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Abstract

A novel framework for quantitative estimates of the benefits of signals on nuclear power

plant availability and economics has been developed in this work. The models developed in

this work quantify how the perfect signals affect the human operator’s success in restoring the

power plant to the desired state when it enters undesirable transients. Also, the models

quantify the economic benefits of these perfect signals. The models have been applied to the

condensate feedwater system of the nuclear power plant for demonstration.
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1. Introduction

For the purpose of reducing human error prob-
ability in real time diagnosis when a nuclear con-
densate feedwater system enters transients, three
implementations can be made. The first is to sim-
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plify the hardware design of the system: Costs
and benefits of this approach have been resear-
ched [1, 2]. The second is to use many depend-
able component signals which can indicate the
current component configurations reliably. The
last implementation is the combination of the
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above two methods simplifying the hardware sys-
tem design and using many reliable component
signals at the same time.

In this work, a novel framework for a quantita-
tive estimate of the benefits of using reliable com-
ponent signals in plant availability and plant eco-
nomics is developed and demonstrated. In order
to quantify the benefits of using component sig-
nals, we need to develop some models for availa-
bility calculation and for replacement electricity
cost calculation. Also a proper database must be
provided. In the following section these models
are discussed. After the discussion, some results
using these models and a database is presented.
In order to avoid calculational complexity at this
preliminary stage of analysis of the reliability and
economic impact of the signals, some assumptions
are necessary: One important assumption made
in this analysis is that the component signals are
perfect. A perfect component signal is defined to
be the signal which always indicates the current
component configuration correctly.

2. Model Development

In order to estimate the availability of a system,
one needs to know how often the system fails and
how long it takes for the system to be restored for
operation. In this section, models for system fai-
lure rates and availability are developed.

2.1. Initial System Failure Rate

The evaluation of average condensate feedwa-
ter system failure rate per year according to its

number of components is not straightforward. It is
seen that the average system failure rate is not
only dependent on the number of components
and their reliabilities in a system but also on the
configuration of the system.

In this work, the fault tree method is used for
the quantification of average system failure rate

per year. Since the components in a condensate
feedwater system are monitored components
which are repaired whenever they fail, the un-
availability of the minimal cut sets must be used in
order to calculate the system failure rate per year.
A cut set of a system is defined as a set of system
events which, if they all occur, will cause system
failure. A minimal cut set of a system is a cut set
that has no other cut set as a subset[3]. These
unavailabilities are summed up to get the total
system unavailability using rare event approxima-

tion as follows :
Q= 3 Q0 M

Eq.1 is valid since the failure rate is much smaller
than the repair rate, i.e. #5) A due to the rare
event approximation.

The minimal cut sets for the condensate
feedwater system are usually the first or second
order minimal cut sets. To quantify the unavailabi-
lities of the minimal cut sets, Markovian models
[3] have been used. The steady—state unavailabil-
ity of minimal cut sets have been used in this
work. For the first order minimal cut sets, the
steady—state unavailability of minimal cut set is as
follows :

A

W=7

2)
For the second order minimal cut sets in which
one component is in standby and the other is
operating, and failure rates of the two components
are different, unavailability of the minimal cut set
is follows :
o Ao As
Q=242+ )+ -4

3)

For the second order minimal cut sets in which
two components are active-parallel, and the fai-
lure rates are different, the following result can be

obtained :
Q)= 2A1 224+ A1 A2 Ji+ A2)
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For all the unavailabilities which are discussed
above, it is assumed that there are enough repair-
men, repair rates of the components are the same
for all the components, and the standby compo-
nent does not fail when in standby mode.

Once the unavailability of the condensate
feedwater system, Q., has been calculated using
equations 1-4, the following equation is used to
estimate initial system failure rate :

Al

= 5)

Therefore, A: is obtained as

_ HQ
A= —Q

In the above discussion, only the machine-re-

©)

lated system failures have been considered to esti-
mate the initial system failure rate. However, it is
important to note that the system can enter tran-
sients initially by human errors. These human
errors are so random that it is difficult to set up a
proper database of the probabilities of these hu-
man errors. In this work, human contributions of
initial system failures are not considered due to
the lack of data.

It is important to note that the initial system
failure rate does not change according to the
number of component signals when we only con-
sider the system failures caused by machine-re-
lated failures.

