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A PROBABILISTIC METHOD

ABSTRACT

The probability that reactivity feedbacks fail to prevent damage is computed b){ propagating data
and modelli,ng uncegaindes through transient calculations, wuh these uncentaintles being constrained by
experimental evidence. Screening processes are used 10 identify the most important parumeters and
accident initators. The response surface method is used to facilitate the efror propagation and 2
Monte Carlo rejection technique is used to force the parameter variations to be consistent with the
observed distribution of cxperimental quantities. The reliability of the failure probability estimates is

evaluated.

This process is applied to ATWS events in the PRA for the EBR-II reactor, The loss-of-normal-
power (LONP), loss-of-flow and transient overpower accidents without scram were found 1o warrant
detailed analysis and a complet analysis has been made for the first of these. Six parameiers arc
primarily responsible for the LONP outcome variaions. The conditional probability of miner core
damage from LONP without scram is 1.2x10% The uncenainty in this estimate is a factor of 2. This
damage estimate would be an onder of magnitude higher if experimental information about feedbacks
in EIBOI_?;-H was not used. The conditional probability of major core damage from LONP without scram
is <107

INTRODUCTION

Suppose an operating reactor is subjected to an accident initiator and there is no mitigating
responise from any active system, e.g., no scram. The tendency of the reactor to reestablish & stable
state without sustaining core damage under these circumstances is refermed 10 as passive safety. This is
an important feature of both the current US LMR designs' and the 26 year old Experimenial Bre.der
Reactor 11 (EQR-II). Although passive safety had never before been included explicitly in a i
probabilistic risk assessment (PRA), its importance made it desirable to do 30 in the EBR-I] PRA.

The passive safety of EBR-I1 results from a number of fearures®. Natural circulation that cannot
be stopped by value closure or pipe blockage assures coolant flow. Reactivity feedbacks bring heat
pmd:cuion rrox:xk ﬂ.e;sions Into ::hncc with heat removal. Diverse passivs decay heat removal
mechanisms make long-term heal-up very unlikely and the large heat capaci
tank makes It extremely slow if it occurs. Y e ¢ * 0f the sodium in the



i i i features, the reactivity feadbacks. A
The subject of this paper is the effectiveness of one of these
probabilistic Snethod for evalyating the effectiveness and some of the results are presented. The focus

i i ch accidents as
hat are referred to as anticipated wansients nifjput SCf: (ATWS events), su _
Sh;:ot‘:c:ed loss of flow and transient overpower. The issue is whether the feedbacks can reestablish 8

halance between fission heat production and heat removal without temperatures exceeding safe limits.

feedbacks result from the reactor c:enstitue.nﬂti’.“3 simplyf:‘;uog:‘lng_ :.h; tll:ws of

i i ermal expansion), there are only two ways that they ¢an il Une s i Whe
?:cﬂsﬁiinff ?n?l:gﬂt;em not sptrong e::ough to overcome the accident ‘init.iator. and tl'w other is if the
initiator is so violent that It changes the reactor configuration, degrading or destroying the feedback
properties, Since the second Sitatdon is so uniikely and difficult to prcqm. itis ra?s.mna‘ole 10 make
the conservative assumption that the conditional failure probability is unity. (Conditional refers to the
fact thas the probability of failure to scram is not included.)

Since the reactivity

Considering the other possibility, there is only one reality - passive safety either precludes core
damage or it does not, for a given accident initiator. The notion of a probability of failure arises from
our inability to know with cerainty what the reality is, Accordingly, the analysls consists of
evaluating the ability to predict what the reactor behavior will be for each accident initiator,

ANALYSIS METHOD

The main reason that calculated mansient outcomes are uncersain is that the input data are
uncertain. The uncertainty in each input parameter can be expressed by constructing a distribution of
possible values called a probability density function (pdf), The pdf for the transient sutcome quantity
of interest, c.g. peak temperature, can be found by sampling from the Input parameter pdfs and
running transient calculations with these parameter values. The fraction of the peak temperature pdf
that lies beyond a safe temperature limit i9 the passive safety failure probability. This is basically the
method used by Mueller and Wade®.

