uiagnostic reasoning in dynamic, data rich situations. It has been developed based
on detailed studies of cognitive activities in a variety of applications, including intemal medicine
diagnosis (Gadd and Pople,1990), emergency operations in nuclear power plants (Woods and
Roth,1986), NASA shuttle operations, critical care medicine, and intelligence analysis.

In the sections that follow we begin by providing a description of the critical features of dynamic
NPP emergency situations that distinguish them from other types of applications and pose
chcIlenges to cognitive modeling. We then provide a description of CES and how it handles
dynamic emergency situations. This is followed by a Ni'P case study that illustrates how a
cognitive simulation such as CES can be used to help illucidate the cognitive demands imposed by
NPP emergency situations. ;

Dynamic Emergency Situations

Emergency response in dynamic situations such as NPP emergencies has a different f.haracter from
th classic paradigm of troubleshcoting a static device that has been removed from service. In
dynamic applications there is some underlying process (an engineered or physiological process
which will be referred to as the monitored process) whose state changes over time. Failures
disturb the monitored process and diagnosis goes on in parallel with responses to maintain process
integrity. These situations frequently mvolve time pressure, multiple interacting goals, severt
consequences of failure, and multiple interleaved tasks.

Ia dynamic process applications, incidents extend, develop and change over time. A failure |

'disturbs the monitored process and triggers in0uences that produce a time dependent set of
disturbances. This cascade of disturbances unfolds over time due to the development of the failure
b 'If(e.g. a leak growing into a break) and due to functional and physical interconnections within
the monitored process (Woods,1988). These situations are further complicated by the possibility
of multiple failures each producing a temporally evolving set of disturbances which can interact.

An additional complicating characteristic of NPP emergency situations is that during the course of
the event both manual and automatic system actions will be taken to cope with the initiating
disturbance that themselves affect the monitored process. The effect of these actions on the process l

further complicate the diagnostic task. The current and future state of the monitored process is a '

combined function of controlinGuences and the influences pmduced by the failures in the
' monitored process (Woods Pople and Roth,1990). Thus there is a need to maintain and
constantly update the set of nonnal and abnormal inGuences impinging on a process at any given
point in time in order to account for plant behavior and untangle the effects due to the underlying
failure from the elka due to subsequent control actions.,

CES as a Cognitive Simulation of Eraergency Response in Dynamic Application 3 |
1

The Cognitive Environment Simulation is one specific example of a cognitive simulation designed -|

to handle some of the demands of dynamic emergency response situations (cf. Elkind, Card, |.

Hochberg & Huey,1990; Amendola, Bersin, Cacciabue, and Mancini,1987). CES contains |
specific symbolic processing mechanisms designed to:

lEAGOL is a proprietary pnxiuct of Seer Systems -

|

1

|
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build and maintain a coherent situation assessment in a changing environment where.

multiple innuences are at work including failures and operator and automatic system
activities,

discriminate expected from unexpected events based on qualitative reasoning about.

influences thought to be acting on the monitored process,

engage in diagnostic search to evaluate possible hypotheses that would explain-

unexpected findings given that multiple influences are acting on the monitored process,

generate intentions to take action to respond to diagnosed failures and/or re-establish.

safety goals.

There are three major infonnation processing activities that underlie CES behavior (See Figure 1). -

These include:

a monitoring process that monitors plant parameters (data channels) and identifies.

anomalous plant behavior;

a diagnostic scarch process that attempts to search for a hypothesis that could account.

for unexplained plant behavior; &

k
a corrective response gs nerator that identines actions that should be taken in response to.

abnormal plant state. These actions are selected from pre-stored responses based on
emergency procedures.

The infonnation processing activities are carried out by a set of software " agents" cach with a
distitet responsibility and communication protosol One kind of softwam agent is activated when
the data changes on an input channel. This type of agent uses infonnation about the set of
innuences thought to be active currently, and knowledge about influence relationships (an
increasing Gow will result in an increase tank level) to detemiine if the change is expected or -

unexpected giver. the current situation assessment. Qualitative reasoning techniques are employed ,

to generate expectations about process behavior based on the set of known influences (Forbus,
1988). For example,inemasing tank levelis expected if an influence has been posted that there is a
source of flow into the tank.

If the current set of known inGuences cannot account for the cbserved process behavior (an
anomaly), an unknown influence is postulated and another softwam agent is invoked to identify
the unknown inGuence. For example, an uncxpected change direction or rate of change invokes an
agent that uses knowledge of intinenm relationships to create a list of hypotheses - in0uences that
could account for the unexpected behavior, it then engages in knowledge-driven search to
evaluate cach hypothesis against other data atx)ut the state of the monitored process.

During an evolving incident, CES cmates many software agents To integrate the esatuations
across the multiple agents, CES creates a special software agent that is responsible for coming up
with a coherent exp!anation for all of the unexplained Godings. These two layers in the architectme
are needed to enabl 6 ine Al system to separate and track the multiple factors affecting process
behavior (automatic system scsponses, manual responses, and influences created by one or more
failures), especiallyas they evolve dynamically. Does a new anomaly represent disturbance

m
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propagation from the original failure, a sensor failure, or the effects of another breakdown?
Control innuences inserted to mitigate the consequences of disturbances change the pattern of
findings, and expected control innuences may fail to materialize due to execution error or additional
bn> < downs. The multiple layers of analysis allow the system to track multiple influences that may
be affecting process state and to investigate different ways to put the pieces together to form a
coherent overall assessment (Woods et al.,1987).

Exercising CES On NPP Incidents

Applying CES to NPP emergency situations requires building a knowledge base that contains
infonnation about NPP functions, failures, goals and control actions (the in0uence relationships
needed for the qualitative reasoning mechanisms in the program). The CES knowledge base
includes infonnation on plant parameters available to be monitored, and their nonna! operating
limits; the inter-relationships among plant physical processes; goals for safe plant operation;
abnonnalities (e.g., power failures; breaks) and the effect they have on plant processes; and what
actions can be taken to correct abnonnalities As such it provides a mechanism for modeling the
kind of knowledge of NPP that an operator would be presumed to have based on training,
procedures, and experience.

As described above, the inference engine within CES provides reasoning mechanisms that enable
CES to monitor changing plant parameters, to fonnulate and mvise situation ass:ssments, and to
generate intentions to act. While the panicular reasoning mechanism, utilized by CES do not
mimic in detail the cognitive processes of human operators (e.g., shon tenn memory; detailed
monitoring or diagnostic strategies),it perfonus the major cognitive activities that are required to
successfully assess and respond to a NPP emergency esent (i.e., the cognitive tasks that human
operators would necessarily have to pertonn to successfully hawlle the event). By perfonning the
major cognitive activities required to handle a NPP emergency event,it provides a tool for
rJsessing the cognitive challenges imposed by different accident sequences (e.g.,what evidence
needs to be examined, what knowledge needs to be accessed, what alternatise hypotheses arise that
need to be discriminated. what safety goals need to be considered in managing the accii ),and
potential opportunity for error.

The CES modeling strategy to date has focussed on developing knowledge and reasoning
~

capabilities that enable CES to successfully handle the NPP case of interest and close variants. The
premise is that the knowledge and reasoning capabilities that are required for the CES computer
simulation to successfully handle the case provide a specification of the knowledge and n asoning
demands imposed by the application tasks.

In keeping with the cognitive simulation tradition, the information processing behavior of the
simulation provices a concrete basis for comparison with empirical data on operator crew
perfonnance. Analysis of similarity and differences in the perfonnance of the computer simulation
and that of human practitioners can illuminate the cognitive demands imposed by the NPP incident,
the knowledge and reasoning capabilities required for successful perfomiance, and knowledge and
information processing limitations of human crews that restrict perfonnance. In this way a
computer simulation can serve to illuminate and amplify available data on human pe:fonnance.

The goal of the simulation exercise is not to pnxlace an exact match between the information
processing behavior of the computer simulation and that of the crew. Because of the breadth of
information processing activities involved in NPP accident situations, and both pragmatic and
theoretical limits on the ability of computer simulations to embody a comprehensive model of

v.o
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human cognition, a computer simulation is necessarily only a partial embodiment of a larger scope
conceptual model of human perfonnance (Mewell,1990). The goals of the simulation enterprise

- am to learn frotajuxtaposing the behavior of the simulation and the behavior of human cmws. Ily
.

examining the similarities and differences between sin <ulation behavior and crew behavior it
becomes possible to understand the cognitive demands of the situation, the sources of error and
potential for expertise.

CES Exercises on an Interfacing System Loss of Coolant Accident
'

As part of the CES development process CES was mcently exercised on two interfacing systemc
loss of coolant accidents (ISLOCAs) Two crews made up of NPP training instructo s were
observed msponding to the ISLOCAs on a high fidelity NPP control room simulator. One crew
was observed on each event, At the same time the the instructor crews were run on the incidents,
the plant parameter values were recorded from the NPP simulator onto a data Gle. This data Ole
was used as input to CES2. Thus the be%vior of CES could be examined on exactly the same
events that were used with the human crews.

He results of the exercises illustrate how cognitive simulations such as CES, coupled with small-
scale data on human performance, can provide insight into the sources of operator performance
problems,'and the potential for human error.

The ISLOCA scenarios involved a leak from the high pressure RCS to the low pressure Residual
Heat Removal (RHR) System. A simpliGed diagram of the NPP systems including the RHR
system is pmsented in Figure 2; SpeciGeally two isolation valves that are normally closed were
failed open. This led to an increase in pressure in the RHR which resulted in a bmak approximately
three minutes into the event . Two versions of the ISLOCA event were rtm. In case 1 the break3

was in the RHR piping and led to reactor coolant Huid falling to the Door of the auxiliary building.
In case 2 the break was in a heat exchanger between the RHR and the Component Cooling Water
(CCW) System. This resulted in reactor coolant fluid leaking into the CCW system.

. On the surface the ISLOCA cases would seem to be straightforward to diagnose. There were clear
indications in the control room of overpressurization in the RHR system, and specific piacedures
for dealing with ISLOCA events. However, when human crews (NPP training instructors) were
run in the events using a full-scope simulator, they had difficulty diagnosing the event.

In spite of the availability of what would appear to be a clear leading indicator of a problem in the
RHR and the availability of proceduml guidance, the instructor crews failed to diagnose the leak
from the primary system into the RHR system until late in the event. In the Orst case the crew did
not identify the ISLOCA until 16 minutes in the event. In case 2, while the instructor crew
correctly diagnosed and responded to the repercussions of the ISLOCA, they never explicitly

- pursued the source of the coolant water in the RHR J hat is the ISLOCA. In contrast CESt
A

2In these incidents 232 plant parameters were used as input to CES. Values for these were input to
CES every 10 seconds.

'

3 He SNUPPS simulator does not fully mo&l the RHR system. As a result it was necessary to explicitly put a
break in the RHR system to simulate the type of break that would be expected from the increase in pressure in the
RHR sp tem caused by the ISLOCA. In the first case (bn'ak in pipink) the break size was approximately 2000
GPM. it started 200 seconds into the event and took 10 seconda to ramp to full site. In the second case (break in
CCW heat exchanger), the break size was approximately 180 GPM. It started 180 seconds into the event and ramped
to fu!! . size in 5 seconds. The size and timing of she breaks were determined by the simulator instructors who served
as advisors to the project based on their judgment of plausible consequences of ISLOCAS into the RHR.
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diagnosed the ISLOCA as soon as pressure symptoms in the RllR began to appear. It then .
projected potential future consequences of the ISLOCA and was quick to observe and explain plant .
symptoms that later appeared that were consistent with its expectations.

Contrasting the perfonnance of CES with the perfonnance of the instructor crews reveals a variety
of factors that limited the ability of the instructor crews to follow the same straight path as CES. It-

reveals several areas where human performance is vulnerable and points to a variety of ways to
impmve the person-machine system.

The cognitive demands of the incident will be highlighted by tracing the dynamic flow of events.
The firs *. symptom is a high pressure alarm in the RilR system which the mstructor crews as well
as CES noted in both cases. While this alarm suggests a problem in the RHR system,it is rapidly
followed by symptoms that suggest a primary system break inside containment. The pattern of
findings -- primary system level decreasing, primary system pressure decreasing, indication of -
radiation within containment are the classic signature of a primary system break into containment.
Note that this coalusion while consistent with a salient subset of the anomalies does not account
for the RHR symptoms. At the first evidence of primary system disturbance the attentional
resources of the mstructor crews appear to have been diverted away from the RIIR. From that.
point on, until more severe symptoms of the RHR break occuned, the instructor crews appeared to
" forget'' about the RHR problem. They neither tried to pursue the source of the RilR pressure-

buildup, nor tried to anticipate potential consequences of the RHR disturbance. Instead their main
attentional focus was on trying to diagnose and attempt to respond to the primary system -
symptoms.

In contrast CES doggedly pursued the RHR symptoms.The success of CES resulted n.ainly from>

three factors: (1) its ability to diagnose the RHR ISLOCA carly on -- the instructor crews attended
to RHR alarm but then didn't follow up once symptoms in containment arose; (2) its ability to

,

project potential consequences into the future that allowed it to absorb and connect seemingly _ ,

disparate findings and (3)its ability to notice anomalies as soon as they arose.
,

The failure of the instructor crews to pursue the RHR symptoms becomes more readily
understandable when one considers the dynamics of the event ar.d the operational context.
Because of the importance of maintaining primary system integrity, all the attentional resources of
the crew appear to have been absorbed by that problem. Funher, when radiation alanns inside i

containment occurred (because the pressurizer mlief tank ruptured due to inflow from the RilR
relief valve), the emergency operating procedures directed the crew to procedures for responding to
primary system break inside containment, thus further diverting the operator's attention away from
the RHR problem. In the particular procedures employed in these exercises, there was a specific
procedure for diagnosing and responding to ISLOCA events. However, once the crew is directed

L to the primary break inside containment procedure, there is no provision within the structure of the
i emergency operating procedures to redirect redirect them to the ISLOCA procedure. In order to get
! te the correct procedure, the crew must diagnose the situation on their own, recognize that there is
L a relevant procedure for this condition, and take the initiative to switch to that procedure. Static

analyses can casily underestimate the role of dynamic factors in human behavior. A cognitive
. simulation forces the analyst to think about the temporal evolution of the incident and the temporal
aspects of a crew's response.

'

,

| .

!

L . As the incident progresses additional symptoms appear that point to disturbances in other plant
systems. In the first case, when the RHR piping breaks, the reactor coolant water spills into the :

_

L
'

-auxiliary building resulting in an RHR Room Sump Level High alann and auxiliary building

i

..
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| radiation alanns, in the second case symptoms arrear in a :hird system - component cooling water
(CCW).

At this point the crews as well as CES have another cognitive task - how to put together tw o or
three subsets of findings: is there one underlying explanation for all of the subsets of findings or
are there sevend factors at work? This task is difficult because, w hile the source of the problems is
in the RilR system, symptoms are maniferted in multiplc systems that i re normally not connected.
As a result the crew needs to actively integrate seemingly independent problems to correctly assess
the situation.This requires knowledge of the physical connections among the systems and active
diagnostic effort that goes beyond the guidance provided in the pneedures. In panicular,
diagnosis requires activating knowledge about the points ofinterface among the pnmary system
(RCS), the RilR system, and the CCW system in order to put the various subsets of findings
together.

Both CES and the crews had to go through this teasoning task. CES, at its cunent stage of
development,is able to carry out the necessary infonuation pneessing and knowledge actis ation -

very quickly. The crew s, on the other hand, at first entertained the possibility of separate
independent failure 3. As the severity of the symptoms increased the instructor crews had to actively
pull back and attempt to resynthesize the pattern of symptoms. They took advantage of physical
schematics of the relevant systems as an ewmal knowledge base and a source of retrieval cues to
activate knowledge relevant to the problem at hand and as a visu# ''on aid to support reasoning
through the possible flow paths among the systems. There are v of ways that this diagnostic
cognitive task can break down and eventually we plan to be abh : CES as a toel to esplore the
consequences of these.

In spite of the fact that the two crews were made up of trainine ; wtors, w ho are proficient in
the plant ar i he use of the procedures, and who are highly fa" nar with the range of NPPt

accidents that are simulated on the plant simulator, the ISLOCAs were not diagnosed until f airly
late into the event - substantially after the pressun build up in the Rl!R led to a break. The crew H
case 1 did not attempt to check on the status of the RllR isolation valves until approsimately 16
minutes ina the event. The crew in the second ease did net check on the status of the valves during
the time period observed.

The diagnostic pn( - can affect the selection and execution of appropriate recowry actions. Esen
if operators correctly diagnose the incident, a delay in diagnosis can mean that w hat was at one

-

time an isolatable leak can no longer be isolated directly, or, in the case of an unisolatable leak,
action to conserve RWST coolant water and to perform a plant cooldown may not be taken soon
enough. As it happens,in the specific scenarios we ran, the leaks into the RilR were not
isolatable. The results suggest that, even in cases where th>; leaks into the RilR are isolatable,
realization of a need to check on the status of the isolition valves may not arise sufficiently soon to
prevent a break in the RilR.

Note that the human perfonnance data used in this mnalysis is limited on a variety of dimensions.
First the crews were made up of instructors rather than operators. Perhaps, more importantly, the
crews were made up of only two people, which meant that they had fewer attentional resources.
Normally an operator crew would include 3 to 5 people. Similarly, there are interpretative limits to
the behavior of CES on these incidents. The cm rent w orking version of CES does not capture the
cognitive demands associated with attentional control welb does not include all of the tasks and the
associated workload operator; must perfonn, and is more efficient at knowledge retrieval than
people observed. Together howeser the two sets of data provide a converging picture of the
cognitive demands and vulnerabilities for human performance in this class of meidents.

3t
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One of the clear strengths of CES is that it provides a tool for assessing the extent to w hich the
environment supports the diagnostic task confronted by the problem solver. The process of
building CES to successfully handle the accident situation provides insight into the NPP
knowledge an operator must have, and the esidence he must attend to and integrate, in order to
correctly diagnose and handle the incident ofinterest. In order for CES to correctly diagnose the
failure and subsequent break,it was necessary to encode in CES infonnation about the physical
interconnections among various plant systems, and about the disturbances that result from breaks
between these systems (i e., the equivalent of a mental model of the system and their
interconnections). It was also necessary to activate reasoning mechanisms that allowed CES to
pmject into the future disturbances that result fonn the break. This was critical to enable CES to
anticipate future disturbances and integrate seemingly independent symptoms into a coherent
picture (cf. Klein,1990 for evidence of the importance of mental 3imulations for future projections
in human diagnosis).

An implication of the CES exercise is that in order for people to correctly diagnose and handle the .

ISLOCA, they would need to access the same type of knowledge and utilize the same type oflogic.
Successful diagnosis requires accurate knowledge of the physical interconnections among the
systems and potential flow paths among nonnally separate systenis in order to account for the full
set of symptoms observed. In Rasmussen's tenninology, accurate diagnosis and response in this
incident requires knowledge-based behavior (Rasmussen,19SM Observation of the instructor
crews confinn this. The crews used the same knowledge and reasoning to solve the problem,
although it took them much longer to access the relesant knowledge and tonn the necessary
connections.

In summary, juxtaposition of the human perfonnance data and the CES perfonnance suggest that
successful diagnosis requires:

Knowledge of the physicalinterconnections among the relevant systems..

Active search for a common root cause to account for the seemingly independent*

symptoms.

Calling to mind the possibility of an ISLOCA,i.e., a primarv system leak to the RilR.*

Knowing that there is a procedure for diagnosing and managing an ISLOL A..

Actively shifting away from the LOCA procedure to the ISLOCA pneedure..

Conclusions From ISLOCA Exercises

The results of the ISLOCA exercises served to clarify the strengths and limitations of the current
version of CES. CES was shown to be a powerful tool for analyzing the problem-solving demands
of a situation. It can be used to uncover what knowledge an operator must possess, what plant
parameters he must monitor, and what evidence integration he must perform to successfully handle
the task. It can also provide a lower limit on how quickly a correct diagnosis can be made.

The ISLOCA exercises serve as a model of how a cognitive simulation such as CES can be used
to provide practical insight on human reliability issues of concern. CES. as a computer simulation,
provides a means of specifying objectively the NPP knowledge and cognitive activities rrquired to

-

M

. . .. .. . . .. A



. . - - - - _ - . - ., - - . - --.--.------.-.~e..

t

diagnose an incident of concem. - As such it provides an objective tool for enablishing the
generality of a human reliability analysis derived from limited observations o%uman crews.

.

A cognitive simulation such as CES provides a way to assess the cognitive demands of the
environment. A cognitive simulation can reveah

_

what knowledge an operator must possess to handle the event;.

what evidence must be observed and integrated;.

an absolute lower limit on how quickly a disturbance can be diagnosed (i.e., the time at.

which all the evidence required to diagnose the disturbance becomes available).

the kinds of diagnostic confusions and intention errors that can arise..

The current implementation of CES represents a working hypothesis of the set of competencies
mquired to adequately respond to the demands of the problem solving environment. When

- contrasted with empirical results of human crew perfonnance it provides a way to disentangle
performance limits that are due to inherent demands of the situanon from limitations due to
particular strategies or processing constraints. In turn the results of the analyses provide the basis
for further development of the simulation.

While CES was successful in revealing the knowledge and reasoning required to handle this class
ofincidents,it did not model the difficulty people had in accessing the relevant knowledge and-

- integrating the evidence. CES was able to detect disturbances sooner, and follow implications of -
: disturbances more thoroughly than the human crew could. This suggests a need to incorporate
: mechanisms in CES that more accurately simulate human processing limitations.

.

Current CES Project Activities

The NRC is currently sponsoring a follow-on research project. One goal of this project is to
identify and implement additional features in CES to better model human processing limitations.
A second goal is to convert CES to nm on a mon: widely available computer to improve its

. accessibility to potential NRC users.

- As part of this effort a peer review committee was convened to evaluate the current status of CES
and recommend future directions the project should take. The four member peer review committee
included experts in artificial intelligence, cognitive modeling, human reliability assessment ard
probabilistic risk assessment.

.

~ In general the peer review committee was positive about the achievements and contribution of the
current version of CES. They also pointed to a need for a number of additional enhancements to

- improve the ability of CES to capture the cognitive behavior and limitations of operators in NPP
emergency situations.

The Peer Review Panel helped define what psychotogical processing limitations and heuristics
would need to be incorporated in a comprehensive model of operator performance. Based on their

--input a subset of these processing constraints were selected to attempt to incorporate into CES-

l- during this phase of the project. The selection was strong y guided by joint consideration of(a)
what psychological constraints are most critical for modeling operator behavior in NPP-

-

.
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emergencies and (b) what psychological constraints could k most readity implemented within the
EAGOL framework,

Specifically, we am attempting to incorporate mechanisms that will allow CES perfomiance to be
more goal-driven. These changes are expected to make the behasior of CES more closely resemble
the procedure-constrained behavior of nuclear power plant operators.

We are also attempting to model human diagnostic limitations and biases more closely . One of the
characteristics of human diagnostic behavior is that people tend to call to mind and pursue only the
most familiar or "high frrquency" explanations for a given symptom. Reason (1990) has referred
to this s the " frequency-gambling" heuristic. Only w hen the "high frequency" explanations fail to
be confirmed, do people call to mind other,less familiar, potential explanations. As an esample,in
the ISLOCA event we ran with human crews, an ISLOCA was not imtially called to mind as a
possible explanation for the pressurizer relief tank and containment symptoms. In contrast to the
behavior of people,in the current version of CES, when a plant symptom is detected, all the
possible explanations for that symptom that are stored in the CES knowledge-base an retrieved in
diagnosing the problem. We intend to explore alternative computational mechanisms for capturing

'

the types of processing limitations and diagnostic heuristics exhibited by people.

.

As part of this phase of the program we also plan to collect additional data on operator crew
'

performance during simulated emergencies.The objective of the data collection effort is to obtain
empirical data on the performance of actual operators in simulated emergencies to be used in '

developing and testing the new psychological n'odeling features to be added to CES.

Plans are to replicate some of the events we ran with training instructors using actual operator j
= crews as part of training exercises at a utility training simulator. A utility has already agreed to '

participate and we expect to collect data in the Fall of 1991. TL. events to be nm were selected
because we believe they will be cognitively challenging to operators based on some preliminary
empirical data that we obtained using simulator training instructor crews. The operator crew data |
will allow us to assess how actual operator crews respond to the events. ' 4dition the ability to !

run the same event on multiple crews will allow us to observe and try to variability in i

performance among crews.

Finally we plan to transport the CES system to an NRC facility to make CES moie widely available
~

to potential users within the NRC and their contractors. This change entails two activities: (1)
converting CES code to allow it to run on a more widely available computer ; and (2) interfacing
CES to an NPP plant simulation that is available to the NRC. CES currently nms on a Symbolics
computer (a computer specialized for running Al programs) that is interfaced to a high-F%Iity plant
simulation located at the Westinghouse Energy Center .in Monroeville, PA,

- A myiew was conducted of the types of computers and NPP simulators available to the NRC, and
the requirements necessary to run CES. Ilased on this review it was recommended that a facility
for further development and exercise of CES be set up at the NRC Technical Training Center in
Chattanooga. It was further recommended that CES be converted to run on a Sun workstation and
be interfaced to the SNUPPS training simulator at Chattanooga "3 Current plans are to implemen,
these recommendations.

to The specific Sun workstation configuration recommended is a SUN SPARC2 wmkstation with 24 megabytes of,

RAM and a hard disk. j

i
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Summary and Conclusions

The ISLOCA exercises suggest how a cognitive simulation such as CES can be used to provide
practicalinsight on human reliability issues. A cognitive simulation can provide a tool for assessing
the extent to which the environment supports the diagnostic task confronted by the problem-solver.
As such it provides an objective tool for validating and generalizing the msults of small-scale
simulator observations of operator performance.

The excreise suggests that a cognitive simulation such as CES can provide a way to assess the
cognitive demands of the environment. A cognitive simulation can reveal:

what knowledge must be possessed to handle the event;*

_

what evidence must be observed and integrated;+

an absolute lower limit on how quickly a disturbance can be diagnosed (i.e., the time at.

which all the evidence required to diagnose the disturbance becomes available).

*
the kinds of diagnostic confusions and in'ention errors that can arise..

The exercises also served to highlight the importance of considering the dynamics of an event in
performing human reliability evaluations. What made the ISLOCA cases examined cognitively
challenging was the dynamic pacing of the events.The cognitive demands imposed by the dynamic
evolution of the event and consequent potential for error may not be easily revealed in a static walk-
through. This argues for the need to include dynamic simulations cf critical accident evolutions as
part of human reliability studies.

The value of a cognitive simulation is in helping to see the demands imposed by the problem-
situation independent of the strategies that people bring to bear. A key element of the analysis is to
compare the performance of the cognitive simulation with empirical data on human en w
perfomlance. It is the juxtaposition of data on human perfonnance (even if limited in scope) with
the performance of the cognitive simulation that allows the inherent demands of the cognitive -

environment to stand out.

While CES was successful in revealing the knowledge and reasoning required to handle this class
of incidents, it did not model the difficulty people had in accessir.g the relevant knowledge and
integrating the evidence. CES was able to detect disturbances sooner, and follow implications of
disturbances more thoroughly than the human crew could. This is because CES currently does
not model the attention and processing resource limits of people. We are currently attempting to
incorporate more psychologically plausible processing limitations into CES.

While there are clear attractions to the cognitive simulation strategy, there are also clear limitations
that are important to keep in mind especially because they mr julate how one should use the
technique. First, given the breadth of human cognitive ' co- that come into play in complex
applications (Woods and Roth,1986), the evolution of kn , - Je in the field of cognitive science,
and pragmatic factors in large software development projen , is very difficult to see a cognitive
simulation as a finished system. Rather, cognitive simulations are always in a state of evolution.
Second,it must be kept in mind that cognitive simulations are instantiations of concepts about
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human cognitive activities, not the conce its themselves. As a result. it is trtter to see cognitive
simulation as a tool for modeling rather t 1an as a strong model in itself.

The goals of the simulation enterprise are to learn from juxtaposin,t the behasior of the simulation
and the behavior of human crews. Ily examining the cimilarities and contrasts between simulation
behavior and crew behavior one can extract infonnation about enor, expenise and potential
impwvements to the person machine system. At the same time the resuits of the analyses can serve
to gt.ide the continuing evolution of the cognitive simulation to better capture both cognitive task
demande at human strategies for meeting those donands, in othm words, cogni,ive simulation
can be prc of the process of theory based empiricalinvestigatior, and data based theory building
Ot is the classic matel for a scientine growth.
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l ist of Figures

Fi ure 1. Major infonnation prxessing activities of CES. !F

Figure 2. Simplified Diagram of Nuclear Power I'lant Systems.
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if yM k. PCN MLB1ANCE INVESTIGATION PitOCESS (111'11')
'

.>' :rk Paradies & Linda Unger, System Improvements, Inc.

P.MMit wNo

The nuclear power industry ims gone through a transition from a period of plant
construction to a period of plant operations. Au the industry went through this
transition, the U.S. Nuclear llegulatory Conunission (NitC) has likewise changed
its regulatory emphasis. Today, with nuclear construction and licensing
complete, the NitC is focusing on safe operation and maintenance of nuclear
plants. This change in focus has caused the NltC's regulatory efforts to be less
oriented toward design basis studies and more oriented toward operating
experience and the human contribution to plant performance. Therefore, plant -

performance indicators and operational events now receive special attention.

As increased attention is paid to human performance, its contribution to plant
safety becomes more evident, in the NitC llegions, resident inspectors or other
regional personnel frequently review human performance when investigating the
causes of incidents and when assessing the adequacy of proposed corrective
actions to prevent the recurrence of incidents. Certainly if all NltC personnel
involved with the review of incidents and human performance could receive
weeks of training in incident investigation and human factors, the understanding
of the causes of these incidents would increase. This improved understanding
could lead to new ways to identify unsafe trends and improve plant safety.
Ilowever, this much training is a tremendous investment of one of the NitC's
scarcest resources - staff time.

Another option is the development of an investigation process to help field
personnel perform more insightful incident investigations without extensive
training. To be successful, this process would:

O Help investigators more accurately pinpoint the root causes of human
-

performance related incidents, thereby leading to a better understanding of
human performance problems.

O Ile easily understood by the user and require little initial training (perhaps
no more than one day).

O Ile easily understood by management.
O lle compatible with database applications for ease of trend analysis.
O Not require significantly more effort by investigators in the field.

Although these requirements are ambitious, they are the goals used in the
development of the lluman Performance Investigation Process (HPIP), an
investigation process being developed through the lluman Factors llranch, Ollice
of Nuclear Regulatory Research for use by U. S. Nuclear llegulatory Commission
personnel when investigating human performance related incidents at nuclear
power plants. This paper describes IIPIP's development, the 11 PIP process and
techniques, and the testing of the process currently being performed.

m
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DEVEIDPMENT EFFOl(T

in developing HPIP, a large portion of the etrort focured on ulentifymg tlw slo 7
special needs. In individual and groep interviews and live major meetituv with
NRC field and headquarter 3 perscanel, Ifet people helped ast ess user needs and
provide feedback. Three of these five meetings were held at renional headquarters
to provide field personnel the opportunity to nhape the procew Some 1"3 renional
personnel, 60 of whom were resident inspectorn participat ed m t here npint ed
sessions and provided excellent input to the development of the systein enteria,
the llPIP llow chart, and the investigation techniques

Much of the remaining effort was spent a <s e s s i n g and developing human
performance and root cause analysis techniques to be incorporated into HPlP
This work included conducting a computerized literature review, interviewing
human performance and root cause analysis experts, and attending meetings on
root cause analysis.

The results of this efn rt is a proces developed to meet the special needs of NitC
personnel, especially NitC resident inspectors. H PIP combmes current NitC
procedures and field practices, expert experionce, N R(' human pei tormance
research, and the best applicable investigation achnique: into a procedure with
stand-alone investigation modules for use by investigators in the tiehl The in;ent
of the system is to be intuitive, and easy to learn and use HPlP in designed to help
NRC personnel perform field mvestigations renulting in a better understanding of
human performance problems at nuclear power plants.

Now that the process has gone through the initial development phase, the next
step is to pilot test the system in the fiehl and get additional feedback from the
eventual users. Therefore, the testing includes trial use by trained field personnel
with some assistance by the development team. Feedback fmm this pilot testing
efTort and the resulting revisions will assure that tne imph mented version of
HPIP is readily accepted in the field.

When completed, HPIP will represent a step forward in provid;ng NRC
personnel, both in the field and at headquarter:, with the mtormation needed
(that is, the root causes of human performance problenua to better under3tand the
reasons for human performance difficulties. This understanding will be helpful
in evaluating the u:ilities' plans for improving performance and in setting the

| NRC's research and policy goals in the coming years.

INCIDENT INVESTIGATION PitOCESS AND TECIINIQUES

A flow chart of the investigation process was us(d to integrate the techniques into
| the investigation process Figure 1, the HPIP Flow Chart, outline, the basic

I process (to which there are many variations and nimplifications) that t"tC
Y
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"FIGUltE 1: NHC 11 PIP Flow Chart
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personnel in the field would use to investigate a fairly complicated incident. The
flow chart consists of three parts: (1) the NltC HPIP Flow (center column)
displays the steps used to investigate an incideat; (2) The Purpose (left column)
lists the purpose of ca:h major section of the process; (3) The Tools (right column) ,

lists the techniques used to perform each major section of the process. '

HPIP uses six techniques to help investigators decide where to spend their
investigative effort and to identify the incident's root cause(s). These techniques ,

are described in detail in NUltEG/Cil 5455, Development of the N1(C llunmn
Performance Investigation Process (HPIP)(to be published Inte in 1991). These
techniques are:

O Events and Causal Factors Charting - a technique that lays out the flow of -

an incident in a graphic format so that potential causal factors can be
identified for further investigation. The cart includes the sequence of
events that led to the incident and the potential reasons (causal factors) for
those events. The Events and Causal Factors Chart helps the investigator
identify holes or inconFiStenCieS in information about the incident. Using
charts during interviews can help focus the discussion on what really ,

happened. The charts also provide good visual displays for describir; an ;
incident to management. An example of an Events & Causal Factors Chart 1

is shown in Figure 2. i

0 SOllTM a simple paper-based expert system designed to lead the
!'vestigator to those human performance areas most likely to have
contributed to human error. SOllTM (Figure 3) provides questions similar
to those that an expert in human performance would consider during an
incident investigation. The answers to SOltTM's questions lead the
investigator to those human perforn s,ce areas most likely to have
contributed to human error during th ident. SOltTM therefore helps
the investigator allocate resources (time and people) to those areas where
the discovery of problems, and their correction, would decrease the
likelihood of the incident's recurrence.

O IIPIP Modules individual procedures for investigating common human
performance problems. One of these procedures was developed for each of
SORTM's six human performance areas: (1) procedures; (2) training; (3)
human engineering; (4) supervision; (5) communications; and (6)
organizational factors / management systems. Sections in the HPIP
Modules: help the investigator decide who should be interviewed and what
documentation should be collected; provide the investigator with lists of
reference material; and provide the investigator with questions to be asked

,

to find correctable root causes for the incident. Part of a module (a graphic ;

depiction of the potential root. causes covered in the Procedures Module and I
a sample of the Procedures Module questions)is shown igures 4 and 5.- ;

lO Barrier Analysis - a formal method ofidentifying the events that,if avoided,
would ' have prevented the - incident from occurring or would have |

significantly mitigated its consequences. The following questions should be
answered to complete a barrier analysis: (1) What physical boundaries,

256
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FIGURE 2: Events & Causal Factors Chart with a llroken Harrier

natural occurrences, human actions, and administrative controls are in
place as barriors to prevent this incident? (2) Where in the sequence of
events would these barriers prevent this incident? (3) Which barrier (s)
failed and allowed the incident to occur? (4) Which barriers succeeded and
kept the incident from becoming an accident? (5) Are there additional
physical boundaries, natural occurrences, hunian actians, and
administrative controis that would have prevented this incident if they had
been in place? Barriers and broken buriers can be illustrated by displaying
them on an Events and Causal Factors Chart. An example of a broken"

barrier is provided on the Events and Causal Factors Chart in Figure 2.'

O Change Analysis a technique to help analyze an incident in a system that
had previously been working properly, but that may have been negatively
impacted by a_ change _in the system or process. The focus of a Change
Analysis is identifying the differences between past cases where the tasks
were performed successfully and the current case where an incident
occurred. Changes that contributed to the incident may require corrective
action. Also the fact that changes were introduced that contributed to the
incident may prompt the investigator to review the change control process.
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PROCEDURE WRONG / INCOMPLETE

PROllt.EM
QUESTION iy ROOT CAUSE

(22) Was a typographical error in the yes irrong / Incomplcre
procedure responsible for the typo -..

event?
(23) Are tasks and action steps no irrong / In cornplcte

sequenced according to technical sequence wrong..

necessity and physical layout of
equipment involv ed'[

(24) Are the steps in the procedure no irrung / Incompletc
facts wrongfactually correct (for e x ample, ..

proper set points, valve numbers,
valve positions / settings, etc.)?_ __

25; Were instructions left out that yes irrong / Incomplete
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the procedure fail to address all situation not covered
situations that reasonably should
have been expected to occur
during completion of the
procedure? ,

FIGURE 5: Sample Proce lures Module Questions
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a Critical Ilumat Action Profile (Cil AP) - a technique based on task
analysis and used to identify the human actions most entical to the failure
of interest and to document the requirements that were necessary if these
actions were to be performed successfully. CllAP is usually performed in
the early stages of an investigation and the information provided is used
throughout the investigation. The process of developing a CH AP involves
three main steps: (1) Identify and record the human actions to be analyzed.
The investigator must use his or her judgment to decide if all the human
actions in the incident need to be recorded or just those in a particular part
of the investigation that is ofinterest (perhaps areas where potential causes
of the incident are suspected). (2) Decide which human actions, if they had
been performed correctly, could have prevented the incident from occurring
or could have significantly mitigated its consequences (these human
actions are then called Critical Iluman Actions). (3) Collect and record
information about the Critical lluman Actions (the Profile) including: Who
was to perform the action and with what? When was the action performed
and what was the cue to perform the action? Where was the action
performed and under what conditions?

Investigators will seldom, if ever, use all of these technique 3 during a single
incident investigation. At a minimum, however, Event s and Causal Factors
Charting, SORT 51, and one or more of the HPIP 51odules will he used to identify
the root causes of a human performance difliculty.

Once the root causes of an incident have been determhed, the investigator needs
to consider whether the cause is an isolated occurrence or the result of a
progranunatic weakness. For example, if a procedure is found to be diflicult to
use because it is written with more than one action per step (paragraph format),
other procedures may have similar weaknesses. This procedures problem may,
in turn, be the result af a programmatic problem: poor guidance and no training
for the procedure writers. This type of progranunatic cause is often uncovered by
the review of the plant's operating experience or by reviewing additional
procedures for similar problems. If similar problems are detected, the
investigator then needs to dig deeper to uncover the reasons for the programmatic
problems.

From the NRC's regulatory perspective, the results of an llPIP analysis (the
incidents root causes) can then be used to review the utility's corrective actions
(Did they address all the root causes?) and identify potential violations of rules and
regulations. If the incident huo been identified as being similar to past incidents:
why weren't the previous corrective actions effective; how are the corrective
actions currently proposed different from those proposed in the past; and are
additional barriers proposed?

m
-
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EVALUATION PItOCESS

As noted earlier, HPIP is currently being evaluated in the field. This evaluation
includes:

O lleview of the process by the NltC's llesearch Program lleview Group to
evaluate HPIP's readiness for testing and suggest testing criteria.

O lteview of the process at a usability workshop during which NRC personnel
suggested improvements to IIPIP.

o Independent evaluations of two llPIP training co u rs e s with
recommendations to improve the training's effecti"eness.

o Field testing of HPIP by 34 trained investigators.
o Firsthand observation by the development team of HPIP's use in the field.

_

o Assessment of the improvements in reports generated when using IIPIP.
O Independent human factors review of HPIP.
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ORGANIZATIONAL FACTORS INFLUENClHG
IMPROVEMENTS IN SAFETY

Dr. Alfred Marcus and Dr. Mary L. Nichols
Strategic Management Research Center

University of Minnesota

(With Dr. Jon Olson, Battelle; Dr. Richard Osborn, Wayne State University; and
Dr. James Thurber, American University)

ABSTRACT

Research reported here seeks to identify the key organizational
factors that influence safety-related performance indicators in
nuclear power plants over time. It builds upon organizational
factors identified in NUREG/CR-5437, and begins to develop a theory
of safety-related perfc mance and performance improvement based on
economic and behavioral theories of the firm. Central to the theory
are concepts of past performance, problem recognition, resource
availability, resource allocation, and business strategies that
focus attention. Variables which reflect those concepts are
combined in statistical models and tested for their ability to
exp;ain scrams, safety system actuations, significant events, safety
system failures, radiation exposure, and critical hours. Results
show the performance indicators differ with respect to the sets of
variables which serve as the best predictors of future performance,
and past performance is the most consistent predictor of future
performance.

1.O INTRODlicT10N

The Nuclear Regulatory Commission effort to develop leading indicators of
safety-related performance in nuclear power plants requires use of longitudinal
data and the analysis of relationships over time, in support of that need, this

-

research has dueloped theory, derived from two prominent streams of literature,
-concerning- exp. ted effects' of organizational factors on safety-related
-performance over time. Longitudinal data are employed to test the theoretical
ideas.

The fact that' conditions in an industry are continually changing causes
- some to view historical data and longitudinal analyses with skepticism. However,

if leading indicators or historical trends are to provide valid regulatory tools,
they must be interpreted within the context of an explanatory theory of
relationships that is robust over time. This explanatory theory and not the
specific relationships discovered in a single time period are what is important.
Longitudinal analyses are required to test the -adequacy of the explanatory

-

theory. Thus, this research has sought to develop and test a robust' theory to
meet the NRC needs. It is this theory that can be most useful to the NRC in

y-



-- - - - --- =.-- - - . - - - - - -

!

pinpointing factors that have to be examined in more detail for their impact on
the performance of nuclear power plants,

in NUREG/CR-5437 conceptualizations of safety from the perspectives of
industry, academe, and the NRC are reviewed, and the use of NRC per'ormance
indicators for research purones is supported as follows (NUREG/CR-5437, p.86):

"In NRC's charter, safety is defined as the requirement to protect the
; public health, prevent accidents, and in case of accidents to minimize the

consequences. Ultimate and final indications of lack of safety would be
,

j serious accidents, significant overexposure, and massive releases of
'

radioactivity. So called penultimate safety measures are concerned with
conditions that would dramatically increase the likelihood of direct
safety effects- substantial degradation of plant safety systems or i

excessive challenges to these systems, and exposures or releases that
approach or exceed regulatory limits....In October 1986, based on the work
done by the Interoffice Task Group (1986), NRC selected a group of safety

'
indicators that had such -desirabie features as nonsusceptibility to
manipulation and comparability between licensees...The logic mod 6 NRC
used in developing these indicators...is concerned with low frequency of
transients, high availability of safety systems, inherent design features,
and low potential for cognitive errors."

The indicators the NRC selected for tracking include scrams, safety system
actuations, significant events, safety system failures, and radiation exposure.
As shown in NUREG/CR-5437, these indicators are the same or consistent with ,

safety related indicators suggested by INP0 and previous academic research.
Because of the properties they possess, the extent to which they are supported
by theory and practice, and the availability of consistent, longitudinal data,
these NRC performance indicators are used in large part in the empirical studies
in this research.

2.0 ECONOMIC AND BEHAVIORAL PERSPECTIVES ON NUCLEAR POWER PLANT PERFORMANCE
'

in NUREG/CR 5437, a framework was proposed which links organization factors
and nuclear power plant performance. The framework was devdoped by surveying -

and merging perspectives from industry, academe, and the NRC. Preliminary and
limited tests of the model showed that it is a promising foundation for studying
the role of organization factors in nuclear power plant performance.

The framework (NUREG/CR-5437) portrays.: and the limited empirical testiny
confirmed, that nuclear power plants are complex entities affected by forces botn

, inside and outside plant management's control that develop and exert an influence
L over time. The organizational factors presented in the framework point toward
L factors to look at, but they do not in themselves reveal how they may combine to
L create forces that influence nuclear power plant performance, nor do they tell '

how the- forces work to: influence performance. That is the task of theory
-

development in the present research effort. *

The goal of developing theory is to provide understanding of how the forces
that influence performance work, and through that understanding to gain useful
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knowledge which can be applied by regulators, corporate-level utility executivr
and plant management personnel. Since nuclear power plants are complex systems,
insights into how to manipulate single organizational f at. tors may only be
partially useful, in the long term, to regulators or managers. Therefore, the

aim of this section is to develop a well-grounded theory of how known
organizational factors may combine to influence safety perf ormance and safety
improvement in nuclear power plants.

Two well-established bodies of theory about firn behavior - economic and
behavioral theories of the firm - are drawn upon to create a theory of how
organizational factors combine to influence safety-related performance in nuclear
power plants. Both economic and behavioral theory of the firm are general
theories of organizations. Both have proved extraordinarily useful. However,
they were not developed with nuclear power plantr in mind. In this section the
general theories are drawn upon and applied to nuclear power plants and in some
instances to the utility level of analysis.

In economic theory (panzar and Savage, 1989), safety is determined by:
*the ability of a producer ig_alfgni safety since safetyf
is both desirable and costly;

*goverriment rygglltion to account for a lack of safety
incentives because of market defects such as imperfect
information and limited liability; and

* firm produd.on dE hions such as allocating resources
to dif ferent categories of fixed and variable costs
(e.g. plant investment versus supervision and
engineering costs).

The type of Ltdmglqqy and the producer's cumulative exprienc.e with that
technology also have an impact.

The body of theory known as "the behavioral theory of the firm," suggests
that additional factors may affect safety including:

*the organization's pts] rout ine_s which reflect its
accumulated skills and standard operating procedure?.;
and

*its strateg'c choices.

Routines have a central place in the behavioral theory of the firm. The largest
portion of organizational activity is determined by them (March and Simon,1958;
Cyert and March, 1963; d Nelson and Winter, 1982). Organizations respond
habitually to common umstances according to routines which unfold
automatically at an iner .evel based on i ell-learned " scripts" (Weick,1987;
Leibenstein,1976; Langer,1978). The routines focus the organization's attention
and allow it to operate in ways which have been learned from the past to be
successful, given the goals. Limits on the ability to process information and
solve problems afresh for each problem that arises make it impossible for

w,
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organizations to function without them. On the other hand, the routines maintain
current behavior, whether it is functirnal or not, and make change difficult to1

| accomplish (Bromiley and Marcus, 1987). Thus, the organization's strategy
choices are important since they channel attention to certain categories of,

activities within a constellation of competing claims for attention and may
divert attention from other activities.

Integrating these two perspectives, the basic premise of a theory of
safety-related performance and change in performance at nuclear power plants is
that inertia prevails (past performance determines future performance) unless the
organization focuses its attention on -its problems , lhe problems must be
identified (here the role of the regulatory agency can be important). The
organization must have the resources to address its problems (here the concept
of being able to afford safety is important); and it must appropriately apply
these resources toward resolving its problems (here the resource allocation and
the strategic decisions -it makes are important). Its experience and the
production technology it uses set limits on the improvements it can make (figure
1. (For a full exposition of the theory, see NUREG/CR 5705, forthcoming.)

The theory which links the concepts in the model to improvement in
performance is a theory of organizational learning in which problems are

. recognized via such means as comparisons with past performance, internal
surveillance, SALP score evaluations, end violations. The utility has-to have
the resources to formulate solutions to the problems, and these resources have

|
to be applied to implement the solutions. The problems are diagnosed based on
the utility's capacity to focus attention on its nuclear power operations. If,

its attention is distracted by other priorities dictated by its business
strategies, it is likely to be less successful in its problem-solving abilities.

: i

| 2.1 Problem Recognition

| The behavioral theory suggests that innovations and deviations from
routines that upset an organization's equilibrium are relatively rare. The |

'

| starting point for change is problem recognition. Bhopal, Challenger, 1MI, and
l the Valdez oil spill all were preceded by warnings that something was wrong, but

adequate steps were not taken to change the situation.

PROPOSITION 1:- The level of safety is af fected
|by the organization's ability

-to detect problems. |
Detection errors arise because the noise to signal ratio is too high. Irrelevant
infor,1ation exists that obscures from attention what may be relevant to safety.
Correctly noticing, in_terpreting, and incorporating stimuli are necessary for
effective problem identification. Managers, however, may ignore or overlook-
undesirable events that have taken place; or they may assume that appropriate

| events have happened, _ even_ if they did not occur. Managers ignore overly
,

discrepant _ information and fail to recognize information that is~ highly
-

surprising (Kiesler and Sproull,1982). Problem solving requires an awareness of
problems that have to be solved, but key problems may 90 unnoticed wh4 m managert,

L - pay attention to peripheral and unimportant ones.

,
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figure 1

A Model of leprovement
Combining Economic and Behavioral Elements

. _ _ ,

PAST PERf0RMANCE
_

IDENTIFICATION Of PROBLEMS s

N
Rh0VRCEAVAILABil:TY '~ '

pp
. PERFORMANCE

RESCURCE APFLICATI0il
,

' TRATEGIC CHOICES /'i
! /

-

-. ,/
| EXPERIENCE [ PRODUCTION

TECHNOLOGY
_ _ _ _

w

I

~ |

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



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

I

1

!

l

Some organfrations are likely to view prublem recognition as first steps
]to improvement, others as an impediment to normal busir>ess operations. The more ,

openness there is to problems, the more likely it is that improvement can take ;
place in ar cyon, continuous, and progressive rather than in sudden, traumatic,
and destabilizing fashion. '

The NRC rcle in the nuclear industry is to make sure that this process of
regular problem recognition occurs, it holds the plants to a philosophy of )
defense-ic-depth, compellin0 tMm to adhere to a host of primary, secondary, and ;

tertiary systems te control the reactor and prevent radiation (Osborn and 1

Jackson,1988). The philosophy of defense in-depth commits the plants to multiple
backups for important techalcal systems. To minimize the consequences of human i
error, it means that safety systems are automatically triggered if key equipment '

'

malfunctions. The NRC inspects plants to assure that they are complying with this
philosophy and it does periodic on-site assessment. For failure to comply, plants

,

can be cited for major and minor violations and deviations which are recorded and'
'

become part of their pemannnt record. The major violations, which occur at
infrequent rates, can be major jolts to the system.

2.2 Resource Availability

The organizatiun notices discrepant events signaling danger through
internal efforts and those of outside regulators. When it becomes aware that
problems exist, it requires resources to do something about them. To solve
problems, the utility mitt have adequate resources to apply to the problem and
implement solutions. Both the behavioral and economic perspectives stress the
financial costs of safety. Neither accepts the idea that safety can be guaranteed
by the intervention of outside regulators alone. The utility has to do something
to enhance safety.

FR0 POSITION 2: The level of safety is affected
by the resources available for
safety enhancing activities.

' Considerable discretionary resources have to be invested in problem
diagnosis and prevention activities. Systems have to be in place for classifying
problems, tracking them, and doing causal analysis as to what prior conditions
and actions produced the problems. Analysis of consequences is needed to -

ascertain the importance of problem. These processes are not possible if there
is inadcquately trained or inexperienced engineering support on-site or at
corporate headquarters, if there is a lack of training in root cause or human
error analysis, and if there is a lack of data on equipment history. '

L Discretionary resources may be needed so that engineers have the
| possibility of becoming senior reactor operators, and so managers and supervisors

,

can gain on-site experience by involvement in job rotation (01 son and Thurber,
-1991). These programs- are costly. There has to be a high level of support- for'

| them. : Training with- simulators is needed - for reacting- to and -understanding
unexpected sequences of events. To support these and other types of problem
diagnosis and prevention activities, the utility must have a strong record of
prior earnings growth (Osborn and Jackson, 1988). The plant needs resources to

L

l

L
|

|
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:

comply with NRC requirements, to acquire new and more rophisticated equipment,;

to carry out new and sophisticated training, to finance additional engineering
support and safety review groups, and to achieve the defense-in-depth safety
philosophy NRC requires.

'

The type of " gold plating" that is necessary is very expensive, and
therefore only utilities with high earnings growth should be able to af ford it.
If they run safe plants then there will be a positive feedback on their earnings:
they will not have to purchase power from other utilities if there are fewer ;

safety mishaps and they are not shutdown as much.

