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ABSTRACT
The main objective of this study is to establish the core damage,vulnerability caus-
ed by the failure of the ESW systems in multiplant units that have only two sw pumps .̂
per unit with crosstie capability. Design and operating data have been surveyed to
derive system failure frequency. A core damage model is constructed including oper-
ating configurations, specific recovery actions, and time and leak rate dependent
RCP seal LOCA model. The estimated CDFSW » 2.55xlO~

4/yr is significant indicating
the potential vulnerability of this particular SW design arrangement. A number of
different potential improvements have been considered. The addition of a swing pump
serving both units is shown to have the most significant CDF reduction potential
("50%) combined with advantageous cost/benefit aspects.

INTRODUCTION
Many risk analyses have indicated the potentially significant contribution to core
damage trequerimr (CDF) due to the loss of the essential Service water (ESW) func-
tion. The ESW system serves as the ultimate heat sink and its failure can affect
numerous safety components and systems, although it does not directly perform a
frontline safety function. As such,, probabilistic risk assessment (PRA) studies
usually analyze its failures through support system modelling, however, the direct
loss of the ESW as an initiator may or may not be explicitly treated. In addition,
the actual analysis is made more complex due to the "linked" initiating event nature
of these events, since the system fault trees are coupled to the initiator in these
cases.

Previously, a specific safety issue was identified (1) concerning the increase in
core melt vulnerability caused by the failure of the essential service water (ESW)
system in those pressurized water reactor (PWR) multiplant units that have only two
ESW pumps per unit and therefore count on a backup crosstie capability. In the ab-
sence of the availability of the Unit 2 ESW system via crosstie between the two
units, the core damage frequency vulnerability may rise sharply.

''This work was performed under the auspices of the U.S. Nuclear Regulatory Commission.
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This study was conducted to investigate the generic implications of shared service
water systems to this particular class of multi-unit sites. The main objective was
to establish a realistic measure of the core damage vulnerability, to identify po-
tential improvements for the ESW systems and to obtain generic estimates of their
risk reduction potential and cost effectiveness.

SURVEY OF ESW SYSTEMS
The primary safety function of the ESW system is to supply adequate cooling water to
the safety-related systems and components that are required for the safe shutdown of
the plant and/or to mitigate the consequences of an accident.

The primary components of the ESW systems are the a) heat sink and intake section,
b) ESW pumps with motors and strainers, c) heat exchangers with associated piping
and valves, and d) the discharge section and piping. The main components of the ESW
systems may differ in capabilities, physical arrangement, their number and types and
the variety of heat loads to be supplied. In normal operation the main heat load is
generally the CCW heat exchangers, however, additional cooling requirements may be
imposed by the containment fan coolers, air conditioning units, and various pump
bearing and lube oil coolers.

During the cooldown to cold shutdown and the ensuing shutdown period the residual
heat generated by the reactor core has to be removed either directly or via the CCW
system and constitutes the major ESW heat load in that mode. Ouring accident condi-
tions other safety-related equipment is also in operation such as the station emer-
gency diesels generators, possibly the containment spray heat exchangers, and vari-
ous air conditioning and ventilation systems requiring ESW cooling flow. This indi-
cates that the success criteria of the ESW systems depends largely on the operation-
al mode of the plant and has to be specifically evaluated for each plant.

In the most common arrangement, two 100% ESW pumps provide the required cooling
water supply to two independent and separate cooling loops. During normal operation
the typical setup is that one pump is running and supplies the coolant flow and the
other is on standby. An alternate design arrangement is to have an additional swing
pump available to either unit, which may be used in case one of the ESW systems is
either degraded or lost.

There are generally no explicit TS requirements and maintenance or allowed outage
time restrictions on the ESW trains of one unit with regard to the operational mode
of the other unit (especially in Mode 5 and 6 - shutdown).



SURVEY OF OPERATING EXPERIENCE FOR ESW SYSTEMS: INITIATOR FREQUENCIES
Survey of Operating Experience
Operating experience regarding essential service water systems are embedded in vari-
ous extensive data bases which include events dating back to the 1970's. The data
bases have been systematically searched for system and component failures involving
the ESW systems.

By examining the sequence of events which lead to the complete loss of the ESW func-
tion the following typical failure modes have been identified.

1. Failures involving the unavailability of the intake structure. This gener-
ally involved weather or flooding related events where the traveling
screens or the ESW pumps became unavailable - "30% of the total.

2. Loss of electrical power supply. In these cases the electrical power supp-
ly to the operating train was lost and generally no redundant source was
available due to procedural or maintenance errors - "30% of the total.