This error propagation process would be prohibitvely expensive to carry out without 1aking
measures to make it computationally efficient. There are several accident initiators to ronsider, many
uncertain parametess on which a transient calculation depunds, and many transient calculations (esch
with a different, randomly selected parameter value) required to propagate each parameier’s uncertainty
accurately, Two techniques were used to make the process efficient.

One technique is screening. The idea is o sort through all possibilities, discarding tho
. ) se that
unimporum. A screening process was used to identify the accident initiators for whichgmc o
effectiveness of passive safety is so well known that no deusiled error propagation process is needed
for them. A screening process was also used to identify the important Input parameters. The

unimporiant parameters were held constant at thei i .
Wert treated as uncertain, r best estimate values angd only the imporant ones

The other efficiency measure was 10 use the response surf: me i
simple function that approximates the analytically ungown ﬁm::iznal :;fﬁoxpﬂb::v::: :?:d :
outcome quantity and the input parameters. The function, 8 multivariate low order polynomialu is
galled a response surface. The parameler uncerainties can be propagated through this function'
inexpensively by Monte Cardo sampling, once the function is known. Transfent calculations must o2
fun to compute the response surface, but many fewer of them ae needed than if the uncertaint .
propagation were 10 be done directly. Unlike Lain hypercube sampling®, an altemazive techni;ue



injeracrions between input parameiers arc accounted for explicitly.

ponse is i i i . ‘This
ethod is impractical if the number of uncerain parameters is jarge
il ooty imarily béww it was unnecessary 1o model gither the balance of plant

or core disruptive processes. The dominance of only a few feedback phenomena was anpther helpful

factor.

The reliability of accident outcome predictions for EBR-II can be enhanced markedly by using

the large database of plant transient experiments on EBR-II*%. These experiments have been

conducted to examine the passive safety characteristics of EBR-I1 and io demonsirate that a number of

ATWS everis have a benign outcome. The analysis method has been tailored 10 make maxirnum use
of these dara,

These and other considerations are incorporatsd into eight steps, which comprise the malys}s .
procedure. Steps are included that proved to be useful in other recent efforts 10 evaluate uncenainties
in the outcome of reactor transients using probabilistic methods®®, Each step is inroduced in the

following paragraphs and then is covered in mor¢ detail in the subsequent section.

Step 1. Screen Initiators
A screening analysis is done for each accident initiator. For initiators where this gives 2n

unambiguous result, no further analysis is needed, The remaining accidents require a detalled analysis.
The initiator screening was done principally using a quasi-siatic reactivity balance*. EBR-II plant
experiments and past safety analyses supplemented the quasi-static evaluation.

Step 2. Calibrate Models

Some of the models used in the transient calculations are semiempirical, gince it 13 not feasible 10
modei all the processes from first principles. These models are adjusted to yield good agreement with
key EBR.JI passive safety demonstration experiments®.

Siep 3. Screen Parameters

The number of uncertain parameters is reuced initially by combining uncentainties from two
sources - material displacernents and the corresponding reactivity feedback coefficients, Then
importance ranking is used o identify the imponant feedback parametess.

Siep 4. Quantify Parameter Uncentainties
A pdf must be specified for each imporant parameter, There are not enough data to
_ : ) trace out a
diszibution for any of the parameters. Rather, s physically reasonable stazistical distribution form is

assumed and all i .
variznce) the avallable evidence is used to determine the distribution parameters (- g., mean and

Step gmmvu;bp Experimental Constraints

¢ the uncenain feedback paramerers cannot be measured in EBR- i
uncenainty distributions developed in Step 4 are not based on much exmﬁgg‘tﬁv;ﬁm;:gc 10
BBR_-H. The net reactivity from all the feedbacks is measurable, however, and in fact hag been
monitored routinely over the life of the reactor, These data can be used to force the parameter
uncertainty propagation (0 be consistent with the obscrved feedback characteristics. In this step the
daw are used to construct a pdf or a range for the net feedback under the various experiment
conditions. These are used as constraints in Step 7.

Step 6. Compute Response Surfaces



. . - ning. A
transient type retained after the inigator scree f
k experiment that is used to constrain the uncertainty
is chosen for each surface and the polynomial
rresponding to judiciously selected values of the

A response surface is needed for each
surface is also needed for each type ot_‘ feedbac
propagation. An appropriate polynom‘nal form
coefEcients are determined from transiens solutlons o
input parameters.