2.3 Resource Application

l{aving the resources is not enough. The resources have to be applied so
that specific group; in the utility are aware that there are problems. They have
to dh; cover the sc9rces of error and create strategies to correct them. To the
extent that utilitics %eit retourr.es to groups capable of identifying problems
arid devising solutions, iboy are likely to be safer.

;

PROPOSITION 3: The level of safety b ;ffected
by resources that have been
committed to groups with strong
problem solving capabilities.

The two key _ groups at the power plant are operations and maintenance.
- Operations units are of ten heavily staffed with people with nuclear Navy
backgrounds, maintenance units with people with craf t and trade union (machinists
and electricians) backgrounds. A third group is the engineers. Among these three
groups there are likely to be differences in education, status, skills, modes of
work,_and_ motivation. Resource allocation plays an important role in nuclear
power plant safety by distributing resources across these key problem solving
groups. Resource allocation influences the distribution of power and the
practical reality of how many people of what type are available to prutlem solve.

2.4 Focusing Attention

The behavioral approach emphasizes that well defined routines structure a
large part of the organization's behavior. Nelson and Winter (1982) place in the
category of an organization's rules the strategies it adopts. These strategies
focus its attention. They structure both consciously and unconsciously its
actions by (March and Olsen, 1976). Since many demands are made on the
organization and i t cannot pay attention to them all, the organization's
strategies ti ansfer demands among possible sets of active, inactive, and-

unconsidered activities (Cvert and March, 1963).

PROPOSITION 4: The level of safety is affected
by the organization's

'

attention-focusing strategies.
.

%
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| 2.5 Technological Experience

Economic theory suggests the importance of the relationship between
'xperience and safety. Classic studies in manufacturing show that as production
experience grows, learning inct eases and organizational performance improves.
Producer skills rise with the accumulated knowledge about the physical equipment
and the materials used in production. Productivity grows continuously with
experience because of increasing organizational knowledge about the technology
(Dutton et. al . ,1984) .

Many of the initial studies of learning in manufacturing were carried out
in the American aviation industry where unit costs declined rapidly with
cumulative output. Greenberg (1969) extended this type of analysis to safet)
contending that as organizations matured they wouTd have fewer accidents.
Prolonged experience with the hardware reveals information about performance and
operating characteristics (See Rosenberg,1982) that in turn should lead to new
practices that increase safety.

PROPOSITION 5: The level of safety i , affected
by production experience with a
technology.

2.6 The Past As Determinant of Current Behavior

The behavioral theory of the firm predicts that organizational performance
in a particular time period is likely to be influenced by performance in the past
time period. As Nelson and Winter (1982; p. 10) state, "the regularities
ob:ervable in present reality are. . .the result (of) understandable dynamic
processes.. produced from known... conditions in the past." Since the conditions
of an industry in a prior period bear the seeds of what it is going to do in the
next period (p.19), oy considering what an orgarization has done in the past it
is possible to sharpen predictions about what it is to do in the future (p. 89).

Furthermore, the rules which establish an organization's p edictable -

behavior cover a vast array of activity, lhe predictable behavior patterns and
routines that guide behavior range from the well-specified technical routines
that enable production to take place, to the organization's schedules, plans,
and precedents. They also involve the policies the organization has regarding
investment, research and development, and marketing.

PROPOSITION 6: The current level of safety is
influenced by the
organization's past ,afety

performance.

3.0 EMPIRICAL STUDIES OF PERf0RMANCE INDICATORS (INCLUDES CRITICAL HOURS)

Drawing on perspectives from economic and behavioral theories of the firm,
our combined model stresses the following concepts: past performance, problem
recognition, resource availability, resource application, and business strategy.
The objective of this section is to test these oncepts with a systematic

.
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analysis of the safety and reliability related performance of nuclear power
plants including the improvement and degradation in their performance over time. ,

five performance indicators as well as critical hours are examined to assess
'

their relationship to the explanatory concepts in the model. Since most of ;

these safety indicators are event count data, a Poisson regression model has been
used when appropriate.

Event count models are appropriate for understanding some of the NRC |

performance indicators. The Poisson distribution is useful in describing the
number of events that will occur in a specific time period. The Poisson shows
the probability of an event occurring in a given unit of time or the mean or
expected number of- events per unit. Other examples for which the Poisson
provides a good model (McClave and Benson, 1985) are: the number of industrial
accidents in a given period of time observed by a plant supervisor; the number
of noticeable defects found by quality inspectors; the number of errors per time
period that employees make in an industrial plant; and the number of breakdowns
of soutpment or machinery per period in the plant.

Typically, event count models like these are not normally distributed, and
the values of the variables are ouito low (as is the case with NRC performance
indicators). -Research involving event (nunt models suggests that these models
typically follow a~ Poisson distribution. *

Poisson models have the advantage of providing a better fit for event count
-data because a Poisson distribution is constrained to only positive values,
unlike a linear model in which variables may take on positive or negative values, ,

And unlike logit models, Poisson models do not limit the positive values to be
between zero and one. The NRC performance indicators that have been used are >

always positive, therefore, using least squares estimation would lead to. biased
estimates of pa rameters. Least squares analyses of event counts are
inappropriate because they can produce i.hese biased and inconsistent estimates,

(King,1988). The method of least squares with its assumption of linearity does
not constrain the expected value of the dependent variable to be non negative and
thus can produce implausible predicted values.

Because even't count models and Poisson estimation provide a more plautible [
representation of event data, they have been used to investigate the performance
of nuclear power plants for four performance indicators: -Scrams, Safety System
Actuations, Safety System failures, and Significant Events. Because radiation
exposure and critical hours are measured by the amount per year, an event count
model is not appropriate. Therefnre, analysis of these dependent variables was
conducted with ordinary least squares. 4

This section develops appropriate statistical models for the four safety-
related performance indicators which use discrete non-negative integers that
measure the number of times an event occurs in a fixed time, as well as
traditional least squares regression models for the two indicators whid are
continuous variables. In this case, data from a period of two years, ;987
through 1988, have been used as the dependent variable.

.
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3.1 Dependent Variables

The dependent variables in these analyses consist of the five NRC
performance indicators and critical hours. A detailed definition of each
performance indicator as described in NUREG/CR 5137 is as follows:

VMla.Anf.iAttistm<11ic 5gr3m
An unplanned automatic scram (scram) occurs as an actuation of the reactor
protection system that results in a scram signal at any time when the unit
is critical. The scram signal may result from exceeding a set point or may
be spurious. Scrams planned as a part of special evolutions or tests and
manual scrams are not counted by this indicator. The number of scrams
while critical is closely related to .ii t saftty. S l eici> utipl anned
automatic scrams are initiated to prevent the reactor from exceeding the
safety limits and system safety settings, scrams usually indicate that
so;nething is wrong that could place the plant in a less safe condition, in
addition, due to the f act that every scram challenges the safety systems
and accumulates transient age on plant equipment, the absence of scrams is
an indicator of good performance.

S a fet y Sy s t.gm Acha_t ign
Safety system actuation (SSA) occurs when a set point for the system is
reached or when a spurious / inadvertent signal is generated and major
equipment is actuated. The equipment that is considered in the actuation
is the emergency core cooling system and AC emergency power. Any unplanned
actuation of a safety system indicates a set poin* or limit established
for safety has been reached. The systems have been selected because their
actuation is considered to be a direct indication of a significant off-
normal plant condition.

SafttLjystem f ailt[G
A saf ety system failure (SSF) occurs when the system is unable to perform
its intended function during the time that the reactor is in an operating
mode that would normally require the availability of the safety system. _

Una:ailability is caused by component f ailure or removal of components
from service for corrective or preventive maintenance when the tafety
system is required to be available. System unavailability is calculated
from component unavailable hours, using a model of the selected tystem.
Therefore, it reflects not only the time the complete system is actually
unavailable, but also includes a contribution due to partial system
unavailability. In PWRs, emergency AC power, the high pressure safety
injection system, and the auxiliary feedwater system are monitored, in
BWRs, the systems monitored are emergency AC power, high pressure coolant
injection or high pressure core spray syttem, and the reactor core
isolation cooling or isolation condenser system.

SlgtLf_icant Frents
As defined in NRC's AE00 annual report, 1988, "Significant events are
those operational events reported to the NRC that the NRC staf f identifies
through detailed screening and evaluation as meeting cortain selection
criteria enumerated in this paragraph. The screening process includes a

m
=
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daily review and discussion of )lected operating reactor events.
Significant events normally involve one or more of the following selection
criteria: (1) the degradation of important safety equipment; (2) .an

'

unexpected plant response to a transient or a major transient itself; (3)
a degradation of fuel integrity, primary coolant pressure boundary, or t

important associated structures; (4) a reactor trip with complications;
(5) an unplanned release of radioactivity exceeding plant Technical ,

.'

Specifications (TS) or other regulations; (6) operation outside the limits
of 1S; and (7) other events that are considered significant."

J

Collertive Radiati90_ Lxposure
iThis is a measure of the average collective radiation exposure to utility

employees, contractors and visitors by unit. This indicator is an
indirect measure of plant safety since plant s with low collective
radiation exposure are generally regarded as being well managed in the
control-of plant contamin'ation and efficient in the administration of the
ALARA (maintaining radiation exposures as low as reasonably achievable)

L program.

All -performance indicators are totals for 1987 and 1988, thus they are
represented, respectively, as TSM78, ISA78, TSf78, TSE78, and RAD 78.

In_ addition, a measure of plant efficiency, critical hours, was included
in the analysis to compare the results from the safety variables with
efficiency. Critical hours (CRT) is the number of hours operating during a
given year. In this analysis, the total critical hours for 1987 and 1988 were used. ,

3.2 Independent Variables

The independent variables used in these analyses are specified below: ;

D st Performance: For each model where past performance is used in
an equation to explain improvement or dcgradation, it is represented
as follows:

in models in which TSM78 is the dependent-variable, one
of the independent variables is TSM56 (scrams in 1985-
86);

in models in whic_h TSA78 is the dependent variable, one
of the independent variables is TSA56- (safety system
actuations in 1985-86);

in models in which TSE78 is the dependent variable, one
of the independent variables is TSE56 (significant
events in 1985-86);

' n models in which TSF78 is the dependent variable, onei
of 'the -independent variables is TSF56 (safety system
failures in 1985-86);

~
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in models in which RAD 78 is the dependent var lable. nne
of the independent variables is RAD 56 (radiation in
1985-86);

in modelt in which CRT78 is the depent'ent variable, one
of the independent variables is CR156 (critical hours in
1985-86).

Problem Identificatio. For all models, NRC problem identification
is represented by:

number of major violations in 1985 (NOMAJV85); and

1985 SALP scores (SALP).

The SALP scores (Systematic Assessment of 1,1censee Performance) are
NRC evaluations of licensee performance in 1985, which are the st.m
of the total of operations, maintenance, surveillance and quality
program scores, (each with a value of from 1 to 3, where 1 is
excellent, and 3 is poor).

Resource Availability: Utility financial performance is represented
in different models by:

return on assets in 1985 (ROA85)

debt to equity ratio in 1985 (DE85):

return on investors capital in 1985 and 1986 (R01);

and operating efficiency in 1985 and 1986 (OPEf t ), which
is the earnings before taxes as a percentage of total
assets

_

Resource Aonlication: Utility application of resources is
represented by:

a fixed cost component, 1985-86 plant costs per megawatt
capacity (PLANT 2); and

two variable cost components --

1985-86 operations supervision and
engineering expenses per megawatt capacity
(SEOP) and

1985 86 maintenance supervision and
engineering expenses per megawatt capacity
(SEMT); or

274
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|
t
'RSEOP, the eatio of operations supervision and

engineering scending over total supervision and '

,

engineering (including maintenance) in 1985 and
1986 (RSEOP).

The final variable measures the amount of total supervision and-

engineering spending dedicated to operations. The higher the ratio for
RSEOP, the greater emphasis management is placing on operations j

supervision and engineering as opposed to maintenance. This variable
? simplifies the analysis as it captures in a single dimension both SEOP and |

SEMT. It therefore permits a more careful assessment of the trade-off
.between spending on these two items. .

Pl arit. Experience: For all the models, plant experience is. !

irepresented by:

historic production'as of 1985 (E2X).. -

Historic production is - defined as reactor age x its size in
megawatts x its historic capacity factor as of 1985.

Technology: for all models, a control variable is introduced for:
-

,

type of reactor (TYPE).

- A dummy variable is used with 0 representing pressurized water
reactor and I representing boiling water reactor.

Eniness Straicales: Utility business strategies are represented in
different models as.follows: ;

focus Diversification - Equity in Earnings of Subsidiary ,

Companies / Net Generation Revenues 1984-86 (DIVER);

Focus Transmission & Distribution - Transmission and
Distribution Plant Costs / Nuclear Power Plant Costs 1984-
86 (TO);

#

Otherfocus -Alternative Power Generation =

Generation / Total Generation 1984-86 (OTHER); and *

focus Power Production. - Dollars from sales for
Resale / Net Generation Revenues 1984-86 (PROD).

In some.models a focus on the continued construction of generating
capacity replaces the focus on production.

Focus-On Continued Construction - Electric Construction
Work in| Progress 1984-86.(ecwp).

27b
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for all of the independent variables, lagged values have been used. A

correlation analysis of concurrent years of tha independent and dependent
variables reveals weak contemporaneous ef fects. M, ver, our explanatory models
assume a time-lag. for an independent variable to affect a dependent variable,
it must occur prior to the occurrence of the dependent variat.le, if independent
and dependent variables are concurrent, it is not possible to know which set of
variables causes the other. Lagged values therefore are presented here.

3.3 Plant Population

The analysis was conducted on 58 of the 100 privately-owned U.S. nuclear
power plants. Due to the theory being tested, only privately owned plants where
financial data on the parent utility is available can be used. The number of
plants was reduced due to missing data, if a plant was missing data for any of
the dependent or independent variables in the model, standard convention was -

followed and the plant was dropped f rom the analysis. Closer study of the
distribution of the plants sbws that it is quite representative with mwt plants
coming from the northeast, sou''.sast and the midwest, where most plants actually
are located. There are fewer plants from the west and south as would be
expected. There are 38 plant 3 with pressurized water reactors and 20 plants with
boiling water reactors, which is also similar to the acical distribution.

Nuclear Power Plants included {n the study
......... ................. m ............essessessessesessanne.
NRC Region Reactor type Plant Name

.-- .. -- . ---... .-- ........ ... ...... . . . . . . - . . . - . -

North East 1 1 BWR OYSTER CREEK
North East 1 1 BWR NINE MILE PT. 1
North East 1 0 PWR INDIAN POINT 2
North East 1 0 PWR SALEh 1
North East 1 1 BWR PEACH BOTTOM 2
North East 1 1 BWR PEACH BOTTOM 3
North East 1 0 PWR THREE Mile IS. I

q North East 1 1 BWR PILGRlM
North East 1 0 PWR SALEM 2
North East 1 1 BWR SUSQUEHANNA 1
North East 1 1 BWR SUSQUEHANNA 2
South East 2 0 PWR TURKEY POINT 3
South East 2 0 PWR TURKEY POINT 4
South Ea'st 2 0 PWR ROBINSON 2
South East 2 0 PWR OCONEE 1

s South East 2 0 PWR OCONEE 2
South East 2 0 PWR SURRY l
South East 2 0 PWR SURRY 2
South East 2 0 PWR OCONEE 3
South East 2 1 BWR HATCH 1
South East 2 1 BWR BRUNSWICK 2
Soutn East 2 1 3WR BRUNSWICK 1
South East 2 0 PWR ST. LUCIE 1
South East 2 0 PWR NORTH ANNA 1
South East 2 0 PWR NORTH ANNA 2

,

I
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South East 2 0 PWR FARLEY l
South East 2 0 PWR FARLEY 2
South East 2 1 BWR HATCH 2
South East 2 0 PWR MCGUIRE 1
South East 2 0 PWR MCGUIRE 2
South East 2 0 PWR ST. LUCIE 2
South East 2 0 PWR SUMMER
Midwest 3 1 BWR BIG ROCK POINT
Midwest 3 1 BWR DRESCEN 2
Midwest 3 1 BWR DRESDEN 3
Midwest 3 1 BWR QUAD CITIES 1
Midwest 3 0 PWR PALISADES
Midwest 3 1 BWR PONTICELLO
Midwest 3 1 BWR QUAD CITIES 2
Midwest 3 0 PWR PRAIRIE ISLAND 1 -

Midwest 3 0 PWR ZION 1
Midwest 3 0 PWR ZION 2
Midwest 3 0 PWR KEWAUNEE
Midwest 3 0 PWR PRAIRIE ISLAND 2
Midwest 3 0 PWR COOK 1
Midwest 3 0 PWR COOK 2
Midwest 3 1 BWR DUANE ARNOLD
Midwest 3 1 BWR LASALL E 1

'

Midwest 3 1 BWR LASALLE 2
Midwest 3 0 PWR CALLAWAY
South 4 0 PWR ARKANSAS 1
South 4 0 PWR ARKANSAS 2
South 4 0 PWR BYRON 1
South 4 0 PWR WOLF CREEK
West 5 0 PWR SAN ON0FRE 1
West 5 0 PWR DIABLO CANYON 1
West 5 0 PWR TROJAN
West 5 0 PWR SAN ONOFRE 2
-________________________________________________._______________ -

Region total Reactor type total
North East - 11 South = t. PWR - 38
Souti East - 21 West -4 BWR = 20
Mid+ st - 18
mensmessassessessemasemanesessammessssssssssssssssssssssssssssses

3.4 Results

The results of the analyses are presented in this section. The purpose of
the analyses is to test the concepts set forth in the combir,ed theory described
in Section 2. Five points should be made at the outset so that the results are
somewhat easier to understand:

(1) What is being tested are full statistical models, that is, statistical
modls containing variables representing each of the different concepts thought
to influence the performance indicators and critical hours. The theory states
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'

that variables work together to influence performance, and thus they are tested
in combination rather than individually. In testing a full model, the assumption
is that-an independent variable influences a dependent variable in the presence
of, or controlling for, the other independent variables.

(2) The empirical work is-an attempt to test the theory and the concepts
and not the specific variables. In fact, the analyses are sometimes deliberately
run with <iifferent variables representing the various concepts in an effort to'

cross-validate the model and explore the robustness of it.

(3) The models are tested with regard to their ability to explain
performance in a given time period, as well as their ability to explain
improvement or decline (change) in performance, in tests where explanation of
change in performance is sought, this is accomplished by controlling for past
performance, so the actual dependent variable becomes the change in performance-
from one time period to the next.

(4) These are statistical models and therefore, the results when
significant indicate that the greater the amount of an independent variable in
a time -period, the greater the amount of the dependent variable. With the
theory, they have explanatory power, but they are not deterministic models in the
sense that every time the independent variable exceeds a certain threshold, the
dependent variable has to occur. Rather, in aggregate in the entire population,
there is a strong tendency for the independent and dependent variables to De

-

related. The best analogy is epidemiology, where the presence of a disease is
found to a greater extent in a population, not microbiology, where the presence
of a virus, holding everything else constant, alway 1 causes the disease.

(5) For the Poisson regressions the overall fit is evaluated using a chi-
square test of the significance of the log-likelihood ratit in all the results
presented, the p-values are approximately zero. This implies that the full models
(Ha: not all e-0) are significantly better than the null models (Ho: all s 0) for

,

all four safety in .cators tested using Poisson regression. This test is !

similar to a test of the overall fit conducted in linear regression. In ordinary
least squares regression, an F-test of the null hypothesis is condacted.4

,

|

The purpose of the analyses in this section is to construct refined
statistical models of the performance indicators and critical hours for purposes
of prediction. Wnat is presented represents-an attempt to construct the best i

statistical models -possible for each performance indicator using var ables |
derived from the theory. Determination of what appear to be the "best" models
to date, given_the theory, is based on these criteria: (1)theyprovidethebest
fit te the data (or explain the most variance in the data); (2) where alternative
varialnes- are available, they employ variables with the most face validity,
making them n9re interpretable; and (3) where possible they employ variables that
are less prone to accounting manipulation in financial reports than comparable
variables may be.

The results of the analyses are in Tables 1-2. The goal is to develop
the best models possible for each of the variables, in light of the current
theory and available data. In the discussion, the ' interpretation will focus on
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l what explains improvement in performance (i.e. positive change instead of
negative change). The interpretation can be readily reve' sed to explain
degradation.

Scram Model:

The fewer scrams a plant has in the past, the fewer it is likely to have
in the future; the more production expe"ience it has, the fewer likely scrams it
will have. Each of these predictors are significant at p< .05. Another
theoretical concept which is also related to scrams (p< .10) is resource
application, represented by plant costs. As the cost of the p' ant increases, the
number of scrams decreases. This indicates that as the nuclear utilities spend
more money on building, improving and re-structuring plants, they also lower the
number of scrams. The model suggests that a well-built and well-maintained plant
has fewer incidents of scrams. -

Sionificant Event Model:

Significant events are negatively associated (p< .05) with R01, return
on investors' capital. Therefore, the more profitable the utility is the less
likely its plants will experience significant events. Resource availability in
the past leads to fewer significant events in the future. The results also
indicate resource application can help reduce the number of significant events
a plant experiences. The more that supervision and engineering expenses are
dedicated to operations (as opposed to maintenance) as measured by the ratio of
SEOP and SEMT, the fewer significant events a plant will have (p< .05). In
addition, past performance has an important influence (p< .05) on current

-

performance. Significant events are not influenced by other factors such as the
NRC problem identification and utility business strategies.

Safety System Actuation Model:

For safety system actuations, problem identification has some impact on -

future performance. The number of major vioiations is negatively related to
"

safety system actuations (p< .10), suggesting that violaticus in the past lead
to better performance in the future. It could be interpreted that by issuing
citations, the NRC sends a message to the violating plants and, on average,
plants address the problem and experience fewer safety system actuatior.s in the
future. For this model, past performance on safety system actuations had a
significant impact on future performance (p< .05). The type of reactor also had
a significant impact on safety system actuations (p< .05). PWR's experience
fewer actuations than BWR's.

Safety System Failure Model:

Safety system failures are influenced by a variety of the concepts in the
theoretical model. Both of the NRC problem identification variables
are significant here (p< .05). This model suggests that as the lagged SALP score
improves, the number of safety syst:m failures decreases. Further as the number
of past major violations increases the number of safety system failures decreases
for the range found in the data.

t
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Table 1 Refinal Models of Performance Indicators Using Poisson Regression Estirnation (RSEOP)

Scmn . SE SSA . ssp ..

I
!

Independent ' Est. t- Est. t- Est. t- Est. t-

VariaMa Coef. Stat - . Coef. Stat. Coef. Stat. Coef. Stat.

Nomajv85 - -0.020 -0.4 I 8 0_059 -0.626- -0.136 -1.672 -0.084 -2.444 * * * j

Salp .. -0.016 -0.390 5.916 0.856 -0.076 -1.226 0.I85 5.043 * * * |

ROI ~ 4.988 0.601 -23.069 -2.180 * * -6 Mi 45M' -11.992 -1.924* q

Opeif 4.627 0.656 15.302 1.436 10.228 1.030 12.765. 2.280**
*

Pir;d ' 0.833 -1.778* 0.131 . 0.179 0.123 0.199 -0.088 0.225-
,.-

(
,

Rseop -0,058 -0.152 -1.313 -2.062** 0.868 1.455 -1.720 -5.791 ***

Pral 0.839 0.986 1.357 1.021 1.557 '1.271 -0.468 -0.687
w

' TJ 0.033 0.802 -0.026 -0.409 9.005 0.086 -0.019 -0.504 !

Diver 10.012 -0.637 5.360 0.209 .-6.316 -0.326 -0.505 -0.N0 ,

Other 1.970 1.095 3.486 1.281 -1.734 -0.638 2.928 2.144**

E2x -0.731 -2.071 * * 0.522 0.3 /1 -0 661 -I.239 0.289 1.101

Type 0.002 0.009 0.I80 0.640 0.435 1.%8 * * 0.571 4.490* * * [

Past - 0.037 2.604 *** 0.083 2.I72** 0.I18 3.070*** O.025 1.792*

Constant 0.723 1.064 1.577 1.478 0.180 0.190 1.367 2.593 i

,

N 58 58 58 58
,

.

'

174*** 50*** 80*** 1156***

leg Liklihood & Ratio - i

,

*p < .10 ,

* *p < .05
** *p < . 01

i
_ _ _ _ ___ ._ _ _ .__ _ _ - . .-



l

|
|
|

Table 2 Refined Models of Perfinmance Indicators Using Ordinary Least Squares Estimation

f Dependent Variable: Radiation Exp. Critical flours.
|

|
(1987-88) (1987-88)

Independent Est. t- Est. t-

|
Variable Coeff. Stat Coeff. Stat

|
|

Nomajv85 123.520 4.046* " -335.741 -1.135

Salp -34.586 -1.312 15.731 0.061

ROI 3267.I60 0.713 11334.100 0.216

Opeff -3176.760 -0.801 -1654.090 4.037

Plant -490.506 -1.835* -2841.200 -1.147

Rseep -328.318 -I.361 2149.870 0.868

Prod -276.245 -0.626 2748.420 0.550

b$ Td 21.403 0.803 153.954 0.502

-

Diver -120S7.000 -1.633 107273.000 1.269

Other 125.087 0.084 3831.940 0.255

E2x 229.919 1.030 -5836.910 -2.705"*

Type 160.054 1.301 -1150.540 -1.102

Past 0.510 5.I93 " * 0.626 2.700* *

Constant 651.306 1.438 6194.'/30 1.200

53
N 49

0.25
Adjusted R-quared 0.74

*p < .!O

*T< .05
"*p < .01

t --- ---____ _ ,
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There is an influence of the resource availability variables on safety
system failures. Both ROI (p< .10) and operating efficiency (p< .05) were
significantly related to safety system failures. For R01, the more profitable
the utility was the fewer safety system failures it had. On the other hand,
operating efficiency was positively related to failures. Operating efficiency
(0peff) is the ratio of earnings before taxes to total assets employed. If

earnings are high relative to total assets, it may suggest that expenses are j
being minimized and the benefits of running the assets are being harvested, with '

Iless concern for maintaining safety systems in an effective and efficient state.
Another interpretation is that some slack in the resources and a willingness to
spend them is necessary to be able to improve the plant's performance (see Figure
3.12). When resource availability is measured as R0A and debt no significant !

relationship with-safety system failures are found. The nuclear utility
application of resources also plays a significant role in this.model. As in the
significant events-model, higher spending on RSEOP was associated with fewer
safety system failures (p< .05).

-In addition, other power generation, plays an important role in this model
(p< .05). As the utility focuses on other _ power generation technologies, it may
divert attention from nuclear power generation, thus resulting in higher safety
system failures. Finally, past safety system failures _(p< .10) and the type of
power plant (p< .05) are present in the model predictino change in future safety
system failures. Plants with few past safety system failures tend to stay good
while_ plants with many previous failures tend to show more in the future. For
the type of plant, the model suggests that plants with pressurized water reactors
have a lower incidence of safety system failures than boiling water reactors.

The refined model for safety system failures shows significant predictors
from each of the major theoretical groups of factors (problem identification,
resource availability, resource allocation, business strategies), it suggests
not that the theory works "better" than for other dependent variables (for all
the models are highly significant) but that all the factors in the theory work
in combination to allow prediction of safety system failure. The model predicts
that plants that will have the fewest safety system failures in the future are
pressurized . water reactors which had few failures in the past, received good
(low) salp scores, had good earnings, expended resources in such a way as to
favor supervision engineering operations expenditure. .versus supervision
engineering maintenance expenditures, and do not distract wemselves by pursuing
"other" alternative forms of energy production.-

Radiation Exoosure Model:

Tne results for ordinary least squares analysis of radiation exposure (see
Table 2) suggest that' problem identification, resource application, and past
performance have a strong influence, and resource allocation plays some role as
well. For problem identification, the number of major violations was positively
related to radiation exposure (p< .01). This suggests that plants experiencing

! few major violations in the past have low radiation exposure in the feature, while
those having problems in the past continue to experience them later on. However,
the model suggests that spending resources in the plant can reduce the amount of
exposure in the future. Finally, as with many of the safety indicators, the past
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seems to be a strong predictor of radiation exposure (p< .05). The model as a
whole explains 74 percent of the variance in the radiation variable, indicating
d strong fit.

Critical Hours Model:

Critical hours is not explained particularly well by the model, (adjusted
2

.25). The only important predictors (p< .05) in this model were pastR =

performance on critical hours and operating experience (Table 2), plants with

high critical hours in the past have high critical hours in the future, and
plants that have less experience (i.e. fewer total megawatts generated) have more
critical hours.

The overall results of this analysis suggest several key concepts which are
imoortant to understanding nuclear power safety. First, problem identification .--

is shown to be important to both safety system failures and radiation exposure.
NRC has a particularly important role to play in regard to these performance
indicators. Resource availability, too, has an effect on several of the safety-
related indicators. As measured by return on investment and operations
efficiency, it is significantly related to both safety system failures and
significant events. Resource application is an important factor which influences
a number of the safety-related indicators. Both plant costs and spending on
operations (and not maintenance) as a percent of total supervision and
engineering prove useful in explaining safety-related performance. The findings
are very strong and stable in the case of safety system failures and significant
events. The measures of business strategy, on the whole, have a less stable
impact; nenetheless, there is evidence in the models that distractions in various
forms negatively affect performance. Alternative power production has a fairly
consistent negative relationship to safety system failures and to significant
events. The past has a very strong effect on nearly all the performance
variables. Overall, the organizational learning model which combines elements
from economic and behavioral theory has proven to be a very useful means for
examining the effects of various variables on nuclear power plant performance.

s

3.5 Issues of Multicollinearity

Multicollinearity, (i.e., strong correl ations among the independent
variables) can pose problems for interpretation of regression results. The main
effect of multicollinearity is to increase the variance of the coefficient
estimates, therefore making it less likely that significant relationships with
the dependent variable will be found. However, even with multicollinearity, the
coefficient estimates are unbiased.

The correlations among the independent variables are shown in Table 3. The
only particularly high correlation is the .70 correlation between ROI and
operating expenditures. The effect of this correlation may lead us to conclude
that resource availability has less impact than it in fact does (i.e., we are
more likely to accept the null hypothesis). In order to examine the extent of
the probl" ,, the full model was re-run first dropping the operating efficiency
variable, then excluding the ROI variable. The results of this analysis do not
change the substantive conclusions of the model . Then fore, although some

m
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6

Table 3 Correlations Among the Imferendent , . Variables

Nomajv85 . Salp .ROI Opeff . Plant Rseop ' Prod Td Diver Other E2x ?

,

Nomajv85 1.00
Salp .40 1.00

, ,

RGI .09 .02 1.00'

!Opeff .I1 .23 .70 1.00
,

i

' .24 .19 .14 1.00 tPlant .09 -

Rseop .21 .14 .M .19 - .12 1.00
l

' .01 1.00Pral .06 .21 .11 .16 .22 ' -

Td- .15 11 .26 .01 .02 .12 .M 1.00

Diver .10 .19 .32 .!5 ~ .26 .09 .07 .27 1.00
' Other .01 .09 .31 .19 .07 .19 ,17 .03 .06 1.00 *

E2x .29 .09 .23 .19 .29 .17 .05 .13 ' .2* .06 1.0

N=52

9
CD
F

!

!

--
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multicollinearity -is evident in these models, it appears to have little
substantive importance.

4.0 CONCLUSIONS

Results of the quantitative analyses reported in this paper can be
summarized in the following conclusions:

1. Central concepts in the theory of safety in nue. lear power plants,
which have roots in the economic and behavioral theories of a firm, are effective

in predicting safety-related performance in plants. Furthermore, the patterns
of results can be logically interpreted in light of the proposed theory. While
the central concepts of the theory, taken together, are not necessary to predict
each performance indicator, they combine in different ways across indicators such
that:

*Past performance on a given - performance indicator generally predicts
future performance.

* Improvement is most likely to occur when NRC problem identification plays
a role, resources are available, the resources are allocated to a set of
problem solving activities, and utility attention is not diverted by the
pursuit of business strategies unrelated to nuclear production.

2. Different performance indicators have different sets of explanatory
concepts which predict them. Some are only predicted by their past performance,
while others have fuller sets of predictors which explain improvements in
operations. It is the sets of concepts (or " profiles") which are predictive and
explanatory, and not the individual variables. The individual variables are
representative of the broader concepts. The statistical analyses are viewed as
validation of the broader model, not the indi,ridual measures.

3. The theory shows that plant performance is influenced by utility-
level factors in addition to plant-level factors. Valid plant profiles inust
include such utility-level variables as financial condition, allocation of
resources, and business-level strategies.

4. The sets of predictive concepts which comprise the " profiles," taken
together, are robust and could serve to provide leading information about future
plant performance on selected performance indicators. Such leading information
can be used as further input to the decision making process, though it is not
expected to yield a single indicator that could be regulated directly. The
promise is in using the theory as a whole io track and interpret patterns in the
measures of the central concepts.

If striking oscillations take place in the patterns then the theory
suggests that further investigation by NRC may be called- for. For instance,

aberrations in utility profitability, debt, and operating efficiency might call
for NRC investigations about their impact on nuclear performance. So too,

changes in resource allocation to the categories of expenses classified 4s
supervision and engineering for operations versus maintenance might require NhC
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|

| assessment of impacts. If a utility decides to deemphasize nuclear operations
by focussing on other businass or power generation strategies, this should alert j

' NRC. A combination of many changes at once means a likely impact on nuclear <

power plant performance. NRC should question utility and plant staff about the
ramifications of these changes.

5. Organizational factors that are measurable exert an influence over I

time on safety-related performance. The factors require a lag time to show
,

| influence, but once they do, inertial forces may cause the influence to persist i

; -over time. Further research is needed to investigate this. Plants may get drawn '

L into beneficent or vicious cycles from which they do not readily depart. When i
they do depart, for better or worse, it is due to changes in organizational i

factors described in the derived models in Section 3. '

|
| 6. Improvement in safety-related performance can be obtained through ;

management attention to processes of organizational learning and the context in |

which such learning processes occur.
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ABSTRACT

Technical Specifications require surveillance testing to assure that the standby systemsimportant to safety
will start and perform their intended functions in the even : plant abnormality. However, as cvidenced

'

by operating experience, the surveillance tests may adversely impact safety because of their undesirable
side effects, such as initiation of plant transients during testing or wearing.out of safety systems due to
testing. ,

'

This paper first defines the concerns,i.e., the potential adverse effect.,of survealance testing, from a risk
perspective. Then, we present a methodology to evaluate the risk impact ot those adverse effects,
focusing on two important kinds of adverse impacts of surseillance testing: (1) risk impact of test-caused
tr:ps and (2) risk impact of test-caused equipment wear. The quantitative risk methodologv a
demonstrated with several surveillance tests conducted at boiling water reactors, such as the tests of the
main steam isolation valves, the turbine overspeed protection system, and the emergency diesel
generators. We present the results of the risk-etfectiveness evaluation of surveillance test intervals,which
compares the adverse risk impact with the be..eficial risk impact of testing from potential failure
detection, along with insights from sensitivity studies. _

.

1. BACKGROUND AND INTRODUCTION

Surveillance tests are required in nuclear power plants to detect failures in standby equipment
as a means of assuring their availability in case of an accident, llowever, operating experience suggests
that the tests may have adverse impact on safety,' 3 tlat may be caused by test errors, e g., human errors
of omission or commission, including the potential for common-eause failures This potential for adverse
impact oc safety is aggravated by the "overw helming" amount of testing" presently required by Technical
Specifications.

To address the problem of surveillance testing, i.e., the adverse effect on sately exacerbated by
the significant amount of testing. the U.S. Nuclear Regulatory Commission (NRC) perforrned a series
of studies. NUREG-102M made recommendations to enhance the safety impact of surveillance
requirements. NUREG-1366' implemented the recommendations by " qualitatively" examining all
Technical Specifications surveillance requirements to identify those that should be improved. Four
different types of adverse effects of testing were used in the NUREG-1306 study as screening criteria:

' Work performed under the auspices of the U.S Nudear Regulatory Commission.
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(a) leading to a plant transient, (b) unnecessary wear to equipment,(c) unnecessary radiation exposure
to plant personnel, and (d) unnecessary burden on plant personnel.

This paper summarizes the work performed for tlie NRC by Brookhaven National Laboratoryd

to help enhance the safety impact of surveillance testing. We first deline the adverse effects of
surveillance testing from a risk perspective, and then present a methodology to " quantify" the adverse risk

' impact, i.e., the penalty or increase in risk caused by the test. The quantitative methodology focuses on
two important adverse effects, i.e., transients and equipment degradations. These adverse effects
generate significant safety concerns because of: (1) plant abnormality w hich may challenge safety systems
and plant operators and (2) equipment wcar-out w hich increases the unavailability of the safety system
or function, and thereby, reduces the plant's accident mitigating capability.

The risk impact of test-caused plant transients was evaluated by recognizing that the transients,
which cause or require a reactor scram, are initiating events as typically called in probabilistic risk

| assessments (PRAs). The risk impact cf equipment degradations was assessed using a test. caused
component degradation model w hieh was developed in this study from considerations of the stresses on
equipment and degradation mechanisms induced by testing and aging.

The methods for evaluating the adverse ef fects of testingwere applied to ses eral surveillance tests
at boiling water reactors, such as those on the main steam isolation valves, the turbine overspeed

; protection system, and the emergency diesel generators. The risk associated with these tests was assessed
using a PRA conducted in the NUREG-1150 study.' Risk-effectiveness was evalnated by comparing the
risk impact of plant transients and equipment degradations trom these tests to the beneticial risk impact
of testing resulting from the detection of failures. Sensitivity studies were also carried out on risk impact,-

| versus test interval.

Section 2 of this paper defines the adverse effects of testing trom a risk perspective. Sections 3
and 4 present the methodology to evaluate the risk impacts of testmg associated with transients and
equipment degradations, along with the results W the risk-etfectiveness evaluation and sensitivity studies.
Section 5 gives our conclusions.

2. RISKS ASSOCIATED WITil A TEST

Surv_eillance testing may have twe dilferent types of risk impact on the plant: a beneficialimpact,
i.e., the reduction in risk, and an adverse impact, i.c, the increase in iisk. The beneficial risk
contribution results from the detection of failures which occur between tests. This risk contribution
" detected" by a test here will be called R . The adverse risk contribution results from degradations orn
failures that are due to or related to the test, and from the component unavailability during or as a result
of the test. This contribution " caused' by a test will be called Re.

The test. detected risk contribution, R , resulting from the detection f failures can be quantifiedo
in the framework of a PRA.as demonstrated m reference 6. The test-caused contribution, R , may havee
several different kinds of contributions. Table 1 lists the difterent risk contributions which can be

- associated with a test, along with the root causes of the risk.
;

From Table 1, the test. caused risk can be expressed in a general torm as

Rc = Rn+Rm+R,+Rw (1)
!

w here, for any specitic test, some contributions may be irrelevant or insignificant compared to the others.-

'When a test program or procedure is evaluated for its risk-etfectiveness by conducting tests on a number ,
,

!
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Table 1, Test Caused Risk Contributions and Their Root Causes

_

Identifier liisk Contribution from Test ~ Root Causes of the Ruk

R ,. Risk from trips iluman error, equipment failure, procedure
inadequacy.

R Risk from equipment wear Inh rent characteristics of the test, procedure
m,

inadequacy, human error

R Risk from miscontigurations or lluman error, procedure inadequacy.sw
errors in component restoration

Ram Risk associated with downtime in Unavalability of the component during the
carrying out the test test. Affected by the test override capability,

of individual components .then the contributions for each test plus the contributions from any te".
interactions need to be considered.

In addition to those effects defined in Table 1, two other adverse effects may be sometimes
encountered: radiation exposure to plant personnel and unnecessary burden of work on plant personnel.
These adverse effects differ from those in the table in that: (1) the radiation caposure to plant personnel
is not amenable to a risk analysis based on the core-damage frequency as a risk measure, and (2) the
unnecessary burden of work on plant personnel in general is not subject to a risk analysis. Although
excluded from the quantitative risk analysis, these adverse effects can be considered qualitatively along
with the resuits of quantitative risk analysis for the evaluation of surveillance requirements.

Among the various root causes of the risk delineated in Table 1, human errors of component
restoration following tests are the root cause which previous studies" concentrated on to address adverse
effects of testing. In terms of the risk contributions in the table, the studies focused on R,, that is most
likely to be cawed by human errors, with some consideration of Ram,..

4

The risk also'can be evaluated for a specific root-cause, such as human errors (or more
specifically, errors of omission or commission). For instance, presume that human errors during a test
may cause a transient arid also may cause the components not to be restored to the normal status. The
risk contribution uue to potential human errors during the test can then be estimated by first evaluating

. the contributions of the risk from trips, R9, and from companent restoration error, R , due to only
human errors, and then adding the contributions.

In evaluating the risk-effectiveness of a test (or group of tests), the test-detected cortribution,
- R , can either be compared to' specific test: caused contributions or to all relevant contributionsp

When R is assessed by considering all significant contributions, we can deline the risk-constituting Re c
effectiveness of a test as follows: a test is riskieffective if Rn > R , otherwise it is risk-ineffectiveJ If onlyc
specific contributions are considered, then the evaluation of the risk-etteetiveness of the test is considered
with regard to the specitie test: caused contributors. For example, if test-caused risk contributions due
to trips, R , are only considered and we assess that Ro>R4, then we can say that the test is risk-
cffective with regard to test-caused trips. When more test caused contributions are considered, then

- broader conclusions can be reached

,
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3. RISK IMPACT OF TEST. CAUSED TRANSIENTS I

I

The operating history of nuclear power plants suggests that a smveillance test conducted at power
rnay cause a transient that will lead to or require a reactor trip. The risk impact of such transients
depends on the various responses of the plant safety systems, and also on plant operators. Typically,in
PRAs the various plant or operator responses that may affect the plant risk are taken into account using
event trees to delineate the progressions of accident sequences and system lault trees to identify the |,

failure modes and their effects on the system unavailabdities. llence, the risk contribution froi test-
,

caused transients to the plant risk can be evaluated within the framework of a PRA model.
-|

|
, The risk impast of a test-eaused transient, Roy, can be evaluated through that of the PRA '

initiating event group associated with the transient:

R,,,= 6 Rnw (2)

where Rny denotes the r sk impact of the j-th initiating event group w hich is assumed to be associated I

with the test-caused transient, and 6 is the proportion by w hich the frequency of the PRA initiating e' ut
- group is attributable to these transients. The proportion, 6, can be estimated by analyzing plant
operating data:

'N '"'6= (3)
Nag

where,

N,,, = the number of test-caused transient events, andi

Nng = the number of transient events belonging to the initiating event group associated with the
test caused transient. ;

To obtain 6, the test-caused transients must be associated with the relevant initiating event |

groups. For this purpose, the EPRI (Electric Power Research Institute) transient categories' that were -1
'

originally developed to analyze the historical transient events in a study of anticipated transier.ts without
|- scram (ATWS) can be used. - Such use will facilitate and improve the accuracy of the data analysis,

because the extent of detail on the test-caused transients and the PRA initiating event groups is usually ,

'

quite different. The ATWS study defined 37 transient categories for BWRs based on the different
characteristics of a variety of transient events that had occurred or might occur in the plants.

!

For sensitivity studies (in terms of risk impact ursus test interval that will be discussed later),
we first get the following equation for the probabilityipn;p, that a transient will occur during or as a result
of a' test:4

pi,y = I,T 6 - .(4 )

where T and I, denote the tep interval and the frequency of the j-th initiating event group used in the
PRA model, respectively. Substituting an expression for 6 from Equation (4)into Equation (2) we have;

|
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R,=p
--

(5)Rm-j

1 hese formulas discussed above were used in the f ramew ork 01 a NU RI!G-1150 PRA for a llWR
to evaluate the risk impret and effectiveness of the following tests: a) a quarterly test of the main steam
isolation valve _(MSIV) operability and b) a weekly test of the turbine overspeed protection system
(TO S).

Table I shows the HWR transient categories that were identified as being associated with the
tests; based on the test characteristics and the effects of the test-cauw! transients on the plant. - For
example, a TOPS test may cau:.e the turbine control valve to fail closed, resulting in high steam pressure
in the main steam system, and consequently,in a turbine trip, llence, the transient due to the TOPS test
can be classified into Category 3, " Turbine trip / a nd Catero,y 13, "Tur bine bypass or control valves cause
increased pict.sure (closed)."

Table 2. Association of Transient Categories Relevant to Test-Caused Transients
with PRA initiating Event Groups

Test : Transient Description PRA initiating
Category Event Group

MSiv 6 Inadvertent closure of one MSIV T2

7 Partial MSIV elosure T2

TOPS 3 Turbmc trip T3A-

13 Turbine bypass or control valves cause increased T3A
pressure (closed)

_

The transient categories were then associated with the im'uting event groups modeled in the
plant-specific PRA; based on the characteristics of the categories anJ ine groups. The plant-specific pRA
initiating event groups which were identitled to be associated with the transient categories are listed in
Table 2i-Categories 3 and 13 of the TOPS test.are associated with initiating event group T3Aci.e.,i

transients with the. power conversion system ini!!a!!y menilable except those due to an imW~nt onen
relief valve in the primary system and those involving loss of feedwater. Categories 6 and 7 of the MSlv
operability test are associated with initiating event group T2 which incorporates transients with the power
conversion system unavailable.

L The results of the core-damage frequency impact of test eaused transients. Rg, and the
.

. probability that a transient will occur during or as a resuh of a test, pu, are the following:

a) For ilnarterly MSIV test:

R :- 1.8E-7 per reactor year'

uy
puy = 6.7E-2 per test-

-

2(33
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! b) For weekly TOPS test:

R , = 3.7E-8 per reactor yearn

pu ,= 1.7E-3 per test

Comparing the results for the two ditferent tests, we see that, for these test intenals, the risk
contribution from test-eaused transients and the probability of a tranpent occurring during a test for the
51Siv test is greater than those for the TOPS test by a factor ot 5 and 4, respectively. ,

We can also examine whether the test is risk-etfective with respect to test-caused transients by
comparing the value of Rn to that of R The quarterly $1SIV test is risk-eticetive, because the Rn isuy
5.2E-7 per year which is larger than the Ruy, the risk.elfective margin is 3.4E-7 per year. The risk-
effectiveness of the TOPS test could not be evaluated based on the NUREG-ll50 PRA, because the
turbine control valves are not modeled in the PRA. Ilence, for the TOPS test, only the quantitative
values of R , and pu, can be taken into account in the evaluation of the test, unless the value of R is -

u n
obtained by modifying the PRA model.

Figure 1 shows the result of the sensitivity study of 51SIV operability testing for three different
kinds of core-damage frequency impacts to the variation ot the test intenal, T: (1) the test-eaused core-
damage frequency contribution due to transients, Rg, (2) the test detected core damage frequency
contribution R , and (3) the total core-damage frequency impact of the test, R p w hich is simply the sumn
of R and R . R , decreases as T is increased, because less transients are espected as the test isuy n u
conducted less frequently. Ilowever, Rn increases with the increasing t< intenal, because the test is
more likely to detect a failure. e

The risk-ef fectiveness of the test on test-caused transients also can be seen by comparing the test-
detected risk contribution to the test-caused nsk contribution due to transients. In the region where T
> 54 days, R is larger than Ruy, and therefore, the test is risbellective. In the other region where Tn
s 54 days, the test is risk-ineffective.

An important conclusion relevant to the rcdelinition of a standard test intervalis that the interval
for h1SIV operability testing, i e.,91 days. can be extended without andue inercase in the risk impact.
For example, if the test interval is extended to 150 days, Rn increases because the test is more likely to a

detect failures, while R , decreases because less testing during a given time period will result in lessn

transients. Ilowever, as shown by a dotted cune in Figure 1, the total risk impact of the test, Rn only L

marginally increases when T is changed trom 91 days to 150 day (Rr increases from M9E-7 per year
to 961E-7 per year.)

In this study, we used the LER data base for 30 HWRs for 1985 assuming that the operability
,

of NISIVs is tested quarterly at all the plants. Ilow ever, the data analysis indicated that son'e plams test
the operability of NtSIVs more frequently; e g , the operators of a nuclear plant were performing a
biweekly surveillance when the test failure occuned in the p! ant. If we assume that the minimum test >

interval of 54 days is also applicable to this plant, we can say that the biweekly test is risk-inetteetive with
regard to test-caus"d transients, because the interval is shorter than 54 days Even it we consider other
types of adverse risk impacts and they are not negligible compared to R the test will be risk-ny,

inet fective.

Sensitivity analyses, such as that dow n in I igure 1, can be very usef ul in detining test intervalt
llowever, they should be carefully interprettd. In Figure 1, the sensitivity curves of R and R to theyy i

variation of T are based on the assumption that the probability, p, of a ttansient occurring during
testing is constant. llowever, the value of p, may change (tend to merease), especially hen the test
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is conducted far less fregrently than it used to oc, because the operat,rs are more likely to make cirors.
Thercion, ..htn consideriag an extension of test intenat based on the sensitivity analyses, one should

'l too much, e.g., by inore than a factor of two. The extension of the testnot priong the te 2.

interval mainly depend. 'he likchhood that pi,, will vary following the change of the test frequency.
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Figure 1. Sensitivity of the core-damage frequency impact to the test interval for the main steam
insolation valve testing (Rn = test-detected risk impact; R ,3, = test-eaused risk imriact _

1

due to transiena; Rr = total risk impact of the test) y

4. RISK IMPACT OF TEST CAUSED DEGRADATIONS

'

The safety 4ignilicant components of nuclear power plants, such as a diesel generater or an
auxiliary feedwater pump, are tested so often--generally monthly and sometimes more often -that the tests
may lead to progressive wear-out of the equipment due to the accumulation of the test-causert
degradation effects. Furthermore, as time passes the component will also show aging titects, such as
corrosion or erosion. The accumulating test-caused degradation and aging effects will increase the
unavailability of the component, and thereby, the unavailability of the associated safety system and
function. This increase will, in turn, reduce the plant's accident mitigating capability.

The degradation from testing and aging effects arc induced by two kinds of stresses,i.e., demand
and standby stresses. Demand stress acts on equipment only when the equipment is asked to function
or is operating. Standby stress acts while it is in the standby state. For standby components which are
periodically tested, generally the combination el both stresses causes the equipment to degrade, and
ultimately, to fail.
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Based on the concept of stress on equipment and the characteristics of the degradation -
mechanisms caused by testing.and aging, we can formulate the following test caused component - -

degradation model:

-q(n.t) = p(n) + # ' A (n,t ')dt ' for t e [0,T] . (6)
'

oT

?

'

p(n) = po +popin (7)

i

A(n t) = A +A p;n +nu for u e [0,nT+t| (b)o o

- where,

n = number of tests performed on the equipment
t = time' clapsed since the last test
p(n) = failure probability for demand caused failures
A(n,t) = standby failure rate (per unit time) for failures occurring between tests j
T = test intetval I
nT + t = time since tL last renewal point |
po n residual demand-failure probability j
pi = test degradation factor associated with demand failmes .i
P2 = test degradation factor for standby time-related failures

-

-1

:r = aging factor associated with pure aging -

- Equations (6) to (8) represent a model which has been linearized from the original, non-linear i st- !
caused degradation modelf This linear model can be used for most purposes and is used in this paper.

__

' In Equation (6) the uravailability, q(n,t), and the standby failure rate, A(n,t), are represented as
a function of n and t. The reason for this functional notation is that the standby failure rate is assumed
to be affected by not only the standby time, but also by test-caused degrad3 tion. Therefore, component
unavailability becomes a function of the number of tests performed on the component since the last
renewal point, as well as the time elapsed since the last renewal. Ilowever, the demand failure

' probability is represented in Equation (6) as a function of only the number cf tests, n, i.e., it is assumed
that the demand failure probability depends only on how many tests have been conducted on the

- component,-

- The expressions for the two basic degradat!bn parameters, p(n) and A(n,t), ate f,rmulated in
Equations (7) and (8) in terms of their variables n and t. lu Equation'(8) the time-de}. ;ndent aging

- mechanism on the standby failure rate is represented by a Weibull distribution.

,T he test caused component degradati.on model, Equations (6) to (S), provides a means to -
estimate 1he time-dependent' component unavailability and its resultant risk impact as a function of the

~

- number of'ests on the component and the time elapsed since th'e last overhaul time.

it
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Let
.

