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ABSTRACT

An interndtiona  consortium  of  indudry, laboraory, universty and  utility
edablishments, led by Westinghouse, is developing a modular, integrd, light water cooled,
gndl to medium power reactor, the International Reactor Innovative and Secure (IRIS). IRIS
features innovative, advanced engineering, but it is firmly based on the proven technology of
pressurized water reactors (PWR).

Given the lage number of organizetions involved in the IRIS dedgn, the
RELAPS/MOD 3.3 code has been sdected as the main system code. A noddization of the
reference IRIS design has been developed with a basc set of protective functions and
controls. Engineered Safety Features of the concept ae being dso implemented, and in
paticular the Emergency Heat Remova System that is used for safety grade decay heat
removal and in the small break LOCA response of IRIS (Large bresk LOCAS are diminated
in IRIS by the adoption of the Integra layout) This paper discusses developed model and
transent behavior of the system for representative transent sequences.
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1 INTRODUCTION

Introduction of the new reactor concepts poses great chalenge to the development and
use of suitable andyticd tools for the trandent andyss of the concept in question. Trangent
andyses are commonly used in many aspects of the project and cover safety and design
asessment . State-of the-at system codes have achieved sufficient maturity and have been
successfully used for many purposes in resctor technology development, eg. licensng
process, design optimization etc.

IRIS (International Reactor Innovative and Secure) is a next generation advancement of
the pressurized water reactor (PWR) that addresses the Generation IV gods, i.e. enhanced
religbility and safety, and improved economics. It has been sdected as an International Near
Term Deployable (INTD) reactor, within the Generation IV International Forum activities.

One of the man characterisics of the design is the integrd vessd configuration that
enhances safety performance of the IRIS reactor. Since IRIS is essentidly an Integrd Primary
Sysem Reactor (IPSR) plant, and as such, with some modificationsimprovements, state-of-
the-at computer codes can be successfully used for its trandent andyds. Therefore, widdy
used RELAPS/MOD3.3 computer code has been chosen for this purpose. Specific
Westinghouse proprietary codes will be used to address specific phenomena (core subchannel
andyses and departure from nucleate boiling evaduations, fud peformance,...). CFD tools
will be used to evaluate mixing effects for some asymmetrical events.

2 IRISREACTOR OVERVIEW

IRIS is based on proven LWR technology that will employ new enginesring to
implement aitractive and innovative features, but without the need for any new technology
development, [1]. Due to its modularity, the plant sze on dte could rages from severd
hundreds to thousands of e€lectric megawatts. The desgn is being deveoped by an
internationa consortium led by Westinghouse/BNFL and comprise of about 20 organizations
from al over theworld.

21 IRIS System Configuration

The integral vessel houses the reactor core and support structures, core barrel, upper
internas, control rod guides and drivelines, pressurizer located in the upper head, internd
shidding and eght hdlica coil seam generators (SG) coupled with eght low-head spool type
primary reactor coolant pumps, Figure 1. SGs ddiver superheasted steam (around 40 K) to the
secondary system., primary coolant pumps are located on the top of each SG and circulate
primary coolant through the shdl sde of each steam generator. A large pressurizer located in
the upper head portion of the vessdl yields a good inertance to pressure surges.

Since primary coolant pumps are completely contained ingde the vessd, large vessd
penetrations are diminated. The vessel has a height of ~22 m and an outsde diameter of ~6.7
m, a Sze which is gill within the date-of-the-art fabrication capabilities. Further details on
main reactor components such as, reactor vessd and interndls, helicd steam generators, and
spool pumps can be found, respectively, in Refs[2-4].

Proceedings of the International Conference Nuclear Energy for New Europe, Kranjska Gora, Slovenia, Sept. 9-12, 2002



ll =

H

Figure 1 IRIS Configuration
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2.2 Inherent Safety Features of the IRIS Reactor

The principles of safety-by-design have been previoudy reported, [7], [8] and are a
consequence of the agpproach to desgning IRIS by taking maximum advantage of the
opportunities offered by the integra configuration to:

- Phydcdly diminate the possibility for some accidents to occur,
- Decresase the probability of occurrence for mgority of the other accident scenarios and
- Eliminate/reduce the consequencesiif an accident actually occurs

The integrd configuration and the absence of large vessd pendrations diminate the
posshility for large LOCAs to occur. The low pressure-drop path and the large distance
between the therma center of the steam generators and the core enhance naturd circulation.