7. Propagate Uncenainties
Sep Once the polynomial coefficients arc known, determining the transient outcome corresponding 10

any set of input parameters is simply a mauer of gvaluating the polynomial with that set of parameiers.
The sets of input parameters, which we call knot points. are selected randomly from the pmn_xer.er
pdfs. Rejection criteria are imposed in this Monte Carlo sampling so that the knot points retzined
reproduce the experimentally observed distributions of feedback characteristdcs. The retained knot
points, when used with the transient outcome surfaces, yleld well defined outcome pdfs.

Step 8. Assess Accuracy of Failyre Probabilities ' ' .
Sensitivity calculations are done [0 assess the reliability of the failure p_mbabl_llty predictions.
These calculations evalnate the error due to parameter screening, the sensitivity to input parameter pdfs

and the accuracy of the response surfaces.

APPLICATION OF THE METHOD

The PROSA-2 code'? provided the framework for the response surface analysis. in Step 6 it was
used 1o identify appropriate knot points to use in the explicit transient calculations. These transiemt
calculations were made with the SASSYS code?. Once the transient solutions were available, the
response surface coefficients were computed with PROSA-2. Then it was used to carry out the
uncertainty propagation and failure probability calculadon of Step 7. The code was modified o
implement the experimental constraints in this step. i

/
I/ -

STEP ! SCREEN INITIATORS

The uncertainties in the three quasi-static parameters, which reflect the passive feedbacks, were
propagated through the quasi-static reactivity balance equation'. Experimental information abous these
parameters was comoined with calculated values in the literature (e.g., Ref, 14) w construct pdfs for

the parameters. The Monte Carlo uncertainty propagation capability of PROSA-2 was used to
propagate the parameter pdfs,

The list of ATWS events 10 consider was defined in the EBR-II PR i
these events are as follows: A The sursening rsults for
* Loss Of Heat Sink - The failure probability is totally negligible. This i i i
. ; X quasi-static result is consistent
with the acrual demonstration of the EBR-II plant res to 2 LOHS initi i
completely benign outcome. d porse FBioF which bad &
* Pump Qverspeed - The failure probability again is totally negligi i
. gible. The asympiotic power-10-flow
ratlo is always less than unity so the rempesatures do not in i
T confim s pei not increase. The pump run-up tesis in EBR-
“ Loss Of Flow - A detailed passive safety analysls is needed. The i i
_ ¢ sale . qQuasi-siatic analysis shows that
.E%%pi_ogg tlemperatures are benign with a very high probability. However, the n-.{l danger in a the
accident occurs dunng 3 mansient peak, which is not addressed in that analysis. Past safety
analyscs suggest that the failure probability should be low for long pump coastdowns and high with



shurt coasidowns. The plant experiments demonstrated that there is no damage if the coasidown
ime is sufficiently long® B o

hd Lt::r:: (l)sf slgormal P:;w(:r‘g A detailed passive safety analys_:s is xu‘ded. 'nzn accident is a lmﬁama i
ccastdown LOF foliowed by a LOHS, The latter phese is definitely benign. Thenr: -:::;s n:m 2
i the SHRT 45 experiment®, which simulated this accident, but less favorable conds

-bl * I3 1) -
* Tp?nsnssliex:t Overpower - A detailed passive safety analysis is needed. The probability of fuel-clad
eutectic formation appears to be high but extensive fuel melting may DOt oCcur,

All the remaining steps of the analysis have been carried out for LONP but Steps 6 and 7 need
to be completed for LOF and transient overpower initiators.

STEP 2 CALIBRATE MODELS

Established, previously validated SASSYS models of EBR-II" were reevaluated based on data
in the literature and additional experiments. Oniy the core and primary loop models are important on
the time scale of interest here. Fuel conductivities and nominal feedback reactivity coefficients were
revised based on an evaluation of values reported in the Literature,

The bowing reactivity fesdback model was also revised based on a large number of power
reactivity decrement (PRD) experiments. This is an important feedback because it is the only one that
can be positive and it can be more than 40% of net feedback (although it s typicaily -l?%). Since
EBR-II's design is such that bowing is difficult to calculate from first peinciples, an empirical
approach is usually taken, as was done here. Physical reasoning and evidence from SO PRD
measurements indicate that the bowing feedback siope is initially negative, changes 10 2 positive value
around 20 MWt and maintains that value until the vicinjty of full power (62.5 MW1). In this vicinity
the slope often stans 10 decrease and eventually it must become negative again.  The new model
incorporates the first two features but continues the second slope indefinitely beyond full power. This
is a conscrvatism prompted by a lack of unambiguous evidence for the location of the second slope
change. Nominal values for the new bowing model input parameters were derived from the difference
betwzen the nominal calculasted nonbowing PRD versus power and the average of the 50 PRD
measurements.

