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ABSTRACT

This report presen@nunreliability evaluation of theesidual heat removal
(RHR) system in two modes of operatidow-pressure injectiom responsé¢o a
large lossof-coolant accident and pestp shutdownrcooling) at 104 U.S.
commerciahuclear power plantsDbemand, run hours, and failure détam
calendaryears 1998 throug2016 for selected components were obtained from
thelnstitute of NucleaPower Operations (INPO) Consolidated Events Database
(ICES). The unreliability results are trended for the most recesteHd period
while yearly estimates for system unreliability are provided for the entire active
period. No datistically significanincreasingrends wereidentified in theRHR
results. Statistically significant decreasing trends were observed for RHR
shutdown cooling mode stawhly unreliability and RHR shutdown cooling
model 24hour unreliability.
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ACRONYMS

AOV air-operated valve

BW Babcock and Wilcox
BWR boiling water reactor
CCF commorncause failure
CE Combustion Engineering
CcY calendar year

DHR decay heat removal

FTOC fail to open/close

FTOP fail to operate

FTR fail to run

FTR>1H fail to run more than one hour (standby)
FTR<1H fail to run less than one hour

FTS fail to start

GE General Electric

GTG gas turbine generator

HPCd high-pressurecoolant injection

HTG hydro turbine generator

HTX heat exchanger

ICES INPO Consolidated Events Database
INPO Institute of Nuclear Power Opeiaiis
LOHT loss of heat transfer

LLOCA large lossof-coolant accident

LPI low-pressure injection

MDP motordriven pump

MOV motoroperated valve

MSPI Mitigating Systems Performance Index
PRA probabilistic risk assessment

RCS reactor coolant system

RHR residual heat removal

SDC shutdownrcooling

SO spurious operation

SPAR standardizeglant analysisrisk

SPC suppression pool cooling

SSuU safety systemunavailability

UA unavailability (maintenance or state of another component)
WE Westinghouse Electric

System Study iX 2016 Update

Residual Heat Removal January 2018



System Study X 2016 Update
Residual Heat Removal January 2018



System Study:
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19930da

1. INTRODUCTION

The residual heat removal (RHR) system is typically a multiple use system with modes of operation
for low-pressure injection, shutdown cooling, suppression pool or containment sump cooling, and/or
containment spray. Some plants have dedicated systems to accomplish one or more of these modes. This
report presents an unreliability evaluation over timenefRHR system in two modes of operafidow-
pressure injectiofLPI) in response to a large lesetcoolant accident (LLOCA) and pestp shutdown
cooling(SDC) at 104 U.S. commercial nuclear power plants.

Di fferent from pr evibosusr eyseua rtéss aurped abtaesse,d tohni sc ayl eec
fiscal year (FY)Demand, run hours, and failure data frb898 through2016 for selected components in
theRHR systenwere obtained from thimstitute of Nuclear Power Operations (INPO) Consolidated
Events Database (ICES)rain unavailability data (outages from test or maintenance) were obtained
from the Reactor Oversight Process Safety System Unavailability (SSU) datb®ggseh(ough2001)
and the Mitigating Systems Performance Index (MSPI) da¢a@882 through2016). CommonRcause
failure (CCF) data used in the models are from the 2010 update to the CCF dathleesgstem
unreliability results are trended for the most receryddy period while yearly estimates for system
unreliability are povided for the entire active period.

This report does not attempt to estimate basic event values for use in a probabilistic risk assessment
(PRA). Suggested values for such use are presented201eComponent Reliabilitypdate
(Referencdl), which is an update tReferenc& (NUREG/CR6928. BaselineRHR unreliablity results
using basic event values from that report are summarized in S&étibrend results foRHR (using
systemspecific data) are presented in SectorSimilar to preious system study updates, Sectton
contains importance information (using the baseline results from S&tiand Sectior? describes the
RHR system

All models include failures due to unavailability whilgést ormaintenance Human error hasot
been included ithe SPAR model logicHuman actions for various recovery actions are included.
overview of the trending methods, glossary of terms, and abbreviations can be four@uarthew and
Referencalocumenbn the Reactor Operational Experience Results and Databases web page.

1.1 Low-Pressure Injection Mode

Tablel shows the definitions of the design classes used in th@lessure injection mode of
operation sections of this report. For each plant the corresponding SPAR model (version model indicated
in Table3 was used in the calculation¥he lowpressure injection mode represents the use of the system
as it is normally lined up during power operations. The RHR system ipriessure injetion mode is an
automatically initiated event.

The RHR is categorized by the number of redundanfdmsgsure injection pumps and the plant
vendor design as the most significant differences noted between systems at plants fopteedove
injectionmode. Table3 summarizes the plants and their LPI classes.

aNote that the 2015 Component Reliability Upd@eferencel) is now available to report more current estimated
basic event values for use in a PRA. Estimates from the 2015 Update will be used in the next system study.
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Two versions of the lowpressure injection mode models for the RHR system are calculated. The
RHR startonly model is the SPAR RHR lemressure injection mode model modified by setting al fail
to-run basic events to zero (False), setting all recovery events to False, all room cooling events to False,
and all pump cooling events to False. THeo8r missiormodel includes all basic events in the SPAR
RHR low-pressure injection mode model.

Tablel. RHR lowpressure injection class definitions.

Number of
RHR Injection Class Description Plants
2 pumps; BW Two RHR pump Babcock and Wilcox (BW) Design 4
2 pumps; CE Two RHR pump Combustion Engineering (CE) Design 11
2 pumps; GE Two RHR pump General Electric (GE) Design 9
2 pumps; WE Two RHR pump Westinghouse (WE) Design 46
3 pumps; BW Three RHR pump Babcock and Wilcox Design 3
3 pumps; GE Three RHR pump General Electric Design 4
3 pumps; WE Three RHR pump Westinghouse Design 2
4 pumps; CE Four RHR pump Combustion Engineering Design 3
4 pumps; GE Four RHR pump General Electric Design 22
Total 104

1.2 Shutdown Cooling Mode

Table2 shows the definitions of the design classes used in the shutaimhing mode of operation
sections of this report. For each plant the cooedjmg Standardized Plant Analysis Risk (SPAR) model
(version model indicated ihable3) was used in the calculations.

The shutdowsrtooling mode represents the mokallenging (more riskignificant at PWRs than in
BWRSs) use of the equipment since the heat exchangers are required to function and valves must be
repositioned to initiate the cooldown function. The RHR system in shutdown cooling mode is a manually
initiated event. Each fault tree modeling the shutdoaaling mode of RHR includes a human action
basic event to model the initiation. This basic event always comes out as the most important basic event
in the model. To evaluate the system in more dételhuman action to initiate shutdown cooling was
trimmed from the fault tree.

The RHRshutdowncooling mode is categorized by the heat sink method in this report as the most
significant difference noted between systems at plants. The direct heakemkdasible heat from the
reactor coolant system (RCS) and transfers it directly to the ultimate heat sink (a variation of a service
water system either dedicated or shared with other safety systems). The indirect heat sink transfers
sensible heat to dased cooling water system, which in turn transfers the heat to the ultimate heat sink.
Table3 summarizes the plants and their classes.

Two variationsof theshutdowncooling mode for theRHR system are calculated:he RHR start
only variation is the SPAR RHBhutdown cooling model modified by setting all failrun basic events
to zero (False), setting all recovery events to False, all room cooling events to False, and atighitgp
events to False. The ur mission variation includes all basic events in the SPAR &Hitdlown
cooling model.
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Table2. RHR shutdown cooling mode design class definitions.

RHR Shutdown Number of
Cooling Design Class Description Plants
Direct-Multiple Direct heat sink, uses multiple suction paths 5
Direct-Single Direct heat sink, uses a single suction path 29
Indirect-Multiple Indirect heat sink, uses multiple suction paths 24
Indirect-Single Indirect heat sink, uses a single suction path 31
No suction modeled Models do not include the suction path valves (model 4

suppression pool cooling only)
Single Train Only one train is used in the model 1
Single Use Plants with a single-use SDC system 10
Total 104
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Table3. RHR design class summary.

