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Abstract

Efforts are being pursued to develop and qualify a systeel model of a redor core isolation
(RCIC) steanturbine-driven pump. The model is being developed with the intent of employing

it to inform the design of experimental configurations for-fdéle RCIC testing. The model is
expected to be especially valuable in sizingigaqent needed in the testing. An additional intent

is to use the model in understanding more fully how RCIC apparently managed to operate far
removed from its design envelope in the Fukushima Daiichi Unit 2 accident

RCIC modeling is proceeding along tvawenueghat areexpected to complement each other
well. The first avenue is the continued development of the sylstesh RCIC model that will

serve in simulating a full reactor system or full experimental configuration of which a RCIC
system is part. Téda model reasonably represents a RCIC system today, especially given design
operating conditions, but lacks specifics that are likely important in representing -thesiafifi
conditions a RCIC system might experience in an emergency situation such asof dtiss
electrical power. A known specific lacking in tegstemmodel, for example, is the efficiency at
which a flashing slug of water (as opposed to a concentrated jet of steam) could propel the
rotating drive wheel of a RCIC turbine. To address thieciig, the second avenue is being
pursued wherein computational fluid dynamics (CFD) analyses of such a jet are being carried
out. The results of the CFD analyses will thus complement and inforayskemmodeling. The
system modeling will, in turn, comfgment the CFD analysis by providing the system
information needed to impose appropriate boundary conditions on the CFD simulations. The
systemmodel will be used to inform the selection of configurations and equipment best suitable
of supporting planned®C experimental testing.



Preliminary investigations with the RCIC model indicate that ligwater ingestion by the
turbinedecrease the developed turbine torqube RCICspeed therslows, and thus the pump

flow rate to the RPV decreaseSubsequentlyRPV water level decreases due to continued
boiling and the liquid fraction flowing to the RCIC decreases, thereby accelerating the RCIC and
refilling the RPV. The feedback cycle then repeats itself and/or reazhgsasisteady
equilibrium condition In other words, the water carpver is limited by cydt RCIC
performance degradation, and hent® system becomes se#fgulating. The indications
achieved to date with theystemmodel are more qualitative than quantitative. The avenues being
pursued toncrease the fidelity of the model are expected to add quantitative realism. The end
product will be generic in the sense that the RCIC model will be incorporable within the larger
reactor coolant systemodel of any nuclear power plamt experimental corguration.
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1 INTRODUCTION

Thissection providestheent i vati on f or Sandia National Labo
world-wide commercial nuclear power community in characterizing the behavior of the reactor

core isolation cooling (RCIC) system under beyond design basis oper#lisasthis sectia

provides background information, the analytical models used for this worklisowssion of the

data needs and additional precursors to the modeling efforts.

1.1 Purpose and Motivation

The Fukushima accident demonstrated both the challenges associdtedevate accident
management, and the importance of understanding the behavior of critical equipment under
beyond design basis conditioriBhe purpose of this project is to improve reactor safety for
emergency and severe accident management by undergtaeaiworld performance of critical
components (i.e., experimental testing and analytical modeling will allow for RCIC to be more
accurately characterized under beyond design basis (station bHikkoand extended loss of

AC power) conditions) The curent use of conservative assumptions regarding equipment
functioning as found in probabilistic risk assessment (PRA) applications limits the anticipated
prevention and mitigation options considered for emergency operation procedures (EOPs) and
severe accient management guidelines (SAMGBEhis work is part of an overall projectdrry

Turbine Expanded Performance Operations Test Prograthat would experimentally test and
analytically verify the RCIC steariven turbine pump performance under beyond aebagis

(BDB) conditions This project would be jointly funded through support from the U.S.
Depart ment o f Ener gyds OiINE) 0.8. nuzléar iNdustyl, ana r Ence
international stakeholders

The overall goal of the project is tmderstandhe realworld behavior of RCIC operation under
BDB conditions in order to advance our predictive fidelity and applicability in emergency and
severe accident prevention and mitigatidiocurate characterization of the RCIC system could
have fleetwide impacts in how EOPs and SAMGs will be implemented (e.g., knowing a RCIC
pump will last longer than an hour or two after DC power is lost will allow operators to consider
other options for plant recovery or accident mitigatidtirther, investigation of seveaccident
performance may also provide insights into means to improve severe accident performance

The purpose of this research is to develop a dynamic and mechanistic-&xatemodel of the

RCIC turbine/pump system capable of predicting the systfonmance under BDB conditions

that include twephase water ingestion into the Terry turbine at various potential reactor
operating pressures, and to characterize its ability (or not) to maintain adequate water injection
with sufficient pump head under gladed operating conditions. This model will also
demonstrate the selégulating mode of operation as was observed in the Fukushima Daiichi
Unit 2 accident, where RCIC ran uncontrolled and successfully maintained reactor water
inventory for nearly threeays The following sections describe aspects of -piase flow
anticipated to be important in the turbine nozzles and solid wheel turbine buckets, computational
tools such as CFD that will support systeawel modeling of the RCIC system, and a provisional
MELCOR implementation of impulse turbine dynamic models into the MELCOR code to be
used in analysis of RCIC operation in beyond design basis conditions.



This work is the first step towards developing a thermodynamibaked analytical model of

the stemn-driven RCIC system operation with mechanistic accounting of liquid water carryover
and pump performance degradation, to be used in codes like MELCOR or MAAgE insights

will provide the basis for experimental design to operate a RCIC pump undedexkten
uncontrolled operating condition¥he full-scale RCIC experiments will support an improved
understanding of plant risk, improve plant operations, and provide the technical basis for
imprs\);/ing the reliability of an essential plant system as shown antliree main categories
below:

1. Regulatory/Risk: Test data can reduce plant operational risk and improve regulatory
compliance
1 Improved incident response timing and prediction of RCIC performance to determine
staffing needed to implement beyond desigsidaitigation activities

1 Improved response to regulatory changes associated with post Fukushima Lessons
Learned

1 A better prediction of the core damage frequency reduction associated with
implementation of beyond design basis mitigation activities

2. System Improvement: Improve system reliability; operation of an essential system needed
to mitigate/prevent risk dominate accidents

1 Identifies RCIC enhancements and changes in maintenance practices to meet Fukushima
Lessons Learned

1 Provides performance tdaon refurbished hardware (including 1&C)

1 Provides for system performance conditions for station blackout (BB&£jonditions to
allow for proper quantification of needed system margins

3. Plant Operations: Improves operations during an beyond desigsi9(BDB) event to
mitigate the accident under a wide range of plant conditions
1 Identifies optimal approaches to operate RCIC during a long term station blackout and
loss of heat sink

1 Provides data to support identification of RCIC performance conditould complicate
or challenge FLEX implementation

1 Identification of proper handoff conditions from RCIC to FLEX

! Letter from BWROG to DOENE Federal Programs Manager Richard A. Reister, BWR@®6, November 21, 2014.