The modificd EBR-II mod2] in SASSYS yicids improved agreement with PRD, md drop and
passive safety demonstration experiments. Results for SHRT 45% & LONP demonsiration experiment,
illustrate this. For this cxperiment, the prediction of pesk feedback resctivity using the consequence
analysis model is low by 10% and the mode! improvements reduced this error to less than 3%,

STEP 3 SCREEN PARAMETERS

There are three classes of candidate parameters, One is mode param

numper of c!}mmeh and time step size. Selected values are such tha:u:aiamewrsai?ﬁu?:ﬁa: :hr:
relatively unimportant. Modeling assumprions also should be considersd here. The calibration step
grealy reduced this uncentainty and no residual effect was identified as being likely 10 cause a
substantally optimistic failure probability estimate. The second class is parameters tha; affect the
px:cdicted material expansions - such things as thermal conductivity and expansion coclficlents, The
third class is reactivity cocfficients of expansion and bowing. Only the third class wes treated as
uncenain and the uncenainty estimates were increased to cover uncertainzies thaz properly belong to



the second class.

The screcning of these uncertain paramelers was done by impona‘nfx tanking, Thc'unportancc
of a parameter is the product of the parameter’s uncertainty agd the sensitivity of the umnsient outcome
to a given change in the parameter. Screening uncerainty esimates for the feed_back companents were
obtained from Ref, 3. Sensitivities were deduced from edits of component contributions to feedback
reactivity histories in SASSYS calculauons of each transient type. Of the 10 fegdbacks in the
SASSYS EBR-II model, four of these were found 1o be unimportant to all transients .relevam o the
detiled failure analysis. The feedbacks that are important to a transient or constraining quantity are
identified by an "x" in Table 1. RDF in the table refers to constraining experimental quantties

described under Step S,

STEP 4 QUANTIFY PARAMETER UNCERTAINTIES

A normal distribution was selected for all of the retained parameters except fucl expaasiort.
The parameters for all the feedbacks except bowing physically carmot change sign. This creates ai;
asymmetry or skewness in the true distribution. However, except for fuel expansion, neglect of this
effect introduces only a minor conservatism because this physical limit is more than four standard
deviations from the mean. A log-normal distribution was used for the fuel expansion parameier,
whose mean is 3.0 standard deviations from zero, Specification of the mean and standard deviation
for each parameter is sufficient to complete the uncertainty quantification. Mean values are those
developed in the ¢valuation of feedback parameters in Siep 2.

The standard deviation estimates for the feedback components are based on an evaluation of the
following sources: uncertainty estimates in the literature™*'?, the range of feedback values in the
literature’*"* and evidence from critical experiments'™®. Reference i6 valucs are smaller than the
others, apparenty because of an attempt 1o be consisient with the range of EBR-II PRD values. The
spread in reporied EBR-II feedback values primarily reflects the cffect of core loading variztions and
some evolution in anslysis methods, which make up only part of the totsl uncerinty, C/Es (ratios of
calculated to experimental values) from Ref. 19 are based on more sophisticated neutronics analysis
than that used 0 obtain EBR-II feedbacks and they do not inciude thenmo-mechanical uncertaingiss,
Table 2 shows the standard deviation values used here as well as related quantities from the literature.