Ib .= the average increase in core-damage frequency or test-caused risk contribution resulting -
from test-eaused degradations of n tests on the equipment

- We can evaluate ib using the following formula:

o + TJ J he average fisk Icvel between (0.T|c,, = the average risk level between [t , t to

= A{ [R, - R)

phTn)| R[- R,,j (9)" (Pfon+

~ where & denotes the average increase in component unavailability that results from n tests, and only
the test-caused degradation effect is taken into account without considering the aging effect, i e., cc = 0. ,

Based on these formulas, we can establish the following criteriou on the number of tests for risk-
effectiveness with regard to test-caused degradation:

1 AT-3o
n<' n-th test risk-cifective with regard (10)* *

A p2T to test <aused degradationp p, . oy

. For the n-th' test to be risk effective with regard to test caused degradation, the number of tests
performed on the emponent since the last overhaul should satisfy the above criterion. When the -
number of tests on the component is less than the value of the right-hand side in the criterion, then the
contribution to core-damage frequency caused by the test will be less than the contribution to core-

-damage frequency detected by the test, and vice versa.

The' test-caused ecmponent degradation model not only incorporates aging effects, but separately
takes into account _ test-caused degradation. However, the degradation model and the formulas for
evaluating the risk impact associated with such degradations are based on the following assumptions that
may :,hed light on some limitations in the use of the approaches:

(1) Test-caused component degradations affect demand failure probability, and also standby
failere rate; i.e., the component will be more vulnerable to both demand and standby-
time related failures as more tests are performed on the component.

_(2) The-standby time-related failure rate increases because of test-caused degradation effects,
-as-well as aging effects, llowever, aging does not affect the probability i..... the '
component will fail upon demand, i.e., the demand failure probability.

(3) The time-dependent aging mechanism on the standby failure rate can be represented by
a Weibull distribution.

(4) The demand degradation or failure mechanism is not affected by time. In other words,
the demand failure probability depends on only the number of tests performed on the
equipment, but not on the idle or dormant time. -'
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Using the test-caused degradation model we have discussed, a sensitivity study was performed
.on the risk impact of test-caused equipment degradations versus test interval. The risk impact was 1

eva?uated in the framework of a NUREG 1150 PRA model. We chose the emergenev diesel generator
as the sample component, because of the concern about test-causest degradations on this component and
the availability of the necessary reliability data to esiimate the degraduion parameters of the model.
Ilowever, the method presented here can also be applied to any other component.

-The values of the degradation parameters, such as p3 and p;, were estimated for diesel generators
under the following assumption:

When the number of tests is large, the averap increase in component unavailability which is
.

evaluated by the test-caused component degradation model is the same as that estimated by the !
aging modct." |

,

Fliures 2 and 3 show the results of the sensitivity study for monthly and quarterly testing of the
diesel generators, respectively. They show the sensitivity of three ditterent kinds of core-damage
frequency impacts to the variation in the number of tests: (1) the test-detected core-damage frequency
contribution, Ro, (2) the test-caused core. damage frequency c(mtribution due to equipment wear, Rc,,
and (3) the total core-damage frequency impact of the test, Rre-

Foi monthly testing, the component degradation model indicates that the test is risk-effective
~

until 61 tests have been performed, i.e., approximately 5 years after the last overhaul. For quarterly
testing, the model indicates that the test is risk-etfective until 111 tests have been performed,i.e., about .
28 years after the last renewal time. Ilowever, when the test is no longer risk effective, the total risk
impact for quarterly testing is greater than that for monthly testing by approximately a factor of 3.

l
The numerical results from this analysis should be interpreted cautiously, because the values of ;

thw degradation parameters, which are componer;t-specific, were estimated using the results from i
~

reliability studies of a mimber of different diesel generators. For more meaningful results, the model-
should be used with the degradation parameters for the specific diesel generator w hose risk-effectiveress
is to be evaluated.

|'

5. CONCLUSIONS -

|

The sarcty significance and risk-effectiveness of surveillance test requirements can be evaluated
- by explicitly considering the adverse effects of testing, based on the concepts and methods discussed in L

7_ _this paper. The results of quantitative risk evaluation can be used in the decision-making process te
establish the safety significance of the surveillance testing and to screen surveillance requirements. These'

L results should be used in conjunction with qualitative evaluations from engineering considerations and
|: . operating experience, such as qualitative evaluations of radiation exposure to plant personnel from the-

- tests and test-caused operator burden.

L
,
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Abstract

In this paper we report the results of experiments to assess the value of
memory tests for measuring the quality of displays and the level of expertise of
operators.

Thr e kinds of display, and observers with three levels of expertise were
included in the experiments. The displays were computer generated versions of
t:aditional analog meters, traditional analog meters supplemented by a dynamic
graphic representing the relation between temperature and pressure in some
subsystems, and a dynamic graphic representing the underlying
themiodynamics of power generation using the Rankine cycle. The levels of -

expertise were represented by undergraduates with one or two semesters of
thermodynamics (" novices"), graduate students studying thermodynamics and
nuclear engineering, and professional nuclear power plant operators
(" experts").

Each group watched a set of transients presented on the displays, using da:a
generated by a high tidelity NPP training simulator, and were then asked three
kinds of questions. The first measured their ability to recall the exact values of
system state variables. The second measured their ability to recall what
qualitative states the system had entered during the transient. The third
measured their ability to diagnose the nature of the transient.

The results of the experiments are reported in relation to the possible use of
memory tests to evaluate both displays, the level of expertise of operators, and
the interaction of me quality of displays with the level of expertise of operators.
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Introduction
High hazard systems such as nuclear power plants pose special problems for the identification of
perfomiance indicators, since performance during panicular, unforeseen and rare events is as
important as performance during design base scenarios. PerfomTance in such rare events,
punctuating long periods of familiar nonnal operation, depends on a shift from a rule-based mode
of operation to knowledge based situation analysis. De hypothesis to be tested by the present set
of experiments has been that a test of the match between a display format and the mental model
required for rare events wonid be preferable to direct perfomiance measurements in simulated
tasks, because roarate simulation of " rare events" negates their nature as incidents embedded in a
long stream of tamiliar events. Since testing on well practised incidents does not demand
knowledge-based reasoning but rather pattern recogmtion of specific display configurations, we
have looked for a more general or generic test of underlying knowledge, and have tried to find a
way to tap the extent of that knowledge independent ofits having been acquired dunng trmmng
with specific scenarios.

This paper reports the preliminary results of a project which was described at the 1990
WRSM by Moray, Vicente, Jones and Rasmussen (1990). The purpose of the research is to
investigate the potential of memory recall tests as indirect perfonnance indicators to assess the level
of expertise of operators and the effectiveness of different kinds of displays, both conventional and
proposed, to support the cognitive tasks of operators diagnosing the state of nuclear power plants.
The theoretical basis for the proposed tests lies in observations that highly skilled experts appear to
be able to recall and reconstruct the state of complex systems far better than do novices, but that
this advantage is only found when the data are presented to them in patterns which are meaningful
in the context of their expertise and reficct the semantics of the domain. The syntax and semantics
of the displays should reflect the stmeture of the underlying processes. Examples of such relations
between expertise and displays can be found in the work of Beveridge and Parkins (1987), Gick
and Holyoak (1983), Vicente (1988), and particularly in the classical work of deGroot (1965).
Those studies suggest that experts will be able to recall system state variable values more accurately
than will novices, and that this will depend on the kind of display observed. If we can establish
that this is indeed the case, then memory tests can be used as indirect perfomiance indicators for
the quality both of displays and expertise in NPP operations.

Method

Realistic NPP data for nine different transients were presented to three groups of observers
using three types of displays. The data were obtained from a full scale NPP training simulator and
showed the values taken by 35 variables during transients lasting approximately 5 minutes each.
The transients were chosen after discussions with the contract monitor and the training staff at a

,

NPP utility. Three groups of 42 observers each were obtained, one of undergraduate mechanical
engineers who had had one or two semesters of thermodynamics courses, one of graduate students
in thermodynamics or nuclear engineering, and one of professional NPP operators Each observer
viewed the nine transients in a different order.

Each of these groups were divided into three subgroups of 14 observers. One subgroup
monitored a dynamic computer graphic display representing 35 analog meters, one for each
variable, representing a " single-sensor-single-instrument" (SSSI) display. The second subgroup
monitored a similar display modified to include a temperature-pressure dynamic graphical plot, (the
PT display, see USNRC,1988). The third viewed a dynamic graphical display which represented
the Rankine Cycle of the system,(the Rankine ~ display, see Beltracchi,1987).

-At the end of the transient the display was blanked out and the observers were asked to
. recall properties of the system state variables, to state whether there had been any abnormal
behavior of the system during the run, and to diagnose the nature of the transient. Each of the
three groups was divided into two further subgroups of 7 observers. The first was asked to recall
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the exact value of the 35 state variables, to state whethe.- there had been anything abnormal, and
then,if so, to diagnose the nature of the transient. ney indicated their memory of the state
variable values by pointing with a mouse to each of 35 scales on the screen to indicate the value
they remembered for each variable. His group will be called the " Quantitative Recall" group. The
second gmup was asked a set of qualitative questions about the system, such as "Did the primary
coolant remain sulFcooled for the duration of the trial", and then asked to say whether anvthing
abnormal had happened, and if so to diagnose the nature of the transient. This group will be called
the " Qualitative Recall" group.

He final subgroups were composed of seven observers in each group, each of whom saw
nine transients. The formal statistical design was thus a repeated measures design over transients,
and a between subjects design by display type and recall type.

Results

The recall and diagnosis scores were submitted to appmpriate Analysis of Variance, c2 --

tests, and Newman-Keuls tests. Only a summary of the results can be presented here, and we will
concentrate on those main effects which were statistically significant.

He purpose of the study was to detennine whether recall tests are a sensitive measure of
the quality of the displays and the level of expertise of the observers. We use the success in
diagnosing the nature of the transient as a bas: against which to measure the effectiveness of the
recall scores. If the recall measures are sensitive as a measure of perfonnance, we should find
differences in the recall scores when there are diff rences in the quality of diagnosis behavior, and
where there are no differences in diagnosis we should find no differences in recall scores. The
diagnosis and recall scores must covary if the recall measures are to be an acceptable perfomunce
indicator. The logic of this analysis is show" in Figure 1.

Difference in Diagnosis Scores

+ =

D(a) > D(b) D(a) = D(b) D(a) < D(b)

1 2 3
+

R(a) > R(b) R(a) > R(b) R(a) > R(b)

Difference
D(a) > D(b) D(a) = D(b) D(a) < D(b)

in 4 5 6=

Recall Scores R(a) = R(b) R(a) = R(b) R(a) = P(b)

D(a) > D(b) D(a) = D(b) D(a) < D(b)

- 7 8 9
'

R(a) < R(b) R(a) < R(b) R(a) < R(b)

Figure 1. Rationale for analysis of recall and diagnosis scores

|
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Figure 1 shows how recall and diagnosis scores can t- . lated for two conditions which
we will call (a) and (b). In cell 1, Diagnosis under condition ga) is better than Diagnosis under
condition'(b), and Recall under condition (a) is better than Recall under ccndition (b). In cell 3
Diagnosis under condition (a) is worve than Diagnosis under condition (b), but the relation
between recall scores is the same as in cell 1. Each cell represents some combination of diagnostic
and recall behavior. If the diagnosis and recall data both fall in cells 1,5 and 9, then the recall tests
are a sensitive measure of diagnostic ability. If the data fall in cells 3,5, and 7. that would still be
consistent with the recall scores being a sensitise measure, but in a counterintuitive sense, since
poor recall would be correlated with better diagnosis, and one would be hesitant in accepting the
memory tests as sensitive measures without considerable further explanation of the effect. If the
recall data fall in cells 4,5 and 6 this shows that the measure is insensitive, and unsuitable as a
diagnostic performance indicator if diagnosis data fall in cells 1,4, (or 3,6,9), this shows that I

condition (a) provides better support for diagnosis than does condition (b) (or vice versa). ,

_

We can identify conditions (a) and (b) with any independent variables. For example, we ;,

might make condition (a) the use of NPP operators as observers, and condition (b) the use of ;

undergraduates. In that case we would be testing to see whether the recall scores could
differentiate levels of observer expertise due to training, as measured by differences in their ability
to diagnose transients. As another example, we could identify condition (a) with the Rankinc cycle
display, and condition (b) with the : aalog (SSSI) display, and we would then be testing for the
sensitivity of the recall scores in relation to differences in qua ty of diagnosis as a function of typeu

of display. In analyzing data from experiments, we therefore need both to determine what
differences in the data are statistically sigr.ificant, and also to look at the pattems of the relations
between diagnosis and recall for painvise comparisons of the independent vtiables.

,

The main results of our experiments are shown in Figures 2 and 3 and in Table 1, which'

show the scores for recall and diagnosis a., a function of display type and expertise, and the main
statistically significant effects. Scores on both left and right ordiaates af the figures are plotted so
that poorer performance is upwards,
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Figure 2. Recall and Diagnosis as a function of levels of expertise.
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Figure 3. Recall and Diagnosis is a function of type of display.

Effects Contrasts F ratio p

Quantitative
(Values) Expertise (2,57) 4.73 0 013

Gral-Unirgral N-K diff=3.9 N.S
Display (2,57) 10.20 0.000

li-Analog N-K diffr4.1 N.S.
Leaming (8,456) 16.59 0.000

Qualltative _

(States) Expertisc (2,57) 18.63 0.000
Gr4Unirgral N K diff4.3 N.S.

Disp;ay (2.57) 1.36 0.264
Izarning (8,456) 5.35 0.(00

Pearson's c2
Effects Contrasts p

Diagnosis
Expenisc (2) 165.2 0.000

UndrgralGral (1) 10.08 0.(M t
Display (2)48.43 0.000

14. Analog (1) 3.41 0.065
Learning (8) 18.78 0.016

Table 1, Summary of statistical analyses of the data shown in Figures 2 and 3.
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The results show that recall scores are not in general reliab:e way, to predict diagnostic
perfonnance, and hence cannot be regarded as satisfactory perfomunce indicators. Figure 2 and
Table 1 show that there is a decrease in the number of ineoneet diagnoses fmm undergraduates to

raduates to NPP operators. This difference is highly signiGeant statistically. The dif ferrnce
>ctween either of the student groups and the NPP operators is very large, apprmimately 25%
Wiicating the efncacy of the NPP training program. There is, on the other hand, no difference in
me quanutative recall scores between the undergraduates and graduate students, and a small but
sigmficant rrduction in c uantitative recall from the students to the NPP operators. Therr is no
difference in the recall or qualitative infomution txtween the student groups, but there is a very

; large and highly significant reduction in the recall of qualitative infonnation between the student
; groups and the NPP operators. These results suggest qualitative recall is mere sensitive to changes

in expertise and that ope ators' expenise consists in thinking about transients in tenus of system
state, rather than in tenns of the value of state variables. The relative insensitivity to changc in
expenise of quantitative recall suggests that this measure is not a good measurr of expertise.

Figure 3 and Table 1 show the relation of trcall to diagnosis as a function of display type. _

Figure 3 shows a dissociation between several measures. There is a signincant difference in
diagnosa as a function of display type, with the IT and analog displays being significantly poorer
in supponing diagnosis, and the Rankine cycle significantly and substantially better. Quantitative
recall scores on the other hand are best for the analog (SSSI) display, worse for the l'r display
and the Rankine display. Recall of qualitative state infonnation shows no signiGeant differencej

between the displays, although there is some (nonsignificant) improvement with the Rankine
display.

Discussion
,

The pauern of results shows that the reconttruction of the state of the display by the r: calli

of the quanutative values of the state variables, which we thought of as an analog of deGroot's
{ reca!! technique,is t.nreliable as e perfomunce indicator. There are signiGeant improvements in
j the rec all of quantitative infonnation in situations where the diagnosde ability declines (cell 7 in

3 Figure 1). There is a better coupling between diagnosis and the recall of qualitative state
I infonnation, which is not surprising. The recall of qualitative state infommtion is in a sense the

precursor of labelling the state of the whole system qualitatively as being in a panicular transient
.aate, and hence would be expected to be related to diagnosis. On the other hand, ^wering

.

questions atx>ut ihc qualitative states through which the system passed during the w.it is not , _

strictly speating a "deGroot" reconstruction memory method.
' The fact that qualitative recall conelates better than quantitative recall e o Lons degnosis

is probably related to the work of Carswell and Wickens (1987) on integrated and sepa6ble
displays. It has been found in several experiments that displays which support glot''l judgements
are pcor at supponing judgements about individual variables, and those which support hidgements h
stout individual variables are poor at supporting integrated judgements. The data suggest that
analog (SSSI) displays are " separable" displays in this sense, best supporting knowledge of.

indivHual values of state variables, while t he Rankine display is a good integrated display which
suppors glol 11 integrated knowledge and dingnosis.

q
Ovemll, our conclusions from this preliminary analysis of our data is that a recall test in

b which the obtervers are asked to reconstmet from memory the values of state variables is not a
,i reliable and sensitive indicator of perfonnance, where gomi perfonnance is identiGed with correct

\[
diagnosis of transients. On the other hand, memory for qualitative state changes, where what is
remembered is not the panicular values of variables, but whether or not subsystems entered

3
abnonnal states, may be a considerably better test. The latter trGects improved expertise of trained
NPP c.perators compared with students who are knowledgeable about thennodynamics but not,

k
n
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ne results show that recall scores are not in general reliable ways to predict diagnostic
performance, and hence cannot be regarded as satisfactory perfcamance indicators. Figure 2 and
Table I show that there is a decrease in the number ofincorrect diagnoses fmm undergraduates to
gntduates to NPP operators. This difference is highly significant statistically. He dif ference
between either of the student groups and the NPP operators is very large, approsimately 25%,
indicating the efficacy of the NPP training program. Here is, on the other hand, no dif farence in
the quantitative trcall scores between the undergraduates and graduate students, and a small but
sigm0 cant reduction in quantitative recall from the students to the NPP operators. 'lh : s is no
difference in the recall of qualitative infomution between 'he student groups, but there is a s cry
large and highly significant reduction in the recall of qualitative infomution between the student
proups and the NPP operators. These results suggest qualitative recall is more sensitive to changes
in expertise and that operators' expertisc consists in thinking atout transients in tenus of system
state, rather than in tenus of the value of state variables. He relative insensitivity to changes in
expertise of quantitative recall suggests that this measure is not a goal measure of expertise.

Figure 3 and Table 1 show the relation of recall to diagnosis as a function of display type. .

Figure 3 shows a dissociation hctween several measures. Dere is a signincant difference in
diagnosis as a function of display type, with the Fr and analog displavs being signincantly pmrer'

in supporM j diagnosis, and the Rankine cycle signincantly and substantially better. Quantitative
recall scores on t1e other hand are best for the Analog (SSSI) display, worse for thj PT display
and the Rankine display. Recall of qualitative state infonnation shows no signincant dif ference
between the displays, although there is some (nonsignincant) imprownem with the Rankinc
display.

Discussion

The pattern ofiewits show: that the reconstruction of the state of the display by the recall
of the quantitative values of the state variabics, which we thought of as an analog of deGnot's
recall technique,is unreliable as a perfomunce indicator. There are significant improvemenn in
the recall of quantitative infonnation in situations where the diagnostic ability declines (cell 7 in
Figure 1). There is a better coupling between diagnosis and the recall of qualitative state
infonnation, which is not surprising. The recall of qualitative state infonnation is in a sense the
precursor of labelling the state of the whole system qualitatively as being in a particular transient
state, and hence would be expected to be related to diagnosis. On the other hand, answering
questions about the qualitative states through which the system passed during the transient is not ,
strictly speaking a "deGroot" reconstruction memory method.

The fact that qt.alitative recall con lates better than quantitative recall with correct diagnosis
is probably related to the werk of Carswee and Wickens (1987) on integrated and separable
displays. It has been found in several expt iments that displays which suppon globaljudgements
are poor at supponing judgements about individual variables, and those which support judgements
about individual variables are poor at supporting integrated judgements. The data suggest that

'
analog (SSSI) displays are "se larable" displays in this sense, bes't supporting knowledge of
individual values of state varia ales, while the Rankine display is a goal integrated display wmeh
supports global integrated knowledge and diagnosis.

Overall, our conclusions from this preliminary analysis of our data is that a recall test in
which the observers are asked to reconstruct from memory the values of state variables is not a
reliable and sensitive indicator of xtfonnance, where good perfonnance is identified with correct
diagnosis of transients. On the otler hand, memory for qualitative state changes, w here what is
remembered is not the particular values of variables, but whether or not subsystems entered
abnonnat states, may be a considerably better test. The latter reflects improved expertise of trained

"

NPP operators compared with students who are knowledgeable atout thennodynamics but not

w
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about NPP operation, but fails statistically to differentiate the ability of the Rankine display to
suppon state diagnosis better than do SSSI displays or IT displays.

More detailed results will be available in the final repon of this contract.
'Ihe results of the experiments show that our initial hopes that trcall tests would provide a

::imple and cost effective performance indict. tors have not been fulfilled. 'Ihe simplest conclusion i

is that a direct test of diagnostic ability is the best test, but we believe that such a conclusion misses
an imponant point. Simulator scenanos consist ofincidents which are overlearned by the
operators, so that they overleam cue-action pattems to specific incidents. But what is required is a

,

test which will tap their general functional understanding independent of a particular incident, since i

what we really need to know is how well a display-operator combination will support diagnosis
and fault management in a completely unforeseen circumstance v.here knowledge-based reasoning
rather than rule based reasonin : will be required. In this work we had hoped to find a kind of task
different from diagnosis, but w 1ich tapped the same knowledge which is ienected in diagnosis.
This we have failed to do. An attemative, at least for the evaluation of displays, may be to ase a i

different set of people than operators, perhaps designers or builders of NPP systems, who
understand the systems but are not trained in overicarned scenarios. The solution of this problem >

remains to be found, but it is clearly desirable to have a measure of the effectiveness of the
coupling of operator expertise to display design which is independent of diagnosis and is more cost
effective than the use of full scale simulation.
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ABSTRACT

The U. S. Nuclear Regulatory Commission (NRC), and the Electric Power Research
Institute (EPRI), have contracted with Science Applications International Corporation
(SAIC) to develop guidelines for the verification and validation (V&V) of expert
systems for use in the nuclear power industry. This paper reports first on the overall
goals and tasks of this ongoing multi-year contract. The results of two completed task
surveys are presented: (1) a survey of V&V techniques developed for conventional
sof tware and an assessment of their applicability to expert systems; and (2) a survey
of activities and techniques actually used for the V&V of expert system, including *

automated tools. The paper concludes with discussion of likely directions for the
remaining work.
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1. Overview of Contnctdf fort

The title of the contract is " Develop and Document Guidelines for Verif ying
and Validating Expert Systems." An irrportant motivation for the contract is to
increase the acceptance of expert systems within the nuclear industry by
demonstrating an acceptable methodology for performing V&V which leads to
enhanced quality assumnce of this type of software. The resulting guidelines
are to be consistent with the key standards and regulations concerning the V&V
of conventional sof tware systems, shown in lable 1.1.

The scope of the to-be-developed guidelines is quite broad. They are to
cover the full lif e-cycle of developing expert systems, from requirements
determination and analysis, through design, implementation, integration and
maintenance -- as illustrated by figure 1.1 taken from f4 SAC /39. The guidelines
are also to cover a variety of dif ferent types of expert systems which we
tentatively anticipate as being classified into three different levels. Level
1 toncerns safety-related aprlications, so-called " safety-critical sof tware."
Such applications will involve real-time, data-driven expert systems. Level 2
concerns important-to-safety aplications, such as SPDS and similar systems.
These systems also will likely be real-time and embedded. Level 3 covers stand- c

alone or advisory systems which do not relate to safety directly.

Throughout this effort, two expert systems will be used as specific
testbeds for the V&V procedures examined and developed. One, the Emergency
Operating Proccuure Tr' cking System (EOPTS) has been installed and is opei ational
at the Kuosheng nuclear power plant in Taiwan. The purpose of this system is to
advise the operator on the correct emergency operating procedures to be applied
during events. The second system, the Reactor Safety Assessment System (RSAS)
is installed at the f4RC Emergency Operations Center. Its development was funded
by NRC. Its purpose is to track and advise f4RC on the status of key plant
systems during an event,

A total of 10 '. asks are to be performed, in a carefully formulated sequence
to insure that the final guidelines are based on a comprehensive analysis and
development of the most effective procedures. These tasks are shown in figure
1.2. The first two tasks are to survey conventional and expert system V&V
techniques. These tasks are completed and are reported on in detail in the next
two sections. Task 3 is to assess the applicability of conventional V&V
techniques to two selected nuclear expert systems in particular; clearly this
task relies on the results of Task .l. Task 4 is somewhat parallel to Task 3 in
that it is to assess the merits of the expert system V&V techniques discovered
in Task 2 and to synthesize or develop the best combination of techniques for
applying to expert systems. Before executing lask 4, we will execute a task
whose focus is to develop a method to certify the knowledge bases of expert
systems; this is identified as Task 6. The fif th task is to apply the composite
approach developed in Task 4 to the two selected expert systems. Task 7 is to
evaluate the strengths and weaknesses of the various methods developed and
considered in Tasks 3, 4, and 6, and to recommend the be< t set of procedures for
the three levels of expert systems. Task 8 addresses the problem of how
realistic scenarios are to be generated for validating systems using the
recommended approaches. Finally, Tasks 9 and 10 are to prepare professional
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Table 1.1: Key Standards and Regulations Related to V&V of
Conventional Soltware Systems

|
Key SPDS I NSAC/39 Verification and Validation for Safety Parameter Display'
Documents Systems, December 1981 '

;
,

QA, Design and NUREG-0653 Report on Nuclear Industry Quality Assurance Procedures*

Analysis Codes for Safety Analysis Computer Code Development and Use, '

;

August 1980
,

QA NUREG/CR-4640 PNL-5784,Ilandbook of Software Quality Assurance !

Techniques Applicable to the NuclearIndustry, August 1987
i,
f

Class IE Real ANSI /IEEE Application Criteria for Programmable Digital Computer
|Time Systems ANS-7-4.3.2-1982 Systems ef Nuclear Power Generating Siations, July 6w
,

C 1982,

7

Reg. Guide 1.152 (Task IC 127-5) Criteria for Programmable Digital
Computer System Software in Safety-Related System of '

,

Nuclear Power Plants, November 1985
I-

; V&V ANSI /IEEE Std Software Verification and Valit tion Plans,14 November !
| 1012-1986 1986 .

'

, >

j EPRI NP-5236 Approaches to the Verification and Validation of Expert (
Systems for Nuclear Power Plants (1987)

,

EPRI NP-5973 Verification and Validation of Expert Systems for |
| NuclearPower Plant Applications j
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publications of the total effort and to document the results, particularly the
guidelines in an easy-to-use form.

At the present time, Task 3 is well under way. lhe delivery of the final
guidelines is scheduled for mid-1993. However, in the interests of involving
outside participation to insure the comprehensiveness and validity of the
interrradiate tesks, we intend to make a strong effort to report on the results

,

of ecch of the tasks as they are completed, in meetings such as this one and '.n'

other appropriate confer ences.

2. Talk 1: Review of ConymtjanaLDLt11thmdi

in this task we distinguished V&V from the related project management
activities of configuration management and quality control. We adopted the
definitions of V4V irom the IEEE Standard 729-19f33 as being closest to the most
widely accepted understanding:

Verification is the process of determining whether or not the
products of a given phase of the sof tware development cycle f ulfill
the requirements established during the previous phase.

Validation is the process of evaluating software at the end of the
software development process to ensure compliance with the initial ;

software reqdirements.

! The nature of the verification process depends on the adopted developmental
life-cyc1c. NSAC/39 was used for Tasks 1 and 2 (Figure 1.1) as being !

representative, which includes four major types of verification: requirements
verification, design verification, implementation verification and field

verification. The major validation activity occurs after integration, and is j

system validation. J
,

!Our very extensive review of conventional V&V methods logically could have
categorized these with respect to the above verification and validation stages.
However, based on the relative paucity of techniques associated with the early >

stages, we f olded methods concerned with requirements or design verification into
one category. On- the other hand, the high number of techniques for testing
imolemented systems led us to partition these into two sub-categories: those that
involve active execution of the expert system sof tware, Dynamic Testing methods,
and those that involve inactive inspections, Static Testing methods. We show 3

these three categories, along with the major sub-classes we defined, in figure 3

2.1. Overall, we identified over 100 specific techniques. Ten major methods !

L were found for the Requirements / Design class, with the remainder roughly split
between the two remaining classes. .!

_

We described each of the techniques and then evaluated their relative
efficacy -- taking into account their ability to discover defects, the difficulty ;,

in understanding them, the difficulty-in generating test cases or procedures, and j
l
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Figure 2.1: Classes OF V&V Techniques Which Have Been
| Applied to Conventional Systems

I

[

l

- Requirements Language Analysis - Algorithm Analysis - General /Stattstical |

- Requirements Language Processing - Control Analysts - Functional Testing

- Mathematical Verification - Data Analysis - Realistic Testing

- Formal Requirements Review - Defect Analysts - Stress Testing

- Fault /Fallure Analysis - Performance Testing
- Requirements Tracing - Execution Testing
- Design Compliance Analysts - Inspections

- Competency Testing
I - Design Simulation

- Interf ace Testing
- Prograrn Description Language

- Structural Testing
- Formal Design Review - Error-introduction Testing
- Critical Timing / Flow Analysis

_ _ _ _ -



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

,

the difficulty in evaluating the results. Early discovery of problems using the
Requirements / Design methods can reduce cost and delays and increase quality.
The employment of the two simplest of these techniques, formal reviews and
requirements decomposition and tracing, would be very effective in revealing a
significant portion of problems in the early stages.

Concerning the testing techniques, we similarly emphasize the value of the
static methods of inspection techniques and reviews to insure traceability and
functional accuracy. Of the dynamic testing methods, the most effective are
structural testing (to achieve a reasonable but not complete exercising of
program paths and bran:hes), functional testing (to test the required
functionality), certain aspects of randomized testing (more and more shown to be )<

effective in identifying elusive problems), and stress testing (to assess the
s

system's performance under extreme conditions). Rregresrion testing (using the !

same test-suite after each major system modification should be mandatory for each
sub-system integration or for incremental development approaches.

Having reviewed the conventional approaches we then addressed the question
of the applicability of these to expert systems, in doing so, it was useful to
characterize the heterogenous nature of the components of expert systems. As
shown in Figure 2.2. the four major components of inference engine, knowledge
base, interfaces, and shell utilities differ in terms of reusability, typical
programming language, commercial availability, and complexity. lie four emert
system components similarly dif fer in three additional attributes, as shown in
Figure 2.3: whether or not they typically involve a procedural programming
language, whether the functionality is narrow and relatively constant across
applications, and whether the potential defects of a component are relatively
well-defined and also amenable to formal theorem-proving methods of detection.

The way the four expert system components are rated on the above three
attributes determines how conventional methods can be applied to them, and we
identified three potential strategies:

;

1. For expert system components written in, or largely involving, a
procedural language, use the most effective conventional V&V i
techniques.

According to this strategy (see the first column in Figure 2.3) the lowest of the !conventional V&V techniques should be applied to the inference engine,
interfaces, and shell utilities components.

2. For expert system components judged to have very narrow and
constant functionality across applications, develop a rigorous
certification procedure for each. !

|

|
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Figure 2.2.
Components and General Features of Knowledge-Based Systems

FEATURES

Typical' Cosmeercial'Reusability' Program Lang Availability Complexity'
-

Components
i

Inf ERibE EMGIME
__..

H A, C, F, (Lp) M M

Pattern Matcher H l
H MConf Lict Set Hardler , a

Basic Proof Procedsres' p MM
Entended Proof Proredares' M MM
Proof Mana9teent'" L M iM

M MM.

KDOWLEDE BASE L Lp, P L M

C{ Rules L L p, P L L-MM F rapes
L Lp,P L M-M !

,

O Objects M 5,C++ M M-M1 Facts L L p,P L L
,

C External CBs M n.a. L M l
E In-line Procedures * L C.Pa L M5y p

"
INTERFAG S MH A,C M M

User Interf ace M A,2,Lp n s I
DBMS H SCL n H
Data Chamels M A,C M MM
C onesun i c a t i on ( por t s/ ne t wor k s /ch ame t s ) H A.C M MM
Other Appticatjor.s M A , C, L p M M

.,

SHELL UTILillES N A,C M M

Envirornent Accesses * M A,C,Lp M M
"

Anawledge Acquisition M Lp,C M M
haictional Libraries M C Lp M M-M
Cther Utilities N C,Lp M Ma____

' MrHigh, M:Meditse, Lrtow
'' AsAssen6t er, C=C Language, f *For t ran, Lp= LISP, P=Prclog, Da:Pascat , 5:Smat t tal k
* Forward ard Backward Chaining
* Opportunistic, fuzzy-probabilistic-reasming or constraint-directed reasoning, truth maintenarce
* Of goal tree, constraints, " truths", breath / depth of search
* Including Demons and f unctions
' To operating system, progranning *nviroreents, etc

|

l
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Figure 2.3. Components and Typical Testing-Related Features of
Knwledge-Based Systems, with Testing Recosamenda*. ions

1

FEATURES''
-

Potential Defects,

Typically Written Very Harrow and Well--Characterized
in Fixed iFunction and Amendable to

Components or Involving Fonsal Theorem-proving
Procedural Code Detection Methods

IMf ERING ENGluE Y Y S

Pattern Matcher Y Y Y

Y t Y
Conflict-Set Mardler
Proof Procedare Y Y S

Y S S |Proof Management

KNOWLEDE BASE W m Y

N % Y
C Rutes

SNW > Frames
NM3 0 Objects

N 4 Y
I Facts

M k 5
C Eats nal DB

Y s N
E In-1ine Demons,

5 Pr oc ebres , Functions

IMIER J.E S Y W m

user Interface Y N S

Y N 5
| DBMS

Data Chamets Y w a

Carmnication Ports / Y S S

Wetworks/Chenneis}
M m N

0+her A wtications

SELL UTILITIES Y a N

Environamt Accesses Y Y S

Knnuiedge Acg.aisition Y N N
'

Functional Librarses Y m M

Other Utilities Y w a

Esplanation of table entries: Y z Y es , N =mo, $2 Some=Aat , M Mined procedue at and nun procedural cooe'

-. ,
-

..

-* _ _ _ _ _ _



__

! lhe values in column 2 of figure ?.3 shcw that the inference engine is the single
candidate for this strategy, and the responsibility for V&V of the inferente
engine should be largely that of the vendor, or possibly, independent evaluation
groups.

3. For expert system components whose defects are well-characterized
and amenable to f ormal testing, develop specialized methodologies
and automated tools to " prove" the presence of these defects in the
components.

The knowledge base is the ce:rponent singleJ out by this strategy, and, indeed,
there has been considerable effort to dNelop special (i.e. non-conventional)
techniques to accomplish this type of test ing (as reviewed in the following
section).

_

'uded the lask I surver with the observation that, according to theWe cs n
values in f more 2.3, there are some expert system sub-conPonents which remain i

'

unaddressed by the above three strategies - namely the frames, objects, and
external DBs of the knowh dge bau , and the non-spec i f ic other types of
interfaces. For these eie: rent s, specialized non-convent ional techniques need to
be discovered or deveh,;wd.

3. TasL2: Survey _and_ Doc.uMut Techniques _for Expert Sntem V&V

The purpose of Task ? was to survey and document techniques for expert
syster V&V. The sarvey used tho results of lask 1 to determine which of the
conventional techniques are being applied to expert systems, and what new
tqchniques have been developed solely for axpert system V&V. The survey effort
included 1) an extensive telepFone int m iewing campaign to over 130 points of
contact (see Figure 3.1), 2) site visits to nine inst itut ions conducting research
in or applying expert systen 'l&V (see leble 3.1), and 3) collection of an -

extensive library of well over 300 bibliographic references. The survey -

encompassed work done both within the
nuclear power industry and in other industries as well . Contacts included
corporations, universities, government agencies, and utilities. Within the last
4-5 years, there has been an explosive growth of interest and work in the field.
It has now reached a level of maturity where expert system V&V techniques are
being implemented in automated tools and being applied to operational expert
systera development and maintenance et for ts.

As can be seen in Figure 3.2, many of the classes of V&V techniques
identif ied in the Task 1 report as being app'.ied to conventional sof tware systems
are also being r1 searched for, or applied to, expert systems. This is
particularly true in the areas of Static Testing (tests performed directly on the
code itself) and Dynamic lesting (tests perf ormed by running the code and
evaluating the results),

s!u

_ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ . _ _ - _ _ _ _ _ _ _ _ - _ _ _ - _ _ - . - - _ - _ . _
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Fic ure 3. ' : as < 2 - e~ e alone nterviews
--

Total '
I93

t J

Contacted Not Contacted
138 55

( J (_ J

/ 1 i \
University Government Ut111tles Corporations_

a
18 8 2 27 |

|

r m r m,

Useful, Current Referrals'

Results or Work or Not Current |
41 |

97 ) |

_J (
L

/ V
/ y Y

University Government Utilities Corporations University Government Utilities Corporations

28 17 9 43 9 8 1 23 '
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!

TABLE 3.1. Expert System Verification and Validation Survey Task'

,, Actual Site Visits

Washington, D.C. Area Institute for Defense Analyses
(IDA)

Decision Sciences Consortium ,

'

(DSC)
O.S. Naval Academy ;

!

San Francisco Bay Area Lockheed Corporation
Stanford Research Institute (SRI)

Northeastern U.S. Digital Equipment Corporation
(DEC), Marlboro, MA

Worcester Polytechnic Institute
(WPI)

AT&T Dell Laboratories, Warren,
NY

Houston, Texas NASA Johnson Space Center
International Business Machines

(IBM)
i

,

i

,
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gniylppa ta atpmetta dna ,stupni eht no stulav tuptuo eht fo sesylana ycnedneped
gnimcnfrep ,)sweiver lenaD trepxe dna shguorht-klaw derutcurts .g.e( snoitcepsni
ro sdnik suoirav gnitcudnoc dedulcni sah gnitseT citatS ni krow rehtO

.hcraeser erutuf rof aera elitref
a eb ot siht ees eW .smetsys eseht htiw devlovni neeb tey ton sah yrtsudni
raelcun eht ni yllaicep3c ,erawtfos metsys trepxe tsom dna smetsys ytef as stceff a
yltcerid taht erawtf os htiw detaicossa yllausu era yeht esuaceb deredisnec
neeb evah ton yam seuqinhcet eseht fo emoS .tnetxe emos ot deilppa neeb evah
gnitseT citsirueH dna sisylanA )eert-tnevE( eert-tluaF ylnO .sisylanA eruliaf,

dna 'luaF fo ssalcbus gnitseT citatS eht ni ytivitca elttil neeb sah erehT

.tsenrae
ni nigeb yam sloot gnikcehc citnames eht f o noitazilaicremmoc dna noitazilareneg
,nehT . loot gnikcehc esab egdelwonk detamotua eht yb ylno elbaesu )tamrof elur
tnereffid a ni yllausu( tnenopmoc etarapes a gnieb susrev ,tamrof rieht nihtiw
desserpxe eb ot stniartsnoc ro selur-atem eht rof seitilibapac dda ot evah sllehs
metsys trepxe ralupop eht fo srodnev ehT .elbaiv yllaicremmoc omoceb gnikcehc
citnames ernf eb devloser eb tsum eussi rojam enO .sloot rieht ot ytilibapac
siht gnidda nugeb ydaerla evah smaet emoS .sloot gnikcehc citcatnys tnerruc
ot dda ot seitilibapac f o reit lacigol txen eht si gnikcehc citnameS

.ylekil

si noitazilaicremmoc erof eb hcraeser erom eriuqer lliw dna ycnaf ni ni llits
era sesab egdelwonk desab-emarf ro detneiro-tcejbo f o gnikcehc citcatnys mrofrep
taht slooT .esab elur eht fo tnemenif er ro/dna noitisiuqca egdelwonk gnirud ylf
eht no gnikcehc mrofrep lliw srehto dna ,remmargorp eht yb denifed stniartsnoc
-ttem gnisu esab elur eht fo skcehc citnames mrofrep lli,w srekcehc esab elur
eht f,o emoS .)derevoc era seulav tupni elbissop lla ton .g.e( ssenetelpmocni

morf htap a si ereht( selcyc elur ,daed ro elbahcaernu ,)flesti ot kcab elur a
dna selur tnetsisnocni ,selur dne-

selur )s'rehtona fo tesbus a era snoitidnoc
s elur eno( demusba_ ro tnadnuder edulcni srekcehc hcus yb dnuof eb yam
ta'i t srorre f o sepyt ehT .sllehs metsys trepxe ralupop tsom eht f o stamrof elur
eht bdnah ot sloot eht ezilareneg ot si enod eb ot tf el boj yramirp ehT .ti

stnarraw tseretni yrtsudni fi sraey wef a nihtiw elas rof elbaliava eb dluohs dna
,edarg erawtfos laicremmoc gnihcaorppa era sloot eseht fo snoisrev detacitsihpos
eht fo ynaM .sesab elur fo gnikcehc citcatnys detacitsihpos demrofren
ot sloot detamotua f o tnempoleved eht no desucof sah smetsys trepxe f o gnitseT
citatS ni krow eht fo tsoM .)seno wen ruof gnidulcni( smetsys trepxe ot deilppa
ro rof dehcraeser erew seuqinhcet gnitseT citatS elbissop 64 fo neetfiF

.senilediug lautneve ruo ni gninnalp tnorf-pu ylrae no sisahpme suoires dnemmocer
ylgnorts lliw ew etapicitna eW .tnempoleved smetsys trepxe ni ycneicifed
lareneg suoires a eb ot siht redisnoc eW .stnemele ngised ot stnemeriuqer ecart
,ylbissop ,dna meht weiver ot naht meht htiw enod si erom on yllausu ,nettirw era
yeht nehW .seitivitca V&V rof sisab a sa desu eb tonnac suht dna ,tcaf-eht-retf a
nettirw ro ,lla ta nettirw ton netfo era smetsys trepxe rof stnemucod ngiseD dna
stnemeriuqeR .sevlesmeht lamrofni yllausu era smetsys trepxe rof sesahp eseht
gnirud demrofrep seitivitca eht esuaceb yliramirp si sihT .yltneuqerf ni ylno
neht dna )sdohtem elbissop 01 fo tuo 5 ylno( tnempoleved smetsys trepxe fo sesahp
ngiseD dna stnemeriuqeR eht gnirud deilppa era seuqinhcet lamrof wef yreV
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program proving techniques. We agree with an observation made on one of our site
visits (John Rushby, SRI) that inspections and analyses to insure that a system
fails safely are among the most important.

In Dynamic Testing, there is a wide range of activities: 38 of 55
techniques have been researched or applied to expert systems. The state-of-the-
art in the operational expert system world is still Ad-hoc Testing, or defining
test cases at whim, with no systematic guidance. Newer work has focused on more
systematic methods for specifying test case sets, such as Structural Testing--
attempting to cover all rules or rule paths in the expert system, Random Testing-

3-attempting to cover a representative sample of the possible inputs, and
Performance Testing to assure timing, memory, and other constraints are met.
Some operational expert systems, such as those developed for safety-related
functions (e.g. NASA space shuttle diagnostics), do undergo various forms of
Realistic Testing using scenario files, simulators, or actual field conditions.

There are still very few tools to support Dynamic Testing of knowledge
bases and there is a strong need for research in this area. The primary issue
is to determine how, when, and where automated tools could help. Two areas that
have been proposed are: 1) suggesting structured or random test cases by
examining the knowledge base structure and 2) managing, running, and scoring the
results of large regression test suites. There is certainly roon for creative
research to discover other areas of Dynamic Testing where automated tools could
help.

The state-of-the-art in expert system verification and validation testing
techniques directly reflects the immaturity of expert system technology when
compared to conventional software and the large chasm between new expert system
development interest and resources allocated to expert system V&V. The current
practice of not developing requirements and design documentation coupled with a
concomitant deficiency in the involvement of V&V during the early stages of the
software development process has resulted in the emphasis on expert system V&V
being directed towards Dynamic Testing and away from Requirements and Design
Testing. Most of the scientists and engineers involved in the development and
V5V of expert systems do nol have strong backgrounds in conventional sof tware V&V
where V&V activities are ingrained as an integral component of the entire
software lifecycle. This l$ reflected in the dearth of Requirements and Desinn
lesting techniques for expert systems and further substantiates the reliance on
Dynamic Testing for expert systems. In summary, although there are some notable
exceptions in the areas of Requirements and Design Testing and Static Testing
techniques, the bulk of current expert system verification and validation
activities occur only after the system is implemented.

The last aspect of our study was to rietermine if there was a need for the
development of new techniques in soma general domain or subarea of expert system
V&V. Upon analysis of the V&V techniques being applied to expert systems, we
have found that there is sufficient coverage across all the components of expert
systems and across all error types (static versus dynamic, anomalies versus
invalidities) as can be seen in Figure 3.3. The challenge is in selecting the
appropriate combination of techniques to use for performing V&V on a particular <

oxpert system that is both effective and cost efficient.
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Figure 3.3. Comprehensive Expert System V&V Matrix
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4. (onclusiom

We make 4 general conclusions about the V&V of expert systems based on our
findings so far-

1. Very little V&V is performed for expert systems; usually neither a
requirements document nor a design document is produced or maintained.

2. Most of the conventional V&V techniques (q1t 4 t,e applied to expertl
systems; some conventional techniques Igre been used, and we know of four
new non-conventional methods developed for expert systems.

3. Software practices associated with expert system development, in
ganeral, are immature with respect to conventional sof tware development
practices.

4. The deficiency of early up-front planning and verification is of
particular concern.

.

Sufuturp_Direcij onc

Although we are just now beginning, in lask 3, to consider applying various
V&V techniques to expert systems, we nonetheless have a number of growing
convictions about what features may be contained in the ultimati guidelines.
We provide these here for discussion purposes, in the form of a series of
expectations:

o Whatever life-cycle is adopted, adequate V&V will require the9

production and maintenance of one essential and one near-essential
document: a requirements document and a design document.

o We expect that some form of iterative or cyclic developmental approach
will be recommended, as well . s the concept of moderate incremental builds
followed by extensive testing (particularly for tevel 1 systems).

o Ef fective methods which are applicable early in the life-cycle will be
strongly urged,

o The use of CASE tools, especially for front-end specification analysis
and high-level design, will be strongly recommended because of their
error-controlling and quality-inducing characteristics,

o Static-testing methods will be emphasized over dynamic ones, especial'y
those which can be automated; these methods will have an optimum order W
application, and all should be applied (with detected-errors corrected)
before dynamic-testing.

Am
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o All levels of expert systems will require some minimum of V&V
techniques, probably including reviews and inspections, requirements
tracing, and various kinds of dynamic testing. However, for Level 1
expert systems, we would expect much more emphasis on formal " proving" ,

methods, particularly for the knowledge-base component.

_

-
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A Model For Calculation of RCS Pressure During
RcGux Boiling Under Reduced Inventory

Conditions and its Assessment Against PKL Data

D. E. Palmrosel R. M. Mandl2
Idaho National Engineering laboratory Siemens AG UB KWU E43

EG&G Idaho inc. Postfach 3220
PO Box 1625 8520 Erlangen

Idaho Falls, ID 8341.%2404 Fed. Rep. of Gennany

ABSTRACT

There has been recent interest in the United States concerning the loss of
residual heat removal system (RilRS) under reduced coolant inventory conditions
for pressurized water reactors. This issue is also of interest in the Federal Republic -

of Gennany and an experiment was performed in the integral PKL-lli experimental
facility at Siemens-KWU to supply applicable data Recently, an NRC sponsored
effort has been undertaken at the Idaho National Engineering Laboratory to identify

,

and analyze the important thermal hydraulic phenomena in pressurized water
reactors following the long term loss-of-RilRS during reduced inventory operation.
The thermal hydraulic response of a closed reactor coolant system dun,ng such a
transient is investigated in this report. Some of the specific proecsses investigated
include: reOux condensation in the steam generators, the corresponding pressure
increase in the reactor coolant system, and void fraction distributions on the primary
.ide of the system. Mathematical models of these and other physical processes
wete developed and assessed against the experimental data from the PKL 111
Experiment B4.5.

NOMENCLATURE

Arc = flow area of the core
Co = distribution coefficient
AT = pimary and secondary side temperature difference -

D = diameter
Gr = Grashof number
g = accele ation due to gravity
hrg = latent heat of vaporization

h = average heat transfer coefficient on primary side

h. = average heat transfer coefficient on secondary side
j = superficial vapor velocityg

IWork supported by the U.S. Nuclear Regulatory Commission, Office of Nuclear Regulatory
Research, under DOE Contract No. DE-AC07-761D01570.

2 Work supported by the Federal Ministry of Research and Technology, Federal Republic of
Gennany.
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jr = superncialliquid velocity
k = thermal conductivity

! l< = condensing length
ma = mass of air / nitrogen
Nact = number of active steam generators
Noams = number of steam generators with a pair of nonle dams installed
N t., = number of primary kops
NT = number of steam generator tubes per steam generator
Nu = Nusselt number
p = pressure
7 total = total RCS pressure
Pr = Prandtl number
Q = power or heat transfer rate
(M = initial decay heat level
Qo* = nondimensional power
R = universal gas constant
Ret = saturated liquid Reynolds number
T = temperature
t = thickness
V = volume
Vj = vapor drift velocityg

Greek symbols

a = void fraction

S = liquid film thickness

y = ratio of vapor and liquid in two-phase nonannular flow
p = density
p = viscosity

Subscripts

f = limiid
fs = sr.arated liquid
g = vapor
gs = saturated vapor
iSG = steam generator inside
LSgas = noncondensable gas in the loop seal
NC = noncondensable gas
OP = steam generator outlet plenum
OTS = steam generator outlet tube sheet
oSG = steam penerator outside
sat = saturation
see n secondary side
Tubes = steam generator U-tubes
UP = upper plenum
w = U tube wall
wp = primary side of the U-tube wall
ws = secondary side of the U-tube wall
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INTRODUCTION

A study conducted at the INiii. identified various natural circulation cmling onles that nurht
be utilized in the removal of decay heat following loss of the residual heat removal sptem (RI1RM

l Theduring maintenance or refueling shutdown of U.S. pressurized water reactors (PWRst
study also identified the important thermal hydraulic phenomena that could occur during such an
esent. One of the n des identi6cd that required further investigation is renux cooling, mitiated
during reduced inyt iry conditions with the upper regions of the reactor coolant sy stem (RUS!
filled with nitrogen or air. Of particular concern was the RCS pressure that would be reached in
establishing stable renuxing. If this pressu e approached approximately 4.4 bar (50 psig),it inight
be suf ficient to cause failure of temporary closures, such as noule dams and pressures as low as
about 2.7 bar (25 psigl could threaten thimble tube seals.

An analytical model has been developed that makes some assumptions conectning the pnwess
leading to and during renux condensation.2 Some of the assumptions are derived from the
scenario itself on how the noncondensable gases are transported during the process of estabhshing -

steam generator heat removal. Others come from the physical processes occuning in the vessel,
tcoolant sy stem, and steam generators. Each are discussed in more detail in the next sectmn

followed by a brief description of the development of the nadel. The nulelis validated using the
natural circulation results from Semiscale Test NC-6. The i>KL 111 lixperiment 114.5 was selected
to assess the model against a full simulation of a loss-of-RilRS under reduced inventory
conditions. The PKL 111 facility is a scaled-down (1:145) model of a 1300 MWe 4-loop PWR
operated by Siemens AG-Ull KWU at lirlangen, FRG. A full description of the experimen and
its results are given in this paper

LOSS OF-RilRS

SmutialMcimim

The oacrating condition and configuration of the system assumed at the tiue of loss of RilRS
is reduced inventory operation with all RCS openings secured (i.e., prinury coolant system closed
from the containment). One or more of the steam generators is in wet layup and nonle dams may
or may not be in place, but at least one steam generator remains operational (i.e. in wet layup with -

no non.le dams installed). Air or nitrogen (noncondensable gas) fills all RCS spa' e aluve the -

coolant level. Such a configuration can exist shortly after shutdown before refueling operatmns
begin (within two or more days), or after refueling has been wmplet"d and preparations are
underway to start up.