Injection Shutdown Injection Shutdown
Plant Version Class Cooling Class Plant Version Class Cooling Class
Arkansas 1 8.19 2 pumps; BW Direct-Single Indian Point 3 8.20 2 pumps; WE Indirect-Single
Arkansas 2 8.21 2 pumps; CE  Direct-Single Kewaunee 8.20 2 pumps; WE  Indirect-Multiple
Beaver Valley 1 8.22 2 pumps; WE Single Use La Salle 1 8.21  2pumps; GE Direct-Single
Beaver Valley 2 8.23 2 pumps; WE Single Use La Salle 2 8.21  2pumps; GE Direct-Single
Braidwood 1 8.21 2 pumps; WE Indirect-Multiple  Limerick 1 8.20 4 pumps; GE Direct-Single
Braidwood 2 8.21 2 pumps; WE Indirect-Multiple ~ Limerick 2 8.19 4 pumps; GE Direct-Single
Browns Ferry 1 8.22 4 pumps; GE Direct-Single McGuire 1 8.20 2 pumps; WE Indirect-Single
Browns Ferry 2 8.22 4 pumps; GE Direct-Single McGuire 2 8.20 2 pumps; WE Indirect-Single
Browns Ferry 3 8.18 4 pumps; GE  Direct-Single Millstone 2 8.17 2 pumps; CE Indirect-Single
Brunswick 1 8.20 4 pumps; GE  Direct-Single Millstone 3 8.20 2 pumps; WE  Indirect-Multiple
Brunswick 2 8.20 4 pumps; GE Direct-Single Monticello 8.20 4 pumps; GE Direct-Single
Byron 1 8.21 2 pumps; WE Indirect-Multiple ~ Nine Mile Pt. 1 8.21  3pumps; GE  Single Use
Byron 2 8.21 2 pumps; WE  Indirect-Multiple ~ Nine Mile Pt. 2 8.17 2 pumps; GE  Direct-Single
Callaway 8.21 2 pumps; WE Indirect-Multiple ~ North Anna 1 8.20 2 pumps; WE  Single Use
Calvert Cliffs 1 8.22 2 pumps; CE Indirect-Single North Anna 2 8.20 2 pumps; WE Single Use
Calvert Cliffs 2 8.21 2 pumps; CE Indirect-Single Oconee 1 8.19 3 pumps; BW Indirect-Single
Catawba 1 8.20 2 pumps; WE Indirect-Single Oconee 2 8.19 3 pumps; BW Indirect-Single
Catawba 2 8.20 2 pumps; WE Indirect-Single Oconee 3 8.19 3 pumps; BW Indirect-Single
Clinton 1 8.17 2 pumps; GE Direct-Single Oyster Creek 8.22 3 pumps; GE Single Use
Columbia 2 8.16 2 pumps; GE  Direct-Single Palisades 8.20 2 pumps; CE Indirect-Single
Comanche Peak 1 8.21 2 pumps; WE Indirect-Multiple  Palo Verde 1 8.20 4 pumps; CE  Direct-Multiple
Comanche Peak 2 8.21 2 pumps; WE Indirect-Multiple ~ Palo Verde 2 8.20 4 pumps; CE  Direct-Multiple
Cook 1 8.20 2 pumps; WE Indirect-Single Palo Verde 3 8.20 4 pumps; CE  Direct-Multiple
Cook 2 8.20 2 pumps; WE  Indirect-Single Peach Bottom 2 8.25 4 pumps; GE Direct-Single
Cooper 8.22 4 pumps; GE  Direct-Single Peach Bottom 3 8.21 4 pumps; GE  Direct-Single
Crystal River 3 8.16 2 pumps; BW Direct-Single Perry 8.19 2 pumps; GE Indirect-Single
Davis-Besse 8.19 2 pumps; BW Indirect-Single Pilgrim 8.21 4 pumps; GE  No suction
Diablo Canyon 1 8.19 2 pumps; WE Indirect-Single modeled
Diablo Canyon 2 8.19 2 pumps; WE Indirect-Single Point Beach 1 8.20  2pumps; WE Indirect-Single
Dresden 2 8.18 3 pumps; GE  Single Use Point Beach 2 8.20 2 pumps; WE Indirect-Single
Dresden 3 8.18 3 pumps: GE  Single Use Prairie Island 1 8.19 2 pumps; WE  Direct-Multiple
Duane Arnold 8.22 4 pumps; GE  Direct-Single Prairie Island 2 8.19 2 pumps; WE  Direct-Multiple
Farley 1 8.18 2pumps:WE Indirect-Multiple ~ Quad Cities 1 8.18  4pumps; GE  Direct-Single
Farley 2 8.18  2pumps:WE Indirect-Multiple ~ Quad Cities 2 8.18  4pumps; GE  Direct-Single
Fermi 2 8.20 4 pumps; GE  Direct-Single River Bend 8.20 2 pumps; GE  Direct-Single
FitzPatrick 8.17 4 pumps; GE  No suction Robinson 2 8.17 2 pumps; WE Indirect-Single
modeled Salem 1 8.20 2 pumps; WE Indirect-Single
Fort Calhoun 8.20 2 pumps; CE Indirect-Single Salem 2 8.20 2 pumps; WE Indirect-Single
Ginna 8.23 2 pumps; WE  Indirect-Single San Onofre 2 8.22 2 pumps; CE Indirect-Multiple
Grand Gulf 8.22 2 pumps; GE  Direct-Single San Onofre 3 8.22 2 pumps; CE  Indirect-Multiple
Harris 8.23 2 pumps; WE  Indirect-Multiple ~ Seabrook 8.20 2 pumps; WE Indirect-Multiple
Hatch 1 8.20 4 pumps; GE  Direct-Single Sequoyah 1 8.16 2 pumps; WE Indirect-Single
Hatch 2 8.20 4 pumps; GE  Direct-Single Sequoyah 2 8.16 2 pumps; WE Indirect-Single
Hope Creek 8.18 2 pumps; GE  Direct-Single South Texas 1 8.17 3 pumps; WE  Indirect-Multiple
Indian Point 2 8.19 2 pumps; WE  Indirect-Single South Texas 2 8.17 3 pumps; WE  Indirect-Multiple
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Table3. (continued).

Injection Shutdown Injection Shutdown
Plant Version Class Cooling Class Plant Version Class Cooling Class
St. Lucie 1 8.19 2 pumps; CE  Indirect-Multiple  Turkey Point 3 8.20 2 pumps; WE Indirect-Single
St. Lucie 2 8.19 2 pumps; CE  Indirect-Multiple  Turkey Point 4 8.20 2 pumps; WE  Indirect-Single
Summer 8.23 2 pumps; WE Indirect-Multiple  Vermont Yankee 8.19 4 pumps; GE  Direct-Single
Surry 1 8.19 2 pumps; WE  Single Use Vogtle 1 8.21 2 pumps; WE  Indirect-Multiple
Surry 2 8.15 2 pumps; WE  Single Use Vogtle 2 8.21 2 pumps; WE  Indirect-Multiple
Susquehanna 1 8.23 4 pumps; GE  No suction Waterford 3 8.16 2 pumps; CE  Indirect-Multiple
modeled Watts Bar 1 8.16 2 pumps; WE Indirect-Single
Susquehanna 2 8.21  4pumps; GE  No suction Wolf Creek 8.20 2 pumps; WE Indirect-Multiple
modeled
Three Mile Isl 1 8.20 2 pumps; BW  Single Train
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2. SUMMARY OF FINDINGS

The results of this RHR system unreliability study ummarized in this section. Of particular
interest is the existence of any statistically signifitantreasing trends. In this update no statistically
significantincreasingrends were identified in the RHR unreliability trend results.

2.1 Increasing Trends

211 Extremely Statistically Significant
1 None.

2.1.2 Highly Statistically Significant
9 None

2.1.3 Statistically Significant
9 None.

2.2 Decreasing Trends

221 Extremely Statistically Significant
 None

2.2.2 Highly Statistically Significant
1 None

2.2.3 Statistically Significant
9 Startonly RHRshutdown cooling mode unreliability (Figure 7) was found to be decreasing

1 RHR shutdown cooling mode unreliability (Figure 8) for ahdtir mission was found to be
decreasing

2.3 Importance Measure Results

The industrywide RHR lowpressure injection mode st@nly and 8hour basic event group
importances were evaluated and are showkigare9. In both cases, the leading contributors to RHR
LPI system unreliability are the RHR motdriven pumps followed by the injection flow path. Secton
shows importance charts for each RHR LPI class.