IRIS Response to small bresk LOCAS is based on the strong coupling of the reactor and
the very compact containment that reduces initid blowdown, and on the depressurization of
the sysem through steam condensation on the passve natura circulation heat remova system
connecting the steam generators with heat exchangers located outside the contanment. The
ultimate result is that during a gndl-to-medium LOCA the core remains covered for an
extended period of time (severa days and possibly weeks) without any need for emergency
water injection or core makeup.

Suppression pools have the role of limiting the initid containment pressure peak, and
they dso eventudly double the makeup water inventory, acting as a gravity driven source.
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3 RELAPSMATHEMATICAL MODEL OF THE IRISREACTOR

Devdopment of the firs RELAPS modd for IRIS reactor was initiated in year 2001,
and the reaults of this prdiminay work are described in [9]. Different IRIS partners dso
performed gudies to define the therma-hydraulic characterigic and prdiminary design of the
man sysems and components. Examples of this activity are presented in sections 3.1 and 3.2.
Input was aso provided for the Protection System, the Control System and the Neutronic
Feedback and Reactor Kinetics coefficients. The preparation of the IRIS noddization has
been the result of an internationa effort that involves severd organizations. respongbility for
different parts of the IRIS therma-hydraulic desgn is shared between the partners according
to Table 1. The Univarsty of Zagreb has been chosen to prepare and maintain reference
noddization with accompanying documentation based on the inputs from other inditutions.
Developed modd is currently under the review by other organizations.

Table 1 Preliminary Thermd-Hydraulic Design for Safety Analyses: Work Breskdown

IRIS System/Component | Responsibility (Organizations)
Primary System and Protection/Control System
Reactor Pressure Vessel (RPV) University of Zagreb- FER
Core Therma Hydraulic Design Westinghouse - WEC
Pressurizer (PRZ) Nuclear Energy Commission - CNEN
Reactor Coolant Pumps (RCP) Washington Group (W-EMD), University of Pisa-
UNIPI, WEC
Steam Generators (SG) ANSALDO, Polytechnic of Milan- POLIMI
Reactor Protection System WEC
Reactor Control System (RCS) WEC, CNEN, Ansaldo,
Neutronic Feedback Coefficients WEC
Balance of Plant
Secondary System | FER
Safety Systems
Emergency Heat Removal System (EHRS) POLIMI, WEC
Automatic Depressurization System (ADS) WEC
Emergency Boration Tank WEC, FER
Long Term Core Makeup System WEC
Other Engineered Safety Features (ESF) WEC

31 IRIS Integral Pressurizer Design Studies

Initid design andyses of the IRIS pressurizer were performed by CNEN using updated
firda RELAP modd, [9]. The smulation was divided in four different phases:

1. Controlled Steady State: It is characterized by the atificid control of the pressure

and leve in the pressurizer.

2. Free Steady Stater It does not uses the artificid controls described in the previous
phase and the pressurizer behavior is determined by its own characterisics as
dimensions, power of the heaters, thermd insulation and system conditions.

3. Power Variation: During this lap the power deivered by the core and that transferred
to the secondary of the steam generator are Smultaneoudy reduced from 100%
(1000MW) to 60% (600MW).

4. Stabilization: It was caculated to show the behavior of the pressurizer/system after
the power change.

The results showed that the proposed pressurizer design could be able to accommodeate,
as condition | events, steps and ramps more severe than what is currently being proposed for
the sysem in normd operation. Detalled evaduation of the pressurizer shdl be performed
using area comprehensive test set with the model described in section 3.3.
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3.2 RELAPS5 Analysis of IRIS Emergency Heat Removal System

Polytechnic of Milan developed the RELAP mode of the IRIS EHRS, together with the
pool condenser dimensioning. This computer modd is based on a preiminary desgn of the
IRIS EHRS, which is composed of four identica loops, each being connected with two helica
tube steam generators and one pool condenser, al condensers being placed in the same pool
(Refueling Water Storage Tank).

In order to verify the EHRS performance a primary sde steedy boundary condition was
reproduced (pressure 15.50 MPa, mass flow 4484 kg/s, average temperature 584.15 K), and
then the EHRS was connected and allowed to reach a seady State. The results of the analysis
showed saisfactory overal behavior of the EHRS RELAP modd. Before EHRS connection
gagnant vapor fills the hot leg up to the dphon while stagnant cold liquid is present in the
pool condenser and in the return leg, thus the dphon is effective in isolating the EHRS from
the plart in norma operation. The pool condenser dynamics appears noding dependent, i.e. its
therma performance improves dightly increasing the number of nodes. The 20 nodes mode
has been suggested to be implemented in the IRIS RELAPS mode as good compromise
between precison and computationa time consumption.