1.2 Background

Prior to the accidents at Fukushima Daiichi, modeling of the performance of key critical
components such as the RCIC stedumen turbine pump and safety relief valves (SRVs) are
based mostly on design basis conditions. Their performance under severe accident conditions is
poorly known and largely based on conservative assumptions used in PRA appli¢ations
example, commoRRA practice holds that battery power (DC) is required for RCIC operation to
control the boiling water reactor (BWR) vessel water level, and that loss of DC power results in
RCIC flooding of the steam line§he flooding of the steam lines is assumed tdI¢o a
subsequent failure of the RCIC system due to-plvase water ingestion into the turbiside of

the pump This assumption for accident analysis implies that RCIC operation should terminate
on battery depletion which can range from between 4 houtd 2 hourg1.1]. In contrast, real

world observation from Fukushima Unit 2 shows that RCIC function was affected but not
terminated by uncontrolled steam line flooding, and in fact provided coolant injection for three
days[1.2].

Similar issues and uncertainties exist for pressurized water reactors (PWRs) as well with the use
of the turbinedriven auxiliary feedwater (TDAFW) system to feed steam generators (i.e., the
same steardriven turbine pum is used for RCIC and AFW systems)

Use of conservative assumptions regarding equipment functioning as found in PRA applications
may limit the anticipated mitigation options considered for emergency operations and severe
accident management procedurbaprovements to reactor safety can be realized for severe
accident management if reabrld performance of critical components such as the RCIC steam
driven turbine pump can be more faithfully characterized. Improved understanding of this critical
componat can be realized through a combination of advanced modeling methods such as
embodied in the DOE/Industry sponsored CASL project and through large scale testing.

The purpose of this research is to develop a dynamic and mechanistic-&xatemodel ofthe

RCIC turbine/pump system capable of predicting the system performance under beyond design
basis conditions that include twhase water ingestion into the Terry turbine at various potential
reactor operating pressures, and to characterize its alulityaf) to maintain adequate water
injection with sufficient pump head under degraded operating conditions. This model will also
demonstrate the selégulating mode of operation as was observed in the Fukushima Daiichi
Unit 2 accident, where RCIC ran umtmlled and successfully maintained reactor water
inventory for nearly three day3he following sections describe aspects of -piase flow
anticipated to important in the turbine nozzles and solid wheel turbine buckets, computational
tools such as CFDhat will support systedAevel modeling of the RCIC system, and a provisional
MELCOR implementation of impulse turbine dynamic models into the MELCOR code to be
used in analysis of RCIC operation in beyond design basis conditions.

1.3 Analytic Tools

Severalanalytica tools are being applied to investigate RCIC behavior for severe accidibets
tools include reactor system modeling codesh asMELCOR and RELAP, in addition to
computational fluid dynamic (CFD) codsach as=LUENT and SolidWorks FlowThe gimary



goal is a mechanistic, systdavel model that permitsaét execution of long transient
simulations (i.e. severalhours to days for severe accidents This will enable simulation
capabilities for Fukushima forensic analyses, the development of ideltpmilefensible
SAMG/FLEX strategies, and design analysis of potential upcoming RCIC experiniéiets.
intentof using several codes, both systlEwvel and CFDjs to informand enhancéhe system
level modeling efforts using focusedFD analyses of kegomponents particularly where
lumpedparameter methodmdsimple hand calculations have limited capability. An example is
CFD analyss of the steam nozzles that drive the RCIC turbine.

The computer codes being applied in the RCIC modelindpraedly desribedin the following
subsections

1.3.1 MELCOR

MELCOR is a fully integrated, engineeridgvel computer code that models the progression of
severe accidents in lightater reactor nuclear power plafis3]. MELCOR is being deveped

at SNL for the U.S. Nuclear Regulatory Commission (USNRC) as a sgemadation plant risk
assessment tool, and the successor to the Source Term Code péackeigad spectrum of
severe accident phenomena in both BWRs and PWRs is treated in MELC@Runified
framework These include thermdiydraulic response in the reactor coolant system, reactor
cavity, containment, and confinement buildings; core-hpatdegradation, and relocation; core
concrete attack; hydrogen production, transport, and gstigm; fission product release and
transport behavioMELCOR applications include estimation of severe accident source terms,
and their sensitivities and uncertainties in a variety of applications. Design basis accidents in
advanced plant designs (e.the Westinghouse ARO0O0 design and the GE Hitachi Nuclear
Energy ESBWRlesign) have been analyzed with MELCOR.

Current applications of MELCOR include the USNRC sponsored -8tdatee-Art Reactor
Consequence Analyses (SOARCA)1], and the U.S. Department of Energy (DOE) sponsored
Fukusima Daiichi accident analysgk2].

1.3.2 RELAP5-3D

RELAP5-3D? is a systemevel twophase thermal hydraulic code used in transient analyses of
nuclear power plant sfems RELAP53D has been developed by Idaho National Laboratory

(I' NL) for the DOEG6s Of-NkE) osimodate BWR antl BVER thelhale r g y
hydraulic responses during nominal andmdiminal operation.

1.3.3 SolidWorks

SolidWorks [1.5] is a commercially available computer aided drafting (CAD) and analysis
software packageSolidWorks is a product of Dassault Systemes SolidWorks Corp. It is being
used to generate 3D CAD models of key RCIC components, such as the Tieimg tuheel,
buckets, nozzles, and turbine casing. CAD models are essential for proper conceptualization of

2 In this document, RELAPB D is si mply referred to as ARELAP.



systemlevel models. For example, they provide insights into the configuration of buckets and
nozzles (e.g. number of buckets and nozzles, ndmrdeet angle) that can fit on a turbine wheel
ofagivensizet hese quantities are Omodel par ameter s
level MELCOR and RELAP models. The CAD models are also integral to the CFD analyses of
RCIC using SolidWorks Flow anfluent.