In the event of a loss-of-RilRS, core decay heat causes a rise in reactor coolant temperature
until boiling begins. During this first phase,it is assumed that buoyancy-driven natural circulation
causes all of the water above the bottom of the core to heat to the boiling point. A second phase
begins after the core coolant begins to boil, during w hich the resulting steam expands into the
primary coolant system and eventually reaches the steam generators. The interaction between the
noncondensable gas and the -team is highly complex and is driven by buoyancy, diff usion, and
entrainment proecsses. 'lhe < nd ef fect is for the noncondensable gas to be swept from the reactor
vessel and other RCS locations into the steam generator U-tubes. This can be likened to the
compression of the noncondensable gas by a piston from a l.rge initial volume into a small final
volume. Thus, this phase might be referred to as the air compressior. phase.

1!i
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In the third phase, condensation of steam inside the steam generr a tubes occurs, with the
condensate draining back into the hot legs in the case of U-tube steam procrators or cold legs fo.-
once through steam generators, and es entually to the reactor vessel. One or more steam generatms
may be available to condense the steam The transfer of heat into the secondary coolant causes its
temperature to gradually increase, and i erefore the primary vapor temperature and pressure also
increase with time.

The fourth and final phase begins when the secondary coolant starts to boil. llcre, it is
assumed that a secondary vent path can tv established to relieve the steam. A pseudo-steady
condition then prevails in which the primary pressure remains stable, as long as suf hcient
secondary coolant exists to cover the condensing length of the tubes. Eventually,if the secondary
coolant is not replenished,it will tvil off. Ilowever, for most cases esamined in this study, it is
assumed that the steam generator tubes remained covered.

Physical Phenomtst
.

- There are several important physical phenomena that rnust be accounted for to perfonn an
analysis of reflux cooling . The first is the heating of the water and metal mass in the reactor vessel
and hot legs. Since the main concern is the final RCS pressure reached, the metal mass heat up is
considered to have already been completed. Therefore, all of the decay heat goes to boiling the
water in the vessel. The steam thus generated will eventually make its way to the steam generators.
If the core decay beat levelis high enough, and/or the initial r ater level is elevated above mid hop,
a two-phase mixture is pmduced, with the steam voids causing a swelling of the coolant volume,
if the uclling is preat enough, a two-phase mixture could enter the steam generator tubes. Also
asso ited with Ingh decay heat, the potential for a countercurrent flow limitation in the U tube
steam generators exists which could f hwi the upper sections of the U tubes with the condensate
On 'he secondary side of the steam generators, two possibilities exist, namely twiling or natural
convection. Finally, the movement of noncondensable gases that Olls the RCS above the water
levelis subject to some uncertainty. It is presumed that most of the gas will be swept out of the
reactor vessel as the steam and/or steam-water mixture expands within :he vessel. Some '

propcntion of the gas may enter the pressuriter, which is already Olled with noncondensabk gas.
The remainder will be compressed into the steam generator tubes and downstream spaces (i.e.,
steam generator outlet plenum and cold legs), until sufficient steam generator tube smface area to
condense the steam is created.

MODEL DEVELOPMENT

Piston Modd

A simplified, steady-state model was developed to calculate the state of the primary coolant
system for a long (bration loss-of RilRS (long enough for boiling in the core to occur). It is w ell
established that a balanced, pseudo-steady heat transfer condition can be reached after the loss of-
RilRS if certam plant conditions exist.M in this section, the models and associated assumptions
used to calculate the conditions of the primary system are presented,

The principal assumption of the so-called Piston Model is that a noncondensable gas from
almost every section of the RCS is transported into a noncondensi ,ection (a " passive" region)
of the steam generator (s) by the boiling of water in the core. This movement, or transport, of the
noncondensable gas in'o a reduced volume by the steam is similar to the effect of a piston

m
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compressing a gas in a cylinder. Only tuo basic principles, with a few simple assumptions, are'

needed to determine the system conditions that will be reached. These principles are the Gibbs-
Dalton Law of Partial Pressure and an energy balance across the steam generator tutes. The
assumptions used by the model are: j

|1. The noncondensable gas is compressed by the steam into the stcam generator tutes and,

other non liquid filled portions of the RCS. |
1

2. An active steam generator is defined as one in a wet layup condition allowing it to be a heat ;

sink for the loss-of RilRS anaiysis. / . inactive steam genemtor is one with the secondary side
dry (filled with air or nitrogen).

'

3. Noncondensable gas is compressed !nto any inactive steam generator which is not isolated
by nozzle dams. The volume inat the noncondensable gas occupies in the inactive steam
generator (s) is the same volume as the noncondensable gas occuptes in the active steam
generator (s).

4. The temperature of the steam above the core, in the hot legs, and entering the steam
generator equals the saturation temperature corresponding to the primary pressure.

3. Condensation of the vapor enter:ng the steam generator tubes begins at the top of the tube
sheet and extends a distance through the tube bundle referred to as the condensing length.

6. In the noncondensing region of the steam generator, steam and noncondensable gas are
,

mixed together and have the same temperature as the secondary side of the steam generator.

7. The steam generator tubes all behave identically.

8. No credit is taken for heat transferred to the structure of the primary coolant system.

Application of the Gibbs Dalton Law of Partial Pressures to the passive section of i eam -

generator gives:

Proiai = Psdb) + PNC (1)

NC s determined from the ideal Gas Law:iwhere P

"
PNC=

VNC (2)
!

Now, the volume ot' the passive section, V c, can be calculated from the relationship:N

VNC = (NL -Noams) VoTs + Vor +Vosg , + U"I' **~
LTute (3)

where Le is the only unknown. By combining Ec uations (1) through (3), one famis an equation
for the pmssure necessary to compress the noncond ensable gas into the steam generator:

,
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,

PTotal = Put(T.u) +
m . R T. ,c

"I ''(N .-No,m.) v Ts + Vor +V .sga. + V utw.' l Lt o t T
4 Ti - . ' . (4)

The heat transfer across the steam generator tubes can be expressed in each of three separate
sections: pdmary, tube wall, and secondary. Thus.

Qo aOp=Qw=Q$
(5)

where,
>

Op =Ii n D sc Le N N,a (Tui-Twp)p i T (6)

g, . kw 2n ly NT NayT9 -TW
1n(Dosc/D cc)-

(7)i

Q. = li, n Dosc l< N N ct (Tw. - T u)T (g)

These equations can be combined and rearranged to yield an equation with only Tut and 1< as
unknowns:

Q 2 In(Dosc/Dec) + _ 2[
'

Tm = Tu + 2n 1< NT Naci
+

h D sc_ kw h. D scp i o (9)

This gives two equations ( Equations (4) and (9)) and two unknowas (Tsat and l<). A
mathematical expression ran be found for relating saturation temperatme to saturation pressure
/e.g., the Antoine equr . or a similar correlation). This pair of equations and unknowns is then
solved by readily avas. ale numeri~tl solution schemes. The Newton-Raphson method was
sclected treause of its relative ease of use.

Heat Transfer Coefficient Cormlations

In Equation (9), the only variables that are not given by a property table or set equal to a
- constant are the primary and secadary heat transfer coefficients. Thus, correlations for these two
variables must be developed for the particular flow regimes occurring in and outside the steam
generator tubes. On the primary side, two types of heat transfer processes may occur: falling film
condensation (annular two-phase flow) when only the vapor phase (and possibly noncondenable
gas) enters, and condensation of a non annular two-phase mixture when the froth level, due to.
mixture-level swelling, enters the steain generator. On the secondary side, heat transfer coef0cient
corTelations for natural convection under both non-tmiling and toiling conditions are needed. The
heat transfer coefficient correlations used in the present analyses are given in the following

. subsections.

|
|
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Primary lleat Tmnsfer Coef6cient

The heat transfer coef6cient for condensation of a pure vapor onto the inner surface of a steam
generator tube is obtained from classical Nusselt analysis,5 The local heat transfer coeff;cient from
this analysis is obtained as a function of the total condensate length,1<, giving

ss@fgNsW5 5
h = 0,943

P I< 4 p t,(Tsa-Twp) . (10)

The average heat transfer coefficient on the primary side is therefore a function of the condensing
length,l<, which is one of the unknowns in Equations (4) and (9),

If a froth level enters the U-tubes, then a nonannular two-phase hut ,Tansfer coefficient must be
calculated. From Reference 6, the following equation is used to determine the heat transfer
coefficient:

h = h2oY + h o(1-y) (ii)p i ,

7where ha is determined fiom Equation (10), hg is calculated using the Dittus-Boelter correlation -

for forced convection inside tubes which yields, -

s

kf Re@8 PrU3
h o = 0.023i

D sc (12)i

and yis calculated from the relationship:

GUP). ,
11

Dg;, (13)i
.

Secondary Side Heat Transfer Coefficient
-

The heat tran3fer on the secon6 u side of the steam generator can be either single-phase natural
convection or boiling two-phase heat transfer. On the stcam generator secondary side, a natural

8convection heat transfer coefficient is ok - ; Som the Nusselt number given by

Nu = 0.0210 (GrPr)0A0 (14)

or by rearranging in terms of tne secondary heat transfer coefficient

55=0.0210b{GrPr]UA0
Lc (15)
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For boiling conditions on the secondary side, the energy transfer is given by the Thom correlations
for fully developed subcooled boiling of 5 ater. The Thom correlation,in terms of the secondary
side heat transfer coefficient, becomes

iG. /T

[22.65 e-Ib/87]2 (16)

where Psec is the secondary side pressure in bars.

Level Swell due to Boiline in the Core

Once boiling begins in the core, steam bubbles will rise into the upper plenum. Sin e the
resulting two-phase mixture occupies more volume than the liquid alone, the water level in the

.

reactor vessel will mell upward and enter the hot leg volume. Under these conditions, a two-
phase mixture will flow into the hot leg once the upper plenum and upper head becomes saturated
with steam. Due to the low fluid velocity, the flow becomes stratified in the hot legs. Once the
fluid flow begins to turn upward into the steam generator inlet plenum, a two-phase froth may
form due to the countercurrent flow of condensed water moving down and steam upward. This ,

resulting froth may continue into the steam generator U-tubes. He increase in water level in the l
heated section of the RCS (the core, reamt vessel above the core, hot legs, and the inlet side of the

'

steam generators) must be in hydrostatic balance with the water level of the unheated section of the
RCS (downcomer, cold legs, loop seals, and outlet side of the steam generators). The final result
of the fmth level entering the steam generator U tubes is that the water level in the loop seal piping
rises into the steam generator outlet plenum.

If the froth mixture enters the steam generator U tubes, the simplified Nusselt film
condensation model for heat transfer is inappropriate and the two-phase heat transfer coefficient of
Equation C Qmust be used. To properly use Equation (11) the void fraction must be determined.
Since th io. , r.RHRS involves stagnant water in the core, the drift flux model can be used to
estimatc de & fraction in the reactor vessel.

|
Th: .6 N model + s continuity equations to describe the distribution of the liquid and

.

lvapor phe in a two-phase mixture. The void fraction from the drift flux modelis 5

1

a= - 5
|

CoQg+jr) +V jg (g7)
|

where Co is the distribution coefficient and Vgj is the vapor drift velocity. Correlations are |
available for Co and Vaj , and they are functions of the flow channel geometry and the two-phase '

f'ow regime. The average void fraction is obtained by integrating the kcal fruction over the heated
length of the fuel rods in the core; integration gives

Ecorc= 1 1- 1;-In(1 +Q'o)
Oo (18)

where Qo* is
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CoQo
Q.

o=V Pgh Arc (;9)tggi

The vapor drift velocity, V j,is obtained from correlations of experimental data appropriate to theg
now-channel geometry, two-phase flow regime, and operating conditions. The situation of
interest is the case of boiling in a stagnant pool of liquid. Kataoka and Ishii9 have summarized the
application of the drift flux model of two-phase Dow to these situations. For the pressure range of
interest in analyses of the loss-of-RilRS incidents ( 0.1 to 0.4 MPa ), these correlations give a drift
velocity of about 0.2 m/s ( 0.6 ft/s ).

The distribution coef6cient Co. is given as a function of pressure by5

C = 1.2 - 0.2
(Pfs 1 (20)

*

i

which gives a value of about 1.2 for the conditions of the loss-of RilRS incident. With Vg and
Co from Equation (20), the average core void fraction of Equation (18) can be evaluated. The
voids generated in the core move upward by buoyancy into the core outlet and upper plenum. The
void fraction in these regions can be evaluated by use of Equation (17) with appropriate values of
Vg and Co.

Code Package Description

The appropriate equations from the previous sections were written into a FORTRAN 77
computer program to solve for the RCS pressure and temperature, and the condensing length (Lc)
in the steam generator tubes. The program is broken into approximately 29 subroutines with each
one perfonning a specific task. A computational flow chart and more detail of the code package is
given in Appendix D of Reference 2. Code compiling, debugging, and running were perfonned
on a Macintosh llei using Absoft's MacFortran/020 software package in conjunction with the file
editor QUED/M by Paragon Concepts.

Two different methods exist to input the data needed for the calculations: either by reading two -

Bles or interactively on the terminal. The two input files are a control input file and a plant data
-

file, Three types of output files are produced by the code. One is an output file with values of the
major variables only, such as t iration temperature and pressure. A diagnostic file is produced
which prints vinually all variabu that are calculated or used in any subroutine to aid in any type of
code or run debugging. The last output file is one containing variable values produced in the
iteration loop to evaluate the perfomlance of the Newton-Raphson numerical method.

VALIDATION OF Tile PISTON MODEL

The distribution of the noncondensable gases in the steam generator tubes is the crucial
assumption in the Piston Model. Reference 10 reports experimental results showing where the
noncondensable gases go once they enter the steam ger.erator mbes and an analytical calculation to
compare with these experimental results. It was detennined, for the case when only steam enters
the steam generator tubes, that three regions were established in an inverted U-tube (an " active"
zone, a very short transition zone, and a " passive" zone) along the length of the U-tube. The active
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zone contains only condensing water vapor at the temperature corresponding to the primary side
saturation pressure. The passive zone contai wd a mixture of water vapor and noncondensable
gases with no condensation occurring and a temperature equal to the secondary side temperature.
The experiment also showed that the mixture of the steam-noncondensable gas m this passive 70ne
is given by Dalton's Law so that the secondary temperature detennines the partial pressure of the
water vapor.

To truly validate the model, scaled system experiments needed to be found that examined the
specine natural circulation regimes of concern. Various closed system U-tube and thermosyphon
expedments were examined and discarded due to a lack of infonnation needed to accurately model

~

,

or evaluate results with the Piston hiodel. The Semiscale natural circulation experiment NC-6 was
identined to have all of the necessary system infonnation and experimental results.ll

Semiscale Natural Circulation Test NC-6

A series of natural circulation experiments were conducted in the Semiscale Niod-2A test
facility to help verify codes that analyze the reactor system response to small break LOCAs. In one
of these tests, NC 6, the test facility was placed in a renux condensation mode under reduced-
coolant conditions. Then a series of nitrogen gas injections into the steam generator inlet plenum
were perfonned to detennine its effect on the condensation phenomena. This test was conducted at
an operating system pressure of approximately 900 psia and at a decay heat level expected after a
reactor i, cram. Reference 11 was used to provide an analytical method as a simple verification of
the experiment results.

The Piston hiodel (using the Nusselt laminar film model) was applied to the conditions present
during the NC-6 test run. The results from the model and the test runs are presented in Table 1. It
is apparent that the Piston hiodel predicts the results from NC-6 reasonably well but tends to
overpredict the ptessure. This is consistent with the observation that the Nusselt laminar fihn
condensing model will underpredict the average heat transfer coefficient, leading to a larger
condensing length and greater degree of noncondensable gas compression.

Test NC-6 was useful for partial validation of the Piston hiodel. However, the injection of set
amounts of nitrogen does not give a complete picture of the full scenario that would occur in a
PWR following the loss-of-RilRS. Fortunately, the Federal Republic of Gennany's PKL 111
facility performed a comprehensive nperiment to study the loss-of-RHRS for the shutdown
conditions that nonnally exist during mid-loop operation.12

Table 1 Semiscale Analysis und Experimental Results

N - % of Predicted Experimental2
System Volume Pressure (MPa) hessure fh1Pa) Error (0

0.86 6.4 6.1 5.I
2.98 6.9 6.5 6.5
5.00 7.4 7.1 4.4
6.34- 7.7 7.7 0.6

.
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PKL 111 EXPERIMENT B4.5

PKL is a 4-loop integral test facility simulating a 1300 MWe PWR (Figure 1). All elevations
are preserved, power and volume are scaled down at 1:145. A nere detailed description of the test
facility can be found in Reference 12.

Test Objectives

The main objective of PKL 111 Experiment B.4.5 was to determine the thennal-hydraulic
response of a PWR following a RilRS failure under cold shutdown conditions. Of special interest
were:

1. The pressure and temperature increase necessary to reach steady-state conditions
under which the decay heu can be transferred to the secondary of one operating steam generator.

2. Steam nitrogen mixing and the underlying mechanisms. ,

3. Ileat transfer in the operating and isolated steam genemtors.

Initial System Conditicas

A failure of the complete RilRS is postulated to occur approximately 30 hours after shutdown
with the plant in a steady-state, the decay heat level being 0.7% (0.175 MW), core exit temperature
50 C (122 F) and primary pressure 1.0 bar (14.7 psia). The reactor pressure sessel head is still in
place but the reactor coolant system has been panially drained - the loops are 1/2-filled with water
and the rest, including the steam generators, with nitmgen (Figure 2).

All steam generators secondades are depressurized to 1.0 bar (14.7 psia); one of them (SG 1) is
filled with water at a nominal level of 12.2 m (40 ft) and at 20 C (68 F). The remaining three
steam generators (SG2, SG3, and SG4) are air-filled and isolated throughout the experiment.

Exoerimental Procedure

Secondary Pressure:

The ptessure on the secondary of SGI was kept below or at 2 bar (29.4 psia) by openi:,, the
turbine by-pass valve, and the auxiliary feedwater system was uscd to maintain the liquid level at
its nominal value.

Decay Power:

For technical reasons the experiment wa carried out in the evening. After one hour into the
experiment the pressure had barely reached the value of 2 bar (29.4 psia). The decision was then
made to increase the decay power to 1% and thus speed up the experiment in order to avoid work
scheduling problems. After reaching a steady-state some 4 hours into the test, the power was ,

lowered back to 0.7% and a steady-state at this power level was established

n9
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I

| Results

After the failure of the RHRS, saturation temperature was reached in the core within 20
minutes] Figure 3). Steam production led to formation of a two-phase mixture which reached into
the inlet plena'of all four steam generators. The upper head, upper plenum, hot legs and water in
the above components acted as heat sinks for a funher 20 minutes before they reached saturation
temperature. Thereafter, steam penetrated simultaneously into SG1, SG3, and SG4, and shortly
afterwards into SG2. At this transient stage they all acted as heat sinks. The water-filled
secondary of SGI offered a greater potential for condensation; it drew more steam than SG2, SG3,
and SG4. Due to the low steam density at near atmospheric pressure the steam velocity at the
steam generator tubesheet was high enough to cause liquid holdup inside the tubes (Figure 4).

EfGeient steam-nitrogen mixing took place in the isolated steam generators as evidenced by the
tube temperatures rising with core exit temperature. Figure 5 shows the temperature history of
SG3, which is representative of all isolated steam generators. The temperature of the U-tube inlet
side is close to the primary saturation temperature, indicating a low proponion of noncondensable !'

gas. The lower U-tube exit temperature indicates a higher concentration of noncondensable gas
(Figure 5).

,

!
,

With the seconday side of the operating SGI being kept constant at a saturation pressure of 2
bar (29.4 psia) and decay power at 1.0%, a steady-state on the primary was reached at a pressure
of 6.6 bar (96 psia), some four hours after the RHRS failure (Figure 3). The secondaries of the
isolated steam generators (i.e. stagnant air and metal mass) approach asymptotically the
temperature level of about 150 C (302 F) and their contribution as heat sinks becomes negligible.

After lowering the decay power back to its original value of 0.7%, a new steady-state was
reached at a pressure of 5.8 bar (84 psia). These steady-state conditions could be held for any
length of time. They depend only on the availability of the auxiliary feedwater supply.

Imoortant Phenomena

Formation of Swell Level

During heat up,just before the first steam bubbles are fomied in the core, the water level rises
due to the decrease in water density, and completely fills the hot legs. The formation of steam in
the core leads to further redistribution of water from the core and upper plenum mto the hot legs,
elevating the two phase mixture into the steam generator inlet plenum. At 40 minutes into the
transient at a pressure of 1.4 bar (21 psia) the primary inventory ceases to act as a heat sink. At
this point the steam begins to enter the steam generator tubes. When at least one steam generator
secondary is aval_lable for cooling, there is a smooth transition from one form of heat sink (primary
inventory and structures) to another; namely the steam generator secondary.

Mass Distribution under Steadv-State Conditions

Table 2 shows the difference in mass distribution within the primary system between RIIRS
operation at I bar (14.7 psia), and the reflux condensing mode of operation at 6.6 bar with one
steam generator acting as a heat sink. The results show a mass reduction in the reactor vessel of
13% due to steam formation in the core, and a mass increase in the pressurizer (8%), steam

_ generator U-tubes (4%), and hot leg 1 (4%). Despite the reduction of inventory in the core, the
- redistribution is such that there is never any danger of core dryout.

n2
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Table 2 Mass Distribution under Steady-State Conditions

RllRS Reflux
Operation (O Condenser (O Difference (%)

Reactor Vessel excl.
~

45 37 -8
Downcomer
Downcomer 25 20 -5-

Hot Leg i incl. 1 4 +3
SG inlet plenum

Pressurizer incl. Surge 6 14 +8
Line

SG U-tubes 0 4 +4
Rest of RCS 23 21 -2

= Steam-Nitrogen Mixing

While the level swell was forming in the upper plenum, the steam bubbles rose above the two-
_ phase mixture into the space above the hot legs. Against expectations, excellent nitrogen-steam
mixing was observed in the upper plenum as well as in the upper head. The steam penetrated
through the upper head bypass into the top of the downcomer and the cold legs as far as the pump
housing. These observations, as well as results from other experiments involving nitrogen 3,1

suggest that apart from buoyancy and entrainment, diffusion plays a significant role in the mixing
process. The steam propagation along its path (as shown by temperature measurements) appeared
to be independent of direction; either rising (into the upper plenum) or dropping (into the top of
downcomer), the steam penetration velocity was about 20 mm/ min (3.9 ft/hr). From these results
the conclusion was drawn that diffusion dominated the mixing process. 1

Steam Generator U-tube Performance -

The two phase mixture in the steam generator inlet plenum extended into the U-tubes (Figures |
6 and 7). Due to condensation, the void fraction steadily decreased along the tube length until there |

was not any steam left (in equilibrium approximately 0.7 m_(2.3 ft)). At these relatively low -j
pressures and low steam densities, the steam velocity at the U-tube inlet was ja = 4 nVs (13.1 ft/s), ;

which under the given conditions lies above the flooding limit, i.e. before steady conditions were- '

reached, not all the condensate returned to the hot leg. This led to accumulation of condensate in j
; the U-tubes which cuts off the nitrogen-steam mixture above it from the upflowing steam below.

As the pressure in the primary increased, the nitrogen-steam mixture was compressed, creating l

a temperature difference between the primary and secondary and some of the steam condenses. _ To |

replace the volume of the condensed steam (i.e. to preserve pressure equilibrium), condensate was
drawn up into the U-tubes. Under equilibrium conditions at 1% power, the pressure of the
nitrogen-steam mixture in the U-tubes is 0.5 bar (7.2 psi) lower than the pressure in the steam
generator inlet plenum. To preserve equilibrium, a water column of approximately 4 m (13.1 ft)
forms in the U-tubes above the condensmg length and is "not allowed" to fall down.

| The 4 m (13.1 ft) long, stable, subcooled water column supported above the two phase flow
region was unexpected. The bottom twenty or so centimeters were at saturation temperature, and

'

3 ',6
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there was r kind of mini natural circulation within the water column (Figure 6): the warm eter
rose, was replaced by colder water from above and in turn cooled down to the secondary
temperature. The water column was stable but not completely stationary. It oscillated with an
amplitude of 0.3 m (0.98 ft) and a period of 50 seconds. The water column's natt.ral tendency to
move downwards was counteracted by two effects The first effect is due to the creation of a drop
in pressure of the noncondensable gas / vapor (or the passive section) volume due to expansion
following the column's downward movement. The second, of lesser importance, is from the
upward momentum of the two-phase mixture entering the U-tubes to support the water column
from below. These two effects balance out the gravitational force to keep the water column
stationary.

MODEL CALCULATIONS FOR Tile PKL 111 EXPERIMENT B4.5

Using th. infonnation presented in the previous section, the necessary input conditions for
Experiment B4.5 were developed for the Piston Model code. It should be noted from the -

measurements in the upper head, that the temperature is slightly below the saturation temperature,
indicating the presence of a small amount of nitrogen gas in the upper head. This is differert from
the assumption in the Piston hkxlel that all noncondensable gas is swept out of the reactor vessel.
With all things being equal, this result will tend to make the Piston hhxlel overpredict the RCS
pressure due to having more noncondensable gas in the steam generator U tubes than is really
swept into the U-tubes.

Since a hydrostatic head balance must exist between the hot and cold legs, the increase in hot
leg level due to the two-phase mixture has a corresponding level increase in the loop seal piping
(Figures 6 and 7). The experimental results showed that a water slug fonned on top of the
condensing length for both power levels (4 m (13.1 ft) at 1% power and 2.5 m (8 ft) at 0.7%
power), and that this water slug stays at the temperature of the secondary side. Also, the water
levelin the loop seal piping rises to the bottom of the steam generator outlet plenum. Both of these
effects reduce the available volume which the nitrogen can occupy in the passive section of the
steam generator, thus raising the steady-state RCS pressure.

The fonnation of the two-phase mixture (or froth) is an important effect with respect to the
steady-state system conditions. If the Piston Malel, as was verified by the Semiscale test,is used
on this PKL experiment, the steady-state pressure is calculated to be significantly lower than the -

measured pressure (4.3 bar (62 psia) vs. 6.6 bar (96 psia) at 1% power (0.25 MW) and 4.1 bar
,

(61 psia) vs. 5.8 bar (84 psia) at 0.7G power (0.175 MW)). This is not unexpected, since .he
laminar film condensation model is no longer applicable when a two-phase mixture enters the
steam generator tubes. Clearly, the void arid volume growth in the core as a result of boiling
affects the final system conditions and needs to be taken into account in the model when such
conditions occur.

The level swell model as applied to the PKL 111 Experiment B4.5 at IG power indicates inat a
froth level reaches the steam generators. When the two phase nonannulv heat transfer coefficient
is used and compared to the analysis with the Nusselt heat transfer coefficient, the primary heat
transfer coefficient decreases from 5329 to 3062 W/mLK (939 to 539 Btu /hr-ftD ). Ilowever,F
the calculated RCS pressme, based on a change of heat transfer coefficient due to a two phase
mixture, increases only slightly from 43 to 4.8 bar (62 to 70 psia) for the 1% decay level. The
new 0.7% decay level results only improses slightly (less than 0.5 bar). The results improve but
clearly not well enough to predict the conditions that occur during the experiment.

,
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As a sensitivity study, the single-phase heat transfer correlation (Dittus-Boelter) was used in
. the Piston Model and the PKL experiment analysis was repeated. The Dittus-Boelter correlation
yields a primary heat transfer coefficient of about 250 W/m2.K (44 Btu /hr-ft . F). The new results2

overpredict the RCS pressure by 0.9 bar (13 psia) (7.5 bar (109 psia) vs 6.6 bar (96 psia)) for the
1% decay level and by 0.8 bar (6.6 bar (96 psia) vs 5.8 bar (84 psia)) for the 0.7% decay level,

From the experimental data for the 1% power level, the water slug height is approximately 4 m
(13.1 ft), the condensing length is 0.7 m (2.3 ft), and the water level height on the steam generator
U tube outlet side is 3 m (9.8 ft). By taking into account the additional pressure needed to
maintain a water slug above the condensing region, the reduction of the passive volume in the;

steam generator U-tubes due to the level swell, and using a heat transfer coefficient based on the
|

0.7 m (2.3 ft) condensing length (about 13,000 W/m2.K), the Piston Model calculates the RCS
pressure of 6.3 bar (91 psia) at the 1% power level. The 0.7% power level has the following
results: the water slug length is 2.5 m (8 ft), the condensing length is 0.6 m (2 ft), and the i

lreduction of the passive volume length is 2 m (6.5 ft). The Piston Model calculation for the 0.7%
conditions is 5.6 bar (82 psia) vs. the experiment's 5.8 bar (84 psia). Therefore, it becomes clear
that how well one determines the level swell due to boiling and the hydrostatic balance will

'
detemiine tne accu acy of the Piston Model.

CONCLUSIONS

The PKL experim,mt shows that complex thennal-hydraulic phenomena are exhibited during a
loss-of-RilRS under reduced inventery conditions at high levels of decay heat. The data from the
experiment clearly show that the effect of level swell on both sides of the active steam generator
can be substantial on the final P CS pressure. While the analytical model does not directly calculate
an RCS pressure observed in the experiment, greater accuracy is possible with an accurate level
swell detennination. As a minimum, one can determine an upper limit of the RCS pressure that
could result from a loss-of-RIIRS by making conservative assumptions.

Another important, though not unexpected, result is that the condition of the steam generator
secondary side govern the steady-state RCS pressure. This can be seen in the primary pressure
and the secondary pressure over the duration of the experiment. The model also predicts this
result. Therefore, the lowest possible RCS pressure will occur if the steam generator secondary
temperature can be kept as low as possible with either an adequate makeup water supply or venting
path.

1
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Effects of Ilydrogen Generation on Severe Accident Natural Circulation

J. E. O'Brien
Idaho National Engineering Laboratory

EG&G Idaho, Inc.

-

ABSTRACT

During certain pressurized water reac?ct (PWR) severe accident scenarios, natural
circulation can play an important role in detennining the failure location and time-
to-failure of reactor coolant system (RCS) components. At the Sme in the tran-
sient when fuel cladding temperatures reach abeut 1800 K, hydrogen generation
due to the steam / zirconium reaction becomes significant. Effects of this hydrogen
production on natural circulation flow and heat transier have been considered in

~

this report. Possible flow disruption due to hydrogen stratification in the reactor
vessel and/or hydrogen-induced steam generator blockage were both considered.
Long-term hydrogen stratification in the reactor vessel appears to be unlikely due
to turbulent mixing associated with high Rayleigh number in-vessel natural con-
vection. Mixing times scales were found to be short (a few minutes), even when a
fully stratified starting condition was assumed. This finding was consistent with
experimental results obtained by Westinghouse with a Irl-scale PWR RCS
model.

If mixing of steam and hydrogen is rapid and no condensation occurs, analysis of $
the accident prc,gression can be performed by simply accounting for the proper-
ties of the gas mixture as the composition changes. This is essentially what is
done by RELAP5 since gas mixtures are treated as homogeneous. 'Iherefore, rec-
ognizing the inherent limitations of a one-dimensiomd representation or a multi-
dimensional phenomenon, RELAP5 should provide reasonable estimates of natu-
ral circulation heat transfer effects with a steam / hydrogen mixture. If operator ac-
tions take place during an accident such that water is reintroduced on the second-
ary side of a steam generator, condensation would begin, possibly resulting in a
sudden enrichment of the gas mixture hydrogen content in the steam generator
tubing. This situation could potentially lead to a serious msruption in the natural
circulation flow pattern due to U-tube flow blockage.

1
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NOMENCLATURE

Cp constant pressure specific heat, J/kg K
c, constant volume specific heat, J/kg K

2
g gravitational acceleration, m/s

2h heat transfer coefficient, W/m g
L characteristic length, m
M molecular weight, kg/kmol
n natural convection exponent, egn. (12), dimensionless

2q" heat flux, W/m
Ra Rayleigh number (defined in egn. (1)), dimensionless
Ri Richanison number (egn. (5)), dimensionless
t time, s

-

T temperature, K
AT temperature difference, K
u, entrainment velocity, m/s

u. convective velocity (egn. (4))
V flow velwn; . m/s
x mole fraction, dimensionless

2(x thermal diffusivity, m /s
volumetric thermal expansion coefficient, K 1

S height of mixed layer, mb

Q gas mixture property parameter, egn. (6), dimensionless
2absolute viscosity, N s/m

2y kinematic viscosity, m 3
3p fluid density, kg/m

3
pb density within mixed layer, kg/m '

3Ap density difference, kg/m
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INTRODUCTION AND ll ACKGROUND

During certain postulated severe accident scenarios, for example, loss of teth onsite and offsite
AC power and early failure of the steam-driven auxiliary feedwater pump (T MLB'), a high pres-
sure boil-off of reactor coolant system (RCS) water occurs, causing the core and upper regions of
the reactor vessel to be filled with steam. During the later stages the presence of water in the
pump loop seals generally precludes the establishment of full loop natural circulation through the
hot leg, steam generator, cold leg and core, llowever, both in-vessel and ex-vessel muhi-dimen-

.
sional natural circulation flows can still occur. Due to the radial power distribution in the core,

d fuel temperatures are higher in the center than at the core periphery. Consequently, a natural cir-
culation Gow of steam can become established tnrough the core with down flow near the periph-*

i ery and up-Oow in the center. In addition, heat sinks in the upper plenum allow for the fonnation
of a vigorous natural circulation flow in the upper portion of the reactor vessel. In Westinghouse
and Combustion Engineering plants, hot leg counter-current now can also become established
due to the presence of heat sinks in the hot leg piping and the steam generator. In this Dow loop,

-

hot steam exits the reactor vessel through the top half of the hot leg piping and is returned
through the lower half. Some of this Guid enters the steam generator tubes where natural circula-
tion now may also become established, despite significant fluid mixing in the steam generator
inlet plenum. An additional complication occurs at the point in the transient when core tempera-
tuns become high enough (~1500 K) that the zircaloy cladding begins to chemically react with
the steam, producing hydrogen gas and exothermic heating. Generation of hydrogen gas in the
RCS has the potential to modify or stop the natural circulation Dows due to strati 0 cation effects,
in addition, the presence of hydrogen affects natural circulation heat transfer rates.

The net result of the natural circulation Dows is to transport thermal energy from the reactor core
to other structures and to reduce the rate of fuel temperature increase in the core. Ultimately, a
passive failure of ex-vessel piping could occur due to creep rupture or even melting, thereby de-
pressurizing the RCS prior to the time of a lower head failure. The possibility of a high-pressure
ejection of molten core materials and the resultant direct containment heating would therefore be
reduced (but the potential for an in-vessel steam explosion may be increased). The specific loca-
tion of the ex-vessel failure is critical since initial failure of the steam gener nor tubes would pro-
vide a direct path (through the steam line relief valves) for fission product release outside of con-
tairment. The most favorable failure location is therefore the surge line or the hot leg.

_

~

A research program has been initiated to evnluate vessel and hot leg natural circulation behavior
to aid in predicting the likelihood of passive ex-vessel RCS failure prior to lower head failure
and to identify the most likely failure location. One aspect of this project is to evaluate the effect
of hydrogen production on natural circulation Gow and heat transfer in the RCS. Concerns have
been raised that hydrogen stratification could isolate certain regions from natural circulation
flows and thus have a significant impact on the timing and location of RCS failure. This type of
flow d;sruption, if present, cannot be modeled using a one-dimensional system code such as
RELAP5 Even in the absence of stratification, with a homogeneous mixture of steam and hy-
drogen circulating in the RCS, natural circulation flow rates and heat transfer v ill be affected by
the presence of hydrogen. This paper will also address quantification and code modeling of
these fumy mixed binag gas effects. i

The objective of the analysis presented in this paper is to assess the effects of hydrogen genera-
tion on severe accident natural circulation flow and heat transfer rates. This assessment includes
an attempt to quantify the likelihood that in-vessel hydrogen stratification will persist for any sig-
nificant time period during a severe accident transient. Characteristic turbulent mixing times will
be estimated and compared to appropriate transient time scales. Enhancement of natural convec-

I
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tion heat transfer rates due to hydrogen enrichment will be considered. Finally, the implications
of operator-induced sudden condensation in the steam generator after significant hydrogen addi-
tion will be considered.

IlYDROGEN EFFECTS ON NATURAL CIRCUI. ATION

Stratification and Mixing. The possibility for hydrogen stratincation in the reactor vessel will
be examined first. During hydrogen production via the steam-zirconium oxication reaction, hot
streaks of hydrogen-rich gas will be transponed upward by buoyancy forces. A hyarogen-en-
riched atmosphere could therefore be created (at least temporarily) in the reactor vessel upper
plenum. Thennally driven in-vessel natural convection will also be occurring due to buoyant
forces associated with temperature differences between the core and reactor vessel interaal strx- ,

tures. This natural convection will tend to homogenize the gas mixture inside the vessel by tur-
bulent mixing. The strength of the natural convection Dow and associated turbulent mixing is
governed by the magnitude of the characteristic Rayleigh number for this enclosure as given by:

.

3gpYrL
vu

Using steam properties at 700 'C and 15 MPa (Guid conditions characteristic of the early stages
of core heatup [1]) and choosing a characteristic temperature difference, AT, of 400 K (typical
value based on results of analysis presented in reference [11 and TMb2 lead screw data [21) and
a characteristic len ' scale of 3.4 m (typical reactor vessel diameter), a characteristic Rayleigh
nucher of 1.2 x 1(, is predicted. Since transition to turbulence occurs at a Rayleigh number -

arounc 109, vigorous turbulent natural convection is expected at the predicted vessel charactc'is-
tic Rayleigh number Chemical energy release from the exothennic steanVzirconium oxidation
reaction would be expected to further augment natt.ral convection and mixing during the very
time period w hen hydrogen production is occurring.

The order of magnitude of typical in-vessel Row vek)eities can be estimated using

V = [gzAT/I (2)
_

where z is the fluid acceleration height. The upper plenum height is about 3 m. Assuming that
buoyant acceleration is effective over one third of the upper plenum height, and that AT/F~.4, a
velocity of about 2 nVs is obtained. Recognizing that there will be significant dissipation of flow
kineti energy associated with Guid impingement on the upper plenum support plate and recircu-
latic.s reasonable average velocity magnitude for the upper plenum flow may be 0.5-1 nVs,
which is consistent with the results of [1).

A method for estimating turbulent mixing times in initially stratified media is provided in refer-
ence [3]. The fluid is characterized by initial stable solutal stratiEcation and is assumed to be
unifonnly heated from below, as shown in Fig.1. In this case, a homogeneous mixed layer
whose height increases with time fonns above the heated surface. A correlation for entrainment
(or mixing front) vekicity, which quantifies the growth rate of the mixed layer for such systems,
is given by

"t = 0.2 R i'l (3)u.

lin
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Figure 1. Schematic of penetrative mixing situation,

where

g |3r 4b Sb
u. = (4)

L Pb c .b _

jv

and the Richardson number, Ri, is given by

APSbRi = 8 (5),

po u:

The range of applicability for the correlation of egn. (3) is approximately 1 < Ri < 1()t. The den-
sity, pb, is the density ~f he mixed layer, which changes with time according tot

*bb

Pb = Pi(Z) dl (b)
Db Je
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in which
'

pi(z) = p(z=0) + z
&p'
- (7)
(Oz ti 2

The density' difference across the interface, Ap is therefore given by

esu

Ap(S ) = 1- pi(z) dz- p;(z=S ) (8)d d

bb Jo
l

Assuming a linear initial density variation,

Ap = h
(3Z ;

(9)
*

3

Now, substituting eqns; (4) and (5) into egn. (3) and using egn. (9) for Ap, the m.xing front ve-,

- locity is given by'

L

| u = dS8 = (2)(0.2) pT b qb (10)e
tap)

Cv b

dtj
bb -

.

(Ozli

Integrating to obtain Sb as a function of time and solving for the mixing time, treating the other
mixed layer properties as constant yields

2 Bpl
-

63 - cy,b
- (dZ ji

tmix = (11)
0.8 T.b qb

which indicates that the mixed layer height increases with the square root of time. In reality, the
mixed layer specific heat is also dependent on S . Under the assumption of an initial linear den-d
sity profile, this dependency is relatively weak and was treated by evaluating the gas mixture-
specific heat for the mixed layer at an intermediate hydrogen mole fraction of 0.25 (the moxi-
mum hydrogen mole fraction for the mixed layer is 0.5).

. A mixing time of 99 seconds has been estimated using eqn. (11) for the upper plenum of a PWR,
again- using steam and hydrogen properties at-.700* C and 15 MPa. According to the

_

SCDAP/RELAP5 simulation [1], the time period for significant hydrogen generation lasts about
10 min. Consequently, based on the conservative mixing time estimates provided above, com-
plete hydrogen / steam mixing should occur in a much shorter time period than is required to

|
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generate the bulk of the hydrogen. A modeling treatment of the overall transient in which fully
mixed conditions are assumed to prevail at each time step is therefore reasonable. This fully
mixed mode! is adopted ia SCDAP/RELAP5.

Characteristic convective vekeities, u., within the mixed layer can also be estimated using egn.
(4). For the full-scale PWR conditions of 70(r C and 15 MPa, values of 0.73 and 1.2 nVs are
obtained at mixing heights of I and 3 meters, respectively. These values are completely consis-
tent with the order-of -magnitude calculation of egn. (2) and with the results of [l J.

The issue of hydrogen stratification effects on severe accident PWR natural circulation was also
addresscJ during a series of experiments per fonned at the Westinghouse Research and Develop-
ment Center [4,51. A 1D-scale model of a Westinghouse PWR was constructed in order to ob-
serve natural circulation Dow patterns a-d heat transfer. The apparatus was operated under both
transient and steady-state conditions using high-pressure SF< [4] as the working Guid in order to
achieve approximate similitude, in order to examine the effects of possible hydrogen stratifica-
tion on natural circulation Dows and heat transfer, helium was slowly introduced into the model -

reactor vessel prior to any heating, fonning a fully stratified static region in the upper head. This -

fully stratified starting condition was thought to represent a worst case in tenns of stratification
effects, lleating was initiated and transient start-up of natural circulation now patterns was otw
served, primarily by means of thennocouple readings in various locations. No gas sampling was '

performed during the high-pressure tests. Temperature readings indicated no stratification-in-
duced delay in heating of the top upper plenum Guid. Furthermore, Guid temperature readings ,

recorded at the core exit and at the steam generator end of the hot leg also indicated no stratifica-
tion-induced heating delays. In fact, no significant stratification effects were observed. The au-
thors conclude that in-vessel fluid mixing is rapid and is dominated by turbulence.

Ilydrogen production effects were also simulated in the earlier low pressure (atmospheric) West-
inghouse ID-scale experiments using air-helium and SFrhelium [5]. In these low-pressure ex-
periments, measurements included both thennoccuple readings and gas sampling, which was
carried out at various locations and times in order to provide a direct indication of the degree of
Guid mixing. llelium injection and SF withdrawal were carried out differently for the low pres-6

sure tests than for the high pressure testa. For the low pssure tests, helium was introduced con-
tinuously (and SF withdrawn) near the middle of the core for a period of forty seconds during6
steady-Dow natural circulation. Gas sampling began at the end of the forty second gas introduc- -

tion period. Gas concentration measurements for the SF tests indicated complete Guid mixing -6
after about 5 minutes in the top of the upper plenum. Gas concentrations in the upper head wer:
observed to acquire their final steady-state fully mixed values virtually ine ntaneously, however,
which is unexpected since the upper head is more isolated from the core than is the upper ple-
num,

Predictions of mixing times were obtained for the experimental conditions of both the high pres-
sure [4] and the low-pressure Westinghouse [5] ID-scale natural circulation tests using egn. (12).
Results of these calculations are summarized in Table 1, along with the results of a calculation
for a full-scale plant at 7 MPa,70(T C.

The predicted convective velocity, u., for the Westinghouse low-pressure tests is consistent with
results of laser-doppler anemometry measurements obtained in the upper plenum of the ID-scale
facility [5} Richardson numbers of Table 1 are all within the range of applicability cited earlier.
Mixing time for the Westinghouse low-pressure test is predicted to be 137 seconds, which is
lower than the 5 minute value indicated from the gas sampling measurements, Experimental
conditions did not correspond exactly to the initially fully stratified condition of the conelation,

p
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however, so this level of disagreement is not surprising. Mixing time for the Westinghouse high-
pressure experiments was predicted to tv 52 seconds, which is about one twentieth of the overall
transient time studied. There were no direct gas sampling measurements obtained during the
high-pressure tests, however, so no direct comparison can be made. As mentioned previously,
no significant stratification-induced thermal effects were observed during the high-pressure tests,

it should be noted that the predicted mixing times for the in-scale experiments, despite their
similarity to the prototypical values, represent a relatively high fraction of the total characteristic
transient time for the 1-7 scale model because the time scale for the model is much shorter than
for the prototype [61. Therefore, for similar predicted mixing times, stratification effects would
be expected to be more pronounced in the model.

In fact, some significant stratification-induced effects were noted for the nonprototypical (the
primary Cow similitude parameter used by Westinghouse [61, gp4q"L2/c 3, was more than -

p

four orders of magnitude too low with atmospheric SF ) Westinghouse low-pressure tests (513

About 1 minute after the end of helium injection, a temperature inversion was observed in the -

hot leg with cold light gas overlying warm heavy gas. This situation was due to the fact that the
fluid entering the top of the hot leg from the reactor vessel was helium-enriched. Ilot leg tem-
peratures remained steady for about the next ten minutes, apparently indicating a complete now
stoppage during that period. This flow stoppage may have been due to blmkage of the inverted
U-tube steam generator flow by helium-enriched fluid. In any case, clearly the observed stratifi-
cation effects were much more severe for the low-pressure experiments than for the near-proto-
typical high pressure experiments. The severity of the effects was probably due to the longer
mixing time (see Table 1) required for the weaker,less turbulent now conditintis of the low pres-
sure experiments, allowing 'ranspc rt of a significantly helium-enriched fluid stream to the steam
generator tubes where blockage ensued. The method of heliu n introduction into the experimen-
tal apparatus may have also played a role.

The effect of system pressure on mixing time is indicated by the last row in Table 1. The reduc-
tion in predicted mixing time is primarily due to the reduct;on in density difference between the

.

Table 1. Summary of mixing time calculation results,

u. (m/s) Ri tg (seconds)

full-scale plant, P = 15 M"a 1.22 16 116

Westinghouse in-scale, .315 39 137
low-pressure

Westinghouse ID-scale' .431 21 52
high pressure

full-scale plant, P = 7 MPa 1.51 82 51
1

om
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two gases as the pressure is decreased.

The shon mixing times of Table 1 and the results of the high-pressure Westinghouse experiments
indicate that hydrogen stratification should not cause any significant disruption of severe-acci-
dent natural circulation flows in the reactor vessel.

Several studies have also been perfonned on hydrogen stratification and mixing in containment
atmospheres [6-10). The consensus of these studies is that turbulent mixing dominates inside
containments as well and that hydrogen stratitication will persist for time periods only on the
order of tens of minutes [6), even with the relatively weak natural convection and much larger
volume of a containment compared to a reactor veswl.

Concems about in-vessel stratification effects on severe accident natural circulation were height-
ened by observations obtained from metallurgical examination of lead screws from TMl-2 [2].
These observations revealed that an inverted temperature profile existed (at least in the lead-
screws) during the accident in the upper region of the reactor vessel, with the lowest tempera- -

tures occurring at the top of the vessel. Additional evidence based on oxidation rates indicates
that a hydrogen-enriched atmosphere was present in the upper reactor vessel [2), Solutal stratifi-
cation of a relatively low-temperature hydrogen / steam mixture has been suggested as a possible
explanation for these observanons. Expected TMI-2 in-vesstl mixing times are so short, howev-
er, that hydrogen stratification should not have persisted for any significant time period, leak-
age now of cool gas from the upper head downward along the lead screws has been suggested as
an alternative explanatit,n for the inverted temperature observations [ill.

Gas Mixture Effects. If the assumption is made that complete mixing of steam and hydrogen
has been achieved in the RCS and that no condensation is occurring, the analysis reduces to one
in which the properties of the gas mixture must be used in place of pure steam properties to pre-
dict natural circulation (other gas components such as volatile fission products may also be
present). Natural convection heat transfer rates for hydrogen / steam are higher than for steam
alone. Ei.hancement is due primarily to the significamly higher thermal conductivity of hydro-
gen. For a given geometry and temperature difference, the magnitude of the enhancement can be
approximated by [121:

li ~ (e p /p)" k1- n (12)2
p

where n is the exponent in the relationship

Ru ~ Ra" (13)

and the properties are evaluated for the gas mixture. Typical values for n are in the range 0.2 -
0.3. Methods for detennination of gas mixture properties are given in (13]. For mixtures of
ideal gases, thermodynamic properties (expressed on a mohtr basis) are simply mole-fraction
weighted averages of the constituent properties. Transport properties, on the other hand, are not.
In particular, viscosity of gas mixtures is detemiined from the Sutherland fomiula

N

pg " b (14)

w i ),
se
j= 1

36i
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where

l +
p;11/2 'hi illi2'

- q t~

df1 + bi I (15)Qij = d i Mj; Mj i Ibl >
- '

i

A similar fom1ula is used for thennal conductivity. As an example of the fully mixed steam /hy-
drogen effect on natural convection, properties of steam / hydrogen mixtures at 700*C and 15 MPa
required for use in egn. (12) are plotted in Fig. I as a function of hydrogen mole fraction. In ad-
dition, the heat transfer enhancement for natural convection with a steam / hydrogen mixture as
predicted by egn. (12) is shown in Fig. 2. It is interesting to note that the maximum heat transfer
enhancement occurs with a high mole fraction of hydre, gen, but not with pure hydrogen.Equa-
tions (14) and (15) are incorporated into RELAPS [141, which treats steam /noncondensible mix-
tures as being in complete thermal and mechanical equilibrium (i.e., fully mixed) {l5). Ilydro-
gen properties are also available in the code, lleat addition associated with the exothermic
steam / zirconium oxidation reaction is also modeled. Therefore, recognizing the inhen nt limita-
tions of a one-dimensional representation of a multi-dimensional phenomenon, RELAP5, as it
was app''2d in reference [1], should provide reasonable estimates of natural circulation heat
transfet effects with a steam / hydrogen mixture.
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Figure 3. Natural convection heat transler enhancement
due to increasing hydrogen mole fraction.

Condensation. As mentioned previously, condensation in the steam generator would not be ex-
*pected after boil off of the secondary side during a TMLIr. However, if operator actions take

place such that water is reintroduced on the secondary side of a steam generator (as occurred dur-
ing TMI 2), condensation would begin inside the steam generator tubing. If the fluid inside con-
sists of a steam / hydrogen mixture, sudden enrichment of the hydrogen content will occur. This
situation could potentially lead to a serious disruption in the natural circulation flow pattern, es-
pecially for the inverted U-tube steam generator design. In particular, U-tube now blockage
could occur as the concentration of light noncondensible hydrogen gas increases inside the

_

tubing. Buoyancy will tend to stabilize the hydrogen in the inverted U-tubes, preventing further
natural circulation through the tubes.

An operator-induced transient involving introduction of water to the secondary side of the steam
generator could have a significant impact on the time-to-failure of specific RCS components dur-
ing an accident scenario, especially if hydrogen is present on the primary side at the time of the
transient. System response to this type of transient should also be amenable to RELAPS model-
ing, possibly requiring inclusion of a steam generator flow blockage model such as the one und
in MAAP [161. RELAP5 does have the capability to handle condensation in the presence

'

noncondensibles.
,
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St'MMARY AND CONCLt:SIONS

Natural circulation can play an important role during cena,n PWR severe accidents in determin-
ing the failure location and time-to failure of RCS components. At the time in the transient
when fuel cladding temperatures reach alout 15m K, hydrogen generation due to the steanViir-
conium reacticn tecomes significant. liffects of this hydrogen pnxiuction on natural circulation
flow and heat transfer have been consid ced in this repon. Long term hydrogen stratiGeation in
the reactor vessel appears to tv unliktly due to turbulent iAing associated with high Rayleigh
number in vessel natu*al com ection. listimated mixing times were found to be shon, commtred
to overall transient time periods even when a fully stratified starting condition was asu. ned.
This finding was consistent with esperimental results obtained at Westinghouse with a 1/nscale
PWR RCS model.