3.3 REL AP5 Nodalization of the IRIS Reactor

Experience gained with the use of the preiminary mode, [P], was used to develop more
detailed model that would baance between required level of detall, chalenges posed by
integral concept of the IRIS reactor and current project needs regarding licensing and design.

The dructure of the noddization is smple, Figure 2, and takes into account currently
avalable geometricad and operationd data Besdes rdaively smple noddization structure,
discretization of the components is rather detailled in order to take into account al important
phenomena. All the man flow paths are modded with sufficient detall, with dmogt dl of the
minor flow paths. Totad number of volumes and junctions is 1398 and 1419, respectively.
Sliced approach was used in the discretization of the reactor vessd taking into account
importance of naturd circulation in chosen safety concept. Mogst of the cdculationa nodes
have linear size in range 0.2 to 0.5 m. The noddization was prepared so to mantan free
volume of the sysem and devation differences (due to importance of naturd circulaion) as
well as core and SG heat exchange aress.

Eight RCP/SG modules are explicitty modded. Origind idea was to use 1-1-2-4
lumping what is enough to take into account different accident sequences and actuation of
safety sysems. It was decided to use explicit modeling in order to better address physica
phenomena, take into account interaction of SG modules and EHRS loops (asymmetry due to
different length of feed and seam lines) and preclude possble atificid recirculation in
pardld loops introduced due to lumping or numerical reasons. The pumps are described using
preliminary homologous curves in fird quadrant with dummy zero head/zero torque curves
provided for second quadrant. A coastdown characteristic provided by the pump designers is
used to follow the pumps coastdown. Outside the reactor vessdl and primary system, each
feed/steam line (two SGs are connected to each) is modeled up to corresponding isolation
vaves. The Only sofety system presently modded is EHRS, but FER and Westinghouse are
currently updating the modd to include dl the IRIS Engineered Sefety Festures. PORV and
SV vaves are located on top of pressurizer. Their exact postion and cross section area are
being defined by CNEN.
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Figure 2: RELAPS5/mod3 nodalization of the IRIS reactor

All the main heat structures are included in the modd. On primary Sde that means core,
baffle, barrd sted reflector, axid and radid shields, vessd wall, pump casing and some of the
internal plates. On the SG sde module tubes, collectors and outer shrouds, steam, feedwater
and EHRS piping pipe wals are modded. The modd includes EHRS heat exchanger piping
and collectors. Outer surface of the vessd is assumed to be insulated.

The modd dso includes a preliminay verson of the basc reactor protection system
that will be improved and extended after preliminary accident sequences andyss. Control
variables are provided for caculation of: transferred power (core, SG, EHRS), fluid mass in
al important parts of the noddization and for some irreversible pressure losses.

Core heat source is based on power versus time table or point kinetics model. The point
kineticsinput is preiminary, based on limited available IRIS data

34 Steady State Qualification of the IRIS nodalization

Limited deady date qudification of the IRIS RELAPS/MOD3.3 modd has been
performed. It is usud to compare calculated data to reference design or measured data in
frame of the seady Sate qudification, but in this specific sage of the project development,
reference operating full power data were envisaged by the desgners. Teaking into account
ealy phase some of the data are ill missng, like flows of the minor flow paths indde RPV
and are not covered by this qudification. Reference pressure drops are given only for core and
SGs as wdl as edimation of required pump head. The RELAP modd will be used to esimate
the importance of other minor pressure dropsin the system.
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Usudly 200 s are used for steady dtate quadlification, but in this case duration of steady
gate run was 1000 s in order to take into account large time constants associated to large
water, low velocities and large metal masses that are present in IRIS design.