The industrywide RHR shutdowstooling mode statvnly and 24hour basic event group importances

were evaluated and are showrFigurel9. In both cases, the leading contributor to RHR SDC system
unreliability in the shutdowacooling mode is the human action to reposition the vaivése suction

flow path followed by random failures of the injection flow path. The suction was the third most

important segment. SectiGshowsimportance charts for each RHR SDC class. For those plants with a
single suction source, the suction segment importance increases significantly. For those plants that have

aStatistically signifi-¢alnut e-value isiadpfopabildydridatimg whether macceptf t he ¢
or reject the null hypothesis that there is no trend in the datalues of less than or equal to 0.05 indicate that we

are 95% confident that there is a trend in the data (reject the null hypothesis of no trend.) By agrwentse the

"Michelin Guide" scale: fvalue < 0.05 (statistically significant);y@lue < 0.01 (highly statistically significant); p

value < 0.001 (extremely statistically significant).
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multiple suction sources, the pump importance increases since the suction segodance decreases.
The distinction between the heat sink types (direct versus indirect) is not very large. This is due to the
standby nature of most of the direct heat sink systems and the normally operating nature of the indirect
heat sink systems.
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3. INDUSTRY-WIDE UNRELIABILITY

3.1 Low-Pressure Injection Mode

The RHR lowpressure injection mode fault trees (not all SPAR models label the appropriate fault
t r e e aTableddligtsithé fault tree that was evaluated for this report) from the SPAR models were
evaluated for each of the 104 operating U.S. commercial pressurized water nuclear power plants with an
RHR s/stem.

The industrywide unreliability of the RHR system has been estimated for two modes of operation. A
startonly model and an-Bour mission model were evaluated. The uncertainty distributions for RHR
show both plant design variability apdrameter uncertainty while using industvide component failure
data (998 2010).2 Table4 shows the percentiles and mean of the aggregated santglgattn
hypercube, 1000 samples for each model) collected from the uncertainty calculations of the RHR fault
trees in the SPAR models. Figurel and Figure2, the 5th and 95th percentiles and mean point
estimates are shown for each RHR class and for the industry.

In Figurel andFigure2, the width of the distribution for a class is afet by the differences in the
plant modeling and the parameter uncertainty used in the models. Because the width is affected by the
plant modeling, the width is also affected by the number of different plant models in a class. For those
classes with verfew plants that share a design, the width can be very small.

Table4. Industrywide unreliability values.

Lower Upper
Model RHR Grouping (5%) Median Mean (95%)
Start-only Industry 7.08E 106 4.95E 105 2.60E 104 8.57E 104

2 pumps; BW 3.08E 105 1.77E 104 3.42E 104 1.09E 103
2 pumps; CE 1.59E 105 5.74E 105 9.27E 104 5.77E 103
2 pumps; GE 7.19E 106 6.77E 105 1.54E 104 5.56E 104
2 pumps; WE 8.94E 106 4.23E 105 1.42E 104 8.55E 104
3 pumps; BW 1.43E 105 6.49E 105 1.23E 104 4.00E 104
3 pumps; GE 3.00E 107 4.03E 105 6.70E 105 1.89E 104
3 pumps; WE 1.55E 106 8.02E 106 1.01E i05 2.70E 105
4 pumps; CE 2.05E 105 7.06E 105 8.73E 105 2.09E 104
4 pumps; GE 7.06E 106 5.18E 105 2.83E 104 8.34E 104
8-hour Mission  Industry 1.07E 105 6.85E 105 3.07E 104 8.96E 104
2 pumps; BW 4.52E 105 1.94E 104 3.64E 104 1.13E 703
2 pumps; CE 2.57E 105 8.57E 105 9.92E 104 6.07E 103
2 pumps; GE 8.53E 106 1.02E 104 2.16E 104 7.32E 104
2 pumps; WE 1.64E 105 5.80E 105 1.50E 104 8.62E 104
3 pumps; BW 2.74E 105 1.27E 104 1.88E 104 5.65E 104
3 pumps; GE 1.89E 106 4.27E 105 6.98E 105 1.89E 104
3 pumps; WE 4.80E 106 1.38E 105 1.60E 105 3.41E 105
4 pumps; CE 4.53E 105 1.43E 104 5.09E 104 5.56E 104
4 pumps; GE 7.93E 106 6.84E 105 3.55E 104 1.39E 103

a. By using industrywide component failure data, individual pla@rformance is not included in the distribution of
results.
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3.2 Shutdown Cooling Mode

The RHR shutdownaoling mode fault trees (not all SPAR models label the appropriate fault tree as
0 R H Rdblel4lists the fault tree that was evaluated for this rgfoom the SPAR models were
evaluated for each of the 104 operating U.S. commercial pressurized water nuclear power plants with an
RHR system.

The industrywide unreliability of the RHR system has been estimated for two modes of operation. A
startonly model and a 2#our mission model were evaluated. The uncertainty distributions for RHR
show both plant design variability and parameter uncertainty while using inaudgycomponent failure
data (998through2010).2 Table5 shows the percentiles and mean of the aggregated sample data (Latin
hypercube, 1000 samples for each model) collected from the uncertainty calculations of thellRHR fa
trees in the SPAR models. Figure3 andFigure4, the 5th and 95th percentiles and mean point
estimates are shown for each RHR class and for the industry.

In Figure3 andFigure4, the width of the distribution for a class is affected by the differences in the
plant modeling and the parameter uncertainty used in the models. Beeawsdtlhs affected by the
plant modeling, the width is also affected by the number of different plant models in a class. For those
classes with very few plants that share a design, the width can be very small.

Table5. Industrywide shutdown cooling mode unreliability values.

Lower Upper
Model RHR Grouping (5%) Median Mean (95%)
Start-only Industry 1.80E 104 2.81E 103 4.39E 103 1.39E 102
Direct-Single 4.08E 104 2.38E 103 3.03E 103 7.71E 103
Direct-Multiple 5.15E 104 2.02E 103 2.99E 103 8.67E 103
No Suction Modeled 2.82E 106 1.38E 104 4.07E 104 1.73E 103
Indirect-Single 1.13E 103 4.04E 103 5.68E 103 1.39E 102
Indirect-Multiple 1.20E 104 1.57E 103 2.72E 103 9.06E 103
Single Use 7.45E 104 7.82E 103 9.81E 103 2.41E 102
Single Train 9.67E 103 1.79E i02 1.93E 102 3.47E 102
24-hour Mission  Industry 2.23E 104 2.93E 103 4.57E 103 1.44E 102
Direct-Single 4.22E 104 2.44E 103 3.11E 103 7.78E 103
Direct-Multiple 6.84E 104 2.33E 103 3.56E 103 9.40E 103
No Suction Modeled 1.37E 105 1.79E 104 4.35E 104 1.74E 103
Indirect-Single 1.19E 103 4.18E 103 5.84E 103 1.41E 102
Indirect-Multiple 1.64E 104 1.69E 103 2.81E 103 9.16E 103
Single Use 7.64E 104 8.28E 103 1.04E 102 2.59E 102
Single Train 1.02E 102 1.84E 102 1.97E 102 3.41E 102

a By using industrywide component failure data, individual plant performance is not included in the distribution of
results.
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4. INDUSTRY-WIDE TRENDS

Theyearly (1998 through2016) failure and demand or run time data were obtained f@ES for the
RHR system. RHR train maintenance unavailability data for trending are from the same time period, as
reported in the ROP anl@ES. The component basic evententainty was calculated for the RHR
system components using the trending methods described in Section 1 andQwefrttew and
Referencalocument These data were loaded into the RHR system fault tregcim SPAR model (see
Table3).

The trend charts show the results of varying component reliability data over time and updating
generic, relatively flat prior distributions using data for each year. In addition, the calculated industry
wide system reliability from this update is show®ection 4 of th@©verview and Referendmmk on the
System Studies main web page provides more detailed discussion of the trending methods. In the lower
left-hand corner of the trend figures, the regressiethod is reported.

4.1 Low-Pressure Injection Mode
The components that were varied in RIdR (injection mode) model are
RHR motordriven pump startrun, and test and maintenance
RHR heat exchanger heaansfer and test and maintenance
Suction and Injectiomalves failto-open or close.

Figure5 shows the trend in the RHR (injection mode) steaty model unreliability. Table7 shows
the data points fdrigure5. There is ncstatistically significat trend within the industrwide estimates
of RHR (injection mode) system stamly mission. Figure6 shows the trend in thel®ur mission
unreligbility. No statistically significant trend within the industwide estimate of RHR (injection mode)
system unreliability (&xour mission)vasidentified. Table8 shows the data points feigure®6.
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4.2 Shutdown Cooling Mode
The components that were varied in the shutdoaaling mode of the RHR model are:
RHR motordriven pump start, run, and test and maintenance.
RHR heat exchanger heat transfer and test and maintenance.
Sudion and Injection valves fatb-open or close.

Figure7 shows the trend in the shutdowaooling mode RHR staxinly model unreliability. Table9
shows the data points féigure7. No statistically significant trends within the industvide estimates
of the shutdowstooling mode RHR system stambly mission on a per year basis were identified.
Figure8 shows the trend in the 2#bur mission unreliability. No statistically significant trend within the
industrywide estimates of RHR system unreliability {2dur mssion) on a per year basis was identified.
Table10 shows the data points féigure8.
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5. BASIC EVENT GROUP IMPORTANCES

The RHR basic event group Fussédsely importances were calculated for each plant using the
industrywide data (1998010). These basic event group importances were then averaged across all
plants to represent an indusimyde basic event group importzen Table6 shows the SPAR model RHR
importance groups and their descriptions.