It mixing of steam and hydrogen is assumed to I e rapid and no condensation can occur, analysis
t of the accident progression can be performed by accounting for the propenies of the gas mixture

:

as the composinon changes. The gas property changes that occur as a result of hydrogen pnxiuc-
tion include increased thermal conductivity and specific heat, and decreased viscosity and densi-
ty. The net effect on natural circulation heat transfer is a significant augmentation. The fully
mixed gas model is utilized in Rl! LAP 5. Therefore, with its inherent limitations in rnind,
Rl! LAP 5 should provide reasm 'le estimates of natural circulation cf fccts, system temperatures,;

failure h>eation. and component time-to-failure with a steam / hydrogen ini..ture. If operator ac-
tions take place during an accident such that water is reintroduced on the secondary side of a'

steam generator, condensatior uld begin, possibly resulting in a sudden enrichment of the gas-:

mixture hydrogen content in i _,eam generator tubing. This situation could potentially lead to
a serious disruption in the natural circulation flow pattern due to U tube now bhvkage, possibly
delaying or even precluding hot leg or surge line failure.
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SCAllNG ISSUES FOR A 1HERMAL-HYDRAULIC INTEGRAL TEST FACILITY

Timothy J. Boucher, Idaho National Engineering Laboratory
Marino diMarzo, University of Maryland at College Park -

Louis M. Shotkin, U.S. Nuclear Regulatory Commission

Abstract

The USNRC is considering how to best obtain integral
system test data fo- the new reactors with passive
safety systems, AF600 and SBWR. This paper discusses
scaling issues diat must be considered in designing such
a thermal-hydraulic integral test facility. Topics
covered include experimental requirements for such a
facility, a critical review of available scaling
methodologies, experience from aast testing programs
which may aid the design of a new facility, enumeration
of minimum dimensions for an integral test f acility and
application of these concepts to the design of a low
pressure test facility.

_

l. General Scaling Considerations

As part cf the design certification process for the new Ap600'd and SBWR'
reactors, the NRC is evaluating the vendor testing programs, both separate
effects and integral tests, to determine if any additional data would be
desirable. Since new reactor systems differ most significantly from current
reactors in that their safety systems are gravity-driven rather than pumped,
particular attention is being focussed on integral testing of the interactions
of thou new passive safety systems under accident conditions. Both of these new
designs also rely on automatic depressurization systems to promote the gravity-
driven cooling of the core, lhese new systems m'ist be adequately modeled in the
thermal-hydraulic codes used to simulate their performance and sensitivity.
Although many concepts in this paper are general, when specific examples are
required, the focus will be on the AP600 design. This paper contains information
from a recent study performed at INEL'.
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It is recognized that a complete thermal-hydraulic testing program for a new
reactor design must include both integral system tests and separate component
tests. The test facilities must have adequate instrumentation so that the data
will be of suf ficient scope and quality for assessing thermal-hydraulic computer
codes. The separate effects tests study the response of individual components,
often at near to full-scale, to imposed thermal-hydraulic boundary and initial
conditions. The integral effects tests identify and quantify system phenomena,
sensitivities and interactions. Ideally, the entire length of advanced reactor
transients would be simulated in a single, appropriately scaled integral test
facility. However, it is feasible to investigate different por tions of the
transients in integral facilities at more than one scale. For example, o full-
height full-pressure facility could investigate the high pressure interactions
of fluid flow and heat transfer that may occur before the IRWS1 injection begins.
A separate reduced -height rcduced-pressure facility could be used to study the -

low-pressure system interactions during the latter part of the jepressurization.
However, if different portions of a given transient are obtained from two
differently scaled facilities, the feasibility of establishing appropriate
initial conditions for the low pressure integral facility must be investigated
erly in the planning process to assure that the integrated results are valid f or
code assessment purposes.

A scaled integral test facility should be designed to satisfy a number of
criteria. Preservation of thermal-hydraulic phenomena expected in the full-scale
plant is considered to be of major importance. The ccaling rationale used in the
design of an integral test facility for a new reactor, such as the AP600, must e

attempt to emphasize and preserva the phenomena thought to be of first-order
importance in the prot >ype sy ten. The experimental f acility nust also be
carefully designed to re esent all components that are relevant to the safety
research needs. It should be capable of simulating the response to these events
as expected during real time accident progression, i.e., including operatnr
actions and non-safety grade systems. Distortions to processes (particulan y
flow regime transitions, mass and energy transfer) and to time scales should bt
minimal since even small distertions may lead to different events in the ----

progression of these transients. Additionally, c1though thermal-hydraulic
computer codes are the primary means whereby scaled facility r(w 'ts are
extrapolated to full scale, the scaled integral facility design shoulo n inimize
activities necessary to draw inferences to the plant domain. The key is to
identify facility concepts which satisfy the largest portion of phenomenological
data needs and provide results which are best suited for drawing inferences to
the plant domain.

2. Experimental Requirements for Integral Testing

Considerable experimental data has been obtained over the past 25 years on the
thermal-hydraulic behavior of reactors of current design. The first step in
defining experimental requirements for a new design is to identify the design
differences for which sufficient data was not previously obtained.

For the AP600 design, traditional pumped systems are used for accident prevention
and for the first level of defense should an accident occur The major design
dif ference involves the safety systems which come into action once an upset
condition occurs. These new safety sysicms are gravity-driven, replacing current

u
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pumped injection systems, for example, a passive residual heat removal (PRHR)
system bypasses the steam generator replacing the current pumped auxiliary
feedwater system in the steam generator secondary. Gravit,-driven core make-up
tanks (CMT) replace the pumped high pressure safety injection system. The piping
used to supply the pressure difference tc drive this flow from the CMTs is also
a new aspect of the AP600 design. The safety injection goes into the downcomer,
rather than the cold-le;; as on current designs. An automatic depressurization
system (ADS) has been added, which activates on water level in the CMT. No such
counterpart exists in operating PWRs, although operating BWRs have an ADS.
Gravity flow from a large in-containment refueling water storage tank (IRWST)
replaces the pumped low-pressure safety injection. Major design changes have
also been made to the containment, and its coupling to the primary system has
been made more direct. For example, steam is condensed on the containment walls
and flows back into the IRWST, or inte the cavity surrounding the reactor vessel. -

Thus the containment as a long-term r:at sink replaces the auxiliary feedwater
system and the containment spray. The :ontainment as a passive source of water
for the primary replaces the pumped low-pressuie safety injection.

An evaluation * was conducted to identify AP600 firs.-order import ance phenomena
and code assessment data needs. The evaluation showed that the largest
uncertainties and unknowns in safety system performance are for late stage
accident events when the system will be operating at low pressure in a natural
circulation mode and primary inventory lost through the break or ADS will be
replenished by water from the IRWST and/or containment sump, lhe makeup rate
under these conditions will be dependent on pressure balances in the system,
small hydrostatic heads, and complex interactions between system components.
Phenomena and processes that will be prevaltnt during this time frame include:

- small gravity-driven flows and two-phase pressure losses;

- single and two-phase natural circulation in the primary loops and
possibly in the various loops formed by the pressure equalization -

piping; -

- condensation heat transfer in the containment and primary system;

- counter-current flow (including flooding);

- core heat transfer (especially vapor generation);

The most significant new process during the high pressure phasc of AP600
transients is the CMT gravity draining which is strongly affected by the overall
system response and particularly by CMT and pressure balancing line condensation
phenomena. The above phenomena represent the first-order importance phenomena for
the AP600. Hence, these high and low pressure phenomena, combined with their
controlling phenomena, form the basis upon which the scaling analyses should be
conducted. That is, the integral test facility should ideally be sized to
preserve these high and low pressure phenomena.

At least three scenarios must be considered at high pressure: the small-break
loss-of-coolaC accident; the steam-generator tube rupture; and the steam-line
break. For these events, the pass;ve systems may be required to function while

3m
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the system is at relatively high pressure. For the steam-line break, will over
cooling and pressure reduction activate the ADS? How does the control system
handle this event?

One must consider what uncertainties there may be in using existing thermal-
hydraulic computer codes to predict the safety behavior of these new designs.

First, are there any unique r.ew phenomena connected with operation of these
systems? No, but the range of conditions and system configuration differences
have not been extensively studied in previous testing programs. The new passive
safety systems operate at low driving heads and their performance may be sensitive
to small pressure fluctuations and to interactions with new system components.

Second, what are the current uncertainties in existing thermal-hydraulic codes -

regarding their ability to predict the behavior of these new systems? The two
main areas of uncertainty are: system interactions in new geometric arrangement
of piping and components, and flows ur .r v prmsure gradients at low pretsure
in the specific geometry of the AP600 'e,vp

in particular, .here is concern on ti c ' t >. of t% modeling for several
specific processes. These include: -

,

- Thermal stratificatioi, within the |MT, affecting condens; tion rate.

- Level tracking in the IRWST, affecting PRHR heat transfer. -

- Level tracking in the reactor cavity to determine long-term inventory
replacement in the vessel.

- Condensution, with or without non-condensibles, on the containment
wall and in the CMT's, and entrainment in the venting lines.

- Boron transport under ATWS conditions.

- Choked and unchoked flow at low pressure (4th stage ADS).

- ECC injection into the downcomer.

3. Scaling Methodologies

Numerous engineering studies'" have been conducted to define and examine
thermal-hydraulic facility scaling and design requirements for conditions similar
to those stated above. Scaling laws appropriate for modeling thermal-hydraulic
systems are developed from the conservation equations (i.e., the continu!ty,
momentum, and energy equations). The basic techniques'^" involve first
developing geometric, kinematic, dynamic, ar.d energetic similarity parameters
(dimensionless groups such as the Richardson number, Friction number, Froude
number, length and area scales, etc.) by either: defining scale f actors for
geometric and kinematic parameters which allow transformation of the equations of
motion from the model domain to the reference (plant) domain and requiring that
the model equations be equal to the reference equations; or, using reference
scales for non-dimensionalizing the equations of motion and appropriate boundary

rio
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conditions. Thermal-hydraulic scaling laws f or natural circulation have been
developed by Ishii et al ." Basically, Ishii scaling involves the use of
one-dimensional, area averaged f orms of the conservation equations to develop
single-phase flow similarity parameters and perturbation techniques in conjunction
with the drif t flux model to develop two-phase flow similarity parameters.
Similarity laws are douloped by requiring that the similarity parameters be equal
in two different scale size systems. After certain assumptions and
simplifications, it can be shown that two variables must be specified for a
natural circulation system. While there are dif ferent options available lor
selecting these variables, typically the length and area (or diameter) ratios are
specified. While it appears that the length and diameter scales can be selected
independently, independent selection is true only to the extent that hydraulic
resistance (friction number) and horizontal flow regime transition scaling
requirements allow. With selection of certain free parameters such as length and
diameter ratio, parameter ratios (scaling laws) can be developed.'

The scaling relationships discussed above provide a strong basis for scaling to
preserve local phenomena. liowever, they are not suf fic ient to assure the correct
global system behavior. To attapt to assure the latter, all relevant system
components must be included in the test facility design and each must be properly
scaled. For example, scaling condensation ef fects in a cold leg does not by
itself account for the ef fect on cold leg flow of condensation occurring in a
steam generator. lhe final stage in a scaling analysis is to ascertain the
relative degree of preservation of phenomena interactions (synergistic effects)
for each of the scaled facility concepts by performing identical transient
calculations with a thermal-hydraulic temputer code for each of the proposed
scaled facilities and the full scale reactor

Examination of the laws' indicate that several dif ferent selections for the length
and flow area scales appear to be possible. Past integral test f acilities, such
as Semiscale", MISI", and I1S1", have been based on time preservation scaling.
These types of " vo l ur;e scaled", f ull height , full pressure, water facilities
provided the major share of code validation data and proved to be the most -

successful and commonly applied type of scaling for integral hydraulics f acilities
to date. Other integral test f acilities, such as UMCP" and SRl" have been based
on reduced height scaling, lhese reduced height, reduced pressure, water
f acilities provided valuable confirmatory information. Both concepts are subsets
of the general Ishii scaling' described above. For natural circulation, under
the assumption of similar working fluid properties between the model and the
prototype, these scaling principles can be illustrated by two simple relations:

l'''(1) i e

(2) or 1<

where 7 is the ime scale ratio, 1 is the length scale rat io, arni o is the
power-to-volume ratio. The scale ratio is defined as test model divided by
full-scale prototype. For time preservation scaling, t - 1. lhis leads to 1 < 1
and a = 1. That is, the test f acility must be f ull height and the power-to-volun e
ratio is preserved. for a test facility with reduced height scaling, 1 < 1, the
time scale is reduced (t < 1) and the power-to-volume ratio it incraased relatise
to the full-scale pr.totype (o > 1).
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.. . . _ _ _ _ _ _ _ . _ _ _ _ - - - - - - - - - -



_ _ _ _ .

The historic preference for volume scaled systems stems from the experiment
requirements (the desire for real time simulation, need to simulate full
steady-state operating power, etc.) and the somewhat simplified design features
(reduced power requirements, full size heating elements, etc.) that can be
employed relative to a reduced height system. However, because of their
atypically large length-to-diameter ratios they tend to be more one-dimensional
in nature, furthermore, because of the full scale lengths in volume scaled
systems, it is of ten necessary to increase flow area (distorting the fluid volume
distribution and velocity) beyond that required by the scaling laws in order to
avoid excessive frictional pressure drops in the components.

Reduced height systems are generally more conducive to the preservation of
multi-dimensional ef fects ano single-phase wall friction by virtue of maintaining
length-to-diameter ratios closer to those in the reference system. However, power -

densities become impractical when the height is reduced significantly.

Low pressure water has been used as a working fluid for thermal hydraulic
experiments (for example, UMCP and SRI). The scaling of low pressure water to
high pressure water is not st raight forward, but can be scaled on the basis of the
initial pressure ratio of the model to the plant, for system scaling, the
property groups of interest are given in Ref erence 6. The initial model pressure

must be selected to provide the most constant property ratios over the plant
pressure range of interest since the low pressure water property ratios vary
considerably with pressure.

4. Lessons Learned from Previous Integral lesting Programs

The INEL evaluation' included a review of lessons learned from past and present
integral f acilities (LOFT", Semiscale", MIST", FIST", UMCP", SRl". ROSA-IV",
BETHSY", LOBl", and SPES"), which reoresent a variety of scale sizes and scaling
methodologies. As with any scaled f acility, each exhibited certain inherent
distortions which somewhat reduced the utility of the data (" cons"). They also
exhibited certain characteristics which enhanced the utility of the data (" pros"). -

In addition certain features of the design and scale of these facilities are
better suited for code assessment type of information than others. The pros and
cons of the utilization of these past and present f acilitiec provide guidance for
improvements which would enhance the utility of data obtained in any proposed
integral test facility.

Review of the documentation from the various f acilities produced a consistent set
of identified limitations which can be summarized as follows. Virtually every
f acility had to address concerns related to distortions due to atypical system
heat loss, system leakage, wall frictional pressure drop, metal mass, and
geometric effects. Although distortions associated with geometric effects are
somewhat facility design specific, for all of these items the following
generalization is valid. The potential effects of distortions associated with
these items increase as the facility size is decreased. Tht , for example, while
heat loss was or.ly a minor concern for larger f acilities such as LOFT and ROSA-IV,
it was more critical for the other, smaller facilities. Therefore, any new
integral f acility should be made as large as technical and cost constraints will
allow. The design should utilize sufficient insulation and/or automatically
controlled heat tracing to minimize heat loss distortions. The design should also

m
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attempt to minimize system Icakage (allowable leakage is probably on the _ order of
5% of the smallest anticipated break flow). Finally, consideration should be
given to new techniques for insulating the walls (such as ceramic spray coating)
of certain components (such as the downcomer or CMT) to minimizo metal to fluid
energy transfer distortions.

Geometric distortions tended to be specific to the facility design. However, the
review of the various facility geometric distortions showed that the following
aspects of geometric considerations are valid for any facility design. Careful
consideration should be given to the design of the facility to minimize geometric !
distortions as follows: I

The facility design shou?d not mix full and reduced height components-

and all components should be placed at the appropriate relative
elevation.

An internal downcomer design is preferable but if an external-

downcomer is required consideration should be given to an annular
'type of design with appropriate connection to the vessel lower

plenum. ,

Particular attention should also be paid to the design of numcrnus-

components such as the core bypass, electrical heater rods _(and their
thermocuuples), pumps and check valve simulators.

All of the prototype loops should be simulated and should use active-

components.

Provide capability for isolating components or loops for separate-

effects type of experiments.

Dase instrumentation on measurement requirements which should be an-

integral part of the facility design, not-an add on.

The UMCP facility was the first NRC-sponsored integral test facility to be based'
on reduced height reduced pressure (RHRP) scaling". Previous integral test
facilities were based on full-height full-pressure (FHFP) scaling. When this
facility was designed, it was based ' on the following set of modest, but
realistically achievable " scaling goals":

A. The-model~must reproduce the key phenomena of the prototype.
B. They-are reproduced in the same sequence.
C. Their-quantitative characteristics are approximatet.

Detailed principles that were found most important in the UMCP facility design can-
be summarized as follows:

o Care must be exercised to ensure that all flow geometry
discontinuities occur at an equivalent relative volume for both the
model and the prototype. It is inevitable that in scaled facilities,

distortions in some aspects of the flow geometry occur. Preservation
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of the relative liquid inventory at which flow geometry
discontinuities are encountered should be given a high priority.

o The preservation of local and global inventory is the key of
meaningful scaling for SBLOCA, Careful use of energy conservation
will dictate most of the scaling rules for the initial and boundary
conditions,

o lhe AP/P ratio (where aP is the elevation and friction caused
pressure dif ferences) for model and prototype should tx comparable.
This will ensure that phenomena driven by state changes during fluid
transit (flashing-condensation) have a comparable influence. For
slowly evolving, SB-LOCA-type transients, elevation changes are the
main AP component. Reduced pressure f acilities therefore should also ,

include height reductions.

o for SB-LOCA scenarios the operating pressure should be high enough to
decouple the system from the amhiont pressure (i.e., the break must
be choked).

o flow geometry dimensions sheuld not be decreased to the extent that
different flow regime transitions become possible. The most obvious
transition in this category is the slug-to-bubbly flow transition in
vertical flow. This requires that vertical channels have minimum
diameters exceeding - 7-9cm.

o In general, flow resistances are of secondary importance. That is so
because loop wide velvcities are usually low. However, for some flow
modes substantial loril fluid velocities can be present. They will
usually occur at flow geometry discontinuities (e.g., in the region
where the cold-leg and downcomer merge) . In such regions, care
should be exercised to match flow resistances.

The main scaling lesson learned in the UMCP program can be summarized as follows.
In the UMCP program a general approach to the scaling rationale was sought because
it was felt that scaling invariants derived from the local conservation equations
(as in Paference 6) are not an adequate representation of the whole system. The
use of local conservation equations is fundamental to guide the selection of
scaling laws (or scaling invariants), but cannot be used as the only generators
of such scaling invariants. in particular, for SBLOCA transients the energy
transport capability at various liquid inventories in the primary system turned
out to be the major issue, in the UMCP experiments the global inventory emerged
as a strong invariant capable of capturing most of the system phenomenology since
the geometrical discontinuities (i.e., hot leg upper lip connection into the
vessel uppr plenum, etc.) played a fundamental role in determining the system
behavior. Local inventory in each component also played a key role. However, the
local component inventory turned out to be consistently linked to the global
inventory, This discovery led to the definition of a new chronological scale
based on system liquid inventory.

By focussing on a particular portion of a SBLOCA it was found that the energy
transport had to be scaled between the f ull and reduced pressure transients. This

us
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was achieved by using the energy conservation statements applied to the portion
of the system in thermodynamic equilibrium (i.e., vessel upper plenum, hot legs,
steam generators upper portion, cold legs horizontal portion, etc.). For example,
for B&W plant interruption-resumption mode simulations, an approach was identified
by selecting as inv riant the repressurization rate of the sy tem with respect to
the new chronological scale under complete interruption of natural circulation.

5. Minimum Requirements for a Scaled Integral facility.

An important criteria that should be factored into all scaled f acility design
analyses is the desire to maintain model dimensions large enough to preclude
ef fects due to size that would not be expected in the full-scale system. For
example, if surface tension forces are not expected to prevail at reactor scale
then the minimum dimension of the limiting component in the model system should -

als1 be large enough that surface tension forces do not dominate.

The concept of a minimum dimension can be established from flooding
considerations. Bankof f and Lee" present results which show that gas flooding
velocities and the zero liquid penetration critical Kutateladze number are
independent of tne dimensionless diameter, (defined as D* - Igd'Ap/s)"', where d
is the diameter, op the density difference, s the surf ace tension and 9 the
acceleration of gravity) for dimensionless diameters greater than approximately
32--40, These results suggest that as long as the dimensionless diameter is
greater than approximately 32-40, the geometry can be considered large enough to
minimize surf ace tension influences.

Phenomena such as flow regimes and condensation in the CMT pressure balancing and
safety injection lines will affect CMT, accumulator, IRWST and containment sump
injection and overall system response. Since these lines are relatively small
diameter, their scaling must be considered carefully. The results' show that the
full scale cold leg pressure equalization and safety injection lines (which are
the same size) can be considered " big" with respect to surface tension effects.
However, any significant reduction in their diameter (anything less than a ;
diameter scaling ratio of about 7/8) may produce line sizes which are "small" with
respect to surface tension effects. Also, the full scale pressurizer pressure
equalization line can be considered "small" with respect to surf ace tension
effects. Hence, the scaling of the pressure equalization and safety injection
lines must be addressed separately via analysis and/or separate effects
experiments to determine the optimum scaled geometry for preservation of flooding.
flow regime and condensation heat transfer phenomena as well as frictional
pressu,e drop effects.

flooding in the pressurizer surge line will effect the pressurizer, ADS and ,

overall system response. The results' show that the criteria of maintaining the
dimensionless diameter greater than approximately 32-40 for the pressurizer surge
line is only satisfied for diameter scaling ratios greater than about 1/5 for full
pressure and 1/4 for reduced pressure. However, evaluation of ADS valve choked
flow conditions for saturated steam flow shows that the pressurizer surge line
will be flooded during ADS operations until the fourth stage ADS (connected to the
hot leg) is actuated (usually at pressures less than 5J to 100 psia). Hence,
flooding in the surge line is anticipated for pressures ranging f rom 2250 down to
about 50 psia. Since smaller pipe sizes will preserve this flooding phenomena,

m
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the surge linn need not be considered the limiting component. Considerations for
minimum dimeasions were therefore limited to the hot and cold leg pipes.

Both fall pressure and reduced pressure results' show that the criteria for
maintaining the dimensionless diameters greater than approximately 32-40 for the
hot and cold leg pipe sizes is only satisfied for diameter scaling ratios greater
than about 1/7 to 1/6.

A further consideration on sizing relates to the selection of the length scale for
a reduced height concept. One manner in which this selection can be accomplished
is to iteratively examine various combinations of the length and area scales with
respect to preservation of the friction numbers (both single and two-phase) in the
model, relative to the reference. While consideration for the frictional
characteristics may not have a direct influence on the minimum length of the -

scaled system, the desired resistance characteristics will factor into the
ultimate size selection. friction and orifice number requirements should also be
consistent with horizontal flow regime transition criteria that suggest the
horizontal sections be scaled with L/(d)"' as discussed in Reference 16. Using
this criteria and a diameter ratio of 1/6.24 results in a length ratio of 1/2.5
for a reduced-height reduced-pressure (RHRP) concept.

An additional consideration relates to the selection of the reduced pressure ratio
for a RHRP facility. The selection of the maximum operating pressure of a reduced
pressure facility should be based on the conflicting desires to reduce cost but
maintain the highest reasonable operating pressure which provides the most
constant property ratios over the plant pressure range of interest, inclusion of
such considerations in the study performed by Condie et al.' yielded an operating
pressure of about 430 psia.

Core power requirements must also be cont.idered for both the FHFP and RHRP scaled
systems. Based on past experience and economic considerations, the maximum core
power which one could reasonably expect to provide for an eurical core is in
the range of 5 to 10 MW. Considering the associated scaled facility
characteristics for a full power limit of say, 7.5 MW results in an area ratio of
1/240 for the FHfP system and 1/36 for the RHRP facility. The FHFP area ratio is
below the minimum value recommended for the facility and is therefore unacceptable
ba:ed upon minimum dimension considerations. Power requirements at 5% decay heat
are very reasonable (about 2.3 MW for FHFP and 0.3 MW for RHRP). However, if full
power simulation is required (for ATWS and some other operational transients),
restrictions on system pressure ratio will be required for the full height
facility, for example, to simulate full power conditions with a core power of
9.75 MW, the full height system would have to be operated at a pressure of
400 psia. Such simulations represent additional support facility requirements to
insure adequate core power supply, heater rod, and pump / pump ,..,wer capabilities.
However, this is quite attractive since it would result in a combiled fHfP/fHRP
facility which could address full power, full pressure, decay heat level and small
gravity head passive safety injection system response concerns with only one set
of support equipment. The RHRP facility could be used to simulate full powor
(about 6.6 MW) operations provided adequate support f acilities are available, and
power density and volumetric energy generation requirements are not prohibitive,
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6. Evaluation of Scaling Concepts for Integral Test facilities

No scaled facility is free of distortions. However, the results of evaluations
performed''' and experience with past integral experimental programs indicate that
an FHFP type facility will produce the least distortions and provide the most
technical benefits of the various options available for a scaled integral
facility.

The results of the analyses using local scaling laws based on conservation
equations indicate that the FHFP approach gives minimal scaling distortions,
compared to other 2caling approaches, for a 1 anticipated local thermal-hydraulic
phenomena of importance. It was noted that the FHFP concept is particularly
attractive for simulating core heat transfer. For the most part, the FHFP concept _

provides an ideal simulation of the various heat transfer modes in the core and
steam generators. in addition, the FHFP concept provides ideal simulation of
condensation phenomena, near ideal simulation of counter current flow effects
(including flooding), and a good simulation of natural circulation and pressure
drop.

The UMCP f acility, scaled to RHRP concepts, showed that for the SBLOCA transient
useful test results could be obtained if prcper care is taken in formulating
scaled initial and boundary conditions, and if the results are scaled to
appropriate variables, such as normalized primary system mass inventory. A recent
doctoral thesis by Moskal" cited concerns for the RHRP concept in simulating leak
flow and natural circulation. Hence, the range of conditions which may be
simulated in a RHRP facility for a single transient may be restricted due to
constraints placed on boundary or initial conditions.

Comparison between the FHFP and RHRP approaches shows that the latter approach
produces results that have greater distortion, require more analysis to produce
correct interpretations, and, unless proper attention is paid to scaling key _

phenomena, may not show the presence of crucial events (e.g., CHF and rewet) at .,

all.

For testing of the AP600 design, the integral testing could be divided into two
parts, one to investigate the high-pressure interactions up to the initiation of
IRWST injection in a FHFP facility, and the second to investigate the long-term
cooling in a low pressure facility. In the latter case the test facility pressure
may correspond exactly to the pressure in the full-scale reactor system. The low
pressure concept is discussed in more detail in the next section.

7. Application to a low-Pressure Test facility

The scaling rationale used for the design of the low pressure integral facility
should be documented and justified. It is highly recommended that Ishii scali N
criteria be utilized since this is a widely accepted and proven method of scaling.
Water should be used as the working fluid. This will simplify the scaling
analysis and promote use of the data generated for code assessment.

U7
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The operating pressure for a low pressure f acility should be carefully considered.
Since the majority of the first-oroer importance phenomena occur during the late
stage of the accident when the system pressure is at or below 100 psia, low
pressure simulations would provide the lions share of the required information.
Additionally, if appropriately designed, a low pressure f acility could be operated
as a reduced pressure f acility for simulating the high pressure aspects of AP600
transients, provided adequate support f acilities were available. Whatever optica
is chosen, it should be clearly stated and justified.

Development of initial and boundary conditions should also be factored into the
consider ation of the scaling options. The scaling of boundary conditions for a
reduced pressure facility is not nearly as straightforward as for a full or low
pressure facility. Two examples of this are critical flow, and ECC mixing and
condensation phenomena. Critical flow scaling in a reduced pressure facility
requires different break areas for single-phase and two-phase conditions.
Preservation of ECC mixing and condensation phenomena requires varying ECC fluid
temperature as a function of system pressure i n a reduced pressure facility.
Thus, the range of conditions which may be simulated in a reduced pressure
f acility for a single transient may be restricted due to constraints placed on
boundary or taitial conditions.

The test f acility diameter scale should be selected te ensure that phenomena
expected in the full scale system are also expected in the low pressure system and
that any distortions expected in the low pressure systen. are tolerable, in other
words, the extent of the distortion in the low-pressure facility behavior should
not be so great as to dominate the behavior of the facility and hence affect the
utility of the data. It has been observed that under two-phase flow conditions
certain phenomena are observed in small pipes which do not occur in large pipes.
For example, plug flow occurs readily in pipes smaller than about 1-1/2 to
2 inches in diameter while Taylor bubble stability analysis and experimental
observations show that it does not occur in larger pipes. Experience with the
Semiscale integral test f acility" has shown that the use of 1-1/2 inch
Schedule 160 piping (inner diameter - 1.338 inches) for simulating a single loop
of a Westinghouse four loop PWR provided adequate representation of a substantial
portion of key SBLOCA phenome n a . " However, as discussed in Section 5,
preservation of surf ace tension effects leads to a minimum diameter scaling ratio
of 1/6 to 1/7 for the cold leg. These results suggest that the use cf similar
dimensions for simulating AP600 components in a low pressure integral facility
might be prudent.

Cartful consideration should also be given to the downtomer area scaling when
determining an appropriate scaling ratio. Difficulties in appropriately
simulating tha downcomer annular geometry have been a concern for most
experimental g ograms. The Semiscale program" utilized a single-pipe external
downcomer with an annular inlet region in an attempt to overcome distortions
predicted for an annular downcomer with an appropriately scaled gap dimension.
The LOBI program" included the capability of simulating dif ferent annular gap
dimensions in the facility design in an attempt to reduce potential distortions.
Insight into appropriate selection of scaling ratios for simulating the downcomer
annular gap may be gained from consideration of flooding behavior. Whatever
diameter scaling ratio is chosen, it should be clearly stated and justified.

..
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The length scale for a low pressure facility should be carefully considered. fuli
height scaling preserves the elevation differences between components, which is
an important consideration for the present circumstances where system response
will be sensitive to hydrostatic heads (some as small as two feet). Use of full
height scaling principles simplifies the design of the core and steam generator
components in that the individual components can be of plant typical length and
diameter and only the number of components must be scaled. Also, as discussed
above, the full height option provides the least distortions to the largest number
of key local phenomena.

The attractin of reduced height scalinn lies in the potential to reduce
frictional pressure drop distortions, distortions associated with metal and fludd
interactions, heat loss, support f acility requirements, and material costs. _

However, these must be weighted against concerns for greater distortions to key
'

phenomena such as flooding, condensation heat transfer, co:e heat transfer, and
natural circulation. The scaled time in a reduced height system will be reduced
with respect to the time in the full-scale system. Careful analysis will be
required to assure that crucial events will be preserved and will occur in the
right order. Also, significant interpretation and analysis of reduced height
facility results will be required to determine applicability to anticipated full
scale plant response. Considerations of selection of a length scale ratio foi a
reduced height system should include the following. In their investigations of
reduced height scaling, Condie et al.' discovered that distortions to slip ratios
(and therefore related phenomena such as void distributions, two-phase friction
losses, flow regimes and heat transfer) were significant for length ratios less
than about 3/8. Also, the selection of a length ratio should include
considerations of frictional pressure drop (single and two-phase). frictional
pressure drop considerations must include two-phase pressure drop investigations
since the velocity in a reduced height system is decreased by the square root of
the length ratio and hence the mass flux is reduced, distorting two-phase friction
multipliers. Consideration should also be given to horizontal flow regime
tran ition criteria that suggest the horizontal sections be scaled with L/(d)'' ,,

as discussed in Reference 23. Finally, the potential impact of height reductions
on hydrostatic heads and their measurability should be evaluated, as well as the
provision of adequate piping lengths to allow installation of instrumentation.

The discussions provided above give some general guidance and suggestions for
considerations pertinent to the selection of a diameter and length scale for a low
pressure integral test facility. Regardless of the selection, it should be
analyzed in depth and all potential distortions, (particularly to key phenomena 4

such as flooding, condensation heat transfer, core heat transfer, frictional
pressure drops, and natural circulation) should be identified and their potential
impact on overall system response evaluated. Additionally, some indication should

,

be given of the anslyticti reqidrements for extrapolating results to the full
scale plant domain.

Both loops of an Ap600 plant should be simulated in a low pressure integral
facility. Within each loop, both cold legs and be' i pumps should also be
simulated. Based on the experience of previous experimental programs this is
necessary to provide the most appropriate system interactions data for the Ap600
simulations being considered,

m
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In a scaled f acility the reduction in pipe size results in piping external surf ace
area to fluid volume ratios which are larger than the prototype.' Hence, the

system heat loss is larger than that scaled from the full-scale reactor.
Furthermore, the smaller the f acility scale, the greater the distortion in system
heat loss becomes. This is particularly a concern for slower transients such as
those anticipated for AP600 simulations where the integrated effect of atypically
large system heat icss would be raost detrimental. Reduced height systems appear
to of fer an advantage by virtue of reduced time sccle and reduced external surf ace
area. Heat loss compensation must be carefully considered since external heaters
and/or core power augmentation can produce atypical phenomena and/or drive system
response during late stage accident conditions when the system response is
sensitive to small energy balances.

_

The reduction in system fluid volume in a scaled facility enhances the effects of
mass lost from the system via system leakage. System leakage rates greater than
those scaled from the prototypes produce distortions in system mass inventories
and energy balances. The smaller the facility scale, the greater the potential
distortion due to system leakage. Here again, this is particularly a concern for
slower transients such as those anticipated for AP600 simulations where the
integrated effect of atypically large system mass loss due to leakage would be
most detrimental.

The size reduction in a scaled f acility produces distortions in wall friction
losses (single and/or two-phase losses). Thus, for small scale f acilities the
pipe sizes are typically increased to values somewhat larger than scaled and the
piping horizontal lengths are typically reduced from the scaled values to reduce
potential distortions. This is more of a problem for full height than reduced
height facilities. However, when considering reduced height options, the effecta

of reduced velocity on mass flux and therefore two-phase friction multipliers must
be factored into the analysis.

Reduction in pipe size results in atypically large metal mass-to-fluid volume and
metal inner surf ace area-to-fluid volume ratios for the system, lhus, metal
stored energy and metal to fluid energy transfer rates are atypically large in a
scaled facility, with smaller hcilities exhibiting greater distortions. This is

[ a particular concern for sitaations where atypically large vapor generation or
j condensation rates can result from atypically large metal to fluid energy

transfer. Such distortions could result in atypical counter-currcnt flow and/or
7 flooding in a component (e.g., downcomer), or atypical system interactions during

late stage Ap600 simulations where the system is sensitive to small energy,
pressure and mass balances. Reduced height systems appear to of fer an advantage
by reducing metal mass and metal inner surface area. However, reduction in height
also produces smaller gravity heads and, for a given diameter scale, reduced fluid
volume. Hence, the potential gains of reduced metal mass and reduced metal inner
surface area must be weighed against effects of reduced fluid volume and reduced
gravity heads, lhus for a low pressure integral f acility, metal mass distortions,
methods of compensation, and potential impacts must be addressed. Consideration
may even be given to new methods of preserving metal to fluid interactions such
as insulating walls via spray coating of ceramic materials to minimize metal to
fluid energy transfer distortions.

mo
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Additional concerns for scaled integral facilities lie in the area of simulation
of specific components. Regardless of the choices made for facility :.:aling
parameters, they should be analyzed to determine all potential distortions and
their potential impact on the overall system response. in addition, one must
consider areas of potential concern with regard to component simulations. A

thorough analysis of low pressure facility scaling will in all likelihood cover
more numerous considerations than highlighted here. However, the following items
should be considered as a minimum.

In the loop components, the Reynolds number will not be maintained due to the
diameter ef fect. Also, the wall friction will not be maintained due to the
increased aspect ratio (length to diameter ratto) effect. Hence, consideration

must be given to the loop scaling so that single and two-phase friction and
orifice number requirements are met. Attempts should also be made to keep -

geometric parameter selections (length and diameter ratios) consistent with
horizontal flow regime transition criteria.

Attempts should be made to insure that entrainment/deentrainmeat and liquid
carryover into the hot legs from the vessel and core in the low-pressure system
are sufficiently representative of that expected in the reference system. lhus,
considerations of length scale selection should include analysis of this
phenomena. Full height scaling in the vessel should preserve this ideally while
reduced height scaling may distort this phenomena. Attention should also be given
to the vessel internal structures and their impact on this phenomena.

During ADS discharge from the pressurizer, the pressurizer may act as a phase
separator or it may be flooded. Also, the pressurizer surge line is exoected to
be flooded for most of the transient due to ADS operations. Analysis neads to be
done to detendine the relative degree of preservation of this phenomena for the
low-pressure facility over a variety of operating conditions.

The - ' ure equalization and safety injection lines must contain valves to
sic * ralves in the AP600 design. These valves and the associated line ~

resh s must meet friction and orifice number requirements. Condensation,
flow r( ne transitions, counter current flow and flooding may occur in these
lines. Since these lines are relatively small in diameter and reasonably long in
the AP600 design, it may not be possible to maintain strict scaling criteria.
These cases will have to be evaluated on a case-by-case basis to minimize
distortions.

Crttical and inertial flow will occur in the ADS lines and in the break system.
Wen the flow is choked, the most important requirement is that the choke plane
be area scaled to provide the representative scaled flow rate. When the flow is
not choked, inertial flow dominates, line losses are important, and the design
must attempt to preserve friction and orifice number requirements in the discharge
lines. The effstt of the sparger system and the IRWST fluid on the performance
of the first three stages of the ADS system should be simulated. Provisions
should be made for simulating breaks in numerous locations, including the cold
leg, pressure balancing and safety injection lines, and steam generator tubes.

The IRWST is a large reservoir that provides water storage ed a condensation
sink. Similarly, the containment sump provides water storage. Elevations must
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be maintained to preserve the Froude number and hence the driving heads for
primary injection.

The effects of containment pressure and condensation on the system response must
be provided for. A containment simulator must be provided to simulate these
phenomena. The control of this simulator should be based on the results of
containment separate effects tests.

Instrumentation for a low pressure test f acility should be part of the design and
not an add on. The basis for the selection of instrumentation should be formed
on the measurements required to satisfy objectives for the facility. The
measurements should be of sufficient quality and quantity to allow for

t identification and analysis of system phenomena, sensitivities and interactions
and satisfy code assessment needs. -

Any proposal for a low pressure integral facility must also include a detailed
.

analysis of the feasibility and requirements for determining and establishing
^

appropriate initial conditions.

8. SUMMARY RECOMME@ ATIONS

Although it is ideally possible to cnnsider a single integral f acility to test the
complete length of advanced reactor transients, it is also practical to apportion
the testing between two facilities of different scales. Thus, for the AP600
design, integral thermal-hydraulic testing can be separated into two scales: 1)
full-pressure full-height testing before and during ADS operation, and 2) low-
pressure reduced-height testing during the latter stages of ADS operation and
af ter completion of ADS functions. In following this approach one must carefully
consider how to properly link the test results for code assessment purposes,

for local phenorena Ishii scaling is recommended. Water should be used as the
working fluid. Component diameter and spacing should be maintained full size in gthe core and steam generators if detailed information on energy addition and
removal is desired. Preservation of surface tension effects leads to a minimum
diameter scaling ratio of 1/6 to 1/7 for the cold leg. This leads to a length
(height) ratio of about 1/2.5. Smaller diameters would have to be justified.
Special consideration must be given to scaling the pressure balancing lines and
the pressurizer surge-line, which may not directly meet the surface tension size
criterion. It is recommended that the test facility pressure correspond exactly
to the full-scale pressure. However, if pressure scaling is used to extend the
low pressure results to higher pressure, it should be justified based on Ishii's
scaling relations. Once the size and pressure are determined, the power
requirement should be found from Ishii's scaling relations, initial and boundary
conditions for each test scenario should be planned, especially low-pressure
facility.
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SMALL BREAK LOCA RELAP5/ MOD 3 UNCERTAINTY QUANTIFICATION:
lilas and Uncertainty Evaluation for important l'henomena

by

Marcos G. Or tiz, l. Scot, han, Judith Vogl
Idaho National Engineering Laboratory

liG&G Idaho Inc.
Idaho Falls, IDAl10 83415-2401

- VTRODUCTION

The Nuclear Regulatory Commission (USNRC) revised the Emergency Core
Cooling System (ECCS) licensing rule to allow the use of Dest Estimate (DE)
computer codes, provided the uncertainty of the calculations are quantified and
used in the licensing and regulation process. The NRC developed a generic
methodology called Code Scaling, Applicability and Uncertainty (CSAU) to evahtate
UE code uncertainties. The CSAU methodology was demonstrated with a specific
application to a Pressurized Water Reactor (PWR) experiencing a postulated Large
Break Loss of Coolant Accident (LilLOCA) [1,2]. The current work is part of an effort
to adapt and demonstrate the CSAU methodology to a Small Break (SB) LOCA in a
PWR of B&W design using RELAP5/ MOD 3 as the simulation tool [3,4]. The subject
of this paper is the Assessment and Ranging of Parameters (Element 2 of the CSAU
methodology, Fig.1), which determines the contribution to uncertainty of specific
models in the code. In particular, we show the methodology used to assess the
uncertainty of the specific models investigated.

The specific models were chosen based on the Phenomena identification and
-

Ranking Table (PIRT, step 3 of the CSAU methodology) that was defined, earlier in
the program, by two independent panels of experts 131 The PIRT lists the
phenomena believed to most strongly affect the transient scenario, as determinec' by
their impact on a prescribed safety criterion. For the SULOCA in a B&W plant, the
selected criterion was the minimum liquid level in the reactor vessel

Eight phenomena from this PIRT, regarded as highly important in determining the
critical outcome (primary safety criterion) of the simulation, were chosen for
performing sensitivity calculations. In this paper, we have selected four
phenomena of the highest importance to demonstrate the evaluation of bias and
uncertainty; these are the break flow, natural circulation, decay power, and the
temperature of the high pressure injection flow (llPI).

- - - - - - _ _
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' IMPORTANT PilENOMENA AND KEY CODE PARAMETERS

The criteria and procedures followed to define the Phenomena hSntification and
Ranking Table are fully documented elsewhere (3). For the purpose of this paper it
suffices to say that the PIRT was the result of many discussions between recognized
experts, experienced analysts, and operators In any case, the methods demonstrated
here can be used for determining the uncertainty of any other models.

The eight phecomena ranked most important in the PIRT are:

(1) break flow,

(2) natural circulation,

(3) decay power, ,,

(4) Reactor Coolant Pump (RCP) pertermance,
(5) liigh Pressure Injection flow,
(6) Steam Generator (SG) heal transfer,
(7) phase separation in the candy cane, and
(8) Reactor Vessel Vent Valve (RVVV) performance.

The phenomena, as such, do not appear in the code (i.e. there is no " natural
circulation" model). Ilowever, there are parameters, models, and even inputs that
are used to represent those phenomena. Thus, the next step la our study is to
identify the key code parameters or models associated with each phenomenon and,
if appropriate, select the ones that contribute the most uncertainty. In our case we
can classify the models to be of thre different categories: first principle 3, empirical
correlations, and input parameters or tables (some may be combinations of these).
Table 1 summarizes the results of this process. For this study, we selected
phenomena 1,2,3, and 5.

_

]Lreak flow, the most important of the phenomena, is modelled in the code from
~

first principles (5). The uncertainty of the break flow representation can be traced to
not knowing the exact geometry of the flow at the break and therefore the breat.
discharge coefficients. Natural circulation, the second most important
phenomenon, depends greatly on the interactions between tb liquid and vapor
phases. This interaction is modelled using an empirical correlation [6] to produce an
interphase drag coefficient "Fl" as a function of void fraction, fbw regime, and
relative velocities between the phases. The third phenomenon, decay powe , is
modelled as a user input table into heat structures in the core. Its variability
depends on the specific core history and power distribution [7]. The llPI flow, the
last phenomenon selected for this study, is reduced in this case to a mere input
value, temperature. We decided that since the HPI flow is limited by the operator,
below the capacity of the pumps, the real uncertainty is in the temperature at which
that flow enters the system. This variable depends on the weather and its variation
is bounded by technical specifications between 275 K (35 F) and 316.5 K (110 F). In the
course of our study we learned that Reactor Coolant Pump performance,
phenomenon number 4 in Table 1, does not participate as much as we had initially
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thought and that is why its variability is not included in this paper. The pumps are
turned off and coasted down early in the transient, never to l>e turned on again.
Thus, they behave merely as a flow restriction, a user it nut parameter, throughout
the rest of the simulation.

L1hlt1
List of important Phenomena During a SilLOCA, their rank, and the

model and code parameters that RELAP5/ MOD 3 uses to represent them

Key (code
P''''"''"'Phenomena R5/M3 Model

1 litcak l# low junctwn with anigned location on pipe subcooled din harge
(top, side, lottom). Parameters: lireak coefficient
Area and Discharge coefficient- 2-0 dixharge

coefficient

2 A complete flow loop made of jundionk 2-o : Interphase drag

Natural Circulation ""d "'lunu n with angles of inclination. coef ficient
interfacial drag and heat transfer, wall-
fluid heat transfer, flow regime maps.

3 Decay Power User input into 11 eat structures input table or tunnion

4 KCP Performance User input: homologous curves for head RCP torsional f riction
and torque. coefficient

5 llPI Flow User input; slow vs pressure curves. Input 'lemperature

(3 lleat Structures attac hed between Coellicients from lleat

SG lleat Transfer P'i*d'Y ""d '#'""d''Y * ides. Interf acial Transfer correlations
drag and heat transfer, wall fluid heat ( A rea)

transfer, vertical flow regime rnap

7 Phase Separation in Gmmetry dettned with suitable volumet 2,0 ; Inter phase drag

the Cand)r Cane
intnface drag and heat transfer. Vertical coefficient
stratified flow model,

8 RVVV Performance Modeled as a valve whose area is inertia of the valve -

controlled by the pressure differena
across of it.

EVALUATION OF UNCERTAINTY

One way to evaluate the uncertainty associated with each phenomena is to examine
how accurately the code represents those phenomena in separate effects tests (SET's).
That is the case of the break flow, for which code assessment against suitable test
data exists [5]. In the case of empirical correlations, such as the interphase drag or
heat transfer correlations, for which specific tests may not available, the uncertainty ,

must be evaluated from the data that gave origin to the corresponding correlation.
In the case of input parameters, such as the variability of the decay power curve or
the ialet temperature of the HPl flow at the time of the break, where specific data is
not available, engineering judgment must be exercised to define boundaries of
variability. When forced to this by the lack of information, we chose to err on the
conservative side by selecting our variability range generously.
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13reak Flow

RELAP5/hiOD3 has two critical flow models that are used in simulating the break
flow: single phase flow and two phase flow. These models, their assumptions,
origin, and their implementation are described in detail in the code documentation
(5). Both models are derived analytically from first principles. The bias and
uncertainty (accuracy) with which these models contribute are estimated from SET's
used in the developmental assessment; specifically hiarviken 22 and hiarviken 24
tests. The experimental data and the assessment calculations results, corresponding
to these SET's, were obtained from the REl.AP5/h10D3 code developers to be used
in support of this CSAU effort. Therefore, we did not need to repeat the
calculations. This is not, however, a repetition of the assessment shown in the code _

documentation (5}, for we processed and manipulated the data further in order to get
the bias and uncertainty of the critical flow models in Riii.AP.

The following diagrams (Fig.1) are schematic descriptions of the break configuration
and the hiarviken te3t vessel.

A
| |

Break
(2.125 inches) 5 MPa

19.64 m
i

28"
14 M Pa ~

_ , - . - - -
~_'p - Discharge pipe

2.25 inches of wall thickness
LINTest Nozzle

NPP Break h1 ARVIKEN Test

Figure 1. 9" :matic descriptions of the assumed break configuration in
t. APP and the hiarviken test configuration.

The most relevant differences between the test config sti n < c 1 s med a

geometry are the size of the brea
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1igures 2 through 4 show the comparisons between the test results and the
corresponding REl.Al'5/ MOD 3 simulations. The usual statement that the code
captures the trends and the snain events of tbt transient can be made here based on
the obvious comparison (that statement is in fact inade in reference (51). Ilowever,
to evaluate the uncertainty of the model this is not sufficient. The inadequacy of
direct comparisons can be deduced from 1:igures 2 and 3. These figures imply that
Rl!LAl'5 underpredicts the flow. In the overall comparison the error seems small.
When measured, however, the predicted mass flow is over 60% lower than the test
value. 1:urther inspection shows that the simulated pressure decreases faster than
the experimental one (1ig. 4) and later tends to remain at a higher level.
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1igure 2. Comparison between simulated and experimental mass
flow [kg/s) history for Marviken 22 test.
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Figure 5. Experimental Pressure (kg/s] and density (kg/m3] histories
for Marviken 24 test.

It would have been preferable to have many more tests. Unfortunately, because of
the newaess of this code, these were the only relevant assessments available.
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Thus, in order to quantify the accuracy in a meaningful way, we proceeded to
process the available information further. We now make the assumption that the
pressure inside the Marviken vessel is the main factor in determining the flow
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through the nonle. The validity of this assumption is suggested by Fig. 5, which
shows the measured density throughout the emptying of the vessel indicating
much smaller variations than in pressure. Based on this we proceeded to plot the
mass flow as a function of pressure for both experiments. Figure 6 illustrates this
result and the comparison between simulation and enperiment for hiarviken 22.

Figures 6 and 7 provide more useful information that Figures 2 and 4 about the
accuracy of the code. They clearly show that the code overpredicts single phase break
flow and underpredicts two phase break flow. Furthermore, one can measure the
error for each data point and generate a statistical distribution of that error. Noting
that there are two distinct flow regimes, we defined and evaluated the error for each
regime. The error is defined as follows:

E,rror - (Prediction - Nicasurement)
Nicasurement

The bias is defined as the average error. Figures 8 and 9 show the observed error for
single phase and two-phase break flows respectively. In figure 8 the bias is positive
and in figure 9 is negative. Table 2 shows the statistical parameters of the error
distribution assuming that it is normal and the adjusted value for the NPP break
configuration, according to the interpolation between the corresponding L/lys.

IAbk2
Statistical Parameters of the Error Distribution for hiarviken 22 and

hiarviken 24,in single-phase flow and t vo-phase flow, as well as
the corresponding value for the assumed NPP break configuration.

"

Single-Phase hiarviken 22 hiarviken 24 ' NPP estimate
~

Calculation bias 0,068 0.107 0.083

Standard Deviation 0.032 0.0586 0.042

Two-Phase hiarviken 22 Niarviken 24 NPP estimate

Calculation bias -0.349 -0.579 -0.435

Standard Deviation
~

0.0S53 0.0620.U48

vu

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



-y Man riow Error at liigh I'ressure
'

0.2 -- | _

E . _.. i .($Y'% ''-

j o., . ; .. . . . . . . . . . . . . ~.a .

.

j 0-- - - -

s

"| $ -0.1 ---
f h--+--Mf error | <-

L :
--

I
-0.2 -h r --

'

-0.3 | |

2 000 10' 3.000 10' 4 000 10' 5.000 10'~

PRESSURE

Figure 8. Error vs. pressure for the high-pressure (single-phase)
regime of Marviken 22.

I MARV! KEN 22 2-phase Mass riow Error
0-- | |

- | +Mi error.L | 'i- 0.1 -L- -*

- 0. 2 -L -- j- J l< -

I,
.5 . 1

'

x -0.3 -)9 .

U k,v '- 0. 4 -' - - - - ~ --
-t. -f- -

!L - --0.5 ,'

-0.6 | |
2.200 10' 2.400 10* 2 600 10 2.80v 10'8

Patssunt

Figure 9. Error vs. pressure for the low-pressure (two-phase) regime
of Marviken 22.