Only & limltec} accounting for correlations among the uncernain parameters was made. The
sirongest comlafion 13 among core Na, upper reflector and radial reflector feedbacks becauss they ali
are sodium density effects. This correlation was trested by expressing each of these as a product of

two factors, one of which is common i
b faso 10 all three feedbacks. Other correlations are less clear and were

STEP 5 DEVELOP EXPERIMENTAL CONSTRAINTS

The experimental constraints should allow the Rull distributi
eri ution of f j
EBR-II can exhibit but 'exclude feedback values that are unrealistic. Mmf::geg:n?:: tahl
reveal feedback properties have been performed often enough over the yean to meet these cmeri: t

One is the PRD measurement, which yields the total feedback i
_ , reactivity from ho,
full power, The. PRD mc_ludes both prompt and slow feedbacks and has bemux;:eamred lmzeer::epower °
subrun (2 Technical Specification requirement). Fifty measurements made oves the last ten yca?s wEere



on spans a wider range of core loadings

full-power PRD. The selecti
selected to construct a pdf for the full-po PRD values ever observed.

than is antcipated for the future and includes the most exweme

The other type of experiment used is the rod drop measurcment of prompt feedback reactivity.
This reactivity grows rapidly with time for a litte more than a second. then the slope dccrea.sc's and
evenmually an asympiotic value is approached. The feedback reactivities at 1.5 5 and 8.0 s divided by
the magnitude of the rod drop reactivity, called RDF(1.5) and RDF(B.0), mvely. were sclgctcd
as constraining quantities. Thess two qQuantities and the PRD cach emphasize feedbacks with different
time constants. Noi enough rod drop data were readily available to construct pdfs but Limits on
accepiable values of RDF(1.5) and RDF(8.0) were set.

STEP 6 COMPUTE RESPONSE SURFACES

Scoping calculations Indicated that the "single~quadrant” responsc surface scheme*? in PROSA-
2 gives solutions of adequate accuracy for the least computational effort and it was selacted on that
basis. In this scheme one multivariate quadratic polynomial i3 used over the entire space. A
minimum number of ki«.; points is used with a mulrivariate extension of Lagrange interpolation to
determine the polynomial coefficients. For LONP there are 6 uncertain parameters associated with the
five important fecdbacks, which implies 28 knot points. LONP, PRD and RDF transient calculations
with SASSYS were needed for each knot point.

The single-guadsant scheme systematicaily selects knot points in & way that emphasizes the
wings of the parameter distributions, This terds to make the tesponse surface approximation most
accurate in the domain that is of greatest importance to the passive safety failure probability. Kno:
poinis representing the parametes extremes were chosen such that 0.8% of the arca under the pdf lay
beyond the point (2.6 standard deviations from the mean for normal distribution).

Th; mct;lction that output quantities must behave smoothly enough to be well represented by a
quadratic is easily salisfied by the PRD and RDF constrains quantities. ‘This restriction did preclude
using clad fallur: iife fraction to monitor failure but top-of-core sodium or dadding temperatures
proved t0 be goo¢ thoices.

STEP 7 PROPAGATE UNCERTAINTIES

The scheme o impose the experimental constraints from Step S invalves two
part begins with random selection of knot points from the panmetex? pdfs. For each mm‘rl?neo?mim
RDF(I.S)_. RDF(8.0) and PRD are computed from their response surfaces. If any of these is ouzsigeo
the expenmemal range, the point ig rejected. Otherwise the knot point is stored, according to the PRD
vnlug. in one of five files (bins). Each bin comresponds to an intetval of the five-interval histogram
that is the experimental PRD pdf. The five PRD bins are flled with knot points in this manner. 23%
of the knot points were rejected for being outside the experimental ranges, '

In the second par, the response surface equations for the transient outco: uantities are
_ me
evaluated 2t knot points drawn from the PRD bins. The bin from which a knog poig is ?lf::m is
:edlgcted by randomly sampling from the PRD cumulative distribution function (the integral of the PRD

An imponance sampling scheme was included In the second part in order 10 define better the



i outcome distributions corresponding to failure, Failures come mostly from the PRD bin
lca;ln:;pﬁding 1o the lowest PRD value‘:’ since this implies the weakest nét n2gave feedback, :I'he
number of points to draw from a bin each time it is selected can be specified; the weight mnatcd
with the point is the inverse of that number. This reduced the statistical variance of the minor core
damage (defined below) probebility by a factor of 4.6, for a given amount of computstich nme.