2.2. Mitigated Final System Failure Rate

Whenever a system enters a transient, the oper-
ator is expected to mitigate the transient. A proce-
dure of mitigation can be described in an event
tree and shown in Fig.1. Whether or not the sys-
tem fails initially is shown in stage 1 in Fig.1.
Whether or not the operator succeeds in di-
agnoses is shown in stage 2. Stage 3 shows
whether the situation is corrected successfully

when the operator diagnoses the system success-
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Fig. 1. Event Tree of a Transient Mitigation

fully or when he fails to diagnose. In most situa-
tions the probability that the system will be cor-
rected successfully when the operator does not
diagnose the system correctly is very low. Howev-
er, this case is also counted in the event tree.
Stage 4 shows whether the system finally fails or
not. “F” indicates the failure cases in Fig.1. There-
fore, the mitigated system failure rate can be ex-
pressed as follows :

A= 4 [P(D/S) P(C/DS)+PD/S) PIC/DS)] (7)
We already have noted that the initial system fai-
lure rate caused by hardwares does not change
according to the number of component signals.
The most important impact of the component sig-
nals on the system availability is due to the de-
pendence of human error probability in real time
diagnosis, P(D/S), on the number of component
signals. The models describing the human error
probability in real time diagnosis given the limit of
m tries (HEP(m)) and the average number of tries
that an operator has to make to diagnose the
system (ANTTD) when we assume that the oper-
ator always searches the failed component follow-
ing the descending order of the component unre-
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liabilities can be set up. If an operator is assumed
to check the system components in a descending
order of their unreliabiliies whenever a system
enters transient, the HEP in real time diagnosis
and the ANTTD of the system can be calculated
using the following two simple formulas :

HEP=1-—1- £ 4(PRO), ®
ANTTD= ;T 3 i A (PR, ©)

where, Ar= % A ),

Using the models shown in Egs. 8 and 9 to quan-
tify the difficulty in diagnosing a system when a
system enteré transients, we can estimate the P(D/
S) and P(B/g.v) in Eq.7. Since we assume that the
component signals are perfect, it is important to
note that the diagnosiic difficulty with a perfect
component signal will be the same as the diagnos-
tic difficulty without the corresponding compo-
nent.

2.3 . Availability Analysis

Availability of a system is a measure of how
much of the time that a system is available for use
when necessary. In this work, the steady—state
availability is used for availability analysis,

A(eo)=lim A®) (10)

The availability of a system is dependent both
on the failure rates of the system and on the
durations of down states (i.e., unavailable states)
of the system. The duration of this down state is
the mean time to repair (MTTR). The mean time
to repair can be broken down further: it is com-
posed of diagnosis time, actual repair and testing
time, and the time for administrative work. MTTR
varies according to the nature of system failure.
Therefore, we need to consider the MTIR for
each of the failures separately for an exact calcula-

tion. The MTTR’s for active components such as
pumps and motor operated valves, however, do
not vary greatly (Table 1). Therefore, in order to
construct a simple availability model, an average
value of MTTR for the active components has
been used in this work.

A condensate feedwater system can also change
states due to the failure of passive components
such as pipes and heat exchangers. Usually, large
scale failures of the passive components do not
occur so often as the failures of active compo-
nents. Once the passive components fail, howev-
er, their repair times are usually very long. This is
the reason why the failures of the passive compo-
nents are important in availability calculation even
though their failures have not been considered in
system uncertainty calculation in this work.

A condensate feedwater system can also be in
failed state for two other reasons. One is the fai-
lure of interfacing non—condensate feedwater sys-
tems such as the turbine system. The other is
refueling.

The failed states of condensate feedwater sys-
tem due to the failures of non-condensate
feedwater systems are not considered separately
in this work because the target system is fixed on
a condensate feedwater system. Condensate
feedwater, system failures due to refueling have
been considered in this work to accommodate the
variation in refueling downtime.

Table 1. Mean Time to Repair of the Components

hours
Generic Sequoyah

feedwater pump 29.0 56
booster pump - 56
condensate pump 15.0 -

drain pump 19.7 -

all MOV’s 58.8 32
feedwater heater 720 1140

* These values are 20 times of the original data for

minor failure
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STATE 0: NORMAL OPERATING STATE