Normality Test

To verify our assumption that the error distribution is normal, we performed a
normality test, by comparing the observed distribution with the normal distribution
[8]. Figures 10 and 11.smonstrate this comparison for the errors in Figures 8 and 9.
The "almost 1|near" character of these comparisons supports the normality
assumption made earlier.
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In addition to the aforen entioned Marviken tests, we also examined LOFT-Wyle
TEST WSBO3R (orifice ce ibration). This test is not full scale like Marviken, and

- the corresponding L/D=3.b3 is much larger than our NPP. However, the pressure is j

comparable to the scenario and it shows results that are consistent with our !
_

previous observations; namely the two-phase flow is 10% to 33% underpredicted.
,

i

!
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Interphase Drag

As mentioned earlier, RELAPS/ MOD 3 evaluates the interface drag in the
bubbly / slug regime by means of an empirical correlation [6), which yields
parameters that then define an interphase drag coefficient. This interphase drag
coefficient appears in the interphase drag term of the momentum equation in
difference form as follows [5]:

(pFI)[(C"v +1 -C0vy+I)ji
g g

The code documentation [5] shows that the interphase drag force term per unit
volume and the term FI of the express. : hwe are related: -

a(1-a)p prFI = f r IC vg - Cov[i (2)g g i
.

For bubbly and slug flow regimes in vertical flow, svhich are the flow regimes of
interest for natural circulation in an SBLOCA, the drift flux mode' was adapted. The
coefficient f r is:g

a(1-a)3(pr- p )gsin &g-
fgf =

l'"Ri "Ri (3)

Co and Vgj terms are calculated using the Chexal-Lellouche correlation [6]. Minor
manipulation of these equations yields the following expression for the term FI;

(1-a)2(pf-p )gsin Q IC vg- C Vfg i O l
~

Ivgjlv jprpg g)g

The Chexal-Lellouche correlation [6] is based on a large body of data; specifically
thirteen sets of data, totaling several hundreds of points. We combined all of this
information to determine the average (bias) and the standard deviation of the data
(a vs v j) which is said to be normal. The result of this calculation gave -0.0003 asg
the average, and 0 0413 as the standard deviation. <

This uncertainty affects the simulation in a less direct way than the break flow
uncertainty. It defines the " ignorance" of the code in terms of the right a to use
wlute calculating Fl. Equation 4, above, indicates that FI is a function of (1-u)2, if we
assume no bias aed plot the boundaries of F1 for 97.7% of the data (+- 2a), we obtain
the curves shown in Fig.12. Note that the severe non-linear behavior happens
toward the edge of the range of applicability (bubbly or slug flow) and may not be
reflected in the actual simulations.

YJS
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Figure 12. Boundaries (97.7%) of variability of the interphase drag ;
coefficient FI about its nominal calculated value.

Decay Power
.

The decay power depends on the history of the core at the time of the event and its
uncertainty has also a spatial component. It has been suggested, by Tran and
Schrock [7], that if we know the core burnup history in some detail, one can estimate
the decay power uncertainty more accurately than by only using the ANS standard
[9). We did not have the necessary information to evaluate the uncertainty in
fashion suggested by Tran and Schrock [7]; thus we assumed an uncertainty range of
20% (+/- 10% about the nominal), large enough to include the spatial contribution
to uncertainty. To implement this, the bounding decay power curves originate at
the same power level as the nominal and their values for each time are 10% higher
or lower than the corresponding nominal value. The nominal power level drop
between time zero and the first step is larger than 10%, which allowed us to
implement the variation without an overshoot of power.

HPI Flow

h
Originally, this phenomena included both flow magnitude and temperature
uncertainties [3]. We learned in the process, that in case of an accident that requires
HPI the operator will monitor and throttle the flow to no more than a prescribed
maximum {10]. Therefore, the magnitude of the HPI flow is no longer as uncertain
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as other contributors to uncertainty. Thus, for this study the HPl Flow uncertainty
refers to its inlet temperature. This temperature is limited by ;echnical
specifications and it is not allmved to go above 316.5 K (110 F), or below 275 K (35 F).

CONCLUSIONS

Despite our limited data base, we are able to establish the accuracy of the code
simulation of break flow. The code slightly overpredicts single phase flow and
underpredicts the two-phase flow. Exact values depend on the geometry and
configuration of the break. The error underpredicting the two-phase flow maybe
explained in part by the possibility that superheated liquid may be flowing out the
nozzle in the experiment, while the code assumes that the phase change takes place _

earlier.

We were able to estimate the uncertainty introduced into the calculation by the
interphase drag model, based on the large amount of data that was used to build the
empirical correlation [6]. We found that the uncertainty is rela;ivly small,
although its effect can be large during some states of the flow. We had no available
assessments that directly evaluated the accuracy of the code to represent natural
circulation. However, the natural circulation study reported by Roth and Schultz
[11] concludes that RELAP5/ MOD 3 is capable of representing this phenomenon
reasonably well.

Our evaluation of the decay power uncertainty may be conservative. More
information about the core and its history is required to refine our estimates. The
HPI flow, on the other hand, is an example of an accurately defined range of user
input. The distribution associated with this uncertainty is uniform.

-

_
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UNIVEllSAL TREATMENT OF PLUMES AND STitESSES
FOR PitESSUllIZED TIIEltM AL SilOCK EVALU ATIONS

T.G. Theofanous, S. Angelini & IL Yan
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AllSTilACT
_

''The thennal field in a reactor vessel downcomer and resulting thermal / stress re-
sponse in the adjacent reactor vessel wall during high-pressure safety injection are
examined, especially with regard to departures from one-dimensional behavior. Simi-
larity solutions for the stratification (in the cold leg) that creates the downcomer plumes,
and scaling considerations for the thermal conduction and stress fields in the vessel wall
are developed to provide generalized criteria for the adequacy of the one-dimensional
treatment.

1, INTRODUCTION

<

Thermally-induced stressee in a reactor pressure vessel (RPV) wall, as a result of high-
pressure safety injection (IIPI) are an essential component of integrated risk analyses of pressur-
ized thermal shock (l'TS) transients (Selby et al.1985a, Selby et al.1985b). Limiting conidowns
(i.e., the most severe conditions) arise when this injection occurs under stagnated loop conditions -

(loss of natural circulation due to voiding in the steam generator tubes) which, in turn, corre- "

sponds to a rather narrow range * (in size) of small-break loss-of-coolant accidents (Theofanous
et al 1989). For a given system the actual bn:ak sizes in this range can be determined from the

'

llPI pump characteristic. This characteristic also ties in the corresponding injection flow rates
and system pressures which are the key parameters concerning cooldown and state of stress.

Even thugh the net loop flow is zero, the cold safety injection causes a recirculating flow
pattem that involves (in mixing) all parts of the primary system that can be reached from the
point of injection by a sequence of horizontal and dowmntrds vertical traverses (Theofanous &
Nourbakhsh 1982, Theofanous & Iyer 1987). The recirculation, which is schematically illustrated
in Figure 1, has been shown to have a drastic moderating effect on the global cooldown, as well
as on the degree of stratification. The global cooldown is referred to the decrease of Tn,,
the mixed mean temperature, which physically represents the fluid temperature in the lower
plenum, and in the downcomer outside the plume regions. The degree of stratification refers to

* In general, larger breaks lead to system depressurization, while foi smaller breaks the IIPI
is sufficient to collapse the steam generator tube voids leading to reestablishment of natural
circulation. The former case is clearly of no interest to l'fS, while the latter leads to cooldown
significantly less severe since both decay heat and the secondary side of the steam generators
are now coupled to the thermal response of the downcomer regior..
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the temperature difference between the hot and cold streams in the cold leg. In practice, the
hot stream teraperature is close to T,o; thus the degree of stratification reflects also the imtial
" strength" of cold plume created by the spilling of the cold stream into the downcomer. This
flow, and thermal field, structure is the basis of the Regional hiixing Niodel (RNIN1), and the
associate computer programs, RENilX and NEWN1IX, utilized in the NRC Integrated FTS study
(lyer & Theofanous 1991a), and it has been confirmed experimentally (lyer & Theofanous 1985,
lyer & Theofanous 1991b); a comprehensive comparison with data in experimental simulations
ranging from 1/5 to full scale has been compiled recently (Theofanous & Yan 1991).
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Figure 1. Schematic representation of the Regional N1ixing N1odel (RN1 Nit

For the IFTS plants (Calvert Cliffs, II.B. RJoinson and Oconnee) the degree of stratification
was found to be minimal, and this behavior is expected to be applicable to the vast majority of
US-designed plants (lyer & Theofanous 1991a). Quantitatively, this stratification behavior, along
with the predicted cooldown, can be summari7.ed in the form of Figures 2 and 3 (for a Calvert
Cliffs example), which provide the boundary conditions for the stress analysis. The significance
of T, in Figure 2 (refer to Figure 1 also) is that it characterizes, in an approximate fashion, the
" source" of the planar downcomer plume. Guided by experimental data, this " source" point is
taken at 2 cold leg diameters below the cold-leg centerline (lyer & Theofanous 1991a). Below
this point the cold plume decays in the manner shown in Figure 3 (obtained from well-known
plume decay laws, i.e., Turner 1973). Above it there is a very complex, three-dimensional,
temperature / flow distribution and mixing pattern that ahhough unknown in detail seems to have
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been adequately characterited as producing an equal volume mixing between the cold stream
and the ambient downcomer fluid (this is how T, is computed). As a rough approximation
in REMIX /NEWMIX, the temperature field in this region is obtained by linear interpolation
between Te and T,.
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Figure 2. Predicted cooldown transient in Calvert Cliffs for an IIPI of 13.5 kg/s in each of the
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In the IPTS, the stress analysis was carried out in a one-dimensional (lD) approximation
believed to conservatively bound the stresses everywhere in the RPV wall (Chevenon et al.
1984, Selby et al. 1985), Specifically, the T, transient was applied, through a heat transfer
coeffi,ient, everywhere on the inside of the RPV wall, which was taken as a complete cylinder
(i.e., without the cold-leg openings). In practice, conduction controls and the procedure is
tantamount to imposing (within a few degrees) the T, transient directly on the inside face of the
RPV wall.

- A recent publication (Neubrech et al.1988) strongly questions this procedure and provides
analyses which in comparison with data from a full-scale " simulation" imply that the above-
described ID treatment may be highly non conservative. This, in turn, has created intense
concerns about the validity of the IPTS study, The IITS study, through regulatory guides, has
become a sort of prototype for future ones expected to be numerous, in the years to come, as
plants age and come up against the specified ITS screening criteria.

The concern is simply illustrated with the help of Figures 4 and 5, reproduced from Gein i
(1987) which seems to be the source of the material presented by Neubrech et al. (1988). Exactly _l

'

the same, non-conservative, trends were shown also for strains Note that the positions to which
Figure 4 refers is 2.6 cold-leg diameters below the cold Icg centerline; that is, the temperature at
the plume centerline corresponds closely to T, and hence the ID treatment shown should closely
correspond to the ID treatment of the IPTS prescription. At the lower position, Figure 5, the ID
treatment based on the measured local temperature is clearly inadequate; however, it is evidently
bounded by the 11, treatment based on T,.
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Figure 4. Comparison of calculated stresses in the ID approxima: ion (VISA) with measured !

values in HDR tc T32.18 (reproduced from GeiB1987). The point shown (measurement) is 2.6
cold-leg diameters below the cold-leg centerline.

This measured, strongly asymmetric, stress field is related to the elongated plume structure
and should not-have been unexpected. Consider, for example, the thermal stresses in a plane
wall assigned a cold, uniform through the wall, elliptical spot. For a temperature difference
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of AT, and major and minor ellipse semiaxis b and a aligned with the y and .r coordinates,
respectively, we have

a, = -E ( a
udT (1)

b
y=-E OAT (2)o

n+b
Thus

-

b=b (3)
a, a

and the stress asymmetry increases with the clongation of the ellipse. On the other hand, the
.nrough-the-wall temperature gradient, in this example, would be zero, and so the calculated
stress in the ID approximation would also be zero.

The discrepancy in the above example is clearly an exaggeration; it serves to vividly illus-
trate, however, that the potential concern is legitimate. What remains to be done is to explore
quantitatively the impact of this concern on reactor predictions and to examine under what cendi-
tions, if any, the ID treatment is adequate. The reason for this latter aspect is that in the scope of
an IPTS study a very large number of wall stress calculations need to be carried out to properly
sampic the space of uncenainty in the key parameters, and transients, that have to be considered;
as a consequence, a full 3D treatment becomes rather impractical. The purpose of this paper is to
provide some results relevant to these goals. We begin, with section 2, by discussing similarity
of stratification and associated fluid thermal transients in the downcomer. We demonstrate that
the particular HDR test (T32.18) chosen by GeiB (1987) and Neubrech et al. (1988) suffers
from gross dissimilarity to US reactor conditions. We find another ilDR test, T32.3-1, to provide
a very close simulation; unfortunately, no stress / strain data have been published for it. REMIX
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results are found to be in excellent agreement with both of these tests. In section 3 we develop
finite element models for ID and 3D treatments of the RPV and demonstrate that the 3D model
accurately depicts the measured stress / strain fields shown in Figures 2 and 3 (for test T32.18). As
expected, we fmd that the ID treatment, based on T, as per IPTS study, is non-conservative for
a significant fraction of the downcomer area (down to ~7 cold-leg diameters below the cold-leg
centerline). By contrast for test T32.34, this area of non-conservative behavio* is predicted to
shrink down to an axial distance of only 4 cold leg diameters. The same struciural model is
applied to the Calvert Cliffs geometry and thermal-hydraulic conditions similar to those of test
T32.34. We find that the ID treatment is even more appropriate than in test T32.34; only an area
down to 2 cold-leg diameters is af fected (i.e., the axial suess being greater than that computed
in the ID IP'I'S approximation); that is, the ID treatment is entirely adequate. Finally, in section
4 we generalize these structural analysis results to four simple., generalized similarity maps that
define the regions of potential difficulty with the ID IPTS prescription. These maps show rather
clearly that all HDR tests are far from applicable to simulate the thermal stress field in a reactor
vessel wall, because they have failed (single loop injection) to represent the global cooldown.

2. TIIERM AL TR ANSIENTS AND SIMILAltlTY CONSIDEILATIONS
A scaled representation of the llDR in com-

parison to the world PTS facilities is shown in
Figure 6. The particular geometric data and = ~"

those relevant to a large US PWR are shown ,7 A
in Tables 1 and 2, respectively. The complete

~

,1 I .

experimental matrix on thermal mixing (TEMB) ~ l = 1
'

is summarized in Table 3. These data repre- . I $ i

sent a comerstone of the total available data ; |
*

,

'base because they uniquely combine full-scale a,r ,!,
.

(prototypic) pressure / temperature conditions in 7"__

a large reactor-like geometry, in fact, as seen i

in Figure 6, with the exception of the relatively m, _
smaller cold-leg diameter (19 vs. 76 cm) and . n < |.

downcomer gap (13 vs. 26 cm) dimensions, the fL_3 y, sj
HDR is essentially a full-scale representation !, in

"

of a PWR. Another unique aspect of these tests G
is the stress (strain) measurements on the vessel
wall. s. ,

-

'
As already mentioned, the complete TEMB

" ""*series tests have been very favorably compared
with the REMIX predictions; indeed, blind pre-
test calculations of the first two tests provided
excellent predictions of the test data, As we will
see in section 3, with accurate thermal bound- Figure 6. Schematic scaled representation
ary conditions the measumd stress fields are also of the HDR in relatien to the world integrali

casily predictable- by a full 3D finite element thennal mixing facilities for PTS. 1

Imodel. Application of these tools to reactor
geometries indicate considerably different trenu with regard to the issues mentioned in the intro-
duction. The purpose of this section is to provide the thermal-hydraulic similarity considerations
necessary to understand some of the origins of these differences. Structural considerations enter
this understanding also; these are developed in section 3.

404

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



- _ - . _ . _ _ _ _ . _ . _ _ . . _ _ _ . . . _ . _ _ _ _ _ . ~ _ . _ _ _ . _ . . . _ _ _ _ _ _ _ . . _ _ _ _ . . _

i

I

|
|
1

Table 1. Geometric data of'IIDR full-scale test facility. |

Injector diameter: 5.0 cm

l$wer laup Ctre ThermalCold Veucl/
leg Downcomer Plenum Pump Seal Barret Shield

- - - ..- 266 00 - -

inner Demeter (cm) 18.70 206 00

-- --- --- 694 26 --

Length (cm) 600.00 694.26

Dase Metal Wall
Thickness (cm) 1.52 11.20 17.10 - - -- 2.30 --

Clad Thickness (cm) --- 0.80 0 80 -. - - .-

Insulaton Thickness
(cm) 10,00 10.00 10.00 - - - . .

Wall lleat Transfer
Area to Water
(cm ) x 1&4 3.52 64.5 6 23 35 - - -- 58 02 -

2

Flu;d Vol e

(cm3) a 10~ 1.65 78.47 129.80 - -- --. ...

Table 2. Geometric data of a US PWR +
Injector diameter: 25.7 Cm

Cold Ves,icl/ Lower Loop Core Thenna!

Leg Downcomer fit un. Pump Seal Barrel sh.ald

--- -- 76/4 373 9 ---

Inner Diameter (cm) 76.2 4h9

456 I 685 3 ---
,

.
Length (cm) 623,7 685.3 -- -*

6.35 4 45 --

Due Metal Wall 6.35 21.9 -11.1 -

Thickness (cm) --
__

Clad Tluckness (cm) 0.318 0.794 0394. -- 0.318 - - -

---

Insulauon"Duckness 0.30 0.30 0.30 --- 0.30 ---*

(cm) -..

Wall lleat Transfer * 1.49 2.15 0.745 b I.09 2.02

Area to Wate
[(cm2) x ig[j

---

internal stmetures: 8
-- +.-3.08IlentTransfer Area --- -- ---

((cm2) x 10-3]
---

6.35 -- -

thickness (cm) -
--- --- --

..-

Fluid Volume 2.84 5.76 5.46 3.17 2,08 --

4[(cm3)x 10 j |

* Per cold leg.
* Pump casmg and intemal structun.s have been lumext to 33.700 lb equivalent of stainless steel

4

* Calvert C1dfs IInit i
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-Table 3. Test conditions of HDR full scale experiments

Test a 1H'I nor21e # , P F'Itn
|-

T32.ll 300 20 0.12 0.1'

i T32.12 300 20 O_24 0.3
D2.13 300 20 0 37 0.5

| T32.14 300 20 0.49 0.6
I= T32J5 300 20 0 99 1.3

3 300 20 1.49 2.0| D2.18
T32.19 300 20 2.37 3.2,

' D2.26 150 20 2.30 5.9
T32.21 ?00 20 5.56 7.4

_ T32.22 300 20 2.37 3.2.

! T32.31 300 20 OJ2 0.1
L T32.32 300 20 0.24 0.3'

U2.33 300 20 0.37 0.5
2 300 20 0.49 0.6T32.34

I. T32.36 3N) 20 0,99 1.3
T32 41 300 20 1.48 2.0

T32.51 300 20 0.49 0.6
T32.52 300 20 0.99 1.3

3D 2.57 300 20 1,48 2.0
t T32 58 225 20 0.74 1.3

,

I
l D2.61 150 20 0.52 1.3 l

|- ._ ;
i- q

The stratification behavior has been shown to be universally represented by two dimension-
_

less groups (Theofanous & Yan 1991), namely*
[

-

,

-l /2 -1

| Frnet,ct = gDat and D* = Dct|Dnes (4)
"''

Act pnPI

When they are matched (in two different systems with the same Tm and Tnei) the difference
in cold stream and hot stream temperature is also matched. The actual solution U. embodied in
the_ intersection of two plots such as those shown in Figures 7 and 8. Figure 7 represents the
entrainment in the HPI plume (MRI in Figure 1), and it is parametrized by D*, the value of -
3.8 being appropriate for the HDR geometry. For a PWR with D* = 2.0 the result is shown
in Figure 9 (similar plots for-D* values in the range 2 < D* < 10 can be found elsewhere,
Theofanous & Yan 1991). Figure E represents the counter-current flow requirement at the cold-
leg dowmcomer junction expressed by

Frf + Fr[= 1 (5) _.

This figure is parametrized by p* = pi,/pe and #. For reactor (and- HDR) conditions _0.8 <
_

p* < 1, and the results vary insignificantly in this range. The parameter B expresses whether the
system geometry allows back-flow of the cold stream, towards the pump and loop seal volumes.
When back-flow is possible and the pump and loop seat volumes represent a significant fraction.

of the total volume of the system, the # = 1/2 is appropriate. When such back-flow is not
.

allowed, we set # = 1, and the result is shown' in Figure 10. Returning now to the solution,
the intersection (choose the one with the lower value) at the same value of Frnpi,ct, yields
the dimensionless entrainment rate, in the plume region, i.e., Q* = Q,/Quet, From Q' the

* Note that with these definitions, Frnpi = Fruel,ctDa/2
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cold stream temperature, Tc, and the downcomer plume " source" temperature, T,, can be simply
obtained from

P " "' T" " ' + ' ~ T* Q '
Tc 2 (G)

Purs + PmQ*

1

T, ~ g(Tc + Tm ) (7)

Applying this procedure to llDR test T32.18 (Gnri = 1.49 kg/s, Tuvi =20 C) we find
Frupi,ct = 0.07 and from Figures 7 and 8 we read Q* = 1.1. With Tm ~ Tm(0) = 300 'C,
i.e., early in the transient, we thus obtain Tc = 143 C and T, = 221 C; that is T,n - T, = 79
"C. Using an IFTS plant (Calven Cliffs as an example with Qupt = 13.5 kg/s, Tuvi = 32 C)
on the other hand we obtain Frnpi,ct u 0.022 and Q* = 3.8 (d = 1/2, Figures 8 and 9). For a
Tm ~ Tm(0) = 277 *C, this translates to Tc = 201 *C and T, = 230 *C; that is Tm - T, = 3S -

'C, Even for Qnvi = 20 kg/s, the Q* decreases only slightly to 2.4, which yields Tc = 190 *C,
T, m. 234 "C and T,n -T, = 43 C. A major discrepancy on the severity of stratificatioi. between
the plant and the HDR " simulation" is evident. In fact, a much better simulation is provided by
another HDR test, the T32.34 (Gnef = 0.49 kg/s, Tm ~ Tm(0) = 30S 'C, Tuvi = 20 *C).
From Figures 7 and 8 we read Q* = 2.5, which yield Tc = 203 "C and T, = 250 C; that is
Tm - T, ;= 52 *C. Incidentally, ignoring the back-flow in the Calvert Cliffs calculation (8 = 1)
would yield (for Qupf = 13.5 kg/s) Q* = 3.5, Tc 210 'C and T, = 244 C, i.e., the=

sensitivity to this paramner is not great

Turning next to the downcomer plume, its " strength" and hence the degree of departure
from symmetric behavior are strongly related to how cold the plume is at its source (T,) in
relation to its surroundings (at Tm). From Equations (6) and (7) above we have

Tm(f) - T, = 1 T,n(t) - Turt - pm
p= (S),

2 1 + pQ' pyvi

During a cooldown transient P increases slowly from 0.76 to I and Q* decreases very slowly
from its initial value to less than 1 (note that the Q* change is due to the p* change). In fact, -

actual computations (with REMIX) indicate that the two variations compensate each other such
that the plume " strength" remains nearly a constant fraction of Tm(t)- Tuvi. Specifically, this
factor is 0.27, 0.19, and -0.15 for HDR/T32.18, HDR/T32 34, and the Calvert Cliffs example
men'ioned above, respectively. The nature of the thermai stress transient, and the role of the
plume in inducing significant departures from the approxhnate 1D treatment, must therefore be
understood in terms of the time constant that characterizes the Tm(t) transient itself.

The global cooldown transient, Tm(t), is characterized, primarily by the system volume
(V) and tnc injection flow iate (Quei), combined into a system time constant, r,

Tm(t) - Tu ri - t/ r* V
~e r, = (9)

Tm(0) - Tu ri Quei

where Qurf is the total injection rate in all the loops. The HDR tests involved only one-
loop injection; hence, the '. is rather large: 1.4 x IU s ar.d 4.3 x 10' s for T32.18 and T32.34,8

respectively, as compax i .o c value for the Calvert Cliffs example of 1.3 x 10' s for Quvi = 13.5
2kg/s and 9.0 x 10 s fer Qnvi = 20 kg/s. This means that even test T32.34, which, as discussed

above, provides a good sir.iAdon of the strn.ification, badly misses (to simulate) the thermal
.
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stress behavior.* Specifically, in IJDR we obtain relatively steady plumes in extremely slowly
varying surroundings and the measured stresses are essentially all due to these plumes; while in
Calvert Cliffs (or similar reactors) we obtain plumes of rapidly (in time) diminishing strength in
relatively rapidly varying surroundings, i.e., the plume. induced stresses diminish in comparison
to stresses due to the global cooldown - the latter being uniform and hence more in line with
a 1D treatment. This suggests that an effective screening for multi dimensional effects could be
made on the basis of the interplay between plume strength and global cooldown; the details are
presented in section 4.

For the stress analyses of section 3 we also need the shape of the downcomer plumes. From
the data, it appears that the llDR plumes are well-behaving (i.e., steady, straight-down descent)
and well-characterized (a lot of measuring points); hence, the3 are ideal for our purposes. Note
also that since T32.34 provides a good simulation of stratification in a pWR, the plume behavior
in it is also most appropriate. It turns out that when the local plume temperatures are nonnalized
by the plume " strength," Tm - T discussed above, even the very severe T32.18 plume takesp
on a quite similar form. These two experimental plumes are shown in Figures 11 and 12. In
terms of stresses, and the discussion in the introduction, we expect that the plume of T32.18 is
slightly more severe than that of T32.34, and both are well bounded (in severity) by the plume
of Figure 3, used in conjunction with REMIX.

;

in closing this section, it may be worth remarking that both the stratification and transient
cooldown solutions utilized above are in excellent agreement with the more detailed REMIX
results, and the quality of comparisons with the llDR experiments T32.18 and T32.34 at the
locations of interest (the elevations in Figures 4 and 5) are shown in Figures 13 and 14, respec-
tively.

l
3. TIIERM AL STRESSES AND SIMILARITY CONSIDERATIONS I

l

The thermal stress computations were carried out with the computer code AB AQUS (Version
4.8) using a three-dimensional finite element model, in a planar geometry, as illustrated in Figure
15. The fine-mesh regions can adequately represent the " hole" corresponding to the cold-leg-
nozzle as well as the thermal gradients within the plume beneath it. The large-mesh zones were
incorporated so as to add an adequate amount of wall material surrounding the plume as is the
case for the intended simulation, This plate model was fully encastered in all its four sides. As I

such, it is applicable to situations where the plume remains in steady surroundings (as in the
IIDR tests) with minimal restrictions on the duration of the transient. For transients involving
also global cooldown, the applicability is restricted to short (conduction) penetration times, in
both cases the idea is that thermal stresses in the cooled regions are accurately-developed (in
the model) as long as there is sufficient material in the initial state (" hot") to resist motion.
Under these conditions a plate model free on all its four sides actually yielded the same results
Comparisons with the HDR data (at 7 and 14 minutes) justify this position for the plumes-only
case. To judge the effect of global cooldown time (on the model accuracy) we compared the
plate model prediction with a cylindrically symmetric full-vessel model, both driven with a
sudden change on the inside wall temperature. The results for a reactor vessel wall of 22 cm in
thickness are shown in Figure 16, indicating that the plate representation is qu.v adequate for

* This is exacerbated by the considerably thinner IIDR wall (12 cm) compared to that of a
-

large PWR (22 cm).
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at least up to 100 s. At this time, the thermal penetration (b ~ 2vGi) conesponds to 32% of
the w all thickness. The full-vessel, cylindrical finite element model is used, below, to compute
stresses in the ID approximation. According to the IFTS procedure, these calculations are based
on a global cooldown referred to the T,(f) transient. Thus, as a matter of nomenclature in the
following, ID results refer to the cylindrical model and 3D results refer to the plate rn del Note
that the ID model does not contain the cold-leg " hole." As illustrated in Figure 17, tb results
in an overprediction of stresses in the immediate vicinity of the " hole "
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Figure 15. The finite element mesh utilized in the plate (3D) model. There are 7 equal-sized
elements along the wall thickness.

A first set of results is contained in Figures 18(a), (b) and (c). All these results are for
7-min transients in IIDR test T3218 (18a), test T32.24 (18b), and a hypothetical Calveit Cliffs
transient (18c) run in the manner of the HDR tests,i.e., with only 1 nozzle injection and negligible
global cooldown in 7 minutes. For the llDR calculations we used the respective experimental
plumes (Figures 1I and 12), while for the reactor example we used the plume of Figure 12.
The experimental data from T32.18 are shown in Figure 18a, and are found to be in reasonable
agreement with the computations. Note that the error in a, is larger than in n,,. This is attributed
to the larger uncertainty in the assessed plume widths (in Figure 11) as compared to their lengths.
What is clear from Figure 18 is that the area of non-conservative quantification (for brevity we
will call i; the " area of non-compliance" or ANC), in the 1D approximation depends not only
on plume strengths but also on certain additional parameters. We see that due to the increased
strength of T32.18 relative to T32.34 the ANC expands from ~ 4T/D to ~ 5.5f/D. On the other
hand, for the reactor case it shrinks to ~ 2.5f /D even though a plume similar to T32.34 was
used. Otherwise, the distributions are similar and strongly non-uniform, giving the impression
that the ID approximation is truly inappropriate, i.e., either strongly conservative (lower part)

;17
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or strongly non-conservative (upper part). A global view of the stress pattern for the cases of
. Figure 18 is gisen in Figure 19.

!

One of the interesting features of the experimental data (Figures 4 and 5) is that stresses
vary only very slow;y with time. This indicates that they are primarily the consequence of
plumes - only slight cooldown in the time period covered - and a mechanism similar to that
discussed in analytical terms in the introduction. This behavior is also borne out by the finite

. element results. This is illustrated in Figure 20 depicting both calculations and data at 14 minutes
into the transient. As another example in the other time direction, Figure 21 depicts the stress
fields at I minute into the hypothetical llDR-like transient in Calvert ClitTs. It is interesting that
although the stress levels for very early times are higher overall, the ANC remains relatively
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l'inally, to assen the role of global cooldown m combmation with the plume strewes a
representative teactor case was run, with all four llPI nonles activated The cooldown and
stratification (from IWMIX) are those of Figures 2 and 3. ~1 he twedicted stress distnhution at 60
and 100 seconds are shown in Figures 22 and 23, resivetisely. Note that the ANC is restricted
to Icw than ~ 2.M/D and the real (3D) strew lesels as they rise with time yield an increasingly
more uniforrn distribution ap: u Sg, in the region of Pl'S interest, the ID result. As the core,

the region 0 < //D - 21, is comparatisely less irradiatedmid height is typically at ~ -

and hence of no interest fc- a analy sis.

GENEll AI,1Z ATION OF llEf'UI!!'S*

The transient conduction' stress problem is characterited by four length scales, the imposed
cooldown time and temperature scales, the structural and thermal propenies of the wall material,

_

and the time scale for conduction to be limiting (beyond this time the wall surface temperature
is essentially equal to the fluid temperature). In the following we discuss each one of these items
(in teverse order) for the purpose of deducing the basic scaling criteria for reactor simulations,
be they experimental (as in llDR) or analytical (as in those made in this paper).

The time scale, r , for the onset of the cond iction limited tegime can be estimated fromc

k pc ',
10 (10)T ~c

h .,-

The heat transfer coefficients in the upper and middle plume regions (these are the regions of
higher stresses as seen above) are quite high (lyer & Theofanous 1991a), with typlal values
around 5000 W/m K; thus the r is of the order of only 70 s. The role of this estremely short,2

c

initial portion of the transient is to moderate the thermal stresses in the wall, and this role is
strongly interactive with that of the cladding (both in structural material and thermal resistance).
Focusing on the main theme of this paper, we will ignore this role-this is conservative.

The structural and thermal properties of the wall material in llDR are typical of reactor
pressure vessels, and there is no need to be included in this scaling analysis, in the analytical
simulations we will take them to be lixed at the nominal values utibzed for the llDR test
comparisons above.

The imposed temperature scale is defined by the initial system temperature, T,,,(0), and
the " cold" safety injection temperature, Tu vi; that is T,n(0) - Tu pf. I rom Equation (9) this
overall temperature scale translates to the instantaneous temperature scale, through the system
cooldown time constant, r,, i.e.,

V
T,,i t ) - Tu vi ( T,,,( 0) - Tu vi b +' r. (11)

U n i'l
or

T,n ( 0 ) - T,n( t ) = ( T,n ( 0 ) - Tu vi )( 1 - < ** ) (12)

With reference to Figure 24, this instantaneous temperature scale is seen to control the thennal
gradients in the wall material outside the plume. The instantaneous temperature scale within the
plume, Tm(( - T,, can be derived in a similar way f rom Equation (8)

,
,

1 T,( t ) - Tu r t . Om1,,ytt) .l.(t) p- - (13)-

,
2 1 -+ p, Q ' pu rt

:, .! ,

- - - _ ._ _ . _ _ - . _ - _ _ - - _ - _ _ _ _ - . _ - - - _ _ - . . _ _ _ . ~ . .- _ . _ _ - _ _ _ - _ _ _ _ _ - _ . _ - - _.
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and in combination with F4ations (11) and (12) we have

1 - < ' - ' / ''
if 19 ) [l( 1 - < -'/ '' ) ~' r ~ '/ ** + 2( 1 + i,G * ) }J 2( 1 + (Q * )T,,,( 0 ) - T,(t ) = ( T,,,( 0) - T (11)

Again, as seen in Figure 24, this controls the temperature gradients inside the plume region.
Now, besides the system time constant, r.,, we also have the normalized entrainment rate, Q*,
and the density ratio />.13ut already we know that Q* scales with the Froude number and the
injection-to-cold-leg diameter ratio, i.e.,

G' = Q*(Friipf ct, D* ) (15)

while for the same initial and safety injection temperatures the /, transient will also scale with
the system time constant, r,. Moreover, as we have seen, the two-dimensional plume structure
can be represented by

# = T,,,( t ) - T( t )
,n( t ) -- T,( t = f( .r/ Dei , f /Det; Q' 1 (10)

T. )

us
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where the G' dependency 4 weak Thus we conclude that all internal instantaneous temperature
scales Re., those that control the stress generating gradients) are scaled, on the basis of the
overall, imposed, temperature scale, Tn(0)- Tif f f, through the f ollowing dimensionless groups

t / r, , Frjij.j,ct,, D* (17)

the positional mapping, m the downcomer, being simply on the basis of 1/Dci. and //Def,

Finally, the four length scales (see Figure 24) can be identified as the vessel wall thickness,
(, the cold leg diameter, Dei., some characteristic scale f or the plume clongation, t, s ud the
thermal penetration length scale ~ s4II. They yield three dimensionless groups:

(/ Dcf . (/Dcf and (/ Et' (lM -

The first of these groups can be considered as fixed, the second is only weakly dependent on
the plume strength (i.e., Frif f f ci, and D*), while the third group plays an essential role m the
development of the stress field. It can also be written in terms of the penetration time constant,
r,,, as:

r/t where r,, - p'/o (19)p

expressing the extent of thermal gradient in the wall at any particular time, t, in the couldown
transient.

From the above, for geometric and Froude number similarity, the whole cooldown' stress
problem can be scaled with only two parameters; namely, r,,/7 and 7,,/t.

Regarding the behavior in relation to the
r /t group, the plate model, valid only for up to /Mp

,

7 ~ 100 s as already discussed, became rather re-
p gij'

strictive. Thus a full-vessel, three-dimensional, - --M
finite element model was set up as shown in Fig- [ h -

,

I kure 25. llenchmarking of this model with the
Mmeasured stresses in llDR was even better than - - -:c ===

$ [r5dfound for the simp!ct plate model (Figure 26 vs. h__~ -:

Figure 18a). This model was then exercised, in 4" 7 | H
conjunction with PEMIX predictions of temper- } }

'

si
ature histories app?ied as boundary conditions on L i ___g
the inside surface of the vessel, to cover a wide !

,[range of the r /r, and r /f scaling groups de- !p p

veloped above. Staning with the Calvert Cliffs { }1characteristics variations in system volume, and L 2

transient time were made to cover the range of f I h
potential interest in these scaling groups. A list- [

t I !
ing of all computational nms made is given in I lj }

\]Table 4.

Qualitetively, the results can be distin-
guished in three classes, as illustrated in Fig-
ures 27(a), (b) and (c). Figure 27(a) represents Figme 25. Mesh for full-vessel finite

element model.a strongly non-conservative behavior of the ID
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approximation, Figure 27(b) shows a strongly conservative one, and Figure 27(c', shows a case
where the _a results are very close to the 1D approximation. Quantitatively, the " figures of
merit" in assessing the impact of the ID approximation can be summarized in terms of four
parameters:

(a) ANC: The downcomer length (in (/D's) for which the 3D
stresses are higher than the ID

(b) A = "~C"* x 102: A measure of peak discrepancy between the 3D andi
ID results

"!'" ~"['/ ''"" x 102 : A measure of the deviation of the 3D result from the(c) A2 = -

flat ID one, over the upper half of the downcomer

(d) A3 n: " ~'" '~ ",{'l'") x 102 : A measure of the deviation of the 3D results from the
,,

flat ID one, over the whole 10f/D's of the downcomer

For example, these parameters, for the three comparisons of Figure 26, in the order given above
are:

figure 27(a): Ai = 50, A2 = 45, and A3 = 57

and A = 79A = 00,A = 15,F.gure 27(b): 32i

A = 10, ed A3 = 13Figure 27(c): Ai = 4, 2

!a s
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Table 4. List of computational runs <

Runs frorn 21 to 210 are for Calvert Cliffs reactor.
Others are obtained by varying the system volurne only.

Run # Ti(s) T (s) : T *C T; *Cp m

11 3572 5095 20 275.0 220.8
12 3572 5095 60 272.4 248.0
13 3572 5095 120 268.3 244.2
14 3572 5095 240 260.7 237.0
15 3572 5095 420 250.0 228 0
1-6 3572 5095 600 241.6 218.5 -

17 3572 5095 1200 217.5 195.0
18 3572 5095 1800 199.4 177.5
19 3572 5095 2400 185.3 163.9
l-10 3572 5095 3000 174.0 152.6

21 1324 5095 30 270.9 246.6
2-2 1324 5095 60 265.3 241.3
23 1324 5095 120 254.9 231.2
2-4 1324 5095 240 236.7 213.8
2-5 1324 5095 420 214.2 191.8
2-6 1324 5095 600 195.7 174.0
2-7 1324 5095 1200 152.3 131.4
2-8 1324 5095 1800 125.0 107.7
29 1324 5095 2400 106.7 92.5
2-10 1324 5095 3000 94.2 81.9

31 637 5095 30 265.0 241.0
32 637 5095 60 255.0 231.3
3-3 637 5095 120 238.5 215.6
3-4 637 5095 240 213.9 191.5
3-5 637 5095 420 188.6 167.1 -

3-6 637 5095 600 171.4 150.1
3-7 637 5095 1200 140.2 120.4
3-S 637 5095 1800 126.2 108.7
3-9 637 5095 2400 119.0 102.7
3 10 637 5095 3000 114.9 99.3

4-1 12016 5095 30 276.2 251.6
4-2 12016 5095 60 275.5 215.0
4-3 12016 5095 120 274.2 249.7
4-4 12016 5095 240 271.8 247.4
45 12016 5095 420 268.3 244.2
46 12016 5095 600 265.0 241.1
4-7 12016 5095 1200 255.3 231.6
4-8 12016 5095 1800 246.8 223.5
4-9 12016 5095 2400 239.3 216.3
4-10 12016 5095 3000 232.5 209.8
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Figure 27(a). Stress distributions predicted by the vessel model compared to the ID IFTS
prescription. r., = 12010 s, r,, = 5095 s and t = 3000 s.
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Figure 27(b). Stress distributions predicted by the vessel model compared to the ID IFI'S
prescription. r, = 12010 s, r, = 5095 s and t = 240 s.f

430

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



___. . _ _ _ _ _

4 0 0 _, _ , ,- , , , , p,, , q - , , , , q ,
r ,- w1-

\
'I'. i.o

'

300 - -m 2Q , ==
.- . , , .- . . . . . . . , , .

? -

D .e

! 200 - | -

D : .

h '

to *

~

t00 -

.

_o_wa_ml w la_u' L a x am Li i u"
-o 0 4 0 B 10

1,/D

Figure 27(c). Stress distributions predicted by the vessel model compared to the ID IFTS
prescription. r, = G37 s, rp = 5005 s and t = 600 s.

The results from all computational runs are summarized in Figures 28,29,30 and 31. From the
following explanation of the trends and meaning of these maps, it should become evident how
they are to be used for particular applications. Note that for such applications in addition to
figunng out the pertinent 1,, and r, values one will need to decide the duration of the transient
of interest (t) and also the extent of the downcomer area of non-interest (AN1), because of lack
of welds, or embrittlement, expres;cd as (/D's from the cold-leg centerline. ;

Startin;; from Figure 28, we first note that the ANC is roughly independent of r /r . A*g

seen in Table 4, for a normal vessel wall r,, ~5,000 s and for a typical transient of interest I
~2,500 s we are looking at r /t vilues in the range 2 < r,/t < 100; thus the ANC is seen top f
increase with time, getting as large as 4 to 6. Such large values may in fact begin to approach
or even exceed the ANI.

Turning now to Figure 29, we note that at is strongly dependent on r /t.; asr/r,y p

increases A decreases, approaching zero for r /r, -+ 10. We also see that the r /t dependencei p p

has a minimum, going back up again as the r /t decreases below a value of ~10. Typicalp

values for reactors are r /r, = 4. For the llDR test T32.18, r /r, = 0.1; thus the stronglyp p

non-conservative trend in Figure 4 can be attributed to the atypically low value of r /r, in thep

llDR. For r /r, < 1, the bahavior exp sses a very slow cooldown in relation to conductionp

across the vessel wall, and as may be expected, the ID approximation fails comple'ely. In fact,
at this limit the behavior is very much like the analytical ellipse results given in the introduction,
i.e., high anisotropic stress levels (within the plume) which are much bigher than those computed
in the ID approximation. At the other extreme, r /r, >> 1, anisotrophy is strongly disfavoredp

as the rapid (in relation to conduction) global cooldown drags Tj down with it as the transient
continues; thus the ID stress field follows closely that developed in the plume region. To get into
the r /r, range of lower than 2 for a reactor, the cooldown time constant must be over 2,000 s,p
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Figure 28. The downcomer length in l>D for which the prediction of the vessel model is higher
than the ID ll'TS.
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i.e., the injection rate must be so slow that there ,vould hardly be any plumes! Thus the region
of " difficulty ^ carnot be approached under any circumstances with all liFi noules injecting.

indices, as shown in Figures 30 and 31.'lhese trend are exactly analogous for the A2 and A3

In e connined use of these figures we note that a large value of 3 or A, in combination with a2

small value of Ai means that the ID approximation is highly conservative for most of the area
of the jowncomer, while when all A , A , A, are small the actual behavior is very much likei 2

ID as in Figure 27(c)).

t CONCI,USIONS

The applicability of the llDR tests to RPV wall stress behavior is shown to be remote in a
subtle way. The primary reason for it is the 1 nonle injection employed in these tests, but also

,

the higher, than appropriate, injection rates contribute. The generalized regime maps together
with the universal stratification solutions presented allc.w an a priori assessment of the possible
area of difficulty in the ID li'FS prescription. Also, these maps can be used to predict the
general behavior of the 3D stress level on the basis of ID stress results.

A C K N OW L E D G M E N'.I'S

The thennal mixing aspects of this work derive from previous work sponsored by the U.S.
Nuclear Regulatory Commission.

NOMENCLATUltE
A, cross-section area of system component

minor ellipse semiaxiso

6 major ellipse semiaxis
*

c ,, specific heat
D diameter of cold leg _

D* = Dct/Dui>i diameter ratio -

D, diameter of fluid stream, or system com; onent i
d' - de/Det
d, depth of fluid stream i
E Young's modulus
Fr, = U { D, gap /p}H/2, Froude number of stream i

Fru pi,c t = (Gupf /Act) f gDer, j , superficial Froude number in the cold leg

g acceleration due to gravity
h heat transfer coefficient
k thermal conductivity

'

L,( venical distance from cold-leg centerline in downcomer toward lower plenum
rh n vi HP1 mas, flow rate

Q, volumetric flow rate of stream i
G* = Q,/Qup; dimensionless entrainment rate
T temperature
t time
U, velocity of fluid stream i
U volume of the whole system
i horizontal distance from the cold-leg centerline in downcomer

m
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NOM ENCL ATUlt E (continued)

Greek
coefficient of thermal expansion, or thermal diffusivitya

|1 fraction of entrainment from downcomer side
AT temperature difference
AP p, - P, where ,,, the two streams to which Fr is referred to
6 thermal penetration length
( elongation of the plume

= y',|[j{, dimensionless temperature
'

#

( thickness of vessel wall
p, density of the fluid stream :
P* 'Ph/Pfll'1
i " Pns| Pill *]l
a stress
r characteristic time scale

Subscripts
cold stream, or conductione

c l. cold leg
entrainment,

fi ni high pressure injection
s hot stream

the position of 2 Del, from c( leg centerline down into the downcomer
,

well mixed or " ambient",n

initial,

thermal penetration,,

s ' stem.

horizontal coordinate,

veitical coordinate
-

y
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Abstract

Liquefaction features, including sand dikes, sills, and sand filled craters,
that formed at different distances from the epicenter of the Ic.88 (Mw 5.9)
Saguenay earthquake are compared with one another and with older
features. iodern liquefaction features decrease in size with increasing
distance from the Saguenay epicenter. This relationship suggests that the
size of liquefaction features may be used to determine source zones of
past earthquakes and to estimate attenuation of seismic energy. Pre-1988
liquefaction features are cross-cut by the 1988 features. Although shnilar
in morphology io the modern features, the pre-1988 features are more
weathered and considerably larger in size. The larger pre-1988 features
are located in the Ferland area, whereas the smallest pre-1988 feature
occurs more than 37 km to the southwest. This spatial distribution of
different size features suggests that an unidentified earthquake source
zone (in addition to the one that generated the Saguenay earthquake)
may exist in the Laurentide-Saguenay region. Structural relationships of
the liquefaction features indicate that one, possibly two, earthquakes
induced liquefaction in the region prior to 1988. The age of only one pre-
1988 feature is well-constrained at 3401 70 radiocarbon years llP. If the
1663 earthquake was responsible for the formation of this feature, this
event may have been centered in the Laurentide-Saguenay region rather
than in the Char.evoix seismic zone.

Introduction

The Saguenay earthquake (mb 5.9, Mw 5.9) occurred on November 25,1988,
at a depth of 29 km beneath the Laurentide Mountains of Quebec Province,
between the Saguenay River graben and the St. Lawrence River rift system (Figure

hurrently at the National Research Council,lioant of Eanh Sciences,2101 Consntunon Asenue, Washinrton.
DC2N18
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1; North et al.,1989). In the past 70 years, the I aurentide Maguenay region has
thought to beexperienced only a few small earthquakes, and therefore, was

relatively aseismic. In contrast, the Chadevoix seismic zone, located .Aut 80 km
southeast of the 1988 epicenter, has been very active during t period of
instrumental seismic monitoring. Because of recent activity, the Charlevoix
seismic zone has been thought to be the source of several other large historic
earthquakes including the 1534,1663,1791,1860,1870, and 1925 (mb tt7, Mw 6 8)
events. The occurrence of the Saguenay earthquake in the Laurentide-Saguenay
region, however, raises the possibility that some of these historic events may have
occurred in this region instead of th< Charlevoix area. The occurrence of the
Saguenay earthquake in an "aseismic" region suggests that the pattern of recent and
historic seismicity may not delinote all potential earthquake sources and
underscores the need for paleoseismic techniques to help define seismic hazard in
eastern North America. _

During the past twenty years, liquefaction features preserved in Quaternary
sediments have been used to expand the earthquake record in the eastern United
States into the prehistoric past (e.g., Obermeier et ak, 1000,1991; Amick and Celinas,
1991; and Tuttle and Seeber,1991). These studies have relied on examples of
liquefaction features that formed during historic earthquakes of uncertain location
and rnagnitude. Unlike these previous events, the 1988 Saguenay, Quebec,
earthquake has provided a unique opportunity in castern North America to study '

modern liquefaction features that formed during a well-recorded earthquake of
known magnitude and location. ,

The 1988 Saguenay earthquake induced liquefaction at seven knawn sites in
the Laurentide-Saguenay region (Figure 1). Six of these sites are located in the -

sparsely populated ferland-Boilleau valley 25 to 30 km northeast of the epicenter
(or 38 and 41 km from the hypocenter). These sites were documented within si'
rnonths of the earthquake (Tuttle et al., 1989, 1990). The seventh site is located
about 11 km west of the epicenter and was discovered in September 1991 during

~

reconnaissance in the uninhabited epice .ral area. During the 1991 reconnaissance,
no evidence of liquefaction was found between Ferland and the epicenter even
though more than 20 km of terrain, similar to that where liquef action occurred in
Ferland, was searched. In this paper, characteristics of liquefaction features that
formed during the Saguenay earthcjuake are documented in addition, liquefaction
features that formed during past earthquake (s) are compared with modern features.
These findings are especially relevant for palcoseismic sitdies in glaciated areas.
Because many types of soft-sediment deformation structures not related i?
earthquakes occur in glacial sediments, it is often difficult to distinquish
earthquake-induced liquefaction features from structures of other origins (Coates,
1975; Thorson et ak,1986; and Schafer et al.,1987).

w
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Figure 1. The November 25,1988 Saguenay earthquake occurred in the Laurentide
Mountains of Quebec Province between the Saguenay River Graben and the St.
Lawrence River Rift System. Liquefaction occurred between 25 to 30 km northeast of
the epicenter in the Ferland-Boilleau valley and also about 11 km west of the
epicenter. In sharp contrast to the active Charlevoix Seismic zone located between 60
and 120 km southeast of the Saguenay earthquake, the Laurentide-Saguenay region
was thought to be relatively ascismic. Study sites are denoted by L# and other
liquefaction sites by L.
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Liquefaction Features in the Melroseismal Area of the Saguenay Earthquake

Liqu(laction of subsurface sediments during the Saguenay carthquake was
manifested at the surface as sand boil. and ground cracks. Ground cracks ranged up
to 20 m m length and exhibited about I to 3 cm of separation. Sand boil deposits
were flat to slightly convex in section, circular to elliptical m plan view, and range
in size from a few centimeters to 16 meters across. Ilomes at several sites of
liquefaction were damaged as a result of differential settlement of their foundations
(Tuttle et al.,1989).

Since the Saguenay earthquake, seven sand boils at four dif ferent sites have
been excavated and liquefaction features, both young and old, have been
documented. In this paper, features observed below sand boils at three liquefaction
sites are discussed in order of decreasing distance from the epicenter of the -

Saguenay earthquake. Sites 3 and 1 are located 30 and 26 km northeast of the
epicenter, respectively, in the community of Ferland; Site 4 is located 11 km west of
the epicenter in the Laurentide Park. Site and sand boil designations as they appear
in other papers and reports are maintained for consistency.

Liquefaction features 30 km from Faguenay carthquake epicenter: Site '

Site 3 is located on the moder.' floodplain of liivibre des Ila! Ila! (1igure 2).
Seven sanct boils occurred in the mapped area (Figure 3), and at least four more
formed elsewhere on the floodplain. Sand boil C formed in a swale or cut-off
channel about 140 m west of Rivibre des lla! lla! (Figure 3). This sand boil deposit
is 10 m long and 5 m wide and ranges up to 10 cm in thickness. Within the organic-
rich topsoil, the 1 to 3 cm wide feeder dike splits to form other smaller dikes and
sills, which commonly follow surfaces of woody material (Figure 4). The feeder
dike could be traced through the sandy and pebbly subsoil to a depth of 1.2 m,
where the water table was encountered. No evidence of previous liquefaction _

events was observed in excavations of this sand boil, probably because sediments
within this active cut-off channel are fairly young.