1.3.4 Fluent

FLUENT [1.6] is a commercially available CFD code that is currently developed and distributed
by ANSYS, Inc. FLUENT is used to investigate key components of the RCIC system, such as
the nozzles of the Terryrtoine

1.4 Modeling Needs

As part of this work, SNL determined what information was currently available for modeling,
what additional information would be needed, and initial failure modes for the RCIC system.
From this, the following postukushima quegins and inspections were determined:

Questions for TEPCO:
1 Had the original mechanical turbine governors been replaced drukushima Daiichi
Units 2 and 3 RCIC systems?
1 Where are the Fukushima Daiichi Unit 2 and 3 torus RCIC turbine exhaust and pump
suction locations?

Postaccident inspections:
1 Does the Unit 2 RCIC ovespeed mechanism show to have engaged?
1 What is the status of the D/P strainer indicator?
1 What is the status of the D/P strainer indicator?
9 Does a vibration sensor exist?
o If so, what igts indication?

SNL realizes that postccident inspections will not be available for years due to the location of
the RCIC pump room. Both rooms are currently buried under debris and are highly
contaminated.

Additional information identified as needéat further modeling includes:

1 RCIC system elevations and where it taps off the main steam piping
o Isometric Drawings for one or two BWR/PWR plants

1 RCIC turbine exhaust and pump suction locations for multiple BWR plants
o0 PWR plants exhaust the turbine e tenvironment

9 Detailed lube oil system drawing/water cooling of turbmenp bearings
o Identify which plants in the U.S. use RCIC/AFW pumps with a lube oil system



o ldentify which plants in the U.S. use RCIC/AFW pumps with an integral water
cooling system

SNL theorizes various potential failure modes floe RCIC pump. The component failure
modes were broken into three and the following scenarios were developed:

1. Turbineside failure scenarios
1 Manual Speed Contrdloverspeed trip
1 Electrical control withmanual oveispeed trip
0 Look for cyclic drivers in steam supply
9 Failure / lack of steam drains / rotor damage
1 Metal fatigue failure of the rotor
i Start/stop of rotor with coast down

2. Pumpside failure scenarios
1 Cavitation damage
o Time vs NPSH
o Flow fall off with cavitation damage
1 Plugging of inlet strainer
1 If a multi-stage pump, intestage seal failure

3. Lube Oil system failure scenarios
1 Bearing failure
1 Lube oil failure due to water ingress

While this list is not exhaustive, it does provide a fosder lookinto the development of an
experimental testing plan for expanding the operational band for Terry turlfisesn example,
Appendix A provides additional discussions and hand calculationavétation damage which is
deemed likely for eachump-sidefailure.

Additionally, recent work at Texas A&M University (TAMU) through the sponsorship of the
USNRC and a DOE Nuclear Energy University Programs initiative indicates potentialgdenp
failure due to cavitation. Experimental tests at TAMU indicatedntial stratification occurring

within the wetwell[1.7]. TAMU initial experimental results would indicate the entire thermal
capacity of the wetwell is not being used during prolonged RCIC operations and could cause
higher tha expected water temperatures (e.g., at or near saturation temperature) at the suction of
the RCIC pump

1.5 Document Outline

The primary thrust of this report is the documentation of a mechanistic, sigstehmodel that

is amenable to coupling with exisy transient codes like MELCOR and RELAP. Section 2
describes the development and testing of governing equations for a RCIC (Terry) turbine. CFD
analyses of the Terry turbine are provided in Section 3, which provide some novel findings on
the operation othe Terry nozzleskKey resultsfrom the CFD calculations are integrated into
expanded systeitevel models presented in Section 4. Improved RCIC pump models via
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homologous curves are also implemented the analyses in Section. 4 Finally, Section5
provides a summary of the work and recommended future efforts.
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2 SYSTEM-LEVEL MODEL DEVELOPMENT

Derivation of a novel RCIC model is described heréor use in systerevel codessuch as
MELCOR and RELAP. Modern thermaldraulic codes (including MELCOR and RELAP) do

not have internal models dedicated to simulating the RCIC system in a mechanistic*fashion
This is mainly due to the unique Terry turbine used in the RC#&e8y Therefore, the RCIC

model development in this section concentrates on the Terry turbine more so than the pump. Test
calculations are used to gauge the utility of the Terry turbine equations, and these test
calculations implement simplified treatmewfsthe RCIC pump. However, the ultimate intent is

to couple the Terry turbine governing equations to more comprehensive plant models that use
higherfidelity pump treatments, such as homologous pump curves. Such efforts are described
later in Section 4.

A mechanistic model is required for predictability of RCIC behavior in the contesxtpgforting

future FLEX/SAMG strategies for severe accidents. This entails the consideration of the
dynamic forces imparted to the Terry turbine in order to predict hewsystem operates outside

its design envelope. The Terry turbine operates on an impulse principal where high velocity jets
of steam impinge onto rotating buckets imparting momentum to the turbine. Winedysis of

this type of turbine, akin to a water wehé , amounts to applying Newtc
system where the forces on thebine include impulses from water and steam, friction losses
(windage), shock losses in the buckets, and torque from the pump ®Emaftontrol volume
formulation of agular momentum conservation is used to derive an equation of motion that is
being implemented via control functions in MELCORhe control volume approach readily
lends itself to integration with MELCOR or other system codes, and allows for easy
identification of model parameters that require derivation through other means such as CFD and
experimental measurement&lternatively, these parameters may simply be used as tuning
variables through benchmarking against operating data (e.g., Fukushima datal@nstd®@p

test data)

A necessary literature review of Terry turbine design is first presented in Section 2.1. The
development of a novel and mechanistic RCIC model is discussed in Section 2.2. Test
calculations of the Fukushima Daiichi Unit 2 accideaquence are presented in Section 2.3 that
show promising initial results.