Table6. RHR model basic event importanceup descriptions.

Group Description

AC Power The ac buses and circuit breakers that supply power to the RHR pumps.

CcCcw Closed cooling water system. An intermediate cooling system that transfers the
heat to the ultimate heat sink.

DC Power The batteries and battery chargers that supply power to the pump control circuitry.

EPS RHR dependency on the emergency power system.

HA Start RHR Human action to start the pumps and re-align any valves.

Heat Sink The pumps, valves, strainers and other equipment associated with the ultimate
heat sink.

Human Action  Other human actions for recovery of equipment.

Injection The flow path equipment, to direct the shutdown cooling water to the RCS loop.

Instrument Air  Instrument air support to the RHR model.

Min Flow The minimum flow valves around the RHR heat exchangers. These are used to

control the cooldown rate.
Pump Cooling Cooling provided to the shutdown cooling pumps.

RHR HTX The first heat exchanger in the system to transfer heat from the RCS to the next
level of heat removal.
RHR MDP The motor-driven pumps that provide the recirculation flow from the RCS loop

back to the RCS.
Room Cooling Cooling provided to the room the shutdown cooling pumps are located in.

Special Various events used in the models that are not directly associated with the RHR
system.
Suction Valves in the suction section of the shutdown cooling system. These valves are

required to change position to redirect the suction to the RCS loop.

5.1 Low-Pressure Injection Mode

The industrywide RHR staronly and 8hour basic event group importances for {prgssure
injection mode are shown Figure9. In both cases, thedding contributors to RHR LPI system
unreliability are the RHR motairiven pumps followed by the injection flow path. For more discussion
on the RHR motedriven pumps and the RHR motoperated and awperated valve@MOVs and
AOVs), see the componertliability studies aNRC Reactor Operational Experience Results and
Databases

The basic event group importances were also averaged across plants of the same RHR class to
represat class basic event group importances. The RHR-sf@asfic stadonly and 8hour basic event
group importances are shownkigure10to Figurel8.
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5.2 Shutdown Cooling Mode

The industrywide RHR staronly and 24hour basic event group importances for shutdown cooling
mode are shown iRigure19. In both cases, the leadigontributor to RHR system unreliability is the
realignment of the RHR suction flowpath followed by random failures of the injection flow path. For
more discussion on the RHROVs andAQVs, see thélOV andAOV component reliability studies at
NRC Reactor Operational Experience Results and Databases

The basic event group importances were also averaged across plants of the same RHR class to
represent class basic event group impa#s. The RHR clasgpecific staronly and 24hour basic event
group importances are shownRigure20to Figure26.
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Figure24. RHR shutdown cooling mode no suction modeled basic event group importances.
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Figure25. RHR shutdown cooling mode single train basic event group importances.
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6. DATA TABLES

Table7. Plot data for RHR lovpressure injection mode staohly trend,Figure 5.

Regression Curve Data Points

Annual Estimate Data Points

Lower Upper Lower Upper
Year/Source Mean (5%) (95%) (5%) (95%) Mean
Industry 7.08E 8. 57E 2. 60E
1998 1.23E-05 8.77E-04 2.77E-04
1999 7.65E-06 8.60E-04 2.58E-04
2000 1.32E-05 8.81E-04 2.80E-04
2001 1.01E-05 8.80E-04 2.68E-04
2002 8.65E-06 8.62E-04 2.60E-04
2003 9.78E-06 8.66E-04 2.62E-04
2004 9.77E-06 8.65E-04 2.62E-04
2005 1.18E-05 8.73E-04 2.76E-04
2006 1.15E-05 8.72E-04 2.83E-04
2007 2.67E-04 2.49E-04 2.87E-04 1.22E-05 8.74E-04 2.80E-04
2008 2.66E-04 251E-04 2.82E-04 8.69E-06 8.65E-04 2.62E-04
2009 2.65E-04 253E-04 2.77E-04 6.69E-06 8.58E-04 2.67E-04
2010 2.63E-04 254E-04 2.73E-04 1.03E-05 8.66E-04 2.67E-04
2011 2.62E-04 254E-04 2.70E-04 5.68E-06 8.53E-04 2.47E-04
2012 2.61E-04 253E-04 2.69E-04 8.98E-06 8.65E-04 2.64E-04
2013 2.60E-04 250E-04 2.69E-04 5.70E-06 8.54E-04 2.48E-04
2014 258E-04 2.46E-04 2.71E-04 6.14E-06 8.57E-04 2.53E-04
2015 2.57E-04 2.42E-04 2.72E-04 1.08E-05 8.78E-04 2.68E-04
2016 2.56E-04 2.38E-04 2.75E-04 1.03E-05 8.69E-04 2.63E-04
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Table8. Plot data for RHRow-pressure injection model&ur trend,Figure 6.

Regression Curve Data Points

Annual Estimate Data Points

Lower Upper Lower Upper
Year/Source Mean (5%) (95%) (5%) (95%) Mean
Industry 1.07E 8. 96E 3.07E"
1998 1.52E-05 9.20E-04 3.16E-04
1999 1.14E-05 8.99E-04 3.00E-04
2000 1.67E-05 9.34E-04 3.24E-04
2001 1.26E-05 9.24E-04 3.11E-04
2002 1.20E-05 9.00E-04 3.01E-04
2003 1.29E-05 9.02E-04 3.04E-04
2004 1.25E-05 8.96E-04 3.01E-04
2005 1.53E-05 9.14E-04 3.17E-04
2006 1.59E-05 9.29E-04 3.27E-04
2007 3.09E-04 2.90E-04 3.30E-04 1.58E-05 9.19E-04 3.22E-04
2008 3.08E-04 2.92E-04 3.25E-04 1.22E-05 9.06E-04 3.05E-04
2009 3.07E-04 2.94E-04 3.20E-04 1.10E-05 9.02E-04 3.08E-04
2010 3.06E-04 2.96E-04 3.16E-04 1.36E-05 9.04E-04 3.07E-04
2011 3.04E-04 2.96E-04 3.13E-04 9.05E-06 8.84E-04 2.88E-04
2012 3.03E-04 2.95E-04 3.12E-04 1.35E-05 9.14E-04 3.10E-04
2013 3.02E-04 2.92E-04 3.12E-04 9.29E-06 8.90E-04 2.91E-04
2014 3.01E-04 2.88E-04 3.14E-04 1.00E-05 8.93E-04 2.94E-04
2015 3.00E-04 2.84E-04 3.16E-04 1.35E-05 9.21E-04 3.11E-04
2016 2.98E-04 2.80E-04 3.18E-04 1.29E-05 9.05E-04 3.05E-04
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Table9. Plot data for RHR shutdown cooling mode starly trend,Figure 7.

Regression Curve Data Points

Annual Estimate Data Points

Lower Upper Lower Upper
Year/Source Mean (5%) (95%) (5%) (95%) Mean
Industry 1.80E 1.39E 4. 39E
1998 2.01E-04 1.44E-02 4.68E-03
1999 1.76E-04  1.29E-02  4.15E-03
2000 2.00E-04 1.43E-02 4.54E-03
2001 1.61E-04 1.21E-02 3.37E-03
2002 1.79E-04 1.31E-02 4.12E-03
2003 1.74E-04 1.29E-02  4.00E-03
2004 1.75E-04 1.30E-02 4.05E-03
2005 2.07E-04 1.47E-02  4.84E-03
2006 2.35E-04 1.62E-02 5.58E-03
2007 4.77E-03 4.00E-03 5.69E-03 2.19E-04 1.53E-02 5.11E-03
2008 4.62E-03 4.00E-03 5.35E-03 1.81E-04 1.32E-02 4.19E-03
2009 4.48E-03 3.99E-03 5.03E-03 2.10E-04 1.48E-02 5.13E-03
2010 4.34E-03 3.96E-03 4.76E-03 1.87E-04 1.37E-02 4.40E-03
2011 4.21E-03 3.89E-03 4.54E-03 1.52E-04 1.18E-02 3.60E-03
2012 4.08E-03 3.77E-03 4.40E-03 1.82E-04 1.33E-02 4.23E-03
2013 3.95E-03 3.60E-03 4.33E-03 1.52E-04 1.18E-02 3.61E-03
2014 3.83E-03 3.41E-03 4.30E-03 1.63E-04 1.23E-02 3.88E-03
2015 3.71E-03  3.20E-03  4.29E-03 1.72E-04 1.26E-02 3.73E-03
2016 3.59E-03 3.01E-03 4.29E-03 1.71E-04 1.27E-02 3.84E-03
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Tablel10. Plot data for RHRshutdown cooling mode 2¥bur trend,Figure 8.