Sand boil J is 10 m in .ength and 5 m in width and formed on a point bar
deposit about 30 m west of Rivibre des Ha! ila! (Figure 3). The deposit of vented
material was 9 cm thick and ranged in grain-size from fine sand along its base to
silty, very fine sand near the surface. Several small dikes, less than 1 cm in width,
could be traced downward from the vented deposit through the soil (Figure 5).
Within 0.2 m of the surface, two of these dikes joined, forming one continuous U-
shaped dike. This dike was connected to a more steeply dipping dike below, which
crosocuts a wider and weathered dike about 0.25 m below the surface. Two other
modern dikes intersected another branch of the same weathered intrusion between
035 and 1 m depth. These dikes had clearly been emplaced along the margin of, as
well as within, the more weathered and older structure.
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|

m from Rivihre des Ha! Ha!. Small sand dikes, less than I cm in width, could be traced downward from the
1988 sand boil depdt through the topsoil where they cross-cut a large, weathered sand dike and into the
subsoil where they joined another weathered dike. The two weathered dikes were two branches of a pre-19SS
liquefaction feature. Sand and water that liquefieu omnng the 1988 earthquake appear to have been injected
along this old feature. One of the old dikes fed sills below and aiong the base of the topsoil. Lenses of
weathered sand within the topsoil may represent vents and sand boil deposit that formed at the same time
as the old dikes and sills.
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The main feeder dike of the older structure below sand boil J was observed in
the bottom of the excavatior, and branched up-section to form several smaller dikes
(Figure 5). In contrast to the 1-cm-wide sand dikes that formed in 1988, these older
dikes ranged up to 8 cm in width. One of these dikes formed sills below and along
the base of the silty loam topsoil. Partitioning of fine- and coarse-grained fractions,
similar to that in a 1988 sand dike at Site 1, was evident in the old dikes and sills.
In addition, discontinuous lenses cf weathered, silty, very line sand occurred
within the silty loam topaoil. These lenses are interpreted to be thicker portions of
an old sand boil deposit that has since been buried and subjected to soll forming
processes.

In several instances, near surface dikes observed at Site 3 exhibited U shaped
morphology. Similar U-shaped, sand-filled dikes that occur in the meizoseismal _

area of the 1886 Charleston, South Carolina, earthquake have been identified as
incipient sand-blow craters (Obermeier et al.,1990). The similarity of the U shaped
dikes in Ferland with those in the Charleston area is striking. If the upward
hydraulic force had been greater at this site in 1988, then perhaps larger sand-filled
craters similar to those at Site 1 would have formed.

The upper 1 m of soll below sand boils C and J, is intensely deformed
(Figures 4 and 5). Lobes of the topsoil extend down into the subsoil. These lobes are
coupled with asymmetrical diapirs of the subsoil. The lower part of the lobes appear
to have been slightly folded in a direction away from the river. Vergence of the
structures is consistent with downslope movement of the topsoll over the subsoil.
Features similar to these referred to as plications have been attributed to
congellipedoturbation or to the mixing of soils by freezing and thawing (Ilryan,
1946; Hole,1961; 13uol et al.,1973). Given the cold continental climate of Quebec,
this seems to be a reasonable mechanism for the formation of these structures. The
organic-rich topsoil is not likely to liquefy itself, and liquefaction of the subsoil
would probably result in fissuring and brecciation of the topsoil as occurred during -

the 1988 earthquake.

Subsurface data from augering at Site 3 show that a coarse-grained deposit
comprised of fining-upward sequences of cobbles, pebbles, and sand i., underlain by
* fira-grained deposit of gray, laminated silt and sand (Figure 6). There is a sharp
boundary between the two deposits. The fine-grained material was probably
deposited in a late Pleistocene lake and subsequently buried by coarse-grained
ciaposits of the Riviere des Ha! Ila! (LaSalle,1968; Rondot,1979). An especially
loose, sandy layer was encountered within the glaciolacustrine deposit at about 3.5
m depth below sand boils G and J. This layer is identified as the probable source of
the 1988 vented sand.
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I.iquefaction features 26 bn frorn Saguenav carthquake epicenter: Site i

Site 1 is located on a terrace about 30 m above a tributary to Riviere des Ila!
Ila!, Bras Ilamel, which is incised into glaciolacustrine deposits (1igure 2L lt is the
fine sand and silty, very fine sand of the mid- to lower-delta foresets that appear to
have liquefied during the lo8s earthquake. Composed of very line, sandy silt, sand
boil A, about 0.5 to 1 m m diameter and 75 cm thick, was located close to a house
that suffered differential settlement as the result of liquef action (Figure 7k
INeavation of the sand boil exposed a well-developed system of subsurface tiikes
and faults (Figure 8). The dikes could be followed along a northeast-trending, linear
/one just below the modern soil for a distance of 4 m. At a depth of 1 m below the
sand boil, a prominent planar and subvertical dike could be clearly identified as the
feeder dike. Above this depth, where the host sediment becomes coarser-grained
and therefore more permeable, the dike splits into a family of thin and
discontinuous dikes. The passageway of the sand through the thin topsoil was
marked by a very small sand vent not more than I cm in diameter. Several
subsidiary dikes branched upward from the main dike, occurring along f aults
exhibiting centimeters of displacement. Where dikes encountered pebbles or
stones, sand had accumulated below the obstacles. Dikes injected along normal
faults terminated at the contact between silty, very fine sand below and medium
sand above.

Several weathered dikes and sills are also exposed in the excavation of sant
boil A at Site 1 (Figure 8). These features are suggestive of a pre-1988 liquefactis :.
events. Some of the weathered features are intruded by 1988 dikes, including the
main feeder dike. Ihposed was a much larger structure comprised of a 10 cm wide,
weathered sand dike at depth that merges upward into a 2 m wide, iron-stained
sand-filled crater. Clasts of host sediment, as well as organic material, occur within
the crater. Several reverse faults with up to 20 cm of separartion exist within 0.5 m -

of the crater and root into the dike associated with the crater. This structure is -

similar in morphology to, but larger than, the 1988 sand-filled crater beneath sand
boil B and exhibits n' .ny of the characteristics of liquefaction features in the New
Madrid seismic zone (Obermeier el al.,1990). The relationship of the reverse faults
to the and dike is not clear. Ilowever, the reverse faults do not cut the dike and
therefore e'iy have formed prior to or concurrently with tl- dike. The iron-stained
sand crater and its feeder dike are distinctly older than the 1988 liquefaction
features. The age of the crater is fairly-well constrained by radiocaibon dating of
organic material as discussed later.

Sand boil D at Site 1 formed adjacent to an intermittent creek that drains into
Bras Hamel (Figure 7). This creek was filled with gray, silty sand during the 1988
earthquake (Tuttle et al.,1989). Sand boil B is about 10 m in diameter,22 cm thick,
and is made up of alternating laminae of gray, fine sand and silty, very fine sand,
that exhibit ripple cross-bedding. Ihcavation of the sand boil revealed that it had
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Figure 8. Diagram of the excavation of sand boil A at Site 1. Sand liquefied during
the 1988 earthquake intruded along a steeply dipping dike directly below the sand
boil and also along several subsidiary dikes that are associated with normal faults. In
this section, the feeder dikes are visible but the small vent to the surface has been
cut away. Subsidiary dikes are subparallel to the feeder dikes. Older liquefaction
structures include weathered sand dikes, sills, and a crater filled with clasts of host
sediment and iron-stained sand (only a small portion of the crater is present in
figure), Radiocarbon analysis of organic material associated with the sand-filled
crater indicates that it formed about 340 i 70 radiocarbon years BP.
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been fed through at least four vents, including a 30-cm wide crater and 5 cm-wide
' dike (Figure 9). Both are considerably larger than the 1988 dites observed at Site 3
Sand within the crater is normally graded. Directly above the crater, the laminae of
the sand boil deposit are truncated by vent deposits. Also present in this section are
a domain of iron-stained, medium sand adjacent to the modern sand-filled crater
and a discontinuous sill of silty fine sand. Both featutes are weathered and are

.

penetratcd by roots, indicating that they predate the modern liquefaction features.

In another sectior nerpendicular to the last, a portion of one of the 1988 !
vents anc' its associate > der dike are exposed (Figure 10). Low in the section, the |
1988 dike is actually co) rised of two branches, one filled with silty, very fine sand, |

the other with fine sand. riigher in the sectien, the finer-grained dike truncates the ,

coarser-grained dike, and forms a much wider dike filled with silty, very fine sand )
containing domains of the coarser-grained material. The structural and '

sedimentological characteristics of these dikes suggest a change from an initial
transport of fine sand to sitty, very fine sand. This may have been due to a

_

reduction in the flow rate, and therefore, the carrying capacity of escaping fluids or
to a change in the source layer from which fluids were derived.

Other features of interest beneath sand boil E include domains of reddish-
brown _(iron-stained), medium- to coarre-grained sand within the modern soil, as

| well as two disdnet sills occurring along the base of the modern soil (Figure 10). A
large area of the coarse material within the soilis cross-cut by one of the 1988 vents.
This area widens towards the ground surface and b interpreted to be an old sand
boil or vent deposit. The lower of the two sills is comorised of the same material as
that within the old vent. Directly below the old vent cleposit, the lower sill becomes,

a dike and cross cuts the overlying sill. This dike, in turn, is cross-cut by the 1988
_

sand dike. The upper sill is comprised of greenish-gray. sandy silt. Weathered and
| discontinuous domains of this rnaterial also occur in the overlying soil, suggesting

that dikes of this material had extended into the soil. At depth, the modern feeder j
j dike was observed to have been injected along the margin of a more weathered i
j and, therefore, older dike of finer-grained material. It is hypothesized that the '

older, finer-giained dike had fed the fine-grained sill at the base of the soil as well
as dikes extending into the soil.

A second trench excavated in sand boil B reveals a pre-1988 sand dike and j

associated structures within the modern soil (Figure 11). These features are filled ~1
- with reddish-brown, medium to coarse sand, similar to the material withm the old '

vent deposit in the excavation described above. The_ dike widens upward to form a
wedge-shaped structure and at depth is connected to a discontinuous layer of
massive sand occurring along the base of the soil. Material extending laterally away- i

from the upper part of the wedge-shaped structurc or vent may be part of an old.
sand _ boil deposit that was buried subsequent to its formation. Sand within the '

_

massive layer bemw the base of 'he soil is only slightly coarser-grained than the
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Figure 9. Diagram of excavation of sand boil U at Site 1 interpreted from
photographs. The large sand boil deposit is abcut 10 m in diameter and up to 22 cm

'

in thickness. The sand boil had been fed from below through at least 4 dikes and
crater-shaped vents, two of which are illustrated in this figure. Pre-1988 sand dikes,
sills and vents can be differentiated from 1988 features by the degree of weathering
and the presence of roots.
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Figure 10. Diagram of excavation across the southern margin of sand boil B at Site 1. Part of the 1988 sand-
filled crater or vent is exposed high in the section. The 1988 feeder dike within the topsoil exhibits
partitioning of sediment by grain-size. Pre-1988 liquefaction features include the large domain of iron-
stained, medium to coarse sand in the topsoil, interpreted as a crater or vent, and both the silty and sandy
sills that occur along the base of the topsoil. The lower of the two sills is filled with material similar to that
in the old vent. A dike of this sand cross-cuts the overlying sill, suggesting that the features filled with coarse
sand are younger in age than the fine-grained sill.
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feature complete with dike, crater, and buried sand boil deposit are filled with iron-stained medium to coarse
sand, similar to that filling old liquefaction features in Figure 10. The related layer of sand occurring along
the base of the topsoil may reflect the formation of a water interlayer during the liquefaction process.
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underlying deposit of tan, medium sand that exhibits primary bedding. Clasts of the
overlying. soil occur within the massive sand layer, suggesting bearing strength'

failure involving the soil. No feeder dike of the medium to coarse sand that filled
these old liquefaction features appears to cross-cut the underlying deposit of tan, |

:medium sand. It is possible that the material filling the liquefaction features was
derived from the upper portion of the deposit underlying the soil.

During the earthquake, liquefaction of the layer of tan, medium sand may
have resulted in the formation of a water interlryer at the base of the relatively
impermeable soil. This sort of phenomenon has been observed in laboratory
experiments (Elgamal et al.,1989). The formation of such a water interlayer could
have destroyed bedding in the upper few centimeters of the deposit and led to
foundering of the overlying soil as observed. As the overpressurized water found
routes of escape through the soil, it may have erupted at the ground surface
forming vents and sand boils. As the rate of flow decreased, the finer-grained
material could have been preferentially removed from the top of the source !ayer,
resulting in the concentration of the coarser-grained material immediately below
the soil.

Liquefaction features 11 km from Saguenay earthquake epicenter: Site 4

During the 1991 reconnaissance in the heavily wooded and uninhabited
Laurentide Park, numerous sand boils ranging up to 10 m by 15 m in size were
discovered about 11 km west of the epicenter. They formed on the modern
floodplain of the nearby Rivibre Pikauba (Site 4; Figure 1). Recently jackstrawed and |
downed trees in the vicinity of the sand boils are suggestive of lateral movement

'

L towards the river at the time of the event. Since then, the sand boils have been
buried by leaf litter and are 'not now obvious except for the unusually flat'

topography they lend to the ground surface. Beneath the leaf litter, gray, silty fine
sand overlies dark brown, sandy loam.

In exploratory excavations of one of the sand boils a, site 4, a large feeder
|. dike striking southeasterly is seen coming up from below, branching to form sills
! near the base of the topsoil, and then intruding the organic-rich topsoil (Figure 12).

The dike ranges from about 0.5 to 1 m in width and is considerably larger than any
of the 1988 dikes observed at Sites 1 and 3. In fact, this feature is at least 10 times
larger than the feeder dikes at Site 1, located 26 km from the epicenter, and 20 times
larger than the feeder dikes at Site 3, located 30 km from the epicenter.
Conventional wisdom that the size of liquefaction features decreases with distance
from the epicenter holds true, despite differences in conditions at the three sites.

!'
L In another exploratory excavation at Site 4, where there was no evidence of
L liauefaction during the 19" carthquake, a weathered sand dike about 2 cm in width
L was visible within the subsoil. This feature suggests that a previous liquefaction

|-
!

I

'
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event - may be recorded in sediments at this site. Additional subsurface
investigations are needed at Site ~4 to study this and other pre-1988 features and to

- determine then relationships to liquefaction features at other sitos. i

-|
Past Liquefaction Events

Radiocarbon dating of organic material associated with old, weathered
liquefaction features at Site 1 (this paper) and Site 2 (Tuttle et al.,1990) are
su~.marized in Table 1. Analysis of multiple samples collected from the sand-filled
crater below sand boil A at Site i s9ggests that the crater formed about 340 70
radiocarbon years before 1950, or roughly between 1540 and 1680, Two large historic
earthquakes, the 1638 and the 1663 events, occurred during this time period. The
1663 earthquake, which triggered landslides about 90 km to the southeast of Ferland 1

'along the_ St. Lawrence River, is thought tc have occurred in the Charlevoix
seismic zone. The 1638 event is thought to have been smaller than the 1663 event
and to have occurred near Trois Rivibre about 240 km from Ferland (Figure 1). The
1663 earthquake, because of its proximity to the study area, is the more likely of the
two to have induced liquefaction in Ferland. The 1925 event of mb 6.7,like the 1663
earthquake, is thought to have occurred in the Charlevoix seismic zone. So far, no
evidence of liquefaction in Ferland that could have been induced by the 1925 event
has been found. Therefore, whatever event was responsible for liquefaction and the
formation of the old sand-filled crater at Site 1 was probably larger than or located
closer to Ferland then the 1925 event. In addition, the large size of the old crater
compared to that of the 1988 crater, located at the same site, suggests that ground

,

shaking was more intense during this earlier event than during the 1988 Saguenay
earthquake.

Samples associated _with various weathered sills yield only maximum ages
for.those features (Table 1). The youngest maximum age derived for the fine-
grained sill below sand boil B is 2,240 120 radiocarbon years BP At Site 2, the
youngest maximum age for another weathered sill is 1,245 65 radiocarbon years
BP. Unfortunately, the ages of the weathered. sills are not well enough defined to
determine whether or not the features formed contemporaneously with one

: another and with the sand-filled crater. At all four study sites, sills were emplaced
at similar depths below the ground surface. This emplacement may have been due
to frozen ground conditions at the time _of the event. If so, it suggests that the sills
formo .u % same time as one another, but at a different time from the old sand
crater. Cru cutting relations of the features indicate that the crater formed after
the sills.

The most likely interpretation of the available data is that two earthquakes
.

large enough to induce liquefaction occurred in the region prior to the SaguenayF
-

earthquake. If this interpretation is correct, then three ' moderate to 'large
earthquakes, including the 1988 event, occurred in the Laurentide-Saguenay region

,

$

____ _ - - _ . - - _ _ _ _- - - - _ _ _ _ - _ _ . . . _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ -



_ _ _ . . . . . . . . . . _ _ _ _ _ _ _

Table 1: Ferland Radiocarbon Analysis

Site Event Feature Cl4 Age'

1 1? sill s2240 1202

sill s2640 108
_

sil1 5,3040 270

2 sand-filled crater 2 40 75

340 207

s 520 290

s 1350 2 0 [7

< 1390 165.

fault < Itil5 +70
_

2 1? sill < 1245 +63

sill < 1910 +70

sill s 2240 2 90

* Years before 1950.
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during the past 1,300 radiocarbon years. Alternatively, if all the old liquefaction
features formed at the same time, then two events occurred in the region in the
past 400 radiocarbon years. Additional radiocarbon dating of samples collected at
Sites 3 and 4, as well as Site 1, may help resolve the ages of the various liquefaction -

features and their causative events.

' Discussion and Conclusions

Because the location of the Saguenay earthquake is well known, it is possible
to compare liquefaction features that formed at different distances from the
epicenter. Liquefaction features that formed 11 km from the epicenter c.re at least 20
times larger than features that formed at 30 km from the Saguenay epicenter, while
those at 26 km are more than 2 times larger than those that formed at.30 km.
Despite differences in site conditions, liquefaction features increase markedly in
size with-decreasing distance from the epicenter. In previous studies of liquefaction
features that formed during historic and prehistoric earthquakes, this iciationship
has been assumed. With additional data drawn from modern case studies, I
empirical relationships can be developeci that may be useful in determining the
location and magnitude of past earthquakes.

-In addition to the features clearly related to liquefaction in 1988, weathered
dikes, sills, and sand-filled craters were also present in the excavations of the 1988
sand boils. These weathered features were similar in morphology to the modern
features:and are therefore interpreted to be earthquake-induced liquefaction
features. Intense deformation of the soil horizons, characterized by paired lobes and
diapirs, is probably the result of mixing of the soil by freezing and tha,ving and not
related to liquefaction.

Cross-cutting relationships of liquefaction features suggest that there was
,

one, possibly two, liquefaction events prior to 1988. At this time, only the age of the I

weathered sand-filled crater at Site 1 is well-constrained. According to radiocarbon
analysis, this feature _ formed- 340170 radiocarbon years BP. No evidence of-

' liquefaction related to the 1925 Charlevoix carthquake of mb 6.7 has yet been found
in Ferland. Therefore, it is postulated that the earthquake, possibly the 1663 event,
responsible for the formation of the sand-filled crater was larger than or located

- closer to Ferland than the 1925 event. Since this feature is considerably larger than
the sand-filled crater that formed in 1988 at the same site, the past event may also
have been larger than or located closer to Ferland than the 1988 earthquake =

|

Although structural relationships suggest that weathered sills pre-date the
old sand-filled crater, their ages of formation cant be differentiated with 'the
available radiocarbon data. Two possible_ interpretations are that either (1) two
earthquakes large enough to induce liquefaction occurred in the Laurentide-
Saguenay region during the 1,300 radiocarbon years prior to the Saguenay event or
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.

(2) one such earthquake occurred in the region in the 400 radiocarbon years before
1988. Future subsurface investigations at these and other sites will hopefully
continue to unravel the earthquake history of the Laurenti:e-Saguenay region.

It is interesting to note that at Sites I and 3 the old dikes and sills in Ferland
are larger than the equivalent features that formed during the 1988 earthquake, yet
at Site 4 the old dike is much smaller than the modern dike. In addition, the pre-
1988 dike at Site 4 is also smaller than the old dikes at Sites 1 and 3. If the old dikes
and sills at the three sites formed at the same time, their sizes would suggest that
the source of the earthquake responsible for their formation was located closer to
Ferland and was probably different from the source that generated the Saguenay
earthquake. If so, then at least one and possibly more earthquake sources capable of
generating damaging earthquakes have yet to be identified in the region.

_

The seven known sites where liquefaction resulted from ground shaking
during the 1988 Saguenay event occur fairly close in orientation to the surface
projections of the two nodal planes of the earthquake focal mechanism. It is
possible that the distribution of liquefaction sites may be relateo to the radiatic a
pattern of seismic energy during the earthquake. Both the amplitude and duration
of shear waves are often greater along the direction of the earthquake nodal planes.
Shear wave energy may have contributed significantly to the occurrence of
liquefaction at these sites. To what extent this and other factors such as site
conditions, liquefaction susceptibility of sedirnerts, and attenuation characteristics
of the country rock contribute to the spatial distribution of liquefaction features
needs to be determined.
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AllSTRACT

^

Accurate and precise radiocarbon dating of buried tidal-marsh so;ls in estuarine
~

stratigraphic sequences in the Pacific Northwest can help dininguish soils
submerged during regional plate-tmundary earthquakes from soils submerged
during local upper-plate earthquakes or by non-tcetonic processes. More precise
ages than those resulting from conventional methods of radiocarbon analysis can
be obtained by averaging multiple accelerator-mass-spectrometer (AMS) MC ages
of rigorously selected and pretreated plant macrofossils at the abrupt upper contacts
of tidal-marsh soils. An initial test of this method in Coos Bay, Oregon, shows
that standard deviations on AMS ages can be reduced to 25-40 radiocarbon years.
But consideration of the total analytical errors in AMS analysis and age differences
due to variations in the rate of "C production in the at...asphere over time indicate
that 95% conf'idence limits on calendar-corrected ages for submergence events
range from 50 to 450 years.
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INTRODUCTION

lias subduction of the Juan de Fuca plate beneath the Nonh America plate (Fig.1) produced
great (magnitude, M>8) earthquakes during the late llolocene? Records of the past 200 years yield
no evidence of great plate-boundary earthquakes in the Cascadia subduction zone (lleaton and

'

flaHzell,1987). But along the coasts of Washington (Atwater,1987; Atwater and Yamaguchi,
1991; Atwater, in press), Oregon (Grant,19S9; Darienzo and Peterson,1990; Peterson and'

! Darienzo, in press; Nelson, in press a), anti northern California (Vick,1988; Valentine et al,1990)
peaty, tidrd-wetland soils are interbedded with mud in estuarine stratigraphic sequences, and the

'

submergence (relative rise of sea level) of some of these soils seems too widespread (>100 km), |

too large (>l m), and too sudden (<10 yr) to be attributed to any process except coseismic '

i

j subsidence. Ilow large were the earthquakes that could have produced this coastal subsidence, and
~

how often did they occur? Such questions are critical for earthquake hazard assessement in thet

Pacific Northwest, and radiocarbon dating of buried tidal-wetland soils can help answer these
questions.I

I

Buried tMal-wetland soils in the Pacific Nonhwest may havy men submerged by ' len
coastal subsidence during any of three types of earthquakes. First, great earthquakes b .28) on one !

ar more segments of the interface between the subducting and overriding plates may have produced
a regional zone of coastal subsidence hundreds of kilometers long (Fig. 2). Tidal-weth.nd soils,

l

simihtr to those in southern Washington and northern Oregon were submerged and buried along -
hundreds of kilometers of coast following historic great subduction earthquakes ia Alaska and Chile
(Platter,1972; Atwater,1987). Second, defonnation on faults and folds in the overriding North
America plate during great earthquakes on the plate-interface may have product d local areas of
coseismic coastal subsidence (Fig. 3; McInelly and Kelsey,1990; Valentine et al.,1990). And !
third, some localized subsidence may have occurred during smaller earthquakes (M 6-79t) in the I

overriding plate independent of plate-interface events (Nelson and Personius, in press; e.g.,
Berryman et al.,1989). ;

1

At least some buried tidal-wetland soils, however, may have been submerged by non-tectonia i

processes. Peaty soils are commonly interbedded with mud in intertidal sequences of mid-latitude !

passive continental margins (e.g., Tooley,1978; van de Plassche,1982; in press: Shennan,1986;
Strief,1987). Examples of non-tectonic processes that can produce such sequences include rapid
changes in the rate of regional sea-level rise combined with changing sedimentation rates, or
changes in the configuration of bars and channels in tidal inlets that led to local changes in tidal
range. Tidal-wetland soils can be assumed to have been submerged by coseismi: subsidence only
where the abrupt upper contact of a widely-mapped, peaty soit gives strong evidence of a sudden,
substantial change (>0.5 m)in water depth (Nelson,in press a).

Accurate and precise radiocarbon dating can help distinguish soils submerged during regional
plate-interface earthquakes from soils submerged during local upper-plate earthquakes or by non-
tectonic processes. Synchronous ages for soils submerged along hundreds of kilometers of coast
would be consistent with great plate-ia.erface earthquakes, some perhaps as htrge as M 9 (lleaton
and Ilartzell,1987; Atwater,1987; Rogers,1988; Adams,1990). Non-synchronous ages would
indicate lower magnitude plate-interface earthquakes with coseismic subsidence of much more'

limited extent, moderate-magnitude earthquakes on shallow structures in the upper plate, or soil
submergence by non-tectonic processes (Nelson and Personius, in press).

Each of the above processes may have submerged tidal-marsh soils in the Coos Bay region of
southern Oregon. Coos Bay is near tne eastern edge of the active accretionary wedge of the North|

L America plate (Figs. I and 3; Clarke et al.,1985). Analogies with defomaation measured in Chile,
Japan, and Alaska indicate that regional uplift of ts much as several meters and/or differential
movements across folds and faults may occur in the accretionary wedge during great plate-interface
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Nicinelly and Kelsey,1990; and Kelsey,1990). Stars show the krations of epicenters of four types of "

earthquake sources. Great carthquakes (N1>8) could be pnxtuced by slip on the hxLed part of the plate
interface; large earthquakes (M 6ta-7N t) could be produced by slip on major thrust faults in the accretionary
wedge of the upper plate, either independently or during plate-interface carthquakes; smaller carthquakes (N1<.7)
could be pnxtuced by slip on high angle faults that cut shallow structures in the upper plate, either
independently or durmg plate-interface carthquakes; and small carthquakes (N1ds) could be pnxiuced by shp on
flexure-slip faults during folding in the upper plate during larger carthquakes (e g., McInelly and Kelsey,
1990). Width of possible koked tone along the plate interface is a speculative maximum value for this
earthquake soun:c.
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carthquakes (e.g., plafker, 1969; 1972: Matsuda et al.,1978). In southern Oregon, late llobcene
coseismic defonnation has been inferred on shallow, upper plate faults and folds in the South ,

Slough area of western Coos Day (Figs. I and 3; hicinelly and Kelsey,1990; Netscn, in press a). l
Surface deformation associated with these structures might be reflected as submergence or
emergence events of 0.5-2 m in the tidal-marsh stratigraphic record. hiany localized defonnation
events in southern Oregon are probably coincident with plate-interface earthquakes, but shallow
carthquakes of moderate to large magnitude (hi 6-73/4) on smaller structures (<30 km long) in the
upper plate might also produc- localized areas of coseismic subsidence or uplift.

The frequency of submergence events and the accuracy and precision with which suddenly
submerged soils can be radiocarbon dated detemiine if submergence events can be correlated from
site to site. But in the Coos Bay region, the precision of conventional "C ages on peaty tidal-marsh
soils is too low and the recurrence intervals between events are too short to distinguish local from
regional submergence events (Nelson, in press b). liigh-precision conventional "C ages have been
obtained by dating selected tree rings from stumps rooted in buried soils in southern Washington

'

(Atwater et al.,1991), but outcrops that expose similar buried spruce-swamp soils have not been
found in southern Oregon. Ilowever, the precision of age estimates for events throughout the
Pacific Northwest can be improved through accelerator mass spectrometer (AhtS) "C analysis of
rigorously selected macrofossils at the abrupt upper contacts of tidal-marsh soils.

DATING Tile TIMES OF TIDAL-MARSil SOIL SUH51ERGENCE

Pmblems With Conventional NC Dating

A key assumption in initial paleoseismic studies in the Pacific Northwest was that conventional
radiocarbon dating could provide accurate estimates of great earthquake recurrence through analysis
of orgarde materials found at orjust above the upper contact of abruptly submerged, peaty, tidal-
marsh soils. it also was hoped that the times of peaty soil submergence were separated by enough
time to allow the soils to be correlated from one estuary to another by using conventional NC ages.
Howeve , studies with over a hundred conventional HC ages in Washington (Grant and others,
1989; Atwater, in press, table 1) and Nelson's (in press b) comparative dating study in southern
Oregon shows that conventional HC samples from the upper parts of the same buried soils contain
materials that differ in age by many hundreds o years. In the Coos Bay region of south-centralr
Oregon, errors on soil ages represent about the same length of time as recurrence times for
submergence events (150-500 years) and therefore preclude the use of conventional uC ages in
correlating buried soils along the coast of the Pacific Northwest.

Advantage ofAMS MC Dating
|

Small sample size is the major advantage that AMS analysis has over conventional radiocarbon |
analysis for obtaining ages for the times of marsh soil submergence and bwal. In AMS analysis,
the percentage of HC in a sample is measured directly: carbon isotepes (ine uding C) in a graphiteM

;

target made from the sample are accelerated in a high-energy mass spectrometer and their relative ;

proportiuos measured (Elmore and Phillips,1987). Conventional MC analysis measures MC only i

indirectly by recording the number of beta particles emitted by the S$C isotopes in a sample during
radioactive decay to HN in a highly shielded Geiger counter (Taylor,1987) Because AMS
analysis actually counts all uC atoms, not just those that decay radiaactively during the short period
of time when the sample is in the Geiger counter, only very small samples (containing as little as
0.2 mg of carbon) are required for analysis. Conventional ages lequire samples containing 500
times (about I gram) more carbon.

.
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The sample-size advantage of AN1S analy' allows us to be much more rigorous in selecting
sample materials. Conventional dating of buried peaty soils usually requires analysis of bulk peat
samples. In some areas, where the peaty surface horizons of buried soils are well-exposed in
outcrop, only the upper I cm of peat in a soil has been sampled in an attempt to obtain an age that is
close to the time of soil submergence and burial (e.g., Atwater,in press; table 1). llowever, like
material from the organie-rich horizons of most soils (e.g., hiatthews,1980), bulk samples from
buried marsh soils are mixtmes of different types of organic material containing carten of different
ages. The ages of the different components of the soils depend on the many factors involved in
marsh soil development, burial, and decay (e.g., Allen,1978 Frey and Basan, 1985; 51ook and
van de Plassche,1986; Allen,1990). Examples of such factors include the type of marsh
vegetation, the amount of woody detrital material deposited in the marsh, the extent and rate of
mixing of the soil by animals and plant roots, the rate of peat accumulation, and the rate of
sedimentation between soil burial events. In addition, buried tidal-marsh soils commonly contain
the herbaccaus and woody roots of yoanger plants that were rooted in higher, younger marsh soils
(e.g., Kaye and Barghoorn,1964; Mook and van de Plassche,1986; Peterson and Darienzo,in
press). But with AMS analysis we can sample only the aluwe-gromulparts of plants tc avoid
contamination by younger roots. We can also limit our sampling to delicate pieces of a single
identifiable species; because of the rapid decay and tidal removal of organic material on the surface
of a marsh, the delicate, non woody parts of plants are unlikely to have been reworked from older
deposits. Most importantly, plant parts can be collected from the upper surface of buried peaty
soils, rather than from within the soils, to insure that the pa-ts date from the time when the soil was
submerged and buried.

Above-ground plant parts sampled for AMS analysis may be either detrital or rooted, but the
bases of individual rooted marsh plants are preferred, in southern Washington, Atwater and
Yamaguchi (1991) described marsh plant fossils rooted in the top of a high-marsh soil buried by .

intertidal mud and sand about 300 years ago. The delicate leaves and stems of the plants project
several centimeters into the overlying sand and mud indicating sudden subsidence and burial of the

,

marsh surface, as might occur during a great subduction zone earthquake and accompanying
tsunami. Such zooted plant fossils are ideal for AMS analysis because it seems nearly impossible
for them to be more than a few years older than the time of soil burial.

Unfortunately, rooted plant fossils extending into overlying sediment have not been found at
,

the tops of most buried marsh soils in the Pacific Northwest, so AMS dating of the submergence
times of these soils must rely on carefully selected samples of detrital material from the top of the
soil. Detrital samples should be parallel to bedding, and lie either on the surface of the buried soil
or on bedding planes within the lower few millimeters of the overlying mud or sand. The best
detrital samples are the identifiab!c, above-ground parts of marsh plants, trees, or shurbs that grow
in and around the marsh. The delicate, non-woody parts of plants, such as conifer needles or tree
leaves, are preferred because they are much less likely to have been reworked from older deposits
than woody materials such as large twigs, bark, or cones. In marsh sequences fringing the thick
forests of the Pacific Northwest, some woody detrital material in buried marsh soils probably
predates the time of soil t,urial by several hundred years (Nelson,in press b).

An Initial Test of High-precision ASIS "C Dating

An initial test using multiple AMS ages to improve the precision of estimates of the times of
soil-submergence events involved sampling probable correlative buried soils at sites near
Winchester Creek (WC) and Talbot Creek (TC)in the South Slough arm of western Coos Bay
(Fig.1). The sites are less than 2 km apart near the upper (southern) end of the slough, but they lie
in separate arms of the slough, which aave different tidal characteristics. Continuous, large-
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Sicugh, Coos Bay (location on Fig.1). Contacts and symbols within shaded stratigraphic units show

i- boundaries between lithologic suberdts and fossils in more detail than discussed here. Approximate age
!

estimates shown to left of core WC-12 are based on 20 conventional 14C ages and seven AMS ages from that
core (Nelson,in press b); approximate age estimates shown to right of core TC-01 are based on single AM3,

| ages. Four ages from carefully selected and pretreated samples collected from the same soil (marked "2.3 ka")

| in both cores are shown with the mean age (x) and combined standard deviation of the mean age (Table 1).
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Table 1.--Radiocw!w data for AMS sampics from cores WC-12 and TC-01, South Slough, Coos Bay
Radaxx5m Sample Dry samp!c No. hrw2rs IArraxwygsted age Cahbrant age Deunptmn of danf nuer:al

LaNeatory No. depth (mm? *t- DO elearedb (14' p itP. at 10) (cal vr R P. at 2mc

Soil at 211 cm depth in core MC-12, Minchester Creek, South Slough, Coos liay - 43* :C 45" .%, 124 * 19' 6" W

AA M4 +5 Oult7 1.0 2322!70 One half of Icaf fragnrnt,probably salal(Gaul:hrria shallen)

AA 6%5 +3 0 0114 1.3 2323 62 Iraf fragnrnt, prehaHy salal(Gau!rherw shallcm)

AA.6966 -1 0.( 644 1.0 2381 67 Two and a half westem trmhxk need!es (Tsuga heterophyua)

AA4%7 +5 0.0034 LO 243 t101 Other half ofleaf fragnent, pn 6 ably salal (Gaultheria shallon)

Mean age 2354 36 27142XO

Soil at 144 cm depth in core TC-01. Talbot Creek, South Slough, Coos flay - 43' 17' 20" N, 124' 17' 58" W

AA 6960 -l 0I069 0.5 243D 67 Douglas fir (Pseudorsaga menriesii) twig with leaf scars

AA 6961 0 0.0036 0.5 2531171 Westem hendak (Tsuga heterorbfa) t'ig with leaf scars

AA-6462 -2 0(649 LO 2471366 Tips of two P s1 Orf rd cedar (cf. Chamaecyparis ir-seniana) brats

AA6%3 .] 0.0025 0.5 2532178 Wesem hendak (Tsuga heterophylla) twig with leaf scars

Mean are 235t7 35 274a?VO _

$
a Depth of samp!c atxne (+) or below (-) the upper contact of the t:uned prary sost.

Tine sper:t wraping AMS samples in distilled water at 20-50X.b

Ages cahcuated using methal B of Stuiver and Rc2nrr (1986) using decada! data set, error mult:pher of 2. and age spans of 10 yr. Ages include tine intervals of >95% probaHibty distnbution at 2o.C
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diameter (7 cm) cores from each site showed a similar sequence of abruptly buried peaty soils (Fig.
4). Ilowever, the close vertical spacing of the rolls and differences in their thicknesses and peat |
contents made stratigraphic correlation between the two sites uncenain. As discussed by Nelson (in i

press a), the soils at each site were probably submerged during either (1) tectonic subsidence of the
axis of the South Slough syncline during great earthquakes on the plate interface or smaller
earthquakes in the upper plate, or (2) suoden rises in tide levels due to the breaching of bars in the
central and northern parts of the slough or to changes in the position of the mouth of the Coos
River.

The correlated soils were selected on the basis of their peat-rich surface horizons with abrupt
upper contacts. No rooted plant fossils were found at the tops of the sampled soils in the cores, so j
'norizontally bedded, detrital plant material was carefully picked from the upper 2 mm of the soils or 4

frum bedding planes within the lower 5 mm of the mud overlying the sampled soils. Our samples
consisted of hemlock needles, the small tips of fir and hemlock twigs and cedar bracts, and pieces
of deciduous tree leaves (Table 1). All samples were identified at least to genus level, and then each
part was scraped with a needle in distilled water under a binocular microscope (20 50X) to remove
too:lets and any other foreign material.

Chemical pretreatment of the physically cleaned samples was similar to the acid-base-acid
procedure used in pretreating conventional radiocarbon samples (e.g., Mook and van de Plassche,
1986) except that the procedure was repeated 5-8 times to be certain that no contaminants remained
in the sample. All acid and base soluble components were removed from the samples by repeatedly
rinsing with IlCl and NaOli until no color change in the acid or base solutions was observed (e.g.,
Stafford and Tyson,1988). Preparation of graphite targets and analysis of the targets in the
accelerator at the NSF-Arizona Accelerator Facility for Radioisotope Analysis in Tuscon followed
standard procedures for AMS 14C samples (Linick et al.,1986; Donahue et al.,1990).

Results ofInitial AMS Analyses
|

The results of the intial test of multiple AMS analyses are encouraging--the four ages from the
tops of the soils in the two cores are not identical, but they are very similar (shaded boxes on Fig.
4). The greatest difference between two ages from the same soil was for two pieces of the same
leaf. This difference is probably the result of the lower precision of AMS analysis on samples of j

'

less than 0.4 mg (note the standard deviation, o, for sample AA-6967, Table 1). Our rigorous
sample-selection procedures and the overlaps of the standard deviations of the four ages from each

- soil indicate that the samples from each soil are probably about the same age. A statistical test
recommended by Ward and Wilson (1978, p. 21) also indicates that the four ages from each soil are
probably from the same statistical populations and _therefore can be averaged to give mean ages and

-

standard deviations for the tops of each soil. Thus by averaging four or more AMS ages on
,

samples of this type, standard deviations on mean AMS ages can be reduced to atmut 25-40
radiocarbon years.

In order to compare the ages for the two soils at the two different sites the mean ages must be
calibrated to allow for (1) variable MC production in the upper atmosphere (deVries effect; e.g., -

Stuiver and Pearson,1986) and (2) total analytical errors in the radiocarbon analyses (Fig. 5). The |

estimated effects of total analytical errors in radiocarbon analysis (including pretreatment
procedures) can be incorporated into a calibrated age by using an estimated error multiplier greater
than 1 (Stuiver and Reimer,1986). The shaded bands of figure 5 show how the mean ages in
radiocarbon years (vertical axis) from Winchester Creek and Talbot Creek correspond with
calibrated ages (horizontal axis). Initially considering only one standard deviation in the mean ages i

and an error multiplier of 1.0 (i.e., no additional analytical errors) the mean ages show how the I

shape of the calibration curve can affect the uncenainty in the resulting calibrated age. The
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FIGURE . 5.-- Calibration of the mean AMS ages for the 2.3-ka soil in cores WC-12 and TC-01 from radiocarbon
ycars to calibrated years (approximately calendar years before A.D.1950) lleavy black line shows the
calibration curve at one standard deviation from Stuiver and Pearson (1986). Shaded area shows how the mean
a;c from core TC-01 (at one standard deviation with error multiplier of 1.0) corresponds to a calibrated-year
time interval of 260 yr; the mean age from WC-12, which falls on a more favorable portion of the calibration
curve, corresponds with a calibrated year time interval of only 20 yr. Note that with an error multiplier of 1.0
at one standard deviation the calibrated age intervals do not overlap. Ilowever, if a more reasonable error
multiplict of 2.0 is used (EM=2), the calibrated ages from the cores overlap considerably at two standard
deviations (overlap shown by mws above the horizontal axis). flecause of this overlap we cannot infer that
the solis in both cores were submerged A different times.
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Winchester Creek mean age corresponds with a steep part of the calibration curve, resulting in a
calibrated age interval of only 20 calibrated years (cal yr). In marked contrast, the Talbot Creek
mean age corresponds with a subhorizontal pan of the curve that contains multiple fluctuations,
resulting in a calibrated age interval of 260 cal yr.

Ilowever, if a more realistic error multiplier of 2.0 is used (e.g., Scott et al.,1990) and two
standud deviations in the mean ages are considered (95% confidence level), then the ages from
both sites intersect longer parts of the calibration curve and the resulting calibrated-age intervals
span much larger time intervals. The shaded arrows just above the horizontal axis of Ogure 5 show
the range of the corresponding calibrated ages at 2a if an error multiplier of 2.0 is used. These two
larger calibrated age intervals (which span a total range of 440 cal yr) overlap considerably, and so
the soils probably do not differ in age by more than this total age range. The soils may well have
been submerged at exactly the same time, but from these two calibrated ages we can only conclude
that they were submerged within the same 440 year period.

CONCLUSIONS

The precision of age estimates for times of tidal-marsh soil submergence in the Pacific
Northwest can be improved by averaging multiple accelerator-mass-spectrometer (AMS) MC
analyses of rigorously selected and pretreated plant macrofossils at the abrupt upper contacts of
buried soils. An initial test of this method in the South Slough arm of Coos Bay shows that
standard deviations on mean AMS ages can be reduced to 25-40 radiocarbon years. Ilowever,
consideration of the total analytical errors in AMS analysis and age differences due to changes in the
rate of MC production in the atmosphere over time suppon the use of 95% confidence limits, which
yield calendar-year-corrected ages for burial events of about 50-450 years. Events that occurred
only 100 years apan may be distinguishable if their ages fall on favorable pans of the MC

i calibration curve. But in other cases we may not be able to distinguish events that occurred as
much as 450 years apart.

!_ Even greatly improved accuracy and precision in the dating of submergence times cannot prove
| that a soil submerged and buried about the same time along hundreds of kilometers of coastline was

submerged during the same canhquake. However, more precise but discordant ages might show
that soils at different sites are not the same age. Discordant ages from buri:d soils along much of
the Washington and Oregon coasts would be inconsistent with the hypothesis that great plate-
interface earthquakes as large as M 9 have ruptured several 150- to 300-km-long segments of the
Cascadia subduction zone (e.g., Heaton and Hanzell,1987; Rogers,1988). Rather, discordant
ages would suggest several alternatives: (1) great plate-inteface canhquakes were of lower
magnitude (perhaps M 8-8 tn) and did not cause regional coastal subsidence, (2) shallow, moderate
to large (M 6-739), upper-plate earthquakes produced only localized coscismic subsidence, or (3)
buried marsh soils were abruptly submerged by non-tectonic processes (Nelson and Personius,in
press; Nelson, in press a).
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ADDTRACT This paper presents analyses and conclusions
pertaining to the carthquake motions felt at Virgil C.
Summer, Perry and Krako nuclear power plants.
Consideration is given to promote an improved
understanding of these events, describe common
characteristics, assess damage potential, and recommend a

j
operating procedures for similar future events. An
easy-to-follow analytical investigation is performed to
describe how the earthquakes recorded at Krako may be
influenced by soil / structure interaction including a
few parametric studies to account for uncertainties in
the soil properties. These consist of variations in
the shear and compressional wave velocities and
variations in the seismic wave environment in the form
of arbitrarily oriented body waves <. Jayleigh waves.
The analysis takes into account ne' trity of the,

soil material, radiation and hyst- damping,,

ground-water table level, structi .mbedment, and
structure / structure interaction. <a analysis is based
on state-of the-art computer software, olaborate o

analysis techniques and simpler engineering ,

approximatiers. Results of analysis show clear evidence
of soil / structure interaction, nonlinear softening of
the soil material and encouraging qualitative and
quantitative agreement with the recorded measurements.
The structural response motions display high rocking
mode.

1. INTRODUCTIOM

Several types of eu th -kes have occur;ed in the eastern U.
S. in the past. One ce la the irfrequent major events such as
the 1811-1812 New Madt_d Earthquakes, or the 1886 Charleston
Earthquake. Another type is the frequent shallow earthquakes
with high frequency, short duration and high accelerations. Two
6? stern U. S. nuclear power plants, V. C. Summer, and Perry,
went through extensive 1icensing effort to obtain fuel load
licenaes after this type of_carthquaken was recorded on sites and
excee led the design basis beyond 10-liertz region.
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Current NRC staff interim position [1] on this type of
eastern earthquakes will prevent the operating plants from going
tnrough unnecessary licensing efforts if the future recorded
events are less than a magnitude of 5 1/4, within 25 km of the
plants, and with acceleration spectrum exceedance beyond the 10
hertz region. EPRI [2] also suggests the Cumulative Absolute
Velocity (CAV) of 0.3 g-sec as the non-exceedance criterion.
This kind of short duration, high frequency, and high
acceleration earthquakes is non-damaging for passive systems,
components, or rugged active mechanical components. The
possible engineering significance of this type of earthquakes is
the impact on active electric or control systems equipment.

'

Under certain circumstances, operator's actions will be able to
correct spurious actuations of safety systems due to relay
chattering caused by this type of eastern earthquakes.
Soil / structure interaction of this type of earthquakes will
assist to determine the need of operator's actions.

There were many soil / structure interaction analyses perfo.
in the past. However, there was a lack of recorded data to ver:
analysis results. For this reason, EPHI co-sponsored a seismic
experiment (3) with 1/4 and 1/12 scale models constructed in
Lotung, Taiwan. The previously mentioned seismic data recorded
at V. C. Summer and Perry Nuclear Power Plants were not adequate
to verify soil / structure interaction results. V. C. Sumrer data
were recorded on an adjacent dam abutment but not inside the
plant. Perry data was recorded inside the plant but not in the
free field. However, Perry data &as used to verify the
structural model of dynamic analysis wnich successfully
duplicated the high frequency responses on the steel containment
as recorded.

On December 28, 1989, a maanitude 3.9 ovent occurred adjacent
to Kroko Nuclear Power Plant, in the Republic of Slovenia,
Yugoslavia. The plant is instrumented in accordance with USNRC
Regulatory Glide 1.12. The strong motion instruments were
activated. The records have the same chavacteristics of typical
aastern U. S. carthquakes, namely, high frequency, short
duration, and high accelerations. The recorded maximum
horizontal compor 't is 0.5g in the free field at the surface.
However, the recorded acceleration in the same direction in the
Reactor Building base mat is only 0.0Sg and that in the Diesel
Generator Building is 0...g. Traditionally, an earthquake of such
a small magnitude was not analyzed because of its lack of
damaging potential. However, since this is one of the few cases
that strong notion data was recorded both inside and outside of
an operating nuclear power plant, it is useful for verifying soil
structural interaction analysis results. Furthermore this
unusually high reduction factor from free surface to base mat
needs investigation to determine whether the same kind of
r? duction can be expected for future earthquakes of larger
magnitude,

a
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Kruko lluclear Power Plant in located in t lu- E r n r.o blnet, in

the geological past, regional tectonic conditioru looduced
horizontal tension which caused the Kroko bleck to cubnide
relative to boundary blocks. Thun, the plant in on top of about

the reniunal te ct onic .700 m of soil deposit. At the current ti: -

in under complession with maximum principal nt t ew approxtrately
in the llorth-South direction. The Reactor Dui.lding h.u about 16

metern of embedment. FLUSil [4) and Gi1bett/Co monwea1th
vectorized version of SASSI program [5] on Cray cor put er wan used
to perform the soil / structure interaction analynis Parametric
ntudy was performed to obtain the optimum pararet e rn and
assumptions in order to match not only the acceleration but also
the frequency content of the renponnes. This paper dererihe, the
parametric studies, their resulta and concluninno with regard to
future applications. _

The neismic wave environment in annumed to conniot of
vertically propagating shear wavec due to t he low reduct ion of
the high frequency portion of the meanured ntructural re,ponno
compared with the free fiold responne counterpart . 0Assi
noil/ntructure interaction analysin of the December 1W
Earthquake reculted in encouraging qualitative and quantitativn
agreement with the recorded measurements for both horizontal
Cant-West and North-South directions. Renulto of the analynin
chow clear evidence of strong soil structure interaction oftecto.
The structural response motions dinplayed ntrona rocking mode
participation due to irregular base mat shape in the vertical
plane, and the high-frequency short-wave length input.

2. MOUBL 27 1978 at1d OC'l qDER_16_19] 9_ EVENTS _ AT HoNTICf.Lto _[ 6]

The Virgil C. Summer Nuclear Station in located near
Jenkinsville, South Carolina, approximately 26 miles northweit of [

! Columbia. Numerous low-magnitude earthquaken occurred after South
Carolina Electric & Ga, began filling Monticello Renervoir t o
provide cooling water. On August 27 1978, an earthquake with a
local magnitude of 2.8 occurred at a depth between 100m to 500m.
The event triggered the strong-motion accelerometer, which wao
operated by The U.S. Geologic Survey. The accelerometer is
located 3/4 mile northwest of the Virgil C. Summer Ltation and
its foundation is underlain by 56 feet of caprolite soil. The
plant was not operating and the installation of the plant
earthquake-monitoring network van not conpleted. The event an
shown in F.igure 1 (parts b & c) has very high frequency co ent

and short duration with a maximum acceleration of 0.?hq.

On October 16 1979, another 2.8-magnitude event was recorded
at the USGS strong motion accelerometer. Thin event har the came
characteristics of high frequency and nhort duration an nhown in
Figure 1 (part a). Its maximum acceleration i 0.3Gq.

1
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Both - antn were recorded in the free-field adjacent to the
nuclear power plant. Since there was no record inside the plant,
these data can not be used to verify soil / structure offacts.

2. J ANUMY_3_1_19 8 6_EV_dNT_a_t1LUROY, OHIO [7_1

On anuary 31, 1986, a 5.0-magnitude earthquake occurred near
Leroy, Ohio at a depth between 5 km and 8 km along a strike-olip
plane dipping near vertical. The epicenter area was estimated to
M 17 km to the south of Perry Power Plant. Perry Power Plant was
under pre-operational testing prior to fuel load at the time of
the earthquake. The plant earthquake instrumentation was
functional and recorded the event. The Perry site is
approximately 35 miles northeast of Cleveland on the shore of _

Lake Erie.

This event was recorded at the base mat and the containment
polar crane elevation of the Reactor Building. Figuce 2 shows the
recorded North-South motion at the baco mat. Results display high
amplitude, high frequency and short duration characteristics. The
recorded motions were used to verify the original structural
analysis model. Since the seismic motions were only recorded
inside the building but not in the free field. Therefore, they
can not be used to W rify the soil / structure interaction etfect:,.

3. DEC EMD RR_ 2 8_118 9_ EVE NT_a t;_KRD KQa_YUGO fR AVI A_{ B ]

The Kruko Nuclear Power plant (KNPP) is located ? km east of
the town of Krako on the northern bank of the Sava River in the
Republic of Slovenia. It belongs geologically to the Krcko
Depression. On December 28 1989, KNPP experienced a short-
duration high-frequency earthquake with a magnitude of 3.9 that -

triggered plant seismic instrumentation. Acceleration records
were obtained inside the buildings and a nearby tree-field
groand-motion recording station. Figure 3 Schematically shows the
plan of MNPP, locations of earthquake instrumentation, and
recorded peak acceleration.

This paper describes results of an analytical assessment of
how the December 1989 Earthquake records measured at KNPP may be
influenced by soil / structure interaction. Emphasis is placed to
determine the causes behind the relatively high response of the
Diesel Generator Building compared to the Reactor Building using
the December 1989 Earthquake records.