2.1 Terry Turbine Literature Review

An overview of Terry turbine design is presented here to providéexiofor the modeling
approachThorough review of more systeariented RCIC gsects can béound in other sources
[2.1][2.2]. For this work it is sufficient to note that RCIC is a stemmbinedriven pump that

®The teramimechh is used here and throughout the repor
mechanisms of Terry/RCIC turbine are considered by the systeshmodel. For instance, given that RCIC uses
a Terry impulse turbinéRCIC models actuallgalculatethe momentum of the fluid jets exiting the nozzles in
order to calculate the torque developed by the turbine. The term mechanistic is not used here to signify the use of
very high fidelity methods. Instead, it conveys the fact that simplifisdedparameter) but mechanistic models
are being used to facilitate the simulation of long transients of large systems.



provides makeup water to the reactor pressure vessel (RPV)ifallaare isolation event3he
turbine consumes steam delivered from the RPV via relatively small piping tapped off a main
steam line (MSL), and drives a pump by means of a common $hafpump takes suction from

the condensate storage tank (CST) or wWewell (WW) of the containmentThe turbine
discharges steam to the wetwell.

2.1.1 Reaction vs. Impulse Turbine

The Terry turbine is a small, singi¢age, compoundvelocity impulse turbing2.3] originally
designed and manufacedat by the Terry Steam Turbine Company purchased by Ing&aont
in 1974 Terry turbines are currently marketed by Dred3and Terry turbines were principally
designed for waststeam applications with the following key attribuf2s3]-[2.7]:

1. The turbine and casing are not pressurized out of necessity: it may be at low or even
atmospheric pressure;

2. Rapid startup (less than 60 s) is of primary importance;

3. Reliability, resilience under ofiomiral conditiond, and low maintenance are of primary
importance;

4. Efficiency is of secondary importance

The features listed above are quite opposite those of large-stagé, higkpressure, high

efficiency turbines (for electrical power generation) theg¢ typically considered in thermal

hydraulic codes. For example, RELAP has a turbine component model. Such turbines are
generally described as Oreaction turbinesd s
expanding through long blades that coisg the various stages of the turbine. The blades form

flow channels that act as nozzles. The reaction turbine is effectively comprised of many rotating
nozzles, angeveral stages of the reaction turbine may be at elevated pressufenecessity

Despte the reactiorand impulsemonikers, turbines often differ more by degree than by type,

since many large turbines incorporate both reaction and impulse Ra8je§he Terry turbine

is a unique exception to this rule: Tedal literature always describesitas asirgle age-, Opur
i mpul sed6 machi ne, where the steam had23kompl et
[2.9]. Figure2.1 illustrates the difference between a reaction force and an impulse force.

* It is known that Terry turbines can ingest and work through liquid slugs. However, depending on the (automatic)
operation of the garnor valve, there is a potential for turbine overspeed. The ingress of liquid slows the turbine,
which causes the governor valve to open excessively in an attempt to compensate. Upon clearing of the liquid
slug, steam flow through the widgen governoran transfer too much momentum to the turbine, thereby causing
it to overspeed?2.5]. For a severe accident scenario like Fukushima unit 2, the functioning of the governor valve
after loss of power can be uncertain, dependintherdesign of the valve and the circumstances of the accident.
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Figure 2.1. Reaction vs. impulse forces [2.4]

In Figure 2.1, the orifice that ejects fluid on the block to the right is equivalentdtatzonary

nozzle in a turbine. The Terry nozzles are detached from the turbine and stationary, much like
how the left reservoir with the orifice is detached frdme target block on the righsd they

move independently). Hence, there is no reaction force on the Terry turbine; reaction forces on
the nozzles, which are attached to the casing, also have no direct influence on the turbine. The
reaction and impulse foe are obviously related since both are manifestations of fluid
accelerating through an orifice, and for some turbine applications the close differentiation of the
two might be splitting hairs. Nevertheless, the gorpulse function of the Terry turbineakts

for a focused examination on the evolution of momentum from the nozzle and through the
turbine during transientonditions (e.g.yariablenozzle inlet pressure, twghase composition,

and turbine speed). The unique and simple desigimedferry turbine was probably necessary to
satisfy the requirements for its intended applications (i.e. fast start up, reliable, low maintenance,
etc.). It is rather commonsense that existing codes like MELCOR and RELAP have no existing
physics capability to faithfullyrepresent the Terry turbine, given its unique nature. This
substantiates the need for a novel Terry turbine model.

2.1.2 Terry Turbine Overview

The Terry turbine is essentially a solid cylindrical wheel with several machinedcsenoiar

0 bucket shaped itathe bady of theswheall Terry RCIC applications in the US use a

AG tur bi ne[2.5]thatdenotes B 24eiich (0.61 m) diameter turbine weréd

nozzles and reversing chambers surround the whealeinke turbine casingFigure 2.2
illustrates the geometry and flow path of steam through the nozzle, turbine buckets, and
reversing chambers. The small buckets of the Terry turbine bear little resemblance to the long
blades used in uiti-stage reaction turbines. Therefore, an effective reaction force cannot
develop in such small buckets, even if the turbine was at high pressure and the steam had not
fully expanded through the nozzles.
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Figure 2.2. T'erfytri'e bUcket flow (left) and interior view of Drbine case (right)
[2.8][2.9]

Steam enters the sefircular buckets after expanding throughefito ten nozzles that are fixed
around the wheel; steam flow direction is reversed il8the bucketsThe nozzles are separated

by at least three buckets to make room for reversing chambers that also surround the wheel
Since the steam is completely erpad after exiting the nozzles, which are fixed and detached
from the turbine wheel, the expansion process itsgdaiis no energy on the turbiff26]-[2.8].

For this reason, the pressure drop drelenthalpy change over the RCIC turbine are essentially
zero, especially if no phase change occurs after steam enters the flinisris in direct contrast

to the operation of a reaction turbine where steam expands in the turbine blades, and she blade
themselves act as nozzlétence, the typical formulas and relationships for rrathige reaction
turbines are not valid for mechanistic analyses of RCIC turbBwisg a pure impulse turbine,

RCIC principally operates on the exchange of momentum aredi&ienergyTurbine motion is
induced by means of steam acceleration in the buckets after it has been totally expanded through
the nozzles.

The compounerelocity feature of the Terry design refers to the fixed reversing chambers that
redirect ejected sam back into the buckets several tin¥de intent is to capture as much of the
st eambs ki net iicteamiseypialy reeesedphres te fivé times at lower turbine
speeds before it is finally ejected through small flow cledsin the rewsing chamber$2.5]-

[2.7]. As shown inFigure 2.2, the reversing chambers are slightly angled to direct the steam
forward (in the direction that the turbine spins) inte ttownstream buckets.