Regression Curve Data Points

Annual Estimate Data Points

Lower Upper Lower Upper
Year/Source Mean (5%) (95%) (5%) (95%) Mean
Industry 2.23E 1. 44E 4.57E"
1998 2.45E-04 1.49E-02 4.82E-03
1999 2.22E-04 1.37E-02 4.32E-03
2000 2.52E-04 1.51E-02 4.73E-03
2001 2.08E-04 1.30E-02 3.57E-03
2002 2.28E-04 1.41E-02 4.32E-03
2003 2.23E-04 1.38E-02 4.19E-03
2004 2.17E-04 1.35E-02 4.19E-03
2005 2.58E-04 1.53E-02 5.02E-03
2006 2.92E-04 1.72E-02 5.80E-03
2007 4.97E-03 4.21E-03 5.87E-03 2.69E-04 1.60E-02 5.29E-03
2008 4.82E-03 4.21E-03 5.53E-03 2.31E-04 1.41E-02 4.40E-03
2009 4.68E-03 4.19E-03 5.22E-03 2.58E-04 1.55E-02 5.32E-03
2010 4.54E-03 4.16E-03 4.95E-03 2.36E-04 1.45E-02 4.57E-03
2011 4.40E-03 4.10E-03 4.73E-03 2.00E-04 1.27E-02 3.79E-03
2012 4.27E-03 3.97E-03 4.59E-03 2.40E-04 1.44E-02 4.49E-03
2013 4.14E-03 3.80E-03 4.52E-03 2.07E-04 1.29E-02 3.83E-03
2014 4.02E-03 3.60E-03 4.48E-03 2.06E-04 1.29E-02 4.04E-03
2015 3.90E-03 3.40E-03 4.47E-03 2.20E-04 1.35E-02 3.94E-03
2016 3.78E-03 3.20E-03 4.47E-03 2.17E-04 1.34E-02 4.01E-03
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Tablell Basic event reliability trending data.

Bayesian Update

Failure Number of Demands/
Mode Component®  Year Failures Run Hours Mean Post A Post B Distribution
FTOC AOV 1998 0 875 5.44E-04 1.11 2.04E+03 Beta
FTOC AOV 1999 1 1,043 9.55E-04 211 2.21E+03 Beta
FTOC AOV 2000 0 799 5.65E-04 1.11 1.97E+03 Beta
FTOC AOV 2001 0 923 5.31E-04 1.11 2.09E+03 Beta
FTOC AOV 2002 2 988 1.44E-03 3.11 2.15E+03 Beta
FTOC AOV 2003 0 971 5.20E-04 1.11 2.14E+03 Beta
FTOC AOV 2004 0 870 5.45E-04 1.11 2.04E+03 Beta
FTOC AOV 2005 0 731 5.85E-04 1.11 1.90E+03 Beta
FTOC AOV 2006 2 679 1.68E-03 3.11 1.85E+03 Beta
FTOC AOV 2007 1 694 1.13E-03 2.11 1.86E+03 Beta
FTOC AOV 2008 1 687 1.14E-03 2.11 1.85E+03 Beta
FTOC AOV 2009 1 724 1.12E-03 211 1.89E+03 Beta
FTOC AOV 2010 0 675 6.03E-04 1.11 1.84E+03 Beta
FTOC AOV 2011 0 697 5.96E-04 1.11 1.86E+03 Beta
FTOC AOV 2012 0 681 6.01E-04 1.11 1.85E+03 Beta
FTOC AOV 2013 0 690 5.98E-04 1.11 1.86E+03 Beta
FTOC AOV 2014 0 674 6.03E-04 1.11 1.84E+03 Beta
FTOC AOV 2015 0 684 6.00E-04 1.11 1.85E+03 Beta
FTOC AOV 2016 0 683 6.00E-04 1.11 1.85E+03 Beta
FTOC MOV 1998 15 12,530 1.16E-03 17.05 1.46E+04 Beta
FTOC MOV 1999 12 14,378 8.51E-04 14.05 1.65E+04 Beta
FTOC MOV 2000 14 13,085 1.05E-03 16.05 1.52E+04 Beta
FTOC MOV 2001 4 14,739 3.59E-04 6.05 1.69E+04 Beta
FTOC MOV 2002 10 13,485 7.72E-04 12.05 1.56E+04 Beta
FTOC MOV 2003 10 13,245 7.84E-04 12.05 1.54E+04 Beta
FTOC MOV 2004 10 12,631 8.16E-04 12.05 1.47E+04 Beta
FTOC MOV 2005 15 11,379 1.26E-03 17.05 1.35E+04 Beta
FTOC MOV 2006 17 9,874 1.59E-03 19.05 1.20E+04 Beta
FTOC MOV 2007 14 9,696 1.36E-03 16.05 1.18E+04 Beta
FTOC MOV 2008 8 9,835 8.40E-04 10.05 1.19E+04 Beta
FTOC MOV 2009 15 9,781 1.43E-03 17.05 1.19E+04 Beta
FTOC MOV 2010 10 9,779 1.01E-03 12.05 1.19E+04 Beta
FTOC MOV 2011 5 9,950 5.84E-04 7.05 1.21E+04 Beta
FTOC MOV 2012 9 9,883 9.20E-04 11.05 1.20E+04 Beta
FTOC MOV 2013 5 9,907 5.86E-04 7.05 1.20E+04 Beta
FTOC MOV 2014 7 9,998 7.46E-04 9.05 1.21E+04 Beta
FTOC MOV 2015 5 10,020 5.80E-04 7.05 1.21E+04 Beta
FTOC MOV 2016 6 9,931 6.67E-04 8.05 1.20E+04 Beta
FTOP AOV 1998 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AOV 1999 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AOV 2000 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
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Tablell (continued).

Bayesian Update

Failure Number of Demands/
Mode Component®  Year Failures Run Hours Mean Post A Post B Distribution
FTOP AOV 2001 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2002 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AOV 2003 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2004 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AOV 2005 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2006 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2007 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2008 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2009 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2010 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2011 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2012 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2013 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2014 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2015 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP AQOV 2016 0 1,208,880 2.05E-07 1.42 6.93E+06 Gamma
FTOP MOV 1998 1 15,715,440 6.51E-08 2.46 3.78E+07 Gamma
FTOP MOV 1999 8 15,855,600 2.50E-07 9.46 3.79E+07 Gamma
FTOP MOV 2000 1 15,855,600 6.48E-08 2.46 3.79E+07 Gamma
FTOP MOV 2001 2 15,855,600 9.12E-08 3.46 3.79E+07 Gamma
FTOP MOV 2002 0 15,864,360 3.85E-08 1.46 3.79E+07 Gamma
FTOP MOV 2003 2 15,881,880 9.12E-08 3.46 3.79E+07 Gamma
FTOP MOV 2004 0 15,855,600 3.85E-08 1.46 3.79E+07 Gamma
FTOP MOV 2005 0 15,864,360 3.85E-08 1.46 3.79E+07 Gamma
FTOP MOV 2006 1 15,864,360 6.48E-08 2.46 3.79E+07 Gamma
FTOP MOV 2007 1 15,855,600 6.48E-08 2.46 3.79E+07 Gamma
FTOP MOV 2008 0 15,855,600 3.85E-08 1.46 3.79E+07 Gamma
FTOP MOV 2009 0 15,855,600 3.85E-08 1.46 3.79E+07 Gamma
FTOP MOV 2010 0 15,925,680 3.84E-08 1.46 3.80E+07 Gamma
FTOP MOV 2011 0 16,135,920 3.82E-08 1.46 3.82E+07 Gamma
FTOP MOV 2012 1 15,969,480 6.47E-08 2.46 3.80E+07 Gamma
FTOP MOV 2013 2 15,951,960 9.10E-08 3.46 3.80E+07 Gamma
FTOP MOV 2014 0 15,978,240 3.83E-08 1.46 3.80E+07 Gamma
FTOP MOV 2015 0 16,048,320 3.83E-08 1.46 3.81E+07 Gamma
FTOP MOV 2016 0 15,960,720 3.84E-08 1.46 3.80E+07 Gamma
FTR<1H MDP 1998 0 4,500 9.43E-05 1.82 1.93E+04 Gamma
FTR<1H MDP 1999 1 4,806 1.44E-04 2.82 1.96E+04 Gamma
FTR<1H MDP 2000 2 4,529 1.98E-04 3.82 1.93E+04 Gamma
FTR<1H MDP 2001 1 4,639 1.45E-04 2.82 1.94E+04 Gamma
FTR<1H MDP 2002 0 4,886 9.25E-05 1.82 1.97E+04 Gamma
FTR<1H MDP 2003 0 4,935 9.23E-05 1.82 1.97E+04 Gamma
FTR<1H MDP 2004 0 4,945 9.22E-05 1.82 1.97E+04 Gamma
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Tablell (continued).