Two damage states defined in the EBR-I PRA are used here. Minor Core Damage (MCD) is
defined 85 fusl melting, cladding failure or sodium boiling in the hotest, highest bumup driver
qubagsemblies. Core Damage (CD), the most severe Calegory. is indicated by fuel melting, cladding
failure or boiling in an average driver subassembly,

Failure probabilities for LONP were computed three ways 10 see the effect of the experimental
constraints. First no constraints were imposed, then only the PRD constraints were used and finally
PRD and rod drop constraints were used. The resulting failure probabilities are shown in Table 3 and
the outcome distributions for MCD are shown in Figure 1. The nominal SASSYS calculation of this
accident yielded peak sodium temperature below, but close to boiling. Thus it is not surprising that
the passive safery fallure probabilicy for MCD is as large as 0.14 without experimental constraints.
The imposition of the experimental constraints reduces the MCD probability by more than an order of
magnitude. The rod drop constraints add very little 1o the PRD cffect for this accident, perhaps
because of the long time scale of the accident. Very few samples yiclded CD outcomes when there
were no experimental consgraints and none did with the constraints. Consequently, the non-constrain
estimate of 2x10® has a large statistical uncerminty and the estimarws with constrains are really just
upper bounds, )

STEP 8 ASSESS ACCURACY

A conservative upper bound was found for the error due to screening out parameters from the
uncertainty propagation (Step 3). This was done by recomputing the LONP failure probabilities with
only the two most important parameters treated as uncernain and comparing these with the refercnce
results (6 uncertain parameters). The bound for each damage category is 19% for MCD and one order
of magnitude for core damage. (It is generally true that ervors and uncertainties become a larger
percentage of the failure probability as the failure probability gets smaller.) The actual error from the
parameter screening is small compared to these bounds, since the four parameters dropped for this test
are much more important than the ones screened out in Step 3,

jlhe'accuracy of the single-quadrant response surface approximation was investigated by
comparing i to more accurale approximations on 8 simplified version of the LONP problem. The
simplificator: was (0 freat only the two most important parameters as weriain, as in the test above
T?us made it feasible 1o trace out the true functional relationship with many more knot points and u;e
higher order and more flexible polynomials,

The following conclusions were drawn from the response surface investigati
uncentainty for the e_xperimemauy constrained MCD probability is less than : fag:: :t 2'1.11;‘0 CD
failures were found in the experimentally constrained Monte Carlo sampling. Any reasonable
extrapolation of that dlsgnbution would yield a CD probability many orders of magnitude less than the
2.x10" value obiained with unconszrained sampling. Thus, although the investigation showed that
single-quadrant probability estimates in the 10* 10 107 range are two orders of magnitude too small, it
still is very likely that the true, experimentally constrained CD probabillty is Jess than 10%. ‘



The sensitivity 10 assumptions about the parameter pdfs was computed with the aim of glnding
plausible upper bounds on failure probabilities. Assumptions as pessimistic as expenme:mal evidence
and commen sense would allow were made. First, different statistical distribution functions (og-

normal and beta) were tried, without changing the mean and standard deviation. The diswributions

were skewed to the pessimistic side by postuiating & bound (for which there is no evidence) as close
as three standard deviations from the mean.

Next, three cases were run where the mean or standard deviation was aflowed to chenge. In
one, the standard deviation of the most impormt parameter was increased by 30% of its original
value. In another, all standard deviations were increased by 25% of their original values. Finally, ail
means were moved one standard devialion in the pessimistic direction, This last case was exposed by
the experimental constraining process as being hopelessly in conflict with the PRD and rod drop data,

The pdf scnsitivity results are similar to those from the response surface tests. The MCD
probability could increass by no more than a factor of two. The experimentally constrained CD
probability remains below 10 for all assumptions.

DISCUSSION

This is the first expiicit treamment of reactivity feedback effectiveness in @ PRA. There had
been no strong need for such a capability, since reactivity feedbacks generally are not able to prevent
core damage in the reactors previously subjected to & PRA. In contrast, EBR-II and the Integral Fast
Reactor designs' have passive safeiy characteristics thar greatly reduce the likelihood of core damage
in a wide range of unprotected accidents. Thus a probabilistic approach had to be developed 10
incorporate this fearure into the EBR-II PRA.

