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Abstract

This paper presents a new dynamic approach for assessing feasibility associated with the im-
plementation of accident management strategies by the operators. This approach includes the com-
bined use of both the concept of reliability physics and a dynamic event tree generation scheme.
The reliability physics is based on the concept of a comparison between two competing variables, i.
e., the requirement and the achievement parameter, while the dynamic event tree generation schem-
e on the continuous generation of the possible event sequences at every branch point up to the
desired solution. This approach is appliéd to a cavity flooding strategy in a reference plant, which is
to supply water into the reactor cavity using emergency fire systems in the station blackout se-
quence. The MAAP code and Latin Hypercube sampling technique are used to determine the un-
certainty of the requirement parameter. It has been demonstrated that this combined methodology

may contribute to assessing the success likelihood of the operator actions required during accidents

and therefore to developing the accident management procedures.

1. Introduction

Since the conventional risk and reliability method-
ologies, such as event trees and fault trees, have
some limitations for the risk and reliability analysis of

dynamic systemns, a new methodology is required for

assessing the feasibility of accident management strat-

egies, which involves dynamic reliability assessment.
This paper presents a new dynamic approach for as-
sessing feasibility associated with the implementation

of accident management strategies by the operators

during an accident. This approach includes the com-
bined use of both the concept of reliability physics
and a dynamic event tree generation scheme. The
proposed approach is applied to assessing the feasi-
bility in implementing a cavity flooding strategy in a
reference plant (CE type, 1050 MWe PWR) [1]. The
strategy considered in this study is to supply water
into the reactor cavity using emergency fire systems
in the station blackout sequence. Through the IPE
(Individual Plant Examination) study of the reference
plant, the cavity flooding strategy was identified as



one of the promising strategies [2]. The MAAP code
[3] and Latin Hypercube sampling technique are
used to determine the requirement parameter uncer-
tainty, i. e., the distribution of the phenomenological
event timing. The dynamic event tree method is used
to produce all of the possible sequences and calcu-
late the event frequencies with the operational timing
of the each sequence [4]. Finally, the non-success
probability associated with the implementation of ac-
cident management strategy has been evaluated us-
ing the proposed methodology.

2. Methodology

The assessment of feasibility in implementing an
accident management strategy depends on the deter-
mination of both the required performance distri-
bution and the achieved performance distribution.
The concepts of requirement and achievement are
presented in References [5,6). The quantified corre-
lation between requirement and achievement repres-
ents a comparison between two competing variables.
The successful implementation of the accident man-
agement strategy is governed by the time available
for actions (requirement) and the time required by
the operators (achievement). Since both times are
uncertain, the non-success probability in implement-
ing the strategy is simply the fraction of times that
the required time (operational time) exceeds the
available time (phenomenological time).

The successful implementation of the strategy is to
fill the reactor cavity before the core slumps using
the emergency fire pump system. The time to core

slumping is used because if the water reaches the ves-

sel lower head after a significant amount of debris
has relocated there, a film boiling situation will exist
and the heat transfer will not be sufficient to cool the
vessel enough to prevent melting and failure [7]. Sin-

ce the current EOPs (Emergency Operating Procedur-

es) do not contain specific instructions for initiating
the flooding of the reactor cavity in the station black-
out sequence, it is assumed that the current proc-
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edures to allow this strategy would be provided, and
that the actions would be initiated at the time of core
uncovery. Since the water must reach the top of the
vessel lower head befgre the core slumps, the core
slumping time is the performance requirement par-
ameter, and the time to required to fill the reactor
cavity up to the required level is the performance
achievement parameter.

"~ The uncertainty of the core slumping time is assoc-

iated with the critical time determined by the various
phenomena occurring during the melt progression. If
we define the critical time T. as the time from core
uncovery (Tw) to core slump (Ts), and t as the time
required by the operators to fill the cavity up to the
required level, then the non-success probability in
implementing strategy is the probability that t exceeds
T, ie,

P =Pr(t>Tcs-Tcu)

= g [1 - E. (0] £ (dt
= X [Pr, (1) * Fr, ()] (0

where i:each accident sequence, fr(t):the prob-
ability density function of the critical time, T., Fit):
the cumulative density function of the time required
to fill the reactor cavity using emergency fire pumps,
where the term in the Eqn (1), (1—F{t)), involves
the factors associated with the achievement time, Prs
(i): the frequency of the i-th accident sequence at
the required time, t, and Fi(t): the cumulative prob-
ability that the time t; exceeds the critical time, T..
The Latin Hypercube sampling and MAAP code

are used to determine the phenomenological uncer-

tainty. After obtaining the cumulative distribution of

the core slumping time, the non-success probability
in implementing accident management strategy is cal-
culated through following steps:

1. Generate all of the possible‘ accident sequences
associated with the availabilities of accident man-
agement systems and calculate each correspond-
ing time, t, which is the time required to complete
the strategy with respect to each accident se-
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quence.