Bayesian Update

Failure Number of Demands/

Mode Component®  Year Failures Run Hours Mean Post A Post B Distribution
FTR<1H MDP 2005 0 5,157 9.12E-05 1.82 1.99E+04 Gamma
FTR<1H MDP 2006 0 4,837 9.27E-05 1.82 1.96E+04 Gamma
FTR<1H MDP 2007 0 4,960 9.22E-05 1.82 1.98E+04 Gamma
FTR<1H MDP 2008 0 5,043 9.18E-05 1.82 1.98E+04 Gamma
FTR<1H MDP 2009 0 5,000 9.20E-05 1.82 1.98E+04 Gamma
FTR<1H MDP 2010 0 4,958 9.22E-05 1.82 1.97E+04 Gamma
FTR<1H MDP 2011 0 4,904 9.24E-05 1.82 1.97E+04 Gamma
FTR<1H MDP 2012 2 4,973 1.93E-04 3.82 1.98E+04 Gamma
FTR<1H MDP 2013 0 4,983 9.20E-05 1.82 1.98E+04 Gamma
FTR<1H MDP 2014 2 4,812 1.95E-04 3.82 1.96E+04 Gamma
FTR<1H MDP 2015 0 4,783 9.30E-05 1.82 1.96E+04 Gamma
FTR<1H MDP 2016 0 4,822 9.28E-05 1.82 1.96E+04 Gamma
FTR>1H MDP 1998 0 108,005 4.27E-06 0.78 1.83E+05 Gamma
FTR>1H MDP 1999 1 72,713 1.21E-05 1.78 1.48E+05 Gamma
FTR>1H MDP 2000 1 54,139 1.38E-05 1.78 1.29E+05 Gamma
FTR>1H MDP 2001 2 62,788 2.02E-05 2.78 1.38E+05 Gamma
FTR>1H MDP 2002 2 51,530 2.20E-05 2.78 1.27E+05 Gamma
FTR>1H MDP 2003 2 57,995 2.09E-05 2.78 1.33E+05 Gamma
FTR>1H MDP 2004 0 42,918 6.62E-06 0.78 1.18E+05 Gamma
FTR>1H MDP 2005 1 47,594 1.45E-05 1.78 1.23E+05 Gamma
FTR>1H MDP 2006 2 43,586 2.34E-05 2.78 1.19E+05 Gamma
FTR>1H MDP 2007 1 41,886 1.52E-05 1.78 1.17E+05 Gamma
FTR>1H MDP 2008 2 45,720 2.30E-05 2.78 1.21E+05 Gamma
FTR>1H MDP 2009 1 43,294 1.51E-05 1.78 1.18E+05 Gamma
FTR>1H MDP 2010 1 42,565 1.51E-05 1.78 1.18E+05 Gamma
FTR>1H MDP 2011 2 48,104 2.26E-05 2.78 1.23E+05 Gamma
FTR>1H MDP 2012 3 51,282 2.99E-05 3.78 1.26E+05 Gamma
FTR>1H MDP 2013 3 47,414 3.09E-05 3.78 1.22E+05 Gamma
FTR>1H MDP 2014 0 44,347 6.54E-06 0.78 1.19E+05 Gamma
FTR>1H MDP 2015 2 44,552 2.33E-05 2.78 1.20E+05 Gamma
FTR>1H MDP 2016 1 48,978 1.44E-05 1.78 1.24E+05 Gamma

FTS MDP 1998 5 4,500 1.06E-03 6.95 6.55E+03 Beta

FTS MDP 1999 2 4,806 5.75E-04 3.95 6.86E+03 Beta

FTS MDP 2000 6 4,529 1.21E-03 7.95 6.58E+03 Beta

FTS MDP 2001 7 4,639 1.34E-03 8.95 6.69E+03 Beta

FTS MDP 2002 3 4,886 7.13E-04 4.95 6.94E+03 Beta

FTS MDP 2003 4 4,935 8.51E-04 5.95 6.98E+03 Beta

FTS MDP 2004 4 4,945 8.50E-04 5.95 7.00E+03 Beta

FTS MDP 2005 5 5,157 9.63E-04 6.95 7.21E+03 Beta

FTS MDP 2006 4 4,837 8.63E-04 5.95 6.89E+03 Beta

FTS MDP 2007 5 4,960 9.90E-04 6.95 7.01E+03 Beta

FTS MDP 2008 3 5,043 6.97E-04 4.95 7.09E+03 Beta
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Tablell (continued).

Bayesian Update

Failure Number of Demands/
Mode Component®  Year Failures Run Hours Mean Post A Post B Distribution
FTS MDP 2009 1 5,000 4.18E-04 2.95 7.05E+03 Beta
FTS MDP 2010 4 4,958 8.48E-04 5.95 7.01E+03 Beta
FTS MDP 2011 1 4,904 4.24E-04 2.95 6.96E+03 Beta
FTS MDP 2012 3 4,973 7.04E-04 4.95 7.02E+03 Beta
FTS MDP 2013 1 4,983 4.19E-04 2.95 7.04E+03 Beta
FTS MDP 2014 1 4,812 4.29E-04 2.95 6.86E+03 Beta
FTS MDP 2015 6 4,783 1.16E-03 7.95 6.83E+03 Beta
FTS MDP 2016 5 4,822 1.01E-03 6.95 6.87E+03 Beta
LOHT HTX 1998 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 1999 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2000 2 70,080 5.85E-07 18.50 3.16E+07 Gamma
LOHT HTX 2001 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2002 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2003 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2004 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2005 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2006 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2007 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2008 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2009 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2010 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2011 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2012 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2013 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2014 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2015 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
LOHT HTX 2016 0 70,080 5.22E-07 16.50 3.16E+07 Gamma
SO AOV 1998 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AQOV 1999 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AQOV 2000 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AOV 2001 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AQOV 2002 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AOV 2003 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AQOV 2004 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AOV 2005 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AOV 2006 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AQOV 2007 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AOV 2008 1 1,208,880 2.62E-07 1.68 6.42E+06 Gamma
SO AQOV 2009 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AOV 2010 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AOV 2011 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AQOV 2012 1 1,208,880 2.62E-07 1.68 6.42E+06 Gamma
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Tablell (continued).

Bayesian Update

Failure Number of Demands/

Mode Component®  Year Failures Run Hours Mean Post A Post B Distribution
SO AQOV 2013 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AOV 2014 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AQOV 2015 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO AOV 2016 0 1,208,880 1.06E-07 0.68 6.42E+06 Gamma
SO MOV 1998 2 15,715,440 7.90E-08 2.57 3.26E+07 Gamma
SO MOV 1999 0 15,855,600 1.74E-08 0.57 3.27E+07 Gamma
SO MOV 2000 2 15,855,600 7.86E-08 2.57 3.27E+07 Gamma
SO MOV 2001 0 15,855,600 1.74E-08 0.57 3.27E+07 Gamma
SO MOV 2002 0 15,864,360 1.74E-08 0.57 3.27E+07 Gamma
SO MOV 2003 1 15,881,880 4.80E-08 1.57 3.27E+07 Gamma
SO MOV 2004 0 15,855,600 1.74E-08 0.57 3.27E+07 Gamma
SO MOV 2005 0 15,864,360 1.74E-08 0.57 3.27E+07 Gamma
SO MOV 2006 0 15,864,360 1.74E-08 0.57 3.27E+07 Gamma
SO MOV 2007 1 15,855,600 4.80E-08 1.57 3.27E+07 Gamma
SO MOV 2008 0 15,855,600 1.74E-08 0.57 3.27E+07 Gamma
SO MOV 2009 0 15,855,600 1.74E-08 0.57 3.27E+07 Gamma
SO MOV 2010 0 15,925,680 1.74E-08 0.57 3.28E+07 Gamma
SO MOV 2011 0 16,135,920 1.73E-08 0.57 3.30E+07 Gamma
SO MOV 2012 0 15,969,480 1.74E-08 0.57 3.28E+07 Gamma
SO MOV 2013 1 15,951,960 4.79E-08 1.57 3.28E+07 Gamma
SO MOV 2014 1 15,978,240 4.78E-08 1.57 3.28E+07 Gamma
SO MOV 2015 2 16,048,320 7.82E-08 2.57 3.29E+07 Gamma
SO MOV 2016 0 15,960,720 1.74E-08 0.57 3.28E+07 Gamma

a. AOV = air-operated valve
HTX = heat exchanger
LOHT = loss of heat transfer
MDP = motor-driven pump
MOV = motor-operated valve.
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Table1l2 Basic event UA trending data