3. Loss of ESW pumps. There were a number of cases when mechanical or design
deficiencies of the ESW pumps resulted in a complete loss of the system
function - "23% of the total.

4. Other events not in these categories may also cause the complete less of
the ESW system function and may significantly contribute to the system
unavailability - "15% of the total.

For each class of failure mode an average recovery time can be estimated by examin-
ing the time evolution of each event. The first class of failure modes involving
the intake structure usually requires long recovery times which may extend from two
hours to a few days. The recovery from a loss of electrical power supply requires
less time and experience indicates a time period of "1 hour to be representative.
For the other two failure modes the recovery times are somewhat more unpredictable,
but generally it took at least "1-2 hours to recover the loss of the ESW function.

The data seems to indicate that the SW pumps and their electrical power supply are
probably the most dominant contributors to the loss of ESW system function (~53% of
all events).

Initiating Frequency - Complete Loss of ESW Function
The total number of events involving the complete loss of the ESW function was 12
and the total of PWR plant years were calculated as 666.7 years. Since the ESW
system is in continuous operation in all modes (with the possible exception when all



fuel is removed from the core) actual plant calendar time was used to estimate the
ESW system years.

Assuming an underlying lognormal distribution and an error factor of five, the mean
value of the failure frequency of the complete loss of ESW function is:

AESW° " 2.9xlO"2/Reactor Year.

In the present study a simplified approach was adopted with respect to the treatment
of support state dependencies and external events by incorporating these potential
accident sequences in the loss of ESW initiating frequency. In this respect the
initiating frequency used in this study consists of two components. The first one
corresponds to events which are directly due to the loss of SW components (42% of
A E S U; 1.43xlO"

2/yr) and the other is where the SW system is impaired through the loss
or malfunction of a support system or external causes (58% of A E S W; 1.67xlO~

2/yr).

CORE DAMAGE FREQUENCY - MODELLING AND CALCULATIONS
Loss of ESW Function Accident Sequence
The core damage vulnerability caused by the failure of the ESW system may be
estimated by developing an appropriate risk model. In order to account for the
different operational configurations, a conditional core damage frequency (CDF)
number is derived by using system unavailability analyses reflecting the actual ESW
system arrangements. The total core damage frequency is calculated as the fraction-
al time weighted average of these conditional CDF numbers.

The basic approach was to develop a base model reflecting the operation of a single
plant with two independent trains of SW. From the single plant model the various
plant configurations are derived by a comparative unavailability analysis. The base
model was modified to include the effects of the short and long-term recovery ac-
tions. In addition, the probability of a reactor coolant pump seal loss-of-coolant
accident (RCP seal LOCA) was established based on a recently developed seal failure
model contained in NUREG-1150.

The loss of ESW function is an extremely serious accidents, because the heat removal
function essential to equipments required for normal operation as well as for shut-
down becomes unavailable. The affected equipments are numerous and generally in-
clude the loss of heat removal from the RCP seals, various pumps such as the HP
injection, charging, RHR, the loss of the RHR and/or CCW heat exchangers and the
lube oil cooling to the station diesels among others.



Following a loss of ESW event, the plant operator has to shut down the reactor cool-
ant pump and should start recovery actions. By tripping the RCP, the reactor auto-
matically trips and the auxiliary feedwater system (AFW) starts to provide heat
removal through the steam generators.

The RCP seals are generally cooled indirectly using the component cooling water
system. The heat capacity of the CCW may provide additional time to cool the seals,
but this is not expected to be very long. Once the cooling to the seals is lost,
failure of the seal mechanism may occur resulting in a seal LOCA. The actual leak-
age through the seals may vary from 20-500 gpm depending on the actual failure mech-
anism.

The high pressure makeup capability may also be lost, since the HP injection and
charging pumps are generally dependent on SW cooling. In this case the operator may
attempt to reduce primary system pressure through steam dump, in order to allow the
use of the low pressure injection system. However, the RHR pumps are also expected
to fail due to lack of cooling resulting in core damage.

If the RCP seal do not fail and the primary coolant inventory is maintained, the
operator removes heat through the steam generator using the AFH system. The rpactor
is brought to hot standby conditions and may be kept there for as long as there is
enough water supply to the AFW pumps. The available time, in this case, is "5-10
hours, which may be sufficient for most cases to recover the SW system or establish
some alternate cooling method. Core damage may occur if there is a failure of the
AFW system during this period or if alternate mode of cooling may not be established
by the end of the AFW system reserve capacity.