This investigation is based on two-dimensional and three-
dimensional models of the buildings and the surrounding soil
medium and on using two different soil / structure analysis
techniques- PLUSH and SHAKE /SASSI codes.

u.
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3.1 EARTIIQUAKE DEIGHIC MEASUREMENTS

Accelerometers were installed on the mats of t he Reactor
liuildi ng (A3) and Diesel Generetor Building (A7), one free-fin 3d
accelerometer (A1) in a small shelter located 50 m south of the
Reactor Building and one downhole (A2) 10 m below Al location.
Each station contains three sensors capable of recording absolute
acceleration time histories in the three orthogonal directions (
Channel 1 for East-Want direction, Channel 2 for Vertical
direction and Channel 3 for North-South direction). Al and A3
transmit data to the Control Room, but A7 is a self-contained
instrument. Acceleration data is band-pass filtered between 0.05-
0. 5 liertz and 33.0-35.0 lie r t z .

Figures 4 through 5 show the recorded seismic free-field
surface and Diesel Generator Building acceleration time history.

_

The following observations are made:

Observation 1. Acceleration tine histories display Icos than 1
sec of relatively strong motion, which leads to a p
shor'. !uration classification of the December g

'a1989 ^ 'thquake.

observation 2. The free-field peak ground acceleration at AlClll
is 0.53 g, a relatively high value.

Observation 3. Reductions factora (RF) from free-field (FF) peak
c.ccelerations to Diesel Generator Building ( DG B)
and Reactor Building (RO) peak accelerations are:

Direction FF DGB RF RB HP

E-W 0.53 0.19 2.8 0.05 10.5
_

_

N-S 0.45 0.14 3.9 0.08 5.4

Vertical 0.13 0.16 0.8 0.04 3.9 ,

Results show reduction factors larger than unity, except for the
response of the Diesel Generator Building in the vertical
direction where amplification occurs. The Diesel Generator
Building displays smaller reduction factors in all global
directions compared to the Reactor Building.

3.2 FREQUENCY CONTENT

Response spectral comparisons of recorded free-field surface
motions at Al with recorded structural motions at A7 are
presented in Figure 6. The dominant energy content for Al motions
is concentrated above 8 liz which indicates a near-field event.
The amplitude level, frequency content and shaking duration of
surface ground motions caused by propagating seismic waves
through the soil are significantly different from the motion in
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the underlying bedrock. Some frequencies of propagating seismic
waves experience soil amplification, but other waves having
frequencies higher than the natural frequencies of the soil
medium may experience de-amplification. However, the above
modifying role of soil is not as effective for near-field events
and this could explain the high-treguency content of the December
1989 Earthquake.

The recorded seismic motions of the Diecel Generator Building
also display a dominant energy content above 8 Hz and demonstrate
response amplification at about 12 Hz, compared to Al records for
the vertical direction. In both horizonta) directions, a
significant reduction in peak accelerations and amplitudes of
accolaration response spectra exists for frequencies higher than
4 Hz. These observations could be explained by one or more of the
following effects:

-

l'ree-field soil de-amplificatior. due to local soil and*

geologic conditions.
<

Kinematic attenuation when the wavelength of propagating*
seismic waves is equal to or smaller than the embedded
foundation dimension in the direction of wave propagation.
Kinematic interactjon is mere significant for higher
-frequency ground motions and non-vertical incident waves.

* Inertial interaction when input motions possess harmonic
components that are far away from the lower vibration
frequencies of the structure.

The overall soll/ structure interact 3.on consists of both kinematic
and inertial effects.

E
3.3 COMPARlBON WITH PLANT BEIGMIC DESIGN DASIS

Comparisons of plant design response spectra with response
spectra of recorded seismic measurements at the free-field
surface are shown in Figures 7 for all three global directions.
Design spectra were based on the USNRC Regulatory Guide 1.60
design spectra for seismic design of nuclear power plants. The
USNRC Regulatory Guide 1.60 spectra are normalized to the peak
ground acceleration measured in each direction and not to the
plant OBE or SSE design accelerations. Recorded response spectra
exceed design spectra at free-field surface for E-W, N-S and
Vertical directions. The exceedance is at frequencies higher than
10 Hz. This suggests that The December 1989 Earthquake is similar
to the eastern U.S. carthquakes which are usually of short
duration and have high-frequency content. Based on ear' hquake
experience at power and industrial facilities [2,6,7), nigh-
frequency motions do not possess enough energy demand to cause
damage or the need for plant shutdown. Additional conditions on
maximum recorded displacement and velocity at foundation level
are required before plant shutdenn when OBE or SSE design spectra

4M
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are exceeded [7]. In Reference (2], it is concluded that only
spectral ordinates below 10 Hertz need to be considered for
damage potential and recommended a two-condition criterion for
OBE exceedance.

First Condition: Recorded spectrum exceeds OBE design spectrum
at 2-10 Hz frequencies or 0.2 g threshold
value, whichever is greater, using Ft damping
ratio.

Second Condition: The CAV of recorded motion is higher than 0.3
g.sec.

'3. 4 DYNAMIC SOIL PROPERTIES -

The plant is located on an approximately 700-m thick pre-
consolidated pliocene sandy-clay alluvial material. The sub-
surface conditions at the site were explored by borings. Cross-
hole method was used to measure S and P wave velocities in a pair
of holes up to 100 m in depth and gamma-gamma me .tod to measure
material density. Based on geoelectric borings in the range of
100 m to 300 m in depth, no lithological changes were found. At
Depth 145.8 m, the compressional wave velocity is 1790 m/sec
(higher than 1500 m/ sect seismic velocity of water), which
suggests a coupletely saturated soil.

Laboratory tests were conducted to determine strain-dependent
shear modulus and damping of the soil underlying the plant. The
resulting curves are consistent with standard curses reported in
literature. The strain-dependent curves are intended to simulate
material nonlinearities of soil medium under cyclic loading with
high-strain levels.

_

3. 5 FREE-FIELD SOIL RESPONDE

Based on the dynamic soil prveerties, a free-field soil-
column model is developed. The purpose of SHAKE [9] analyses in
to obtain strain-compatible coil properties with the December
1989 Earthquake level and to construct dynamic characteristics of
downhole data.

Several computer runs are made to check the stability and
accuracy of results by varying laye1 thickness and depth of
halfspace bottom layer.

The input motions for the soil-column analyses are the two-
horizontal component recorded ground surface acceleratien time
histories at Al station. A parametric study is performed to find
the cut-off frequency for the soil-column analyses. Results
display the high-frequency composition of the December 1989
Earthqtake and a cut-off frequency of 33 Hz is required to obtain
0.53 g peak acceleration at the surface. Several SHAKE runs are
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made to assure no erroneous results in the higher frequencies and
to achieve a stable solution.

Results show a good match in the overall shape of Fourier
spectra of deconvoluted motions and recorded motionc at A3 and A7
stations. Response amplification of the Diesel Generator Building
occurs at about 12.5 Hz.

3.6 PRELIMINARY SOIL /DTRUCTURE INTERACTION ANALYSES

3.6.1 Two-Dimensional Analysis of the Diesel Generator Duilding
Using FLUSH Code

A two-dimensional finite element model of the Diesel
Generator Building is developed. Due to the symmetry, nalf of the
East-West direction is considered. The model consists of
quadrilateral oloments to represent the massive embedded
foundation block. The weight of the superstructure is included
in the analysis but its stiffness is not accounted for at this
stage of analysis assuming that the Diesel Generator Building
superstructure responds rigidly.

A direct comparison of recorded spectrum at A7 station for
East-West direction and analysis response spectrum using FLUSH
coil / structure interaction technique demonstrates a poor
correlation in terms of the zero-period acceleration and the
overall shape of response spectrum.

A7 FLUSH Analysis
(Recorded) (Predicted)

ZPA (g's) 0.19 0.35
Peak Frequency (Hz) 12.5 8.5 I

Pe Acceleration (g's) 0.56 1.13

(5% damping)

3.6.2 Two-Dimensional Analysis of the Diesel Generator
Building Using BASSI Code

A two-dimensional model of the Diesel Generator Building in
developed to perform SASSI [5] analysis. The structural model
only includes the 4-m deep base mat without the superstructure.
The input control motion is the recorded acceleration time
history at the free-field surface for East West direction. The
seismic wave environment is assumed to consist of vertically
propagating SV waves. This assumption is based on:

The shear wave velocity generally increases with depth,*

which results in continuous refractions upward of
seismic waves.

The motion in the underlying rock formations has to go*

through a very deep soil deposit to reach the surface.

486

_ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ - - ___



* The December 1989 Earthquake is a near-field event.

The two-dimensional SASSI analysis shows similar results to
FLUSH analysis, but still a good correlation with the recorded
seismic motions is not achieved.

A7 SASS Analysin
(Recorded) ' Predicted)

ZPA (g's) 0.19 0.32
Peak Frequency (Hz) 12.5 7.7
Peak Acceleration (g's) 0.56 0.o7

(5% damping)
-

3.6.3 TWO-DIMENSIONAL MODEL OF THE DIE 8EL GENERATOR DUILDING
INCLUDING BUPERSTRUCTURE

A two-dimensional model of the Diesel Generator Building is
developed including the superstructure to account for inertial
eccentricity. The roof is 7.6 m above the finished grade. The
exterior walls and roof are made of reinforced concrete. The
superstructure it- modeled using beam and quadrila iral elements.
The beam elements represent the walls and roof s? s that extend
normal to the plane of the model. The quadrilate; elements
represent the effective in-plane stiffness and mL ; of the three
(3) transverse shear walls. The lower 13.5 ft of the Diesel
Generator Building is embedded in the ground. The elastic
halfspace of the soil medium is placed 83.5 ft from the base of
the Diesel Generator Building.

The East-West component of the recorded surface motion is
applied as the input control motion. Seismic wave environment -

cor.sists of vertically propagatir.g shear waves. SHAKE strain-
compatible soil properties are used in this two-dimensional SASSI
soil / structure evaluation.

Results display no significant changes in terms of the
frequency content and ZPA value as a recult of including the
superstructure.

A7 SASSI Analysis Including
the Supers ructure

(Recorded) (Predicted)

ZPA (g's) 0.19 0.31
Peak Frequency (Hz) 12.5 7.7
Peak Acceleration (g's) 0.56 0.95

(5% damping)
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I 3.7 PARAMETRIC BTUDYt SEIBMIC WAVf. ENVIRONMENT

In the previous analyseu, soil / structure interaction
analyses assumed that there is no scattering of the impinging
waves. This is the case for a foundation subjected to vertically
propagating waves (10), llowev e r , scm toring effects can reduce
the effective input motion to the structure. Scattering effects
are a function of frequency content and it.cident angle of seismic
motion, foundation geometry and dynamic properties of the
supporting ground. Orientation and location of the source
earthquake relative to the alte (epicentral distance and focal
depth) provide good prospects for predicting the incident angle.
1,ack of bigh-quality seismographic data of the December 1989
Farthquake precluded direct evaluations of the seismic wave
environment.

Four SASSI runs are made to investigate the offects of
variations in the wave types and incident angle. They are

(1) SV waves with 15 degrees incident angle
(2) SV waves with 30 degrees incident angle
(3) Vertically propagating P waves
(4) Rayleigh surface waves

comparisons between the predicted results of 0-degree
incident angle SV run and the results of these four (4) runs are
presented below for East-West and Vertical directions.

X-ACC [ East-West Directionj
0 0 0 0

0 SV 15 SV 30 SV O P Rayleiqh

ZPA (g's) O.'l 0.27 0.24 0.00 0.13
Peak Freq. (IIz ) 7.7 7.7 7 24.9 6.8
Peak Acc. (g's) 0.95 0.84 0.69 0.01 0.33

( 5% dariping }

Z-ACC [ Vertical Direction)
e o 0 0

0 SV lb SV 30 SV 0 P Rayleigh

ZPA (g's) 0.07 0.06 0.05 0.09 0.34
Peak Freq. ( 11 2 ) 13.8 13.8 12.3 10.9 7.7
Peak Acc. (g's) 0.25 0.39 0.25 0.32 1.18

(51, damping)

This paremetric study was conducted to improve the ZPA value
and the shape of the frequency response curve. The former can be
achieved by increasing the incident angle of the SV waves,
however, the latter is not achieved yet. The frequency response
curve still shows the calculated peak is at a lower frequency.

.33
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3.0 THREE-DIHENDIONAL SOIL /BTRUCTURE INTERACTION ANALYSIS
OF TIIE DIEBEL GENERATOR DUILDING

A three-dimensional finite element model of the Diesel
Generator Building is developed to investigate three-dimensional
effects and to evaluate the results of the two-dimensional
analyses. Due to the shallow embedmont; the base mat in placed on
the ground surface. The superstructure is modeled as a rigid
beam with a concentrated weight at the end to account for
inertial eccentricity. Three-dimensional solid elements (3
translational DOF) are used to model the excavated soil and the
base mat, and rigid beam elements are used to model the
longitudinal and transverse shear walls.

The deconvoluted SilAKE acceleration time history at -

Elevation -13 ft is used as the input control motion. The seismic
wave environment consists of vertically propagating shear waves.

#Results show good correlation between the two- and three-
dimensional in terms of the overall shape of the frequency
response curve, flowever, the two-dimensional analysis slightly
underestimates the calculated acceleration values.

2D Analysis 3D Analysis Ratio

ZPA (g's, 0.18 0.2 1.11
Peak reequency (liz) 6.8 6.8 1.00
Peak n Jeleration (g's) 0.42 0.5 1.19
CPU Time (sec) 50 1000 20

(5% damping)

As clearly can be seen, the accuracy gained by the three- -

dimensional analysis is not enough to offset the an ociated high
computational cost compared to the two-dimensional analysis.

3.9 PARAMETRIC STUDY: UNCERTAINTIES IN LOW-STRAIN
SHEAR MODULUS VALUE8

So far, numerous models were analyzed to improve the shape
of the frequency response curve, but a satisfactory improvement
is not yet achieved. This was the motivation behind the low-
strain soil modulus parametric study to investigate variations in
plant soil properties. The results of the recent Lotung
experiment [11] indicate that the uncertainty range of in-situ
measurements is about +501 for low-strain shear modulus and is
negligible for unit weight. A maximum variation factor of 2 is
recommended in USNRC Stan' lard Review Plan Revision 2. Generally,
the softer the supporting soil relative to the supported
structure the more significant are the effects of soil / structure
interactien. The peak frequency of the frequency response curve
is affected by a change in the low-strain shear modulus. It

i. m
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should be noted that a change in the low-strain shear modulus has ;

two major effects.

Effect 1: Shift in the fundament 9.1 vibration frequencies of |
the soil / structure system. |

|

Effect 2: Variation in the frequency content of the input |
excitation to the structure. I

l

Effect 3: Excite higher soil modes when input wave has high
frequency content.

Two SHAKE runs are made to evaluate the offects of using
reduced values of the in-situ low-strain shear moduli (Gman).
These are 60% and 30% of Gmax. The objective of this parametric |
study is to reduce Gmax to a point where the peak frequency of I

the deconvoluted free-field seismic motion at the base of the
Diesel Generator Building (Elevation -13.5 ft) is around 12.5 Hz.
This frequency corresponds to the recorded peak acceleration of
the DGB in the East-West Direction.

100% Gmax 60% Gmax 30% Gmax

Poah Frequency (Hz) 7.6 7.6 14.45
Peak Acceleration (g's) 0.90 0.68 1.09

(5% demping}

This indicates that the free-field seismic motions, using
30% Gmax, possess a high-frequency content and should be used in
the final analyses. For 30% Gmax, a peak frequency of 14.45 Hz is
considered to be a higher mode of the site response. A 30% Gmax
is a relatively low percentage in comparison with the current
applicable range of _ 50%. A possible explanation is that the
dynamic soll properties in Section 3.4 are based on pre-
construction virgin soil and these properties are expected to be
different for the existinq soil inside the water proof membrane
used for construction. Another reason could be that the higher

.

soil modes are excited by the high frequency input. |
|
,

3.10 SOIL / STRUCTURE INTERACTION ANALYBES OF THE |
DIESEL GENERATOR BUILDING USING 30% Gmax i

|
'

This section covers three separate soil / structure
interaction analyses of the Diesel Generator Building using 30%
Gmax. They are:-

,

i

(1) Two-dimensional analysis for East-West direction
placing the base mat on the ground surface a..d
including _the effect of the superstructure inertial
eccentricity. SHAKE deconvoluted seismic motion at
Elevation -13.5 ft is usnd as the input control motion.
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(2) Two-dimensional analysis for East-West direction
including the effects of the base mat embedmont and
superstructure inertial eccentricity. Free surface
recorded motion at A1CH1 is used as the input control
motion.

(3) Two-dimensional analysis for North-South direction
including the effect of the base mat embedmont. Free
surface recorded motion at AlCH3 is used as the input
control motion.

The seismic wave environment consists of vertically
propagating shear waves for all three analyses.

For East-West direction, results show that the recorded peak -

is at a higher frequency and is of larger magnitude. The
calculated ZPA agrees well with the recorded ZPA at A7 station
for East-West direction. .

For North-South direction, Figure 8 shows a good agreement
between the predicted and recorded results at A7 station in terms
of the overall shape of the frequency response curve and ZPA. The
calculated responso displays a high-frequency content ( around 12
Hz ), but slightly underestimates the peak acceleration.

3.11 FINAL SOIL /STRUCIURE INTERACTION ANALYSIS OF A COMDINED
MODEL OF THE DIESEL GENERATOR AND REACTOR DUILDINGS
USIN3 30% Gmax

A two-dimensional combined model of the Diesel Generator and
Reactor Buildings is developed to investigate the effects of
structure / structure interaction and to reconstruct the spectral
composition of the recorded seismic motion at A3 station. Reactor
Building is modeled as a set of three (3) cantilever bears
connected at the base to Node 141. These beams represent the
Shield Building, Containment Vessel and Interior Concrete
Structure.

In this an61ysis, the Diesel Generator Building is placed on
the ground surface. SHAKE deconvoluted motion at Elevation -13 ft
is used as the input control motion. The seismic wave environment
consists of vertically propagating shear waves.

The predicted results display small variations in the ZPA
values alor:g the longitudinal dimension of the mats of the Diesel
Generator and Reactor Buildings. Results of the analysis show
clear evidence of strong soil / structure interaction and good
correlation with the recorded motions.
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A3CH1 A7CH1
Analysis Recorded Analysis Recorded

i

Peak Frequency (HE) 22.2 25.0 12.3 12.5
(5% damping)

The input control motion in this analysis is the
deconvoluted horizontal East-West acceleration time history.
However, the predicted results show significant resoonse in both
horizontal and vertical directions. This indicates that the high-
frequency rocking mode contributes significantly to the overall
response due to the high-frequency content of the input motion
and the slant bottom surface of the base mat. Generally, stiffer
and taller structures, such as the Reactor Building, exhibit more
rocking participation.

The predicted results also show that the responses of the
Shield Building and Containment Vessel are at high frequencies.

Shield Building Containment Vessel

Peak Frequency (Hz) 24.9 22.2
(5% damping)

4. 90]!CLESIONS AND RECOliMENDATIONS

The high frequency and low energy events occurred at the
Monticello Reservoir, at Leroy and at Krsko are non-damaging for
passive equipment and rugged active components. Traditionally,
seismologists and engineers ignored magnitude 5 and lower
earthquakes for their lack of damaging potential. However, they
could cause chattering of sensitive electrical and control
systema devices like relays, contactors, and switchos. In order
to assess its impact on this type of sensitivo equipment, one
needs to determine whether the high frequency content can be
transmitted to the building at equipment locations especially at
a soil site. This can be achieved by soil / structure interaction
analysis. Since recorded data at Monticello Re ervoir and Leroy,
Ohio were not adequate to verify soil /structur,. interaction
analysis, the strong motion data recorded at Krsko Nuclear Power
Plant in Yugoslavia which have the same characteristics of
eastern U.S. earthquakes were used to verify coll / structural
interaction and assess the impact on sensitive relays.

SHAKE /SASSI soil / structure interaction analysis of the December
1989 Event at Krsko resulted in encouraging qualitative and
quantitative agreement with recorded measurements for both
horizontal East-West and North-South directions. Result of the
analysis has shown clear evidence of strong soil /structire
interaction. The structural response motions display strong
rocking mode participation due to the high-frequency content of
the free-field input seismic motions. Seismic wave environment is

492
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assumed to connist of vertically propagating shear waves due to
the high-frequency content of the structural seismic motions.

The conclusions of this soil / interaction analysis can be
summarized as follows:

1. liigh frequency content can be transmitted ,4 a nuclear power ,,

plant structure even at a soil site. Analytically, this can
be simulaccu by vertical propagating nhear wave.

2. Since this high frequency content in usually very far away
from the dominant frequencies of the massive structuren,
large reduction of the response was observed and can be
expected based on the classical theory of lack of resonance.

_

3 When a small structure is adjacent to a large structure at a
noll site, the response of the small structure will be
influenced by the large structure.

4. When the base mat has a irregular shape in the vertical
plane, rocking modo can be anticipated from thic kind of high
frequency earthquakes.

5. This high frequency input also excited the higher moden of
the site response.

_

e-
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the 12/28/1989 Event {8]: (a) East West. (b) Vertk:at. North-South _
(c) North-South.
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l.0 Abstract

U.S. Nuclear Power Plant: (NPPs) are designed, engineered, end
constructed to stringent standards Their seismic adequacy is ,

assur ed by compliance wit h regula tory st anda r ds and demons t rated by
both probabilistic rist assessments (FRAs) and seismic margin
studies, However, present seismic siting criteria require

f undamental changes in both the philosophy of how the rule should be
written and in the actual application of a process to determine
acceptable seismic design levels. Changes to siting criteria
proposed here will provide a predictable licensing prr ess and a
stable regulatory environment

Two recent state of-the art studies evaluate the seismic design for

all eastern U.S. (EUS) NPPs: 3 Lawrence Livermore National Labs
study (LLNL, 1989) funded by the NRC and similar research by the
Electric Power Research Institut.0 ([PRI, 1989) Supported by the

utilities. Both confirm that Appendin A 10CfR100 has not provided
-

consistent seismic design levels for all sites

St andardized Seismic Design (SSD) uses a probabilistic framework to
accommodate alternative deterministic interpretations, it uses
seismic hazard input from EpR1 or LLNL to produce consistent bases
for future seismic design. SSD combines deterministic and
probabilistic imights to provide a comprehensive approach for
determining a f uture site's acceptable seismic design basis. The
essence of this opproach is the calibration of a seismic hazard
methodology to a common standard
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2.0 Background

Over the pcst ten vears there h s been estensive fund 1 0 of seismic hazard
research by both the electric utility i N astry an] the % clear Regulatory
Cormission (NRC). T he ' int us f or this ettort :an la traced to historical
regulatur) Concerns associated with IM iICen5inl pr MO55 given in AprenJit A. g
"5eismic arid Geulogic Sitinr teria for huclear Pcwer Plants", to 10CfR100 E
* Reactor Site Criteria," In -t, this research tus r esulted in a
transition f r oni the sitrple dete, listic assumption that the safe [hutdown

Earthquake (SSE) ceuld not be exceeded tr the re31ization that the Jnnual
probability of eiceeding tM St! v3 ries c o n *, i d e r 3 b l ; f i or4 site to site

Append;5 A originally sddretud sei:mic titing criteria frc, 3 Western U.9
ctivity ctuid te assigned to(WUS) perspective T hi s pr esur H trut seismit a

structures, particularly fault! e4F :ed at 'h> sface !n other words, given

the distante t0 3 fault 3nd the eip+:ted rupture 1(nqth, ita groend sh96Ing et

some proposed site could be det er nir i s t i c ally t : unded , Of ctarse for the

'' not the : ]Se AppenJit A thus enployedeastern of Central U.S. (LUS) such
a Concept of " tectonic provinces" (Hathew3y and itClure, 1979) ds a model 1:
determine seismic design levels at nuclear power plant sites The tectonic

province approach is prescriptive, forcing 3dversaries to bt placed into
deterministic yes-no positions, Thi< it par t ic uloils true with respect to

determination of t e c toni c pr o v i nc.e < ond s t r uc t ure s , ma x imur, rugni t ude
earthquake, conversion trom Modified Mercalli Intensity (MMI. to peak Ground
AC C el t> r a t i on (PGA), and the appropriate L;ettrJ1 shape to anchor at the PGA.
I'he fundamental pf oblen wi th 1OU '!t t e f ";i n i * t i C appr03cn (diJmatiCally
highlighted by b0th the 1.lNl (1%g) and LPRI (lW) selinic hatard studies! is
that there is no scientific consentus ai to whjt ar e tne sorrect provinces
structures, m3ximum magnitude earthquakes etc, f u r t h e r r;o r e , because

contending viewpoints are fraced in a leul cuntest of an absolute yes no
question, the process usually ends up in tourt This results in delays,

increased coste,, instability, and un ertainty in the overall licensing and
_

regulatory process

At present NRC is scheduled it c: plete their redr3ft of Appendit A and
supporting regulatory guides in 1991. Fundamental to it" goal nf stabil'?ing

the licensing process is the ren N al ut interpretive de' ails from Appendix A
and p15cing them in regulatory cuidr< Thi' is consi' tent with the philosophy

defined in SECY-79-300 (Minogue, 19Mi. F ur t her nar e , "sperience sugges t s tha t
the existing treatment of significant titing factort uch as meteorology and

hydrology in 10CFR100 provide the appropr iate Ndel for the treatment of
seismic licensing issues 10 th( present IDCFR100, it is specified that
" consideration" of t he s i t e F'e t eoroi ngy and hydrology are required when
evaluating the suitability of a new site. However, 311 of the details of on

an applicant may characterize and protect against e3 treme tret eorological and
hydrologi''al phenorr ana ar e pr ov ided in supporting Regulatory Guides and
Stand 3rd Review Plans This aprocach has been proven tc pr ovide 3dequate
protectinn against these e ternal events far nur current generation of plants.
Consisten with this treatent :f re t , u al o J 1 c 3 1 3nd hydrological concerns, it
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is proposed that seismic concerns in a new Part 10D tie 3ddr es sed by the
following statement " Consistent with General Design Criteria 2 of Appendix A
to Part 50 of this chapter, geologic and seismic data analyses sufficient to
determine site suitability and to provide reasonat,le assurance that a nuclear
power plant can be constructed and operated at a proposed site without undue
risk to the health and safety of the publir shall be developed." Itn t

proposed sir'plification of the "(1 sting regulation should be accompanied by
new regulator y guides which enjorse accept at le r ethecologier in detajl for
deriving acceptable site seismic design levels and criteria for any site in
question.

Our recent pape, (O'Haro and Jacobson. 1990, discusses a method to deterrine
acceptable site se;sric design levels for future nuclear pone plants that

could be utilized in a regulatory f r 3rewor k This paper it 3n applic3 tion of

the proposed methodology based upon seismic hazard results from both the LLNl L

and EPRI studies. We contend that state-of-th"-art "itni hazard analyses

represent a rational f r artewor 6 for the incorpa3 tion :f the Nltitude of
contending hypotheses concerning the tause of ear tnquak es as well 35 for
incorporation of new inforn3 tion. F u r t h e r t' o r e , these Inol yse should be used
to determine acceptable si te seismic design levels it should be noted that
the SSD approach results in consistent wr"ptablo site design levels from

location to location i r. the EUS yet the actual design m3y be higher if the
utility decides to adopt 6n enveloping 0.lg design level which is the present
Advanced light Water Redctor (ALWR) design level. The essence of this ",5D

approach is the calibrati30 nf a methodology (!LNL, 1989 or EPRI, 1989) to a
conmnn standard.

However, prior to describing this approach an anar eness of me fundamental
issues is needed to understand the DJ5i' f5r ur appr unh. These issues are

1. Evaluation of the Deterministic Licensinq Pr o;es s for Ewisting P1 ants.

.

2, ]mplications of Standardizatiar .

3. Justification of a Deterministic Standard.

4, Calibration of a hazard Methodology to a Cor in Standard.

The following section' discuss these issues with the objectivt of integrating

the conclusions of eJch s r' c t i o n int ( an Cveral' < ;t hV 10 Standardile the

seismic design li cens i ng pr ca es s

3.0 Evaluation of the Deterministic Licensing
Process for Existing Plants

Presentl 3 Doth the Electric Power Research institute (fiRI) and tew nce
Livermore National L3bs (tLNL) have matur e se,tnic hazard ethodologies and

both have calculated the seism < hartrd at tUS NPP sites Because the 1.tNL
and EPRI methodologies are internilly consist"ot .e o <?n attenuation
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models, experts, and calculationel procedures, t u relat ive hdzor d between
.arious NPP sites for each r et hodology is easily determined. In this context,

the seismic haz3rd results fro" both the LLNL 3nd EPRI studies can be used to
independently evaluate the pr ob3bility of exceeding the cm r ent licensing
basis at existing NPP; in particul3r this c; c37 150n ev3 1UJte' the

consistency of the deterministis l i t en ,1 rg p r ne r that h3s been used to,

.istin, f M W sitesdefine the current licensinq bJsi' Jt -

A fund] mental 1icensing/ engineering pr mise is that the setsmic design basis
(defined in Appendia A as the 53fe Shut h n E a rt haua ke , %E ) should be
proportional to the expected seisnic Inadings; in other words, the higher the
expected seismic loadings, the higher the seismic design basis figure 1

presents the SSEs determined for 61 EUS W ites As can be seen thests

seistric design levels vary between 0.1g end 0.259 Clearly, if the

deterministic pr ocess used t o determine these seismit desion levels is
higner se i mi c 1 m aings reauire aconsistent with the above pr emise ti + .

higher seismic design levelj then it shnold fe lloo tnat th( pr obability of
exce" ding ea ch plant 's st i r m :_ dt s i mi li . 1 sn sil X 3 bout the same

S|_figure 2 is a plot of the probability ;f t,ceedirq the 3fe Shutdtwn -

1

Earthquake (SSE) at 61 EUS NPP sites b3 sed non median r esul t s f r om both LLNL
and EPRI. An31ytes have shown (NRL, 1990) thJt the medijn results (ds
compared to mean, 15th or 85th percentile results) are rast consistent between
LLNL and EPRI. As can be teen, t hy et,,b i i i t w nt -*coedinn the %f frnn site
tn sito is far frnm consistent within each methodology (LLNL or EPRI). These

,

results cast doubt on the ability of tht urrent deterministic 'pproach to
define consistent selsmic design lev (is fr sitt tu site However, what also

can be seen from figure ?, is thjt tht t r er a f re , site to ;ite between the

LLNL and EPRI result? is consistent in a relative sense reaning that both

studies consistently identify high ana lc w haard sites, Jibeit th3t the
magnitude of the absolute probatilitit v3fy ;1gnifit3ntly.

Figure 3 is ; plot of the probdbility of exceeding the SSE for e3ch of the 61
sites using the EPRI results As can be seen, sites with 3n SSE of 0,15g vary

by over two ordert of ragnitude in pr obabilit y 3f exct. lance. This figure

further highlights the inability of tht det er min i s t i c 'icensing process to
define consistent design level s f r m .ite 10 site. Figures ? 3nd 3 3re simply

the probability of exceeding the PGA t<sociated with the %E at each site
Because the LLNL and EPkl results defint the seismic hazar d at the PGA, 25,

10, 5, ? 6, and I hz, it is possib e to wsert %E response spectra 3t eachl

of these frequencies to probabilities an .1 then plot the results. Figure 4 is

such 3 plot and dramatically 11'ustr3te t he incusistency in probability of

exceedance between site r,0 ! mi) at the h i Dut Jt other frequencies as well

We thus conclude that across the current population of NPPs the deterministic
process used to define the seismic design bases at existing NPPS has not
resulted in consistent seismic design levels (as defined by similar
probabilities of exceedance) and should not be used as the primary regulatory
process for future plants,

y
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This wide variation in probability of e xceed%ct does not imply that those
plants with the hignest probability of exceccing theit design basi i are
unsafe. PRAs and rdrains studies have shonn that p l .i n t capacity exists well
beyond the SSE and that the 53.jur contiit ut ion tu selsrnically-inuuced core

mel t f r equency f or El!S plant i c ow from eartnquakes thJt Jfe Jbout 10 4'

tires the SSE (LtNL. 19R5).

4,0 Implications of Standardization

A standardized seismic design level is a design level that is the sart=e from

location to location. This irrplies that the envelope of future site-specific

seismic hazard characteristics should be determined such that standardized
design may be repetitively applied at all sites To allon- repetitive
applic3tions, the standar d design must be sc rewhat over designed to envelope
the seismic hazard that varies f rcm site '' iite It i t believed that -

standardization will result in sovings in ogineering, licensing, e q u i ptr e n t

dnd procurement. Construttion i1eafnind Curve), E taf t up (st3ndard
procedures), and operation ( st enda r 1 pr ccedurt s anc spar e pa r t ,) (Bechtel,

1986).

The standardized design approach it not witDout its inconst!'enties for
: ample, assume that at locatinns A. B. and C the teismic ha23rd is that as'

shown or rigure 5, high. tredium, and len, respectivelv. Because st ismic
hazar d is act uniform across the EUS. StarAJ'd123 tion 31 a timed design level
will result in the probability of exceeding the flied value to vary from
locati.on to location. This situation is exactly wh3t has ptecipitated the
protracted seismic reviOWs by the NRL for the rutrent yns - ation of NPPs lo

avoid this problem it must be shown th3t the Standardiced de>ign level is
dcceptable at the highest ha/ard site and thereture is acceptJDle at all other
sites.

An alternative to t he above approJth is the Stand 3rdizatann of the probability
_

of exceeding the design level, in nther words, becluse the hazard v3 ries from .

location to location the design level should vary from locatien to location.
Figure 6 illustrates this approach. As can be seen, if .0E-4 is tonsidered u

to be an 5cceptable nrobability of e(ceeding the design lesel, then the design
level at locatinr A. B, dnd C would be 3 bout 0.05g. 0. l c , and d.30g.
respectively. The advantage of varying the design level from location tu

'

location is that the will be a cons' stent probability if exceedance fron
site to site and alse there is the potential for 3 reduction in cost at the
low hazard sites i n e t. e acceptable >1te value- if ..seJ as input ground

motions for sit e geot echni :31 jnalyse' i"h 3i li gt:e f 3c t ion 3fi31yses wouldt a

certainly result in cost tavings !! should bc noted, that if in fact Site A
in figure 5 represents (fie site with the highest hjyard, a 'id if i rl fact 0.3g c

is acceptable at that location, ther the st3n33rdized prDbability of
e*CeedanCe is defined by C.ite A.

As C5r be sten from the Jbove discussion j ;t 3n:13 r di zed Je s i gn v3 1ue FP ults
iin va f f rig pf obabil i t ie: UI exceed 3n f ri ' !tt t; ;ite n' nile i sidnd3rdi?ed"
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probability of exceedance results in varying design levels frem site to site.
Advantages and disadvantages are assoc 13ted with both methods of
standardization, however, the tasi at hand is to take advantage of both

bpproaches,

in its most fundament 31 sense, tre establis Went of s t anda r di zed desi;;n

criteria involves the bal3ncing ;f benefits and costs. For seismic design,

the benefit of providing 3dditicna; reinforcerent to nittstand earthquake
motion is a reduction in risk to the putlic posed by a facility. The enh3nced
seismic Capacity assuciated With the stand 3rdized design is telieved to be
relatively inexpensive :ompared to total plant expenditures if incorporated
into the original design and construction of a new plant. A follow up to

prior studies (Stevenson, 1981) by Stevenson (October 1991, personal
communicStion) will show a 71 to 101 overall increase in cost by going from a

0 '" design to about a 0.3g design. Abo-e 3 bout 0.39 costs increase more
.y with design level. NPP licensing history has shown that licensing

r5 due to seismic design level issues and aClual Chdnges to the seismic
design basis while construction is in prugress have resulted in significant
increases in cost and can no longer te tcletated.

Over time, as regulators require stricter and nare costly so-called '' safety"
at newer facilities, they are aEsured to be implementing the public's desire
to pay more for incremental safety gains over similar previously licensed
facilities. Within these arguments to standardize and increase safety, there
must b3 an awareness of the bottom line cost to generate electricity,

otherwise future plants may only exist on paper, and may not ever be built.

S.0 Justification of a Determinis'.it Standard

To avoid problems associated with the deterministic licensing process it has
been recommended by EPRI (19B9) tnat the SSE be standardized t u 0.3g for all
future plants. The basis for thi: r ecomendation was documented by Bechtel

( 19Bf;) and was primarily based upen minimizing the increase in cost due to
over design, in their anal |.is ilechtel deterministically evaluated 21

expected future sites, for these sites the 0.3g design value is equal to or
greater tha each site's Preliminary Safety Analysis Review (PSAR) seismic
design value. For four sites the 1.0E 4 PGA based upon EPRI hazard results,
wa5 assumed to be the PSAR seismic design value.

Two additional arguments exist which support the 0.3g standardized design
le,el The first is an empirical argurent. 11 follows that because the 0.3g

value bounds all carrently acceptable EU5 cesign values and because this
sJmple of existing sites is representat>se of the popul a t io < f utu: sitese

(i.e.. future plants will be built where present plants exist or st locations
similar in harard to e<isting sites), the counding value of 0.39 should surely
be accept

The other argument is based on safety goals Mt Advanced Light Water Reactor
( AlWR) mean core d3 mage frequenc.< (MCDF) ;3tety goal is 1.0E-E (EPRI, 1989)
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and the 900I for the seismic contribution is 1.0E-6 (i.e., .0%), The safety

goal appr sach is based upon meeting the seismic contributicn to MCDF and has
been arglied by EPRI (1990) using only the EPRI hazard r esults to justify the
0,30 design level. Fundamental to the safety goal approach is the mean hazard
curve for a given site and an assumed generic plant fragi'ity of about 1,29
for the s'andard 0.39 plant. It is the cons;lving of the mean hazard curve
and the plent f ragility curve that defines the seismic c(ntribution to MCDF.
As shown on Figure 7, it is not unusual to have two to t1 ee orders of
magnitude dif ference between the LLNL and EPRI nean haza'd results at
acceleration levels of interest (0,59 to 1.59). A direct consequence of this
situation is that justification of the 0.3g standardizen design using safety
goals appear to be satisfied using the EPRI results but it w'll certainly not
be satisfied using the LLNL results for a typical site. Due tv this, effSi ts

are being made to resolve differences between the two itudies. Also, it must

be under s tood that the quantitative safety goal approlch views these -

probabilities in an aosviute context that is as 'trae' prob 3Dilities.

True probabilities, such as the probebility of tossing a six in one throw of a
fair die, are based on one's ability to define tne sunple tpace and the
likelihood of each outcome. In seismic hazard analy,es the process is not
quite as simple, Figure 8 shows a logic tree which would typically be used to
define the sample space (dll possible outcomes) for a seisnic hazard analysis.
The figure illustrates how the " degree of belief" of each nypothesis (outcome)
is calculated, First, weights are assigned to earh parameter of the tree,
The weights of the different zon3tions add to one, those of the different
attenuation mooels add to one, and so on. These weights are typically

Isubjective expert opinion. Second, tne likelihotd of e3ch hypothesis
(outrome) is obtained as the product of the weights of the various components
that define that hypothesis. The point to be made here is that the sample
space may be adequately covered but the likelihood of each outcome in the
sample space is based upon subjective opinion unlike the cldssic die tossing
problem, Because there are divergent opinions on all of the parameters th8t

,

typically go into a seismic hazard analysis, use of these results in an ;
*

absolute fashion (safety goal app %ach) will not prove to be feasible until
.I' the significant differences are resolved.

The safety goals method is appealing becaust the acceptance criterion i
apparently cuantifiable. But, because the caicilation to determine MCDt is

based upon the convolvi N of both a mean hazird curve and an assumed generic
plant fragility cu < e, and the half li fe of t he hypotheses presented in
seismic hazerd analyses may be on the order of a ~ew years (i.e., the length

oi time before new theories teplace ulder nnes), a meeting of the safety goals
now may show .*herwise in a few years. In ;ddition, nothing prevents the
safety goals the value of the future-plant fregility curve from changing.
Because of these issues, a safety ul approach, at present, cannot
satisfactorily justify 3 0. g standardized design level. Conversely,

deterministic arguments strongly support 0.3g 35 an acceptable value.
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6.0 Calibration of a Hazard
Methodology to a Common Standard

Acceptable probabilities must be defined relative to a common standard within
a methodology. The relative use of sub.iective probabilistic results centrasts
with the a0 solute safety goal approach. The relative approach is used because
absolute approaches f ail to recognize the inherent limitations in current EUS
seismic hazaro results. As discussed above, it is not unusual to find

4

differences between EPRI and LLNL results of two orders of magnitude or more
at a given acceleration, Because of these dif ferences, there is a question a t

to whether these-estimates of seismic hazard can be used in an absolute
(safety goal)-sense.

Justification of acceptable probabilities is empirical. The major problem
associated with this approach is obviously that ^f Calibrating the results
from a seismic hazard methodology (LLNL or EPP: some realistic acceptance.

level. One approach is to calibrate these pre,n .ies relative to existing
NPPs; In other words, because dc inn ''vels t- urrently operating NPPs are i

by definition acceptable the prcbaui . ities associated with these design levels
must be acceptable. This approach ensures that acceptable site seismic design
levels for future plants shall be cons _istent with current seismic designs.
Also, consistent can be defined in such a manner _that the pulation of future
plants will have a higher seismic rtsistance than the current population of |
plants. Acceptable probabilities of exceedance (calibration) can be i

determined as follows: 1

1, Using the median seismic hazard results calculated by LLNL or EPRI for i

all existing EUS sites convert the existing SSEs (Figure 9) into
probabilities at various frequencies (PGA. 25, 10, 5, 2.3, and 1 Hz).
Figure 10 illustrates this process,

- 2. Define some target levels for future plants, and compute the acceptable
probabilities. The acceptable probabilities could be, for example, the
mean or median values of-the probabilities of exceadance associated with

,

current design spectra at the above defined frequencies.i

An alternative and more objectively justifiable and consistent approaJL is
based on use of the standardized 0.3g .R.G. 1.60 spectrum. Because this

i spectrum exceeds all existing design spectra for EUS NPPs it can c. '4 inly be

-considered acceptable, if not excessive. Given this ptemise, an a / sis
similar to that described above can be performed except that rather than using
existing SSEE, the 0.39 standardized spectrum is'assumeu to be the 3SE at each
site. Probabilities of excecding tne 0.3g spectrum can be calculated for each
site and.the enveloping probabilities are defined as acceptable. Using inese
approaches, interpretations of. acceptable probabilities have been calculated
consistent with both the LLNL and EPRI methodologies. Figure 11 shows the

;

Figure 9 spectra converted to probabilities using the LLNL results. The
dashed line defines _ acceptable probabilities based upon the assumption that
the 0.39 spectrum is acceptable. Results of both approaches are shown on
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Figure 12. As can be seen, even though the 0.3g spectrum approach envelopes
all existing EUS spectra, its accept 3ble probabilities are r isistent with the
rnedian probabilities for the current generation of NPPs.

Figure 12 also illustrates the basis for confusi?n that has t,pic 311y been
associated with the concept of acceptable probabilities for e x a rnp l e , in the
Systematic Evaluation Progre (SEP) the 100u year spectra developed by LLNL
were applied to the SEP sites Given this infarm3 tier, utilities 3ssumed

1.0E-3 was acceptable and would then calculate seismic h3/ar d at their sites
using a different seismic h37ard P+thodolo]y ano deter mine the PGA associated
with the 1.0E-3 ' acceptable * protabill's As e t ect ed the i.UE-3 PGA
determined by the utility was signific3ntly loner in3n the ,LNL v31ut
Obviously, the point to be m3de here is that the aliose defined 3cceptable
probabilities are acceptable relative to tnr methD1nlngs. Wojt will be shown

in the ner' section is an application of the 3bove defined acceptJble _

probabilities and the use of these prc'ba ities in a reldti"e sense to define
acceptable and consistent site feis9ic Jesign val v

7,0 Standardized Seismic Design Process

This approach results in an acceptable ite design level of less than 0.3g at
typical EUS sites (excepting New M4;ria m s >our ) and Chu leston, South

Carolina) and a default standardized r' m( design les el ? 0.39 A

fundamental premiso of this approacn it that a utili!y should be given the
option of building a plant to son + staMardizea design (0.39) or to some
acceptable site design level less than or equal to 0.3g. Fu r t he rrno re , us i ng
this approach, the probability of eiceeding the acceptable sitt design level
will be the same from site to site. nhile tne prcb3bility of exceeding the
actual Dlant design value will 31w3ys De eval to or less inan the 3cceptable
site design value.

The essence of this approac.i is tha 31!bratiw of a seismic hazard
methodology relatise to a standsrd !O h R.G. 1.60 spectrui) to determine

,

acceptable probaDilities, anJ then the use ct these proDJL.ilities in an
internally consistent manner Figure . snuws there ,4 ~nable Consistency'

between the LLNL and EPRI result in a 13ti,t Sense l'ut not in terms of ther e

absolute value of the numbers. Given that the rel3ti ve rankings of the h373rd
are consistent from site to sitt, it ir inly a "atter of defining acceptable
prob 3bilities consistent with a rrethodology tn dotermine acceptable site
design levels.

As Stated earlier, ' consistent" , lities specificdefi>*J ir *. rmc o* pr oba: !

to a given nethcdology. Using these acc eptahle probabili t i es , s tandardized

probabilistic methods (such as L NL, E! k! USGb, or the results of a

resolution between LLhl and EN!) c3n be used tc detern ne accept 3ble site
design levels that will Le anst'*'nt t( '' s probnil'ty of eAceedance><

from location to location. im phi ~ < why tri 20c lach i, similar to that*
< a

of jhort, et 31 ( 19'j a ) , e ( c c.p t that i n t h !' L;r they 3dv6Ca'e the use of
the mean prababiIity )f exceedina current 5t vs ae" ha s- : upon Jrguments
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Stated ear ur._we conclude that the enveloping probabilities of exceeding the
0.3g_ spectrum at existing EUS sites should be used to define acceptable
probabilities for future sites. Using the .LNL or EPRI hazard results for
existing sites and these acceptable probabilities, it is possible to determine
acceptable site seismic design spectra f or future plants at these existing

sites. The process is simply-the reverse of-the Figure 'O process. Figures

13 shows these proposed spectra relative to the 0.3g R.G. 1.60 spectrum. As ;

can be seen Figure 13 looks very similar to figure 9: however, the significant ,

difference is that all of these spectra have exactly the same probability of !

exceedance which is defined by the dashed line on Figure 11. In other words,

the probability of exceeding the spectra would be consistent across all sites.
' Similar results would be obtained if the EPRI hazard results were used. An

important result of this approach is that it assures that a 0.3g standardized
d^ sign is acceptable at any existing EUS site regardless of seismic hazard
methodology.

,

i

Given an acceptable site design spectrum, it is extremely important that well |
defined, close in, seismological, and geological evidence around the proposed

i site be gathered to confirm the suitability of the site.

8.0 Conclusions

Two relevant issues have been discussed ir. this paper. The first is the basic
philosophy as to how the rule for seismic design criteria for future plants
should be written. The setond is how the seismic design level for future
plants should be determined.

As shown earlier, the existing treatnmnt of significant siting factors such as
meteorology and hydrology in 10CFR100 provides the appropriate model for how
the issue of seismicity should be treated. In a similar manner, Part 100

should state that site geologic and seismicity data should receive appropriate
consideration when assessing-site suitability to ensure that General Design
Criteria 2 of Appendix A to 10CFR50 can be satisfied. Details of how one j

ultimately demonstrates compliance with GDC 2 should be addressed only in the |

j|
regulatory-onidance documents.

Therefore, given the above philosophy, it-is proposed that the existing
subsection 10CFR100.10(c)(1) and 10CFR100, Appendix A be deleted from the
rules and replaced with a new subsection 10CF.R100.10(c)(1) reading:

" Consistent with General Design Criteria 2 of Appendix A to Part 50 of this
chapter, geologic, and seismic data analyses- suf ficient to determine site
suitability and to provide reasonable assurance that a-nuclear power plant can-
be constructed and operated at a proposed site without undue risk to the ;

|health and safe'y of the public_ shall be developed "

An additional odwantage of this recommended approach is that existing
construction-permit holders and licensees have already demonstrated
appropriate compliance with GDC 1 and therefore should not be impacted by the

,
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new rule, The issue of 3pplicability of new det 3 ;le l ;fiteria and guidans
can be 3ddressed in t he Ir ple menta t im sections of the c appnrting Regulatory
Guides

The second issue discussed in this pdper is thdt of d e f i n i ruj a pr ocess to
determine an acceptable site design level for future NPPs Based upon a

review of the issues and lessons learned with the deterFination of 0 seismic
design basis for existing NPPs, the SSD rminadology has been developed to
stabilize the licensing and regulatory protest The SSD approach results in
en acceptable site design level cf less th,n p.39 at typical !. U i sites and a
default standardized plant desigr iewi c: f 0. g.

Three fundamental assumptions are ; sea in this e.n h dalogy. Iney are:

1. Multiple-hypothee.s seisric hazard imthrt-31njies such at Li.NL or EPkl, -

represent ration 36 methods tu incorporste the diversity of exyert
opinion tonr.ernin7 earthquike predictiu

2. A conserv3tive deter minist ic ty ~t r; r (O .g ' b. 1. @ spectrum) a sumed
at existing NFP site' represent c m an star-dard '- :alibrat" 5 e i r "l i r4

hdzard methodologies.

3. Relative probabilities b i' e upt ; able p r o!:, D 11 tie w ithin 3' '

'
given methodology, will tw stable 3nd p o-d ! '' d.li

The 550 methodologv is impc! tant bec :se i t can to re3diis incorporated into
the franenork zi f iaguldtory guides further rr ther: 1< iittle reason as to
why seismic design issues cdnnGt be treated similar t o teteor ology and
hydrology, in other words, for future sites, mapr could be made definina
dCCeptable site design levels for essentially ali of the tu Even t n -: .c

utilities th3t choose to bound the acceptaD!o ite s.alue witn a 0.3g
st3nd3rdized value may find it beneficial to u 'h- at eptable # ite values'

when per f or'"i ng liquefaction and otner gtot.:.hni al anal yse<

l3stly, there are thoso that s t t h- " s i c. t e n t o et two or are ;eismic hazar d

method 0lOgies d'. destabiliZlP! 10 the I en;ing proceSi inr future NPPs or
Critical f3Cilities. Thi< c,ncern rol to w 3 di-tin ! ion without. av ;

di f f er ence when our pr oposed nD approach is . sed. %isel u;' ? n use of the SSD

dpproach in Conjunctici with conservat..a and onsistent design , t a n d a r d c.
adeQU3te seismic resi5tJnce wili be ; ' nv ' S d 3! Il' ?uturi NPP3
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SEISMIC DESIGN LEVEL (SSE) AT EUS NPP SITES
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Figure 1. Distribution of seismic design levels (SSE) for EUS NPP's by sites |
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ANNUAL PROBABILITY OF EXCEEDING SSE
LLNL/EPRI MEDIAN HAZARD RESULTS
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Figure 2. Annual probability of exceeding seismic design levels (SSE) based on

median hazard resutts ftom EPRI (1289) and LLNL (1989)
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ANNUAL PROBABIL;TY OF EXCEEDING SSE
EPRI MEDIAN HAZARD RESULTS
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COMPARISON OF MEAN HAZARD CURVES FOR TYPICAL
NEW ENGLAND SITE
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EUS site. Mean values are used for any " Safety Goats' approach

PROCEDURE FOR GENERATION OF SEtSMIC HAZARD HYPOTHESES
AND THEIR PROBABILITIES

Pan 4wenns ~U -

I ** """:- .- . ,- . +.um .-
_ . _ _ I tm _l Ewer,[wyt I I Wem f q__j _

,!
,

t<

|| e s=3=+= | -| 2 a a s s
y--~.__ g
i (e- . -.-

' . - !i' :| |

~
e, M ,L*1_ f ! __ |7 ;

s ,a !' x
;,

e,},4' tL , ' ' ' .
N_ , |>:

/,* i 93 ,"eT I//'* !'
'

, n3
, ~ __
''

,

~ 'ni !-
'

.I e* ,' ',.~ I
! *^

! /* I !m
M, !

*
! '

I 'm i
!/ r,

Ie i,+.-, e.,., ;e.e., . . . . . v . ,7F~., ,+ +p .i
! ! ' '"L._L. L t t a ' * L_.__ L i_L_ _.1 ' 2 3 t' a 5 :

Figure 8 Illustration of procedures used to generate hypotheses and their
probabihties for methodologies such as LLNL (1989) and EPRI (1989:

517

. _ _ _ - _ - - ___-_ __-__-______- _



.
.

.
_--
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PROBABILITY OF EXCEEDING SSE SPECTRA
FOR ALL EASTERN U.S. SITES
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