Bayesian Update

Residual Heat Removal

Failure Critical
Mode Component Year UA Hours Hours Mean Post A PostB Distribution
UA HDR 2002 6.55E+01 9.98E+04 6.55E-04 0.58 8.83E+02 Beta
UA HDR 2003 7.49E+01 1.17E+05 4.49E-04 0.44 9.73E+02 Beta
UA HDR 2004 8.98E+01 1.30E+05 5.94E-04 0.28 4.73E+02 Beta
UA HDR 2005 5.82E+01 1.33E+05 3.69E-04 0.68 1.83E+03 Beta
UA HDR 2006 7.10E+01 1.29E+05 5.05E-04 0.26 5.16E+02 Beta
UA HDR 2007 7.65E+01 1.29E+05 4.99E-04 0.36 7.19E+02 Beta
UA HDR 2008 1.27E+02 1.35E+05 8.17E-04 0.23 2.81E+02 Beta
UA HDR 2009 3.91E+01 1.27E+05 2.82E-04 0.28 1.01E+03 Beta
UA HDR 2010 4.20E+01 1.17E+05 2.90E-04 0.30 1.02E+03 Beta
UA HDR 2011 1.26E+02 1.25E+05 8.09E-04 0.28 3.49E+02 Beta
UA HDR 2012 1.10E+02 1.14E+05 1.05E-03 0.17 1.60E+02 Beta
UA HDR 2013 2.00E+02 1.22E+05 1.40E-03 0.19 1.33E+02 Beta
UA HDR 2014 1.31E+02 1.22E+05 1.16E-03 0.18 1.53E+02 Beta
UA HDR 2015 6.07E+01 1.17E+05 4.88E-04 0.43 8.75E+02 Beta
UA HDR 2016 1.43E+02 1.04E+05 1.33E-03 0.25 1.87E+02 Beta
UA HTX 2002 8.12E+01 6.79E+04 1.17E-03 0.81 6.91E+02 Beta
UA HTX 2003 7.64E+01 6.52E+04 1.15E-03 1.83 1.59E+03 Beta
UA HTX 2004 9.26E+01 6.46E+04 1.35E-03 0.91 6.71E+02 Beta
UA HTX 2005 1.31E+02 6.70E+04 1.98E-03 1.37 6.90E+02 Beta
UA HTX 2006 1.29E+02 6.36E+04 1.93E-03 1.49 7.71E+02 Beta
UA HTX 2007 1.01E+02 6.40E+04 1.52E-03 0.97 6.38E+02 Beta
UA HTX 2008 2.02E+02 6.85E+04 3.00E-03 0.75 2.48E+02 Beta
UA HTX 2009 1.92E+02 6.36E+04 2.85E-03 0.98 3.45E+02 Beta
UA HTX 2010 8.18E+01 6.49E+04 1.19E-03 0.58 4.88E+02 Beta
UA HTX 2011 6.90E+01 6.68E+04 1.02E-03 0.64 6.32E+02 Beta
UA HTX 2012 1.64E+02 5.76E+04 2.51E-03 0.73 2.91E+02 Beta
UA HTX 2013 9.94E+01 6.54E+04 1.50E-03 0.36 2.40E+02 Beta
UA HTX 2014 2.38E+02 6.29E+04 3.62E-03 0.82 2.25E+02 Beta
UA HTX 2015 1.92E+02 6.28E+04 2.86E-03 1.14 3.98E+02 Beta
UA HTX 2016 9.81E+01 6.83E+04 1.45E-03 1.67 1.14E+03 Beta
UA MDP 2002 8.88E+03 1.59E+06 5.63E-03 1.68 2.97E+02 Beta
UA MDP 2003 9.77E+03 1.72E+06 5.50E-03 1.57 2.83E+02 Beta
UA MDP 2004 9.18E+03 1.82E+06 4.94E-03 1.83 3.70E+02 Beta
UA MDP 2005 9.06E+03 1.80E+06 4.98E-03 1.80 3.60E+02 Beta
UA MDP 2006 8.79E+03 1.81E+06 4.64E-03 1.41 3.04E+02 Beta
UA MDP 2007 8.82E+03 1.83E+06 4.79E-03 1.68 3.50E+02 Beta
UA MDP 2008 8.99E+03 1.82E+06 4.86E-03 1.75 3.58E+02 Beta
UA MDP 2009 1.03E+04 1.79E+06 5.57E-03 1.86 3.32E+02 Beta
UA MDP 2010 1.02E+04 1.81E+06 5.55E-03 2.11 3.78E+02 Beta
UA MDP 2011 9.07E+03 1.75E+06 5.05E-03 1.59 3.14E+02 Beta
UA MDP 2012 9.93E+03 1.70E+06 5.46E-03 1.88 3.43E+02 Beta
UA MDP 2013 9.64E+03 1.73E+06 5.03E-03 1.21 2.39E+02 Beta
UA MDP 2014 1.01E+04 1.76E+06 5.37E-03 1.84 3.40E+02 Beta
UA MDP 2015 8.55E+03 1.74E+06 4.80E-03 1.62 3.37E+02 Beta
UA MDP 2016 7.78E+03 1.72E+06 4.44E-03 2.46 5.51E+02 Beta
a. HDR = header.
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Tablel13. Failure mode acronyms.

Failure Mode

Failure Mode Description

FTOC
FTOP
FTR
FTR>1H
FTR<1H
FTS
LOHT
SO

UA

Fail to open/close

Fail to operate

Fail to run

Fail to run more than one hour (standby)

Fail to run less than one hour

Fail to start

Loss of heat transfer

Spurious operation

Unavailability (maintenance or state of another component)
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7. SYSTEM DESCRIPTION

Being a multipurpose system, RHR provides many important functional configurations generally
known as modes of operation. Ttliferent modes of RHR operation cantlude

1 Low Pressure Coolant/Safety Injection
Shutdown Cooling
Suppression Pool Cooling (SPC) or Containment Sump Recirculation

1
1
1 Containment Spray
1

Fuel Pool Cooling

The fundamental differences between plants can benanized as some plants have dedicated
shutdowncooling systems, plants either use an intermediate closed cooling system or use a direct heat
sink source of cooling to the RHR heat exchangers, plants have differing number of pumps (from 2 to 4),
and the lop suction valve configuration is a single path with two valves or there are multiple paths. The

RHR configurations at each plant are showmable14. Figure27 shows a generic depiction of a RHR
system.

7.1 Low Pressure Injection Mode

The lowpressure injection (LPI) mode of the RHR system is prigdasigned to mitigate the loss
of coolant accidents (large and medium). During the injection phase of operation following a large
LOCA, the RHR operates as an ofleap system and provides rapid injection of coolant to the primary
system to ensure reactshutdown and adequate core cooling. LPI operation is initiated automatically.

Considering the aboyerocess, LPI operation requires
1 Opening discharge valves (AOV or MOV)
i Starting and running one or more RHR pumps
Either offsite or onsite emergenpgpwer may be used to operate RHR pumps and valves.

7.2 Shutdown Cooling Mode

For the SDC mode of the RHR system, the flow path is different from LPI and SiGtainment
sumprecirculationin that the suction source is the reactor via the reactor reciozulate or hot leg.
From the recirculation line or the hot legs, water flows through two roperated isolation valves in
series, the first being located inside containment while the second is outside containment. This is then
followed by individual siction isolation valves for each train, then to the suction of each pump.

The RHR system in SDC mode removes fission product decay heat from the reactor core and sensible
heat from RCS components during system cooldowns and at cold shutdown. The dssigre pimits
for the RHR system are lower than the RCS, so the system is isolated from the RCS during power
operation. During RCS cooldowns to cold shutdown, the RHR system remains isolated until RCS
temperature and pressure are below interlock setpoints

SDC is not automatic. The RHR system is cold relative to the RCS, so RHR components must
undergo a heatup process prior to use. RHR heat transfer (RCS cooldown) is controlled by heat
exchanger cooling water valve adjustment.

Considering the above pra&se SDCoperation requires
1 Opening suction and discharge valves (AOV or MOV)
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Starting and running one or more RHR pumps

Establishing cooling water flow to the RHR heat exchanger

1

1

1 Isolating the heat exchanger bypass

1 Flow control through minimum flow valves
1

Flow control of cooling water.
Either offsite or onsite emergency power may be used to operate RHR pumps and valves.