The fixed reversing chambers in Terry turbines are a proven design feature for lower turbine
speeds (typically less than 1300 rgh6]), but there is evidence that suggests the reversing
chambers are adecondary importance for the higher speeds that RCIC op§2a6¢{2.7]. An

EPRI maintenance manual for RCIC states that the influence of the reversing chambers is
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minimal for speeds above 2500 rgé&5]. The rated speed of a typical BWR Terry turbine is
around 40001700 rpm[2.5]. Therefore, it is reasonable to assume that the reversing chambers
are only important for the initial startup tfie RCIC This assumption is physically intuitive

upon examination of the Terry turbine geometry: Fluid flow between the buckets and reversing
chambers requires proper alignment that proba
high speedDuring startup of the RCIC, the turbine buckets are effectively stationary relative to

the steam velocity, and thus there is proper exchange of steam between the buckets and reversing
chambers For typical RCIC operation, the tangential velocity at the turlvadbus (i.e. the

bucket velocity) may be 20% to 50% (1:5 to 1:2) the steam velocity of steam entering the first
bucket. Conversely, Terry turbines were originally designed to have a bucket to steam velocity
ratio of about 1:8 to 1:1(2.7]. The relatively slow bucket velocity of the original Terry
applications (which date back over 100 years) supports the assertion that the reversing chambers
were more important for low speed turbine applications.

2.1.3 Literature Review Key Findings

The model derivation in Section 2.2 makes use of the following set of assumptions/assertions
that are based on literature review of design, operation, and maintenance of Terry turbines:

1 RCIC uses a singlstage Terry impulse turbine that functions adoay to exchange of
momentum and kinetic energy.

1 Steam enters sernircular buckets and reverses direction (<180

1 The reversing chambers are only important for low speed operation, such as during initial
startup.

1 The expansion of steam after the nezgzk total; the expansion process converts the
static pressure (enthalpy energy) of the steam into kinetic energy to be imparted into the
turbine buckets. No meaningful reaction force is developed by the Terry turbine.

2.2 Model Approach and Derivation

Rigous assessment of RCIC operation for a wid
a mechanistic model that dynamically consider
the integrated {fpampvi dheo RCt I©e mted mbmemeadHtl ealt 0
with $4evyeémcodes thahydremulate bhethbermattor
for long transients (i.e. several days for se
uncertaintiesdessior aibtl ei ¢« haur tththeer model be sin
computation of many di fpfagraeamett ec a lapplr ataiccdhnsi.s A
derive governing equations for RCIC.

2.2.1 Governing Equations for RCIC Model

The RCI C goveisinmgseduatni om contr ol vol ume f
momentum equation where the control vol ume i s
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that slices througbmphetbhbhahbozofeshar.@holbst aed
appadls adapted fRoth®@Redecenteol vol ume anal y:
which is similar to a Terry tTDhédi har binnet hreos

principally to the | npultsheast oefxAwvth ptghreq anaodztzil itegsu
the momentum flux of the f.Thedmdmkenvemetl ug ©
recirculated by the reversing chambers is pro
The mai n tianptewdralmicree accel erati on i sThree stiusrtbai nnce
and pump are connecltheedr efyorae ,c drhmon ugtha fnte s pe
speed at all ti mes, and the forcesurbkgheting

pump di splaces volume of fluid (water) agai ns
RCIC injection piping and RCS, apdheher @&PNVs pe
forces on the turbine i tswglafdaiamedl Usdod BShocki d
[ 2.t11Hdgt are the result of fluid . Shoebm$oentsr

the RCIC might be important for high speed or
function ideallyphaspecontl yvi amsdewheéwe signif
di sturb the nominal flow patterns; this 1s a
invest.Hoawevems these | oss meethanasdsoarrdercher
forces on the turbine are considered: the flu
Equation 2.1 provides the pertinenatiscmdhirp cfo
a contrdgl2. ddleumeur bine is assumed to be adia
approximation for .Aheuterbimpasl sl ¥ uspine in
stationary addosor dwhniacthe ifsedrt bae radyi Iniarfdereiscygasih €(nro |
vol ume for the RCIC turbine is a cylindrica
intersecfThetc@osdahtate system for this contro
wheel and i s st artdiomatrey ; s yhsetnecrne itsh ei rcerétni a | ar

exampl e -ionferd imdn configuration would be a tur
such as an airplane.

bi'YQ0 a 10 Qw bio "0FEQ= —a i60” Qw (2.1)
| n Equaitiisont h2e. Ir,adi us ¥fisthefoucbei henwheeh, ove
control voldaamred (wi)lththmsesarae abody f or&ies stultten wvael qa
vecbars,ttamegent i al component of the outlt velc
is the f.Tbedtdagsentyal outl et velocity introd
as t hebuncokzeztl ei nl et and outl ett hmengdregyl arhes pphaie
turbine. These relationships.Amagenbde xr 8sdleged .
the tangential outlet velocity for the Terry

6 0 o 11 Qi (2.2)

| n Equ2tiiont 2r.bil ne opheee db udrikse tt hsep eneodz)z,l 1ei § et Vv €
the inlet/exit angle between the fluid veloci
the turbine motion (iThinsgldeei Budkstugeslkedcimbye
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Neglecting minor | osses, the only torque that
the shaThe tohafute torque, whi crhusits bad seoq utahle apnud
the torquettdevélopddabyi on on the turTbhiunse acc
the first t2emany i me Eqecduc ®am t o:
b i"YQo Y Y 2.3

I n EquatMons2tdhe pump torque that iI'sSs gener a
including ti me
The secondd ) eirmm Equiathi on 2. 1 i s ztesr og rbaewiatuys.e
oneégi mensi onal i nl ets and @uniayetbse, rtehwer itthtiernd atse

bio "0FQ= B g @0sa B g s a (2. 4)
Equation 2.4 shows tdhraitvitnhgi smotneernm roefp rtehsee nftlsu i
The evaluati on -doifmetnhsiiso ntadr m nflcert sommend outl et s
i ntroductor yuitde xméeéoh«&rsi cosn[ deld g[d 2 .RIED]ler ¢ hee SRC1 C
model , the cross products in Equation 2.4 ca
turbi ne.Fgeronehde yPbi nhenprobl e[n2 . flrOdfme Ref ehen¢éu
nd out velocities are pakRaleldeulc etso ttoh.e bucket

bio "0FQ= i64a iwd a6 o (2.5)
Equation 2.5 is tmemeéinftfserodnoathettweaeard timd et
Pelton turbine, mul tiplied by.Thhe effjiatt bmne n
l osses in the bucket and assumes that the bu
(givexh, bwhich reflects masFPheomaes vaAtownr dbe
bucket i's assumed to be the s antkenacse tahte ammays sg
time it i$ assauame@antdhatee¢e betlbcities can be re
vel ocityTher i hentgd ielss -sdafeasiycraspgsasepdo ons f or t he
revised pending CFD and experimental analyses