The most dominate sequence essentially represents the contribution of the RCP seal
LOCA event to the core damage frequency (68% of the total COF). The other direct
terms describe failures in the auxiliary feedwater system and their contribution to
CDF is substantially less ("4%).

Core Damage Frequency Modelling
The modelling of the loss of ESW accident sequence is rather complex due to the
variability of the operating configurations of the multiplants. An approximate
method was used to generate the configuration dependent initiating frequency using
relative system unavailabilities calculated by analytical procedures. The calcula-
tions indicated that, during the operation of both units the reduction in system



unavailability is about a factor of ten by establishing a unit crosstie and having
the capability of providing SW flow from the other unit through its SW pumps.

If both units are operating, it was assumed that upon a loss of SW event both SW
pumps of the other unit must be available to shut down the plants. For some multi-
units this assumption may be somewhat conservative, since it is conceivable that the
reserve capacity of one SW pump may allow the units to reach hot standby conditions
even using only one SW pump. However, it is unlikely that cold shutdown conditions
can be established without recovering additional cooling capacity. If Plant 6 is in
a shutdown mode, the success criterion was that the cooling capacity of one SW pump
may be sufficient to bring the affected unit into safe condition.

For each of the operating states, a conditional core damage frequency (CCOF) can be
calculated. The COF averaged over the states, may be obtained by weighing the state
dependent conditional CDFs (CCDF) with the relative time fractions of each state.

RCP Seal LOCA
The RCP seal failure probabilities are based on the model developed in NUREG-115O
which gives the probability of a leak as a function of the leak rate and time
elapsed after the loss of cooling or onset of the accident. It is assumpd that
initially the RCP seals remain intact upon loss of cooling and the integrity of the
seal is lost at the end of the first 1.5 hours.

I
HPS

I
HPR SWR rSL

1 No CD

2 HPS*SWR*P,SL

3 No CD

4 HPS*HPR*SWR*P,SL

5 HPS*HPR*PSL

HPS - HP injection function is secured initially maybe used when SW recovers.
HPR - HP injection function is recovered given its initial loss.
SWR - SW cooling function is recovered.
P. - Probability of a seal LOCA with a specific leak rate leading to core uncovery

at time t.

Figure 1. Seal LOCA recovery event tree.



The potential recovery actions are essentially related to the preservation or recov-
ery of the high pressure injection function and the recovery of the SW system it-
self. An event tree depicting the progress of the recovery actions is shown in
Figure 1. Other specific recovery actions, such as the establishment of ad hoc
alternative RCP seal injection and/or cooling, or temporary feed and bleed operation
of the CCW system or establishing an alternate cooling source for the HPI, charging
and RHR pumps are not considered.

Each of the top events are time dependent and therefore, the end states of the event
tree are also time dependent quantities. The first top event establishes the frac-
tion of events where the injection capability is either lost or preserved through
operator action. Next, the question of restoration of the injection capability is
asked given the initial loss of this function. The SW cooling capability is ex-
amined next, whether it is available to remove heat from the affected equipment.
The final top event is the probability that the leak rate of the RCP seal LOCA,
QCR(t), is such that it leads to core uncovery at time t. This so called critical
flow rate essentially is a function of the primary system volume, pressure and tem-
perature. In effect, if the critical flow rate is determined as a function of time,
a probability value, PSL, may be ordered to each flow rate determining what fraction
of an event has the leak rate QrR{t) that leads to core uncovery.

The final states of the event tree or each sequence represents a probability of core
damage at time t due to a seal LOCA event. The total conditional core damage proba-
bility due to a RCP seal LOCA may be calculated by summing these probabilities over
time (24 hours) i.e.,

24
P(Seal LOCA) = P(SL) * / (Sequence 2 + Sequence 4 + Sequence 5) dt

0

If the time interval is broken into sub-intervals and in each of these smaller time

intervals the values of HPR, HPS, and SWR are assumed to be constant, the result is

(for Seq. 2):

<., dtP(SL - Sequence 2) - £ HPS. * SWR.* /
i 1 1 t .

The expression
t i + l DISCLAIMER

PSL" / P S L d t

t • This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect thote of the
United States Government or any agency thereof.



is essentially the conditional probability of core uncovery in time period t , - ^

and may be converted to a corresponding flow integral.

The time dependence of the critical leak rate, which is the leak rate where core
uncovery would definitely occur given time t, was established using the analysis of
various small-LOCA scenarios documented in Reference 2.

The ESW system failure data suggest that there are three characteristic regions of
recovery. These last about "1 hour, ~4-5 hours and more than ~24 hours, respective-
ly, and provide the basis to calculate the average non-recovery fractions of the SW
system.