Two basic types of heat sinks are used at U.S. commercial nuclear power plants. The first is referred
to here as a direct heat sink ahd second is referred to here as an intermediate heat sink

Direct Heat Sinkd The direct heat sink generally uses a standby service water system to provide the heat
sink for shutdown cooling. In some plants this is a dedicated residual heat removalvgat@icey/stem;

in other plants, the emergency service water system is used. Either way, since the system is in standby,
the pumps must be started to provide cooling.

Indirect Heat Sinkd The plants with an indirect heat sink use a closed cooling watensgatsh as the
reactor building closed cooling water system as the first heat removal provider. The heat is ultimately
removed by a normally running service water system. The main purpose of the intermediate cooling
water system is to provide a barrietthe release of radioactive liquid to the environment.
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Table14. Listing of the RHR design clasSes

LPI  SDC BWR BWR PWR Shutdown Injection
Plant Vendor Tree TreeP Containment Design Loops Cooling Class Class
Arkansas 1 BW LPI DHR 2 Direct-Single 2 pumps; BW
Arkansas 2 CE LPI SDC 2 Direct-Single 2 pumps; CE
Beaver Valley 1 WE LPI RHR 3 Single Use 2 pumps; WE
Beaver Valley 2 WE LPI RHR 3 Single Use 2 pumps; WE
Braidwood 1 WE LPI RHR 4 Indirect-Multiple 2 pumps; WE
Braidwood 2 WE LPI RHR 4 Indirect-Multiple 2 pumps; WE
Browns Ferry 1 GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
Browns Ferry 2 GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
Browns Ferry 3 GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
Brunswick 1 GE LCI SDC MARK I(C) B-CLASS 4 Direct-Single 4 pumps; GE
Brunswick 2 GE LCI SDC MARK I(C) B-CLASS 4 Direct-Single 4 pumps; GE
Byron 1 WE LPI RHR 4 Indirect-Multiple 2 pumps; WE
Byron 2 WE LPI RHR 4 Indirect-Multiple 2 pumps; WE
Callaway WE LPI RHR SNUPPS 4 Indirect-Multiple 2 pumps; WE
Calvert Cliffs 1 CE LPI SDC 2 Indirect-Single 2 pumps; CE
Calvert Cliffs 2 CE LPI SDC 2 Indirect-Single 2 pumps; CE
Catawba 1 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Catawba 2 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Clinton 1 GE LCI SDC MARK 1I(C) B-CLASS 6 Direct-Single 2 pumps; GE
Columbia 2 GE LCI SDC MARKII B-CLASS 5 Direct-Single 2 pumps; GE
Comanche Peak 1 WE LPI RHR 4 Indirect-Multiple 2 pumps; WE
Comanche Peak 2 WE LPI RHR 4 Indirect-Multiple 2 pumps; WE
Cook 1 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Cook 2 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Cooper GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
Crystal River 3 BW LPI DHR 2 Direct-Single 2 pumps; BW
Davis-Besse BW LPI DHR 2 Indirect-Single 2 pumps; BW
Diablo Canyon 1 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Diablo Canyon 2 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Dresden 2 GE LCI SDC MARKI B-CLASS 3 Single Use 3 pumps; GE
Dresden 3 GE LCI SDC MARKI B-CLASS 3 Single Use 3 pumps; GE
Duane Arnold GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
Farley 1 WE LPI RHR 3 Indirect-Multiple 2 pumps; WE
Farley 2 WE LPI RHR 3 Indirect-Multiple 2 pumps; WE
Fermi 2 GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
FitzPatrick GE LCI SPC MARKI B-CLASS 4 No suction 4 pumps; GE
modeled
Fort Calhoun CE LPI SDC 2 Indirect-Single 2 pumps; CE
Ginna WE LPI RHR 2 Indirect-Single 2 pumps; WE
Grand Gulf GE LCI SDC MARK III(C) B-CLASS 6 Direct-Single 2 pumps; GE
Harris WE LPI RHR 3 Indirect-Multiple 2 pumps; WE
Hatch 1 GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
Hatch 2 GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
Hope Creek GE LCI SDC MARKI B-CLASS 4 Direct-Single 2 pumps; GE
Indian Point 2 WE LPI RHR 4 Indirect-Single 2 pumps; WE
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Table14. (continued).

LPI SDC BWR BWR PWR Shutdown Injection
Plant Vendor Tree Tree® Containment Design Loops Cooling Class Class
Indian Point 3 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Kewaunee WE LPI RHR 2 Indirect-Multiple 2 pumps; WE
La Salle 1 GE LCI SDC MARK II(C) B-CLASS 5 Direct-Single 2 pumps; GE
La Salle 2 GE LCI SDC MARK II(C) B-CLASS 5 Direct-Single 2 pumps; GE
Limerick 1 GE LCI SDC MARK II(C) B-CLASS 4 Direct-Single 4 pumps; GE
Limerick 2 GE LCI SDC MARK II(C) B-CLASS 4 Direct-Single 4 pumps; GE
McGuire 1 WE LPI RHR 4 Indirect-Single 2 pumps; WE
McGuire 2 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Millstone 2 CE LPI SDC 2 Indirect-Single 2 pumps; CE
Millstone 3 WE LPI RHR 4 Indirect-Multiple 2 pumps; WE
Monticello GE LCI SDC MARKI B-CLASS 3 Direct-Single 4 pumps; GE
Nine Mile Pt. 1 GE LCS SDC MARKI B-CLASS 2 Single Use 3 pumps; GE
Nine Mile Pt. 2 GE LCI SDC MARK II(C) B-CLASS 5 Direct-Single 2 pumps; GE
North Anna 1 WE LPI RHR 3 Single Use 2 pumps; WE
North Anna 2 WE LPI RHR 3 Single Use 2 pumps; WE
Oconee 1 BW LPI DHR 2 Indirect-Single 3 pumps; BW
Oconee 2 BW LPI DHR 2 Indirect-Single 3 pumps; BW
Oconee 3 BW LPI DHR 2 Indirect-Single 3 pumps; BW
Oyster Creek GE LCI SDC MARKI B-CLASS 2 Single Use 3 pumps; GE
Palisades CE LPI SDC 2 Indirect-Single 2 pumps; CE
Palo Verde 1 CE LPI SDC SYSTEM 80 2 Direct-Multiple 4 pumps; CE
Palo Verde 2 CE LPI SDC SYSTEM 80 2 Direct-Multiple 4 pumps; CE
Palo Verde 3 CE LPI SDC SYSTEM 80 2 Direct-Multiple 4 pumps; CE
Peach Bottom 2 GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
Peach Bottom 3 GE LCI SDC MARKI B-CLASS 4 Direct-Single 4 pumps; GE
Perry GE LCI SDC MARKIII B-CLASS 6 Indirect-Single 2 pumps; GE
Pilgrim GE LCI SPC MARKI B-CLASS 3 No suction 4 pumps; GE
modeled
Point Beach 1 WE LPI RHR 2 Indirect-Single 2 pumps; WE
Point Beach 2 WE LPI RHR 2 Indirect-Single 2 pumps; WE
Prairie Island 1 WE LPI RHR 2 Direct-Multiple 2 pumps; WE
Prairie Island 2 WE LPI RHR 2 Direct-Multiple 2 pumps; WE
Quad Cities 1 GE LCI SDC MARKI B-CLASS 3 Direct-Single 4 pumps; GE
Quad Cities 2 GE LCI SDC MARKI B-CLASS 3 Direct-Single 4 pumps; GE
River Bend GE LCI SDC MARKIII B-CLASS 6 Direct-Single 2 pumps; GE
Robinson 2 WE LPI RHR 3 Indirect-Single 2 pumps; WE
Salem 1 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Salem 2 WE LPI RHR 4 Indirect-Single 2 pumps; WE
San Onofre 2 CE LPI SDC 2 Indirect-Multiple 2 pumps; CE
San Onofre 3 CE LPI SDC 2 Indirect-Multiple 2 pumps; CE
Seabrook WE LPI RHR 4 Indirect-Multiple 2 pumps; WE
Sequoyah 1 WE LPI RHR 4 Indirect-Single 2 pumps; WE
Sequoyah 2 WE LPI RHR 4 Indirect-Single 2 pumps; WE
South Texas 1 WE LPI RHR 4 Indirect-Multiple 3 pumps; WE
South Texas 2 WE LPI RHR 4 Indirect-Multiple 3 pumps; WE
St. Lucie 1 CE LPI SDC 2 Indirect-Multiple 2 pumps; CE
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