The fluid velocitiespdroal Itenle tTe r trTyheet hful duki edte eanet
the buckets from the nozzles at an angle th
moment umr bmuar desi gn perspeaxnmvies phebalkldycead
for by the i fcrhbaaxcked snummdr can fit into the
Figure B.1 and Figure B.2 in Appendi x B demo
t ur blrihnues Rgadad i BquaSanobe modi fied for the Ter

bio "0FQ= id 060 wwoéif (2.6)

® This is only true if the pump is perfectly efficient. For the purposes of the RCIC model development, pump
efficiency is accounted for later using rather approximate techniques (see $e&tfoh and 2.2.3). Pump
modeling is improved through the use of homologous curves, whitdsigibed in Section 4 of this report.
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Substituting (thBe. fDr2nuliantf@rEquati on 2.6 yielc
bio "0FQ= 141 p ®EiTcCidwdé T (2.7)

Usi ng obBsua.t2.,3 @nd t he original governing equat

1'% a1 p OéETTCawdél T—a i1 w i1 Oi"Qwn (2.8)
Further formulation f riompltehmesnt@madii mtn dcepmemes i
hydraul Two cpdesi bl e schemes are deX.e2acdded ar
Sect2i. @n 3

2.2.2 Quasi-steady Scheme

Severe accident transients for LWRs , such as
evwilng with rEsepretane® afitmen ti me periods whe
RPV pressure onl yl 0&h aonvgeer btyh ea bcoouutrHseencef | $ e v &
reasonabl e to prntesauwdme ftohrant od ¢ thaes iIR® G reagduuaat!il ¢
O0steer & t he -htyrdarnmasuil @ nctT htahsecrankaglt-gwmpE it we bti ina and

the RCIC to make instantgoebubrcaomngesdbeti we:s
RCIC inputs (i.e. the madmdretdur yehryd emaushse cfmabxde
frequency of the input updating is the coupl
t herhmgadlr aul i ¢ time step in this work.

The time derivative in Bduwratdiyomsmchte@neies Ther @ani

momentum equation reduces to:
Y Clawnéifl & p wéif (2.9)
The instantaneous power developed by the pum

angul ar speed; pump ppoweicti Qattdev edlpwnalé t(t ioc t h
(bLbof the pumpdabBgudteinomme used to relate the p

Powe® '8 (2.10)
The pump torque relationship from Eagmnuatilbaen 2.
solved for .tThhed sp pwmpmpheéaedad for mul a can i mpl e
common systhgmrtaléi malcodes such as MELCOR.
Upon i mplementing the pump head formula intc
expanded the ddrmow ddl hteéwoe fpfheacstess o f steam and
turbine drive nozzles and i mpinging on the 1t
additive in that separate mass fl ow maeses and
Equatilbom R2e@l ity there may .Mleasihmpnogr tafntt Hei Init
condensation of t heThvea pMEL OhaRy fblea sihmpogr tnaondte |
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nozzles to capture to figestdotldaeshitmge ael et ec
but this is an area where CFD investifQlaei ons
flashing would I|ikely significantly decrease
turbinel hwlisedlsntfau n dyadmeemet nhsrieoen a | problem that r
using CFD and/or experiments, which may then
t hat are applied to the |liquid .phase ntenms ik
guanti feyeparam a CFD analysis that can be i n
account for the reduction i.n drive potenti al

The pump head-pfh@asmulfd ofwon htawo i s i ncorporated
in Secits$ogi 2eB by Equsauthisocnr i 2.t1sl ,d ewlicetude swwa p @rt sf
denote Liquid fl ow

M —" cdl1d0 dodiifni] & 4 p GOEIB (2.11)
Equation 2. paramétbedtdbdes pamp efficiency, whic
both the pump speed am) theelvopedébisdc thét pwim
evaluated using common r el.akpioonn sihinpls e nfeonrt at e
MELCORuyattiqgon 2.11 is wupdat eldn eBceuayti idvbBdaG2®eR1 1t,i n
true constants, while the fluid velocities a
hydraulic code, as | s.Btetaupemm wolfimetremitd aki e
solved for tlhraudturibe nep dpteedl , af t erlL iekveawiusae ,i otnf
current ti

me step solution JoTuElQiumae i 9sped 1ilsu
according to Equataindn ar é2mowbbkrenput par amet
pump speed and pump head.

17 —38 (2.12)

2.2.3 Time-dependent Differential Equation Scheme

The guaexaidy approach in Seofi ¢hef2umpvbeimetgh cewcg hs
LWR severe accidents generally evolve sl owly
that would benefit from the use.Fofr andihheee
UnRt accident seguemale teixhe bpersi ods-pwmegriene htei
may be i mportant; these include RCI C-pshtassret up
flow into the RCIC (unknown timing), the pump
13 Bourand event uabldh swrsed earf tfeari | rugeec thnerars hut do

Equa2iceam be written as:

1'% 1a] p QETiTcCdwnéi 'Op Q&I — (2.13)
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The time derivative terpn acei vEddtiket i o e 8 ha

the turbine mMopmpemtdi xf Ci mserrotwisa t he deri vation
be rearranged to be:

G- 14 0 —— cldo— (2.14)

Equation 2orldleri sdiaf ffeirresntt i al .lefqutante omu nipo rt o rug
known function and the coefficients were con
would be readily solavtal®inmcbythapl ase nbt an hfeor
relationship is neceGesnatrryi ftuag ad o lpwenpt teore@qeatii
pump speeldherqaufacread t he pump torque can be expr

Y 0 -1 ol —1 o (2.15)
Il n Equat-iien axh. le5,fi ciency term that i's curren
defined for t he pumpnhgadern al  Eqtuaed S e®ent o 1&f f
identical, but ghhte sausfsfuincpiteinotn e ssp etchiocaul 1Y gi v el
and are the rated pump toAfGuer apdt spegegd Equat,]
Equation 2.14, the final differential equatio
G- 141 o —] 0 cgiaw—— (2.16)
It is noted that the same differenti al equat.i
cross product of NewtBgnDlsi Seicondomhsmiwst(ente. wi t
angul ar momentum wequation S obtained from 1
equati on, which 1is al so a.Tshteatfeameinlti @+ fNoerwn uol

B0O.The daviawmlnuaof this equation simply requires
signs and angles for tBhe vaei susnmbaéer ma bDhamoa
the turbine.