In the seal LOCA scenario initiated by the loss of SW, the primary system pressure
drops and the HP injection pumps are eventually initiated to provide makeup. The
probability of losing the injection capability is entirely determined by operator
action and was determined by considering the available time, the potential recovery
actions and procedural difficulties associated with this type of accident.

CDF Calculation
Tn this study the averse CDF due to the loss of SW event was obtained by first
calculating a conditional CDF for each particular state of the multi-unit configura-
tion. The sum of these CCDFs averaged with their relative time fraction gives the
total CDF, i.e.,

CDF - I CCDF * (t/T),
i

where CCDFi is the conditional CDF in time period t. and T * 1 year.

The relative time fractions, tyT represent essentially the average relative length
of the time period of the specific multi-plant operating configuration together with
the arrangement of the SW systems.

The average time for the different operating configurations was established based on
PWR operating data. If the assumption is made that each unit operates independent-
ly, then the average time length of the multi-unit configuration may simply be cal-
culated as the product of the independent probabilities. The average time fractions
of the SW system configurations have been also taken into account, once the state
time fractions are determined.



State I: a
b

State II: a
b
c
d

State III: a
b
c
d

Total CDF
CDF^(direct)
CDFsy( indirect)

OP - Operating

Plant
A

OP
OP
OP
OP
OP
OP
DN
DN
DN
DN

SB * Pump in Standby

TabTe
Core Damage !

Loss of

Plant 6 Conditional
SW Pump

(R/AOT)
(R/SB)
(R/M)
(R/SB)
(SB/M)
(M/H)
(R/M)
(R/SB)
(SB/M)
(M/M)

R - Pump
AOT - Pump

CDF

3.66-03
3.52-04
1.77-04
1.98-05
1.44-04
3.54-03
1.77-04
1.98-05
1.44-04
3.54-03

Running
in Test

1
Frequency
r SW

Relative
Time Fraction

1.20-02
5.20-01
4.94-02
3.03-01
4.71-02
9.41-04
8.96-03
5.49-02
4.71-03
9.41-05

DN * Shutdown

Core Damage
Frequency (/yr)

4.39-05
1.83-04
8.74-06
6.00-06
6.78-06
3.33-06
1.59-06
1.09-06
6.78-07
3.33-07
2.55-04
1.07-04
1.48-04

M - Pump in Maintenance

The CDF calculation proceeded in two steps. First, configuration-dependent condi-
tional CDFs were calculated using the previously developed initiator frequencies.
The recovery model regarding long term recovery and the RCP seal LOCA model were
also applied to each affected sequence. The resulting CCDFs are listed in Table 1
along with the relative time fractions of each state.

The total CDF represents the core damage contribution from all sequences where
either the SW system directly failed ?nd initiated the accident sequence or a sup-
port system malfunctioned and caused the loss of the SW system. The actual value of

the direct component of the CDF due to SW loss CDFsw(direct) * 1.07-04 is comparable
to other dominant sequences not involving the SW system. The indirect component as
estimated in this study is relatively large, CDFSM(indirect) * 1.48-04 indicating
the importance of the various support systems. The value of the total CDFSU *
2.55E-04 is dominated by State lib, which is the normal operating configuration.
This seems to indicate that this particular design, two trains per unit with cross-
ties, is potentially vulnerable to various failures and may need to be modified to
reduce the contribution of this accident sequence to the CDF.

EFFECTS OF POTENTIAL IMPROVEMENTS ON CDF

The potential options for improvements are selected by examining the dominant fail-

ure modes of the SW system. A number of different options must be considered tar-



geted to each or the combinations of the' particular failure modes. Using the ap-
proximate importance of the failure modes may offer a simple systematic method to
incorporate the effects of the potential improvements in the present core damage
model.

In essence, the base initiator frequency is modified to take into account the ef-
fects of the particular option under consideration using the following expression:

^(improved) - (l-f)Asw(base) + f*ASM(base)

where f represents the fraction of the base initiating frequency that may be reduced
by the given improvement. The P(SW-improved/base) is the unavailability of the SW
system with and without the considered option. Based on these considerations the
following potential improvements were analyzed regarding their effects on the core
damage frequency:

1. Additional Crosstie - Reducing the possibility of the malfunction of the
unit cross connections.

2. Electrical Dependency - Increasing the redundancy of the electrical power
supplies.

3. Separate Intake Structure - Increasing the redundancy of the ultimate heat
sink or source of cooling.

4. Swing SW Pump - Increasing the reliability of the SW pumps.
5. Combination of Option Three and Four.
6. Changing Technical Specification Requirements.