. Estimate the event frequency, Pr.li).

. Calculate the probability, Fi(t), for each time, t.

. Multiply Pri{i) by Fclt) in Eq. (1) for each time, t.

U R wWN

. Sum up all of the results obtained in the 4-th step

to get the overall non-success probability.
3. The Time to Core Slumping

3.1. Variable Screening for MAAP Parameters

Sensitivity analysis investigates the effect of chan-
ges in input variables on output predictions. MAAP
sensitivity analysis has been performed by changing
model parameters associated with the event timing of

core slumping for the reference plant [1]. The core

support plate failure time in the MAAP output corres-

ponds to the core slumping time. The MAAP par-
ameters that may highly affect the time to core slum-
ping are primarily selected according to the sugges-
tions from the report [3]. Each variable is changed by
an estimated amount and the MAAP code is run to
determine the change in the time to core slumping
due to the change in that variable. The core slump-
ing times calculated by the MAAP code are used as

criteria to eliminate unimportant variables. Only 8 var-

iables which cause changes that are larger than three

minutes are screened out as shown in Table 1.

Table 1. Eight Variables Selected Via Screening Analy-
sis

Base Distribution
Variables Case  Typical Range

Value Tope
X1:FCRBLK 1 0/1 Discrete
X2.TEU 2500  2100.~2800.K] Uniform
X3LHEU  25E5 1.E5~4.E5 [J/Kg] Uniform
X4FAOX 1.0 1.0~20 Uniform
X5VFSEP 035  025~06 Uniform
X6:HTSTAG 850.0  100.~~5000.[J/sec/m2/K] Uniform
X7FAOUT 0.5 0.1~05 Uniform
X&IEVENT 0 0/1 Discrete

CDF=1.04891-0.00086 Ts+2.0258E-7 Ts?-1.2020E-11 Ts?

08

96}

Curnulative Density Function (CDF)
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Fig. 1. Core Slumping Timing Produced from MAAP
3.0B Calculations With 100 LHS Sample Sets.

.3.2. Latin Hypercube Sampling

There are several methods developed for the prop-
agation of uncertainty ; the method employed here is
the Latin Hypercube technique [8]. A sample size of
100 was used to propagate the uncertainty for the
key variables through :he MAAP code. How each var-
iable is sampled is determined by what kind of un-
certainty is associated with it. Deterministic variables
are sampled zero-one. This means that every sample
observation contains either the value of 0.0 or 1.0
for the discrete variables (X1, X8). For variables with
stochastic characteristics (X2~X7), the continuous
distributions are sampled. The MAAP code is run for
every member of Latin Hypercube samples and res-
ults in a point value for the time to core slumping for
each member. The distribution of the time to core
slumping is found through the MAAP calculation us-
ing a set of input data produced by Latin Hypercube
sampling. The cumulative distribution function (CDF)
of the time-to-core-slumping is fitted by the third pol-
ynomial regression method, as shown in Figure 1.

4. The Time Required to Fill the Reactor
Cavity

It is assumed that the operators may recognize the
accident states of core uncovery during the station

blackout sequence, and start the emergency fire



pump according to the accident management proc-
edures. In the reference plant, two emergency fire
pumps are available. They are all the same capacities
of 2140 gpm. Their demand failure rates, @, and
the random failure rates, 1, are 2x107% 2x
1075/h=6.944 % 107%/s, respectively [9]. The emerg-
ency fire pumps are not repairable when they fail
and the distributions of their failure times are assum-
ed to be exponential. Then, the pump reliability is
. represented as follows :

Ry=e™ )
The time required to fill the reactor cavity up to
the required level is the function of the reactor cavity
volume (523.85m°) of the reference plant and the
pump capacity (2140gpm, 0.1348m%/s) [1]. When
the operator starts the emergency fire pump, the
time changes according to the operating states of the
two pumps. For example, if the two pumps operate
successfully to the time when the cavity is filled up, it
takes the optimal time, but if one of pumps or both
of them fail on demand or during operation, then
the required time is different from each other, dep-
ending on failure mode and failure timing.