The only true constQantandTnheErqgoutae ri nosn a2r. el 6g earr eer

of sever al .oltfhet hevsaer i bt ms wer e constant or
Equa2ibdéd woul d be a Riccati equation and an
However, a-dssmpéetei tamepoghschemet he scoping ca

advanced each time stegpriam|Tuhee ssoimmepMi & sht ac o uhpelr
bet ween the RCIC edqyatriaohi andotdkei shamjumalxpl i ¢

andare assumed to be constantThhbhet when egaah i o
advanced/integrated quite simply over each ti

An example numerical sol ut bpw iastdagi vbeea dthraesae |

psewdmstant s over ehlcdsel ntegmat aore spepated
MELCOR for the test .Aalsc¢umlpdtei drac kiwar et impni 2
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derived by t kde sfcaleltdwiartg otni mé&odi BEq u ehtei ovE LZ.OIR6 ,t
step size (alternatively it could be a coupl:i

G—— 1 4 — il o—— (2.17)

Equation 2. 1&qua&t ijpo ng ufaahrrea tnieav t i me step value
Given the simplicity of this equation and th
node, BRq wa&tni ddre sol ved directly by the quadrat

The i mplilcutti oErulifedargs wen by Equation 2.18 and
time step valupe . Hemcendafrdninse tshpeeekdnown i niti al
taken t.dhbenegrbdoive solution toetthbeqaadeattc
yield negative turbine speeds, and this anal
direction
y y A y
1 y—— (2.18)

The mass flow rate and momentum flux terms ir
di stinct terms f gr atnhde( slaipirirdopaswelss craisptwas ¢
guasstieady scheme (FBecre tEles adii fofne r2e nltli) a l equati c

guantity that couples to MELCOR is derived us
speed from .Hdwatanogn e2.rla8t i o from Equation 2.

var ifabdt—efor brevity.

2.3 Test Calculations

The RCIC governing equations are tested in a simplified MELCOR model of a generic
2000MWy, BWR. MELCOR is used to simulateghhermalhydraulic behaviors of the RPV and

the twephase flow through the RCIC steam pipiBgcause the RCIC turbine discharges steam

to the wetwell, which is at a much lower pressure than the RPV, MELCOR must also madel two
phase choked flow (as appraie) at the governor valve and the turbine nozZleg turbine
dynamics are resolved using control functions (i.e.-ft@®nulas that the code calculates each
time step) containing the equations from Section 2.2. In this test model the turbine discharge
flow to the wetwell is not modeled (although it could be), and hence the wetwell pressure must
be imposed as a boundary conditidhe wetwell pressure is most important in determining the
wetwell pool temperature if CSWW switchover is assumed to occlirthe wetwell pressure is
known, the pool temperature can be easily resolved if saturated conditions are also assumed.

2.3.1 MELCOR Nodalization and RCIC Model Inputs
The MELCOR model has a basic nodalization of the RPV and RCIC piping. The RPV is a single

control volume; two volumes are between the RPV and the governor valve for the RCIC steam
piping; one volume is between the governor valve and the nozzles to represent the RCIC steam
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chest, which is actually inside the turbine casing; and three volumesetdo model the pump

and its piping Main steam lines are not represented, and the steam piping from the RPV to the
RCIC turbine is at a constant elevation. The turbiagion after the nozzless a time
independent volume that sees the wetwell pressihrieh is input as a timdependent boundary
condition based on plant data from the Fukushima unit 2 accitleese model simplifications

are chosen intentionally in order to expedite the testing of the RCIC equations and to
demonstrate that the modelncaredict key features of the Fukushima unit 2 accidemtrucial

goal of the MELCOR modeling is the demonstration of physically reasonable feedback between
the RPV and the RCIC under SB©Onditions comparable to Fukushima Unit 2, i.e., where the
RCIC ovefills the RPV and a twqghase mixture spills over into the steam piping leading to the
RCIC. A schematic of the RPMRCIC coupling and feedback is given Bigure2.3.

1) Models for RPV thermal

o : 2) Choked flow: two
hydraulics: simple equations, . . . .
MELCOR, or RELAP phase sonic velocity 3) RCIC governing equation:s

model for watersteam fmmmmmm e m oo
----------------- ! Terry turbine

i 1 buckets Pump

1
; Gov. valve
T X :
> Y ——t—
1 I
! ‘
i
1

Flow from RPV:
Saturated Zphase i :
mixture at pressure P. t.—.—.—.—. ... .'

Mixture has dynamic Main inputs fé)r RCIC
H L ho 77
properties., M, g, vap equations:” v2 for both phases

RCIC nozzlés |

&
<

Pump liquid flow to RPV VjePxc e

RCIC pump head determined by RCIC governing equations; this determi
the water injection rate into the RPV, which has subsequent effects on Rl
pressure and twephase mixture properties (resolved by the RPV TH mod
that are delivered to the governor valve and RCIC nozzles. Th@ROQ€
water at either the temperature of the CST or the wetwell.