The method incorporates established probabilistic techniques, Screening, nse surfaces
ﬁt;l:: Caﬂof sampling ﬂf u;:. The overall approsch is similar to those ussd lnmmgeom probabilisn'l:d
ents of transienis™”, selected combination of available -
iAol techniques is both effective and

Two factors greatly simplified the task of computing failure i

: : probabilitles. One i3 that the
balance of plant is unimpo « making necessary only the modeling of the core and primary sodium
loop. The other fn_cwr {s that the damage casegory definitions in the PRA made it unnecessary 1o
'hr;ggfl the p::ﬁ:ssxon of core disruption. This eliminated concerns aboug the complex modely and
transiimm::womf fqi:mu:iti&cat;:ft‘t‘;ic?:‘urs duﬂ;; core di e wmnhng‘ Ihemmom o chavior of
approximation more suitable. : Frupdon. m the 7S sirface

The EBR-II feedbacks are well understood and, with o relativ
. W . ne cxce J i ~
gf’:;tftwhimchrrsi; ntfa clg: compention between opposing feedbacks aggoete;lh tgca:admm d:l:si:;sy N
. y iar the sqronges( feedback, does not suffer from a close balance between i
spectral and leakage effects. As a res:l:, ihe best estimate vaiues and t:e uncenun: estim;psw "
developed in gtcp 4 should be reliable. A conservative modei was used to deal with bowi
feedback that is quite difficult to predict accurately. 7B, the one

The failure probabilities were reduced substangiall i
_ : y by inte the extensi .
cxpegmemal database into the method. The computed failure mm reflects bo:l: ti? ?mrll e of
possible reactor conditions and the limits of our ability to predict the ransient ouicome, By uflng the



i ught to bear, which markedly increascs ouf
experimental deta, 3 powerful source of knowledge r:tb:f c?yudcmo e erimtors wore wed n

ability w predict the transient outcomes ks for calibrating the methods and models used 10

ibrat j been a major source of
ict responses. The calibration process minimized what would. have
?x:cil:aimy, one that is difficult w quantify and propagate. Expefiments that measured feedbacks were
used 1o constrain the feedback parameter uncertainties being propagatcd 10 be consisient with the
observed feedbacks. The effectivencss of this last feature was illustrated by the drop in the LONP

minor core damage probability from 0.143 to 0.012 when the constrainis wers applied.

The LONP results demonstrate thas reactivity feedbacks provide a large safety margin. The
conditional damage probability is 107 for the hottest driver clement and is less than 10* for
widespread fuel damage. These probabilities would be unity for all the initiators rewined in the
screening if there were no feedbacks. A large margin is also apticxpated for LOF and trangient
overpower. This maigin is in sddition to the large safety margn, «]0*, afforded by the scram system.

There are three areas of furure work. One is completion of the analysis for LOF and transient

i i ail failure
overpower initiators, Another is development of an a_:ppmch to estimate benter very sm
probabilities, such as the LONP core damage probability. Finally, the method needs to be adapted .for
assessing Integral Fast Reactor designs, where there are only indirect experimental data on the passive

Mesponse.
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e 1. oytagt Feedbmcks £ zangients and Constrain

Come Na fuel Up. Refl. Rad, Refl. Contzol Bewing

LOF, LONP % % x x x

TOP X % ® X % x

ROF {1.5) x % x

RDF (8.0) X % X x x
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Table 2. Feedback Uncortaintieg a d _Relate
Stapdazd Deviation C/E
Ref 11 Ref. 12

Feedback this work  Ref, 3 Ref. 9
Core Na 20% €% 20% 30% 10%
Fuel 33% 11% 30% 479E8% 139168
Up. Refl. 30% 7% 20% 308
Rad. Refl. 25% 20% 30%
Centrol 23% 5% 20% 10%
Bowing 70% 25% 15%60% 1912%
T 3. Paszive Sa Pailure Pro ilities for I, Ac entsg®
Minor

Core Damage  _Corg Damage
No Constraiats 0.143 +0.2% 2.0x10°¢ =70%
Only PRD Constrxaints 0.013 21.7% < 10°¢
PRD and RDF Constraints 0.012 =£1.1% < 10°¢

r—-‘—‘——
The uncexrtainties shown reflect only Monte Carlo statistics.

Fig. 1. LONP Outcome Distribution For Mincr Core Damage
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