10 1y tg e
Pum 2 No Fail
Pump1 Fail (Demand)

— Pump2 Fail (Random)

Pump 1 No Fail
Pump2 Fail {Demand)

Pump1 Fail (Random)

Pump 2 No Fail
Pump1 Fail (Random)

Pump2 Fail (Random)

Pump 1 No Fail
Pump2 Fail (Random) ’
Pump1 Fail (Rendom)
Pump1 & Pump2 No Fail

To be continved
-» . TOP
Fig. 2. Dynamic Accident Sequences Produced for the

Emergency Fire Pumps.
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Figure 2 shows the possible accident sequences as
time goes on. The initial branch splits into three stat-
es, where one of two pumps fail on demand or both
of them operate successfully. The next failure may
occur due to the failure during operation, called ran-
dom failure. Multiple failures that both pumps fail at
the same time, are neglected in generating new bran-
ches. This event sequence generating scheme is bas-
ed on the dynamic method which generates new ac-
cident sequences at every time interval. Either when
the both pumps fail or when it succeeds in filling the
cavity up to the required vlevel, the sequence gener-
ation stops, and then the event frequency as well as
the required time for each sequence is calculated by
the developed computer program.

5. Results

As shown in Figure 2, the first branch point is gen-
erated at point tl after since the initiating event takes
place, and the pump reliability at that point is Rit:)
"=Ri = w. The second branch point is generated after
another At, and the pump reliability at t is Rito)
=Rz=Rw in the same manner. Three event cases,
for example, are possible up to the time step ts as fol-
lows :

1. A Pump is safe at any time, and the associated

probability : P(1)

2. The Pump is safe at t<ti, fails at t =t, and the

associated probability : P(2)

3. The Pump is safe at t<ts, fails at t 2t;, and the

associated probability : P(3).

The first probability, P(1), is 1, Ri, and R: for each
time step, [0, t:], [t,, t2], and [t:, ts], respectively. In
the same manner, the second probability, P(2), is O,
1—R;, and 1—R,, while the last probability, P(3), is
0, 0, and Ri—R: for each time step, [0, t], [ti, t],
and [tz, t3], respectively.

Using the method explained in the previous sec-
tion, all the possible accident sequences are generat-
ed at every time step. When both of the pumps fail
or at least one of them succeeds in filling the cavity
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Table 2. The Time Required to Fill the Reactor Cavity,
Each Event Frequency, the Non-Success Pro-
bability, and the Results of the Sensitivity Anal-

ysis
i t[sec] Pra(i) Fr(t) Pro{i)*Fr{ti)
1 38856 099595 6.0142E2 59899E-2
2 38883 14247E6 6.0606E-2 8.6346E-8
3 39905 14247E6 7.8592E-2 1.1197E-7
4 40926 14247E6 9.7801E-2 1.3934E-7
5 41948 14247E-6 1.1816E-1 1.6834E-7
6 42970 14247E-6 1.3958E-1 1.9886E-7
7 43992 14247E-6 1.6200E-1 2.3080E-7
8 45014 14247E-6 1.8533E-1 2.6404E-7
9 46035 14247E-6 2.0950E-1 29947E-7
Pron(Z[Pra(i)* Frc{t)]) 6.3736E-2

p 0.lip 10ip

dp 6.3736E-2 63714E-2 6.3964E-2
0.1®p 6.0525E-2 6.0502E-2 6.0753E-2
10®p 95197E-2 95175E-2 95417E-2

up to the required level, the sequence generations
stops. We obtained 1521 accident sequences by this
procedures. Table 2 shows the time required to fill
the cavity up to the required level and the corre-
sponding frequency of each event. The time required
to fill the cavity up ranges from 3885.6 sec (the min-
imum time) to ¢ sec (the infinite time), that is, from
the time when it takes in case all pumps operate suc-
cessfully without any failure, to the time when it takes
if both pumps fail before filling the cavity up to the
required level.

Table 2 also shows the non-success probability of
the implementation of accident management strat-
egy. When the operators detect core uncovery and
start the emergency fire pump, the success probability
that fills the reactor cavity up is 0.9363. It is shown
that the results of sensitivity analysis of the non-suc-
cess probability are obtained by changing the de-
mand failure rate, ®,, and the random failure rate,
/p, by the factor 10, respectively. The relative ratio of

the maximum and the minimum probability, (P .0

—Pi00)/Pi01, results in a value of 0.58. It means that
the non-success probability is not so sensitive to the
variation of ®, and Ap.

6. Conclusions

A new dynamic methodology for assessing feasi-
bility in implementing accident management strat-
egies is introduced. This approach includes the com-
bined use of both the concept of reliability physics
and a dynamic event tree generation method. The

~ proposed approach has been applied to assessing

feasibility in implementing the cavity flooding strategy
in the reference plant. This paper shows that this ap-
proach is useful and flexible in that it can be applied
to assessing feasibility of any kind of accident man-
agement strategy. This methodology may also con-
tribute to developing the plant-specific accident man-
agement procedures as well as assessing the cogni-
tive human error probability.
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