Figure 2.3. Simplified representation of physical coupling in MELCOR test model

A summary of the main inputs and boundary conditions employed in the test calculations is
given byTable2.1. The Fukushima test calculations use plant dateootainment pressure to
approximate wetwell temperatur€he temperature of the wetwell pool is likely considerably
higher than the CST temperature, and this has strong impacts on the RPV -thetraalic
response after the switch in pump suctidhe cdculations predict choked flow through the
turbine nozzlesLiquid flashing at the nozzles is treated by MELCOWELCOR inherently

treats the nozzles as converging and yields choked flow at the throaeslity the nozzles
appear to be of convergirtjverging design thatlikely involves supersaic flow near design
conditions, according to CFD calculations that are discussed in Section 3.
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Table 2.1. Input values for MELCOR test calculations

Input variable Value
Turbine radiusr 0.3m(1209)
Nozzle inlet/outlet angle ‘14 roadi
(U=b, sed® Appendi
Nozzle width 0.0Im( 0. 390
Number of nozzles 5
Turbine momenof inertia () 10 kg nf (237 Ib ff)
Rated RCIC speetr(atess o) ¥ 4300 rpm
Rated pump headhied) 7.52 MPa(1090 psi)
Rated pump torquer() 449 N m(331 Ib ft)
Pump injection flow area 0.0168 m (0.18 ff)
CST-WW suction switch 14 hours
WW pool temperature at switch 387 K

2.3.2 Test Results for Fukushima-type Accident Scenario

The MELCOR model and RCIC equations are tested using an accident scemaris th
comparable to Fukushima Unit No &6t uningdé or ri gorous benct
attempted hereThere are still too many unknown and uncertain model parameters (e.g. bucket
angles and velocity coefficients) for such an effort to be meaningfaieover, the available

plant data is very spars&he test calculations are instead deliberately performed for a non
Fukushima model to demonstrate that the models have not just been forced to agree with the
Fukushima dataFor example, the model has aritmary power level of 2000 MW and boiler
properties from SNLOs P[e83 includng relatvety highOsAf@C A mo ¢
relief valve (SRV) setpoints (Peach Bottom is a larger 3500 MW reactor).

The test calculatiorsian extended station blackout where reactor scram occurs afhe Only
credited safety systems are RCIC and the automatic SRV ope#stient = 1 hour, the RCIC is
allowed to run uninhibited by any controllers (i.e. no operator throttling or atéairips); its
behavior is resolved entirely from the RCIC equations from Section 2 and the MELCOR
thermathydraulic calculationsThe calculation assumes that the governor valve is opened fully
at 1 hour and all water injection by the RCIC pump flowth®oRPW no water is diverted back

to the CST or wetwellThe RCIC pump initially takes suction from the CST, which has a water
temperature of about 289 K, and switchover to the WW is assumed to occur at 14 hours in the
test calculationsAt this time, theWW pool water is assumed to have a temperature of 387 K
Thus the switchover manifests itself as a sudden and large increase in the water temperature that
is injected into the RPV by the RCIC.

Figure 2.4 showscalculatedRPV pressures compared to the plant data for Fukushima Unit 2
The models are predicting key features of the RPV pressure trend that are in reasonable,
gualitative agreement with the plant data, despite the simple nature of the MELCOR model and
the deliberate mading of a noAFukushima reactorThe first drop in RPV pressure in the
modelsnear 2hours is the result of the RPV filling rapidly due to full RCIC operation, which is
more than capable of handling the decay heat and refilling the vessel especiallthevith
governor valve fully opened and no recirculation of injection water. RPV overfill is typically
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prevented either by operator throttling (e.g. recirculation of water back to the CST or wetwell via
the test and recirculation lines), or by automatic Heytel detection that trips the RCIC, neither

of which are included in the Fukushima test calculati@hging the first hour of the Unit 2
accident, the RCIC was started and stopped at least two times, possibly due to high level and
manual restarts, and tloperators may have throttled injection before they lost all power due to
the tsunamiThe operators had restarted RCIC just before the tsunami arrived, after which they
lost control of it and it appears to have run until at least 66 hours after scramalGllations
corroborate the notion that the system may have operated irragdHting fashion for most of

this time period

The calculations predict complete RPV flooding to the MSL elevation near 3. lAdtes the

RPV water level reaches the M@&levation, significant saturated water is ingested by the turbine
and void fraction at the nozzles decreasegure 2.5), which results in an immediate reduction

in RCIC speedKigure2.6) and a sharp orease in RPV pressure back to the SRV setpdims

trend is mainly the result of decreasing sonic velocity at the nozzles due to increased liquid
content in the twgohase mixtureln general, the critical velocity for saturated water and steam (a
two-phase, oneomponent system) decreases with increasing liquid fraction as the mixture
expands through a nozzl@hus, the momentum flux that drives the turbifggqre 2.7)
decreases considerably. The increased fluid density ofigb& is not as important since
momentum flux is proportional to the square of the velocity.
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Figure 2.4. RPV pressure for MELCOR test model and Fukushima Unit 2 data
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Figure 2.5. Void fraction into turbine nozzles for MELCOR test models
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Figure 2.7. Momentum flux through nozzles for MELCOR test models

In conjunction with decreasing decay heat, a few hours of SRV cycling and RCIC operation
causes the steam generation rate in the RPV to decrease enough for pressure to drop below the
setpoint near 8 hourRkPV pressure continues to decrease until the @8V switchover The

sudden injection of hotter water from the wetwell (+100 K relative to the CST) drives an increase
in steam generation rate in the RPV at 14 hofish less subcooling of the injected watersles
energy is required to bring the water to the saturation temperature and more energy is used for
steam generation that drives the increase in RPV pregdteevards, the higher RPV pressure
increases the steam content of the -pliase mixture at the noes Eigure 2.5), thereby
accelerating the RCICF{gure 2.6 and Figure 2.7), and suppresig further pressure riselhe
acceleration of the RCIC injects more water into the R®RWich subsequently repeats the
feedback process of higher liquid content, degraded momentum flux, reduced RCIC speed, and
hence reduced injection into the RPV; the system essentially returns to the state it was in before
the CSTWW switchover This is a #al demonstration ofeasonableystem feedback between

the RPV and RCICThe Fukushima data reveals a comparable trend but the switch in pump
suction may have occurred earlier at Unit 2.

2.4 Preliminary Conclusions for System-level Model Development

I nnganction with a I|iterature review of RCIC
t hat t he si mpmhpguwlige dendi gpnu roef the turbine f a
using si mpl-pafriaendet(elru mpneodnmerne luinmi meatrthyoalecsa | dhia v e
performed that s how. Tpghreo nu asli cnugl ait n iotnisa | d ermeoswslt tr
model s have the capability to pr ebdayandf edeedsbhiag
basi swevédotus opé&hetoesalpthycsprcaVvVi eei dence t hat
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