STATE 1: SHORT-TERM PLANT SHUTDOWN STATE
DUE TO ACTIVE COMPONENT FAILURES

STATE 2: LONG-TERM PLANT SHUTDOWN STATE DUE
TO MAJOR PASSIVE COMPONENT FAILURES

STATE 3: REFUELING PLANT SHUTDOWN STATE

Fig. 2. State Transition Diagram for Availability Analy-

sis of a Condensate Feedwater System

Therefore, in the availability model developed
in this work, three failure modes of the conde-
nsate feedwater system are considered. A Marko-
vian model is used for the availability quantifica-
tion. Fig.2 shows the state transition diagram of
the condensate feedwater system. Then the
steady—state availability of the condensate feedwa-
ter system can be quantified by the following

equation :
A =

TF TF TF ( )
Tk Ty Thy+ TR TRy Th3+ TF TRy Trs+ T TR TRy

2.4. Economic Benefit of Component Signals

For the condensate feedwater system the availa-
bility of the system is not the sole factor in design
decision making. The other important factors for
the condensate feedwater system are the thermal
efficiency and the capital cost. These three factors
comprise a utility function for final decision mak-
ing. However, for analyzing the economic impact
of the component signals, and the system availa-
bility is the most relevant design decision factor
and only this availability is considered in this
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work. The availability of a system can be trans-
lated into electricity cost through the replacement
electricity cost. If a power plant is unavailable, the
utility company must buy the replacement electric-
ity from the local electricity pool. The electricity
bought from the local electricity pool is called
replacement electricity. The cost of the replace-
ment electricity is the major economic penalty of
system unavailability.

I the unavailability of a system is Q, the re-
placement electricity cost per year is

RC=8760 e: QR (12)

The present worth of lifetime replacement elec-
tricity cost due to the condensate feedwater sys-
tem unavailability, RCL, is obtained as follows :

(4]

RC=8760 2R

g (L expllys—x)T) (13)

Maintenance and the repair costs for failed
components should also be included as another
penalty for the less unavailable system. It is
assumed that this repair cost is much less impor-
tant in comparison with the replacement electricity
cost and has not been considered in this work in
order to keep the model simple.

3. Results

The models developed in section 2 are applied
to a condensate feedwater system of different
number of component signals. Systern configura-
tion of this condensate feedwater system has 40
active components and is shown in Fig.3. In order
to apply the models, a database in table 3 and 4
is used. The data in Table 3 follows the generic
data in Table 2. The component signal has been
installed to the most unreliable component first
and then to the next unreliable component and so
on as the number of signals increases.

The cost evaluation calculation has been auto-
mated by two steps of calculations using two com-
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G’ : normally operating pump

M : normally open valve

M < normally closed valve

Fig. 3. Active Components Configuration of Complex
Condensate Feedwater System

Table 2. Failure Rates of the Components
10~°/hr

Generic data Seabrook Sequoyah

feedwater pump 11.9 103* 41
booster pump 299 3.36 262
condensate pump 299 3.36 262
drain pump 145 103* 410
stand-by pump - 342 2.62
feedwater control valve  2.00 - 1.32E-2
other MOV’s 1.66 9.27E-3 1.32E-2
feedwater heater

9.17E-2** - 6.69E-3**

major fail

* originally for turbine driven pumps
** these values are the one tenth of the original data for

minor failure

puter programs. Results of the quantification are
given in Fig.4 to Fig.9. Fig.4~8 show the results
of applying the models given in Equations 9, 8, 7,
11, and 13, respectively. Fig. 9 simply shows the
value of Fig.8 divided by the number of compo-
nent signals. The ANTTD reaches its maximum
when there are three component signals, which is
shown in Fig.4. When there is no component
signal, an operator can begin diagnosing the sys-

Table 3. Reliability data used in sample evaluations

Item Data
feedwater pump 11.9E~-5/hr
stand-by feedpump 2.99E-5/hr
booster pump 2.99E~5/hr

failure condensate pump 2.99E-5/hr
rate drain pump 14.5E-5/hr
feedwater cont. valve 2.00E-5/hr
other MOV’s 1.66E-5/hr
feedwater heater 9.17E-7/hr
mean active component 30 hours
?g:i:o feedwater heater 720 hours
(MTTR) refueling 25 days