The resulting reductions in the calculated CDF are indicated in Table 2 along with
the cost/benefit ratios. The option (Option 5) that includes the installation of a
swing ESW pump serving both units with a separate intake canal had the largest risk
reduction potential ("80%). The application of a swing pump alone with separate
redundant electrical power supplies may provide about 50% reduction in the CDF (0-
ption 4). The other options, such as the installation of a separate intake canal,
providing electrical cross connections between existing ESW trains and changing
Technical Specification requirements are each capable of reducing the CDF "30%.

COST-BENEFIT ANALYSIS
The proposed mitigative actions have been evaluated with respect to the cost and
benefit of implementation. Benefits are expressed in offsite person-rem averted.
Onsite consequences averted (person-rem,cleanup and replacement power) are treated
as negative costs. Costs are calculated for each options and also include direct



Table 2
CDF Reduction

CDFoption

Option C O F b « e Cost/Benefit Ratio1

1 .94 1.08
2 .70 0.11
3 .71 1.43
4 .52 0.15
5 .23 0.61
6 .74 0.12

*The Cost/Benefit ratio is normalized to $l,000/person-rem.

and indirect costs, operations and maintenance costs, technical specifications costs
and the NRC costs. An option is considered attractive if the cost benefit ratio is
clearly below $l,000/person-rem. As shown below, the following options are clearly
beneficial: establishing electrical cross connection, installing a swing pump
(provided the housing structure is not needed) and changing Technical Specifica-
tions.

In order to calculate the benefits (averted offsite consequences), we looked at
existing PRA consequence models in order to find population doses to be expected
from a "typical" loss of ESW leading to core damage. We considered three plants
(Plant A, B, and C) from NUREG-1150, in order to guard against non-representative
geography, population densities, plant design or plant damage states. One of these
(Plant A), is smaller than an average output plant, its consequence model was ad-
justed for size. Plant damage states from NUREG-1150 were selected that would ap-
proximate events after loss of ESW. Generally, we can expect this initiator to lead
to LOCA through reactor coolant pump seals, loss of ECCS function in injection and
recirculation phase and loss of containment cooling. This translates into state SE
for Plant A, SNNN for Plant B and SNNNY for Plant C. Coupled with the containment
damage model and offsite consequences model, the expected population dose would be
1.7xl07 person-rem for Plant A, 3xlO6 to 1.05xl07 for Plant C. Therefore, as an
average for a typical plant we used l.OxlO7 person-rem accident.

As mentioned above, onsite consequences will be treated as offsets to the cost.
Average onsite doses per accident would be 1,000 person-rem immediately and 20,000
person-rem in the long term (as recommended in NUREG/CR-3568). At $l,000/person-rem
the value (per accident) is comparatively too small and is not considered further.
Replacement power purchases and onsite cleanup are the other components of onsite



consequences. These costs have to be integrated (over the duration of such activity
and over the remaining plant life} and discounted to 1989 dollars. Cleanup and
replacement power cost considerations were also included for a time period of 10
years.

The cost of implementing each option is broken down into direct, indirect, 0&M,
technical specifications costs, and the NRC incurred costs. All of these costs
entail uncertainties. The direct cost component will vary from plant to plant and
among various regions of the country. Most direct costs were arrived by engineering
judgement and checked using scaling laws. We assumed that no replacement power
purchases will be needed to install a modification.

Indirect costs are 30% of direct costs per NRC recommendation. 0&M costs are 3% of
the sum of direct and indirect costs annually and hence are integrated and dis-
counted to arrive at the total expected O&N cost over the plant lifetime. Technical
specification costs were also included as per NRC recommendation. The cost/benefit
ratios, normalized to $l,000/person-rem, are shown in Table 2. In view of uncer-
tainties, recommended actions from cost/benefit considerations are: electrical
cross-connection (Option 2), swing pump (Option 4) and changing Tech Specs (Option
6).

SUMMARY
In summary, the contribution of the loss of SW event to the risk from the operation
of the multiplants that have two SW trains and pumps per unit with unit crossties,
are calculated as one of the most dominant accident sequences. The analysis demon-
strated that there are a number of options available (Option 2, 4, and 6) to reduce
the CDF contribution due to the SW accident sequences. Averted consequences (bene-
fits) of each fix were computed in terms of person-rem. Costs of each option, in-
cluding cost offsets (onsite benefits) were also obtained. Option 4, the addition
of a swing pump, has the most significant CDF reduction potential (~50%) combined
with advantageous cost/benefit aspects.
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