Table 4. Other Data Used in Sample Evalutions

Item Data
power rating 1000 MWe
replace. elec. cost 40 mills/kwhre
fuel cost $ 1.8E6/MTHM
burnup rate 33000 MWD/MTHM
price escal. rate 09
discount rate 0.6
plant lifetime 35 years
pump cost $ 5.0E5
valve cost $ 1.0E5
feedheater cost $ 1.5E6
commission success probability 0.01
commission error probability 0.01
number of tries allowed 3

tem by checking the most unreliable 3 compo-
nents such as a drain pump and two feedwater
pumps first and he will find out the failed compo-
nent in a relatively few tries. If there are three
component signals for the three most unreliable
components and if the system failure is not due to
these three components, the operator will have
some difficulty in beginning to diagnose the failed
system because the failure rates of the compo-

nents are almost equal and the average number of
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tries to diagnose the system is high when the
system fails due to the components which do not
have their corresponding signals. However, the
operator can diagnose the system perfectly when
the system failures are due to the components
which have signals and this makes the overall
diagnosability of the system increase as the num-
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Number of Component Signals

Fig. 4. Average Number of Tries To Diagnoses the

System
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Fig. 5. HEP (3) in Real Time Diagnosis
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ber of component signal increases. With the simi-
lar reason, the HEP(3) shown in Fig.5 begins to
show the high values at the point with the 3
component signals. However, HEP(3) is mostly
dependent on the reliabilities of the 3 most unreli-
able components which do not have the compo-
nent signals (Eq. 8) whereas the ANTTD depends
on those of all the components (Eq. 9). It is the

P(C/DS;)=0.0,0.1, 0.5

Final System Faifure Rate (yr'')

00
T \ »
0 10 20 30 40 50

0 T | I

Number of Component Signals

Fig. 6. Final System Failure Rate
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Fig. 7. Availability
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reason why the Fig. 4 and 5 do not show the
exactly the same shape. In Fig.6, we can see the
final system failure rate is monotonically decreas-
ing. The differences in final system failure rates
among three cases in Fig.6 are due to the differ-
ences in the commission error probabilities, P(C/
DS). It is clear that final system failure rate is
larger when the commission error probability is
larger. Fig.7 shows the availability of the system.
The systemn with 40 component signals has better
availability of about 1.5% than the system without
any signal when we assume the commission error
probability is zero. We can see that the benefit of
availability by having many perfect component
signals decreases as the commission error in-
creases. Fig.8 shows the economic benefit of the
signals by saving the replacement electricity due
to higher availability. For the typical nuclear pow-
er plant of 1000MWe, the lifetime cost saving by
using 40 perfect component signals will be about
120 million dollars. This result indicates that the
power plant can have the economic benefit due
to the reduced difficulty in real-time diagnosis by
having many good component signals instead of
simplifying the system design. The benefits of sim-
plified design in other areas, however, must be

150
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Fig. 8. Economic Benefit

p(C/DS,) = 0.0, 0.1, 0.5

Economic Benefit per Signal (million dollars)
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Number of Component Signals

Fig. 9. Economic Benefit Per Signal

considered for a fair comparison. Fig.9 shows the
average economic benefit per one perfect compo-
nent signal. Accepting all the assumptions that
have been made, this economic benefit of having
one component signal can be interpreted as the
amount of money that may be spent for the very
high quality component signal.

4. Conclusions

In this work, a novel framework for quantitative
estimate of the impact of perfect signals on the
nuclear power plant availability and economics is
developed. Using this framework, despite some
critical assumptions, we could roughly estimate
how much economic benefit we can achieve by
using good signals in nuclear power plants. This
work is believed to be more beneficial when we
could extend the work for imperfect signals in the

future work.

Nomenclature

Q. system unavailability
Q) unavailbility of minimal cut set i
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P(D/S)

P(D/S)

P(C/DS)

P(C/DS)

n

PR()
= 1/

TRi-:l//‘i

number of minimal cut sets

repair rate

repair rate of component i

failure rate of component i

failure rate of the operating component
failure rate of the standby component
while it is operating

initial system failure rate

{mitigated) final system failure rate
sum of failure rates of all the compo-
nents

probability that the operator fails to di-
agnose the system when the system is
in transient ’

probability that the operator succeeds
diagnosing the system when the system
is in transient

probability that the operator fails in cor-
recting the system when he fails in di-
agnosing the system

probability that the operator fails in cor-
recting the system when he succeeds in
diagnosing the system

number of tries allowed for a real time
diagnosis

total number of compoments

i* highest unreliable component

mean time to failure of the system into
failure state i

mean time to repair of the system from
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failure state i

RC replacement electricity cost

RCL present worth lifetime replacement elec-
tricity cost

er unit replacement electricity cost (mills/
kwhre)

R power rating(MWe)

Y., escalation rate of replacement electricity
cost (yr™!)

X discount rate (yr™')

T plant lifetime (yr)
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