The comparison of the reference IRIS data and the cdculated values after 1000 s of
RELAPS/MOD3.3 deady dae run is shown in Table 2. Agreement for most of the
parameters is acceptable. Calculated irreversible core pressure drop is larger than reference
due to the recent change from 15x15 to 17x17 fud assembly (FA) design (the reference vaue
for pump head is estimation based on core 15x15 FA design). Mo of the equilibrium vaues
were reeched within first 100 s of caculaion. Rate of the change after firs 200 s is dow and
the values are approximately congtant. Steady dSate results are satisfactory for this phase of
the project and noddization was successfully used for evauation of primary pressure drops
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and influence of steam line pressure drops on transferred power.
Table 2 Comparison between IRIS reference values and calculated steady State data

Parameter Unit Reference Relap5 mod 3.3
Pressurizer pressure MPa 155 15.56
BE vessel flow kgls 4707 4702
BE coreflow kgls 4504 4503.6
Core inlet temperature K 565.2 564.7
Core outlet temperature K 601.5 6014
SG pressure MPa 5.8 5.79-5.82
Steam exit temperature K 590.2 589.6-590.2
Total steam flow kgls 502.8 502.8
Dp core kPa 520 53.8

Dp SG1 prim/sec kPa 72.0/296 70.7/294.4
Core power MW 1000.0 1000.0
Total SG power MW 100147 1000.3
RCP head m 19.1 (18.3-21.3) 198

4  THERMAL-HYDRAULIC ANALYSSOF THE IRISREACTOR

4.1 Scope of the Preliminary Transent Analyss

Scope of the prdiminary trandent andysis of the IRIS reactor is bounded by three main

objectives.

1. Understanding of IRIS behavior in different transients and accidents. For most

accidents, IRIS is amilar to current PWRS, and therefore the same evauation moddls
may be used for the accident andyds. Meit parameters (DNBR, system
pressureltemperature, RV water inventory) are practicdly the same as for current
PWRs. In this frame one representative event is sdected for each category of
accidents. Then, sdection of parameters and assumptions that have to be verified are
deduced based on the single falure criterion and the degree of “conservatism’
used/achieved for IRIS. Due to a “best-esimate’ nature of the RELAPS code and
integrd design of the IRIS, “conservatism” in this sense is defined by an appropriate
sdlection of initisting conditions and sequence definition Event is then dudied at
different times during life (BOC, EOC and MOC) to condgder the full range of
possble core and plant conditions (boron concentration can be a mgor influence).
Reaults for key merit parameters are compared to acquire confidence in mode
response and confirm that “conservatisms’ used are gppropriate. Findly, response of
the IRIS RELAP modd is raiondized in comparison to current PWR experience and
AP1000/AP600 results
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2. Verify IRIS response to Safety Analysis Report sequences. Meeting of the NRC
acceptance criteria for different trangents and accidents is evduated by examining
the safety response of IRIS and the effect of “Safety By Desgn’. In this frame, dl
typicd PWR accident sequences included in NRC Standard Review Plan (SRP) are
to be studied. For each sequence, compliance to regulations by IRIS must be verified.
However, one must bear in mind that at this sage of the project, the IRIS safety
andyss is not a Safety Analyss Report (SAR). Many design detals are ill missing,
the plant RELAP mode is ill in early development stage, and is not and can not be
verified and vdidated due to a lack of data Also, RELAP code requires different
assumptions than Westinghouse codes that are typicaly used in current plants SARs.
Therefore, accident sequences that will target this objective have been defined
lagdy on the bass of PWR experience, trying to maximize the probability that
proposed sequences will be acceptable to NRC. To summarize, the objective is to
devedlop a comprehensve sat of andyses, with a degree of “conservatism” that is
expected to bound effective plant desgn limits, and to provide confidence that dl
requirements will be met once the red plant SAR will be devel oped.

3. Assist in the system design. Use of prdiminay safety andyss and sengtivity
dudies play important role in the process of gpecification of the “find” desgn
requirements. In particular, these preiminary andyses will play an important role in
the definition/szing of the safety sysems and in the definition of the protection
gysem.. Given the differences between IRIS and AP1000, both in overdl plant
layout and in sfety sysems functiongdefinition, a sufficiently wide spectrum of
andyses is expected to acquire a sufficient confidence that the Szing of safety
systems is appropriate

4.2 Preliminary Results of the Transient Analysis

Congdering current status of the noddization development, a set of transent sequences
has been chosen for the nodaization testing purpose. The objective of the testing was to
detect errors in the mode (together with review process), improve noddization, check
accident sequences and provide examples and prepare guiddines for usage in the “IRIS
trandent analysis group”. In this frame following trangents/accidents were utilized.

Arbitrary sequence

Arbitrary sequence is essentidly reactor trip with forced operation of different number
of EHRS loops. This andyss verified proper implementation and minor modifications of the
POLIMI mode of the EHRS. Capahility of the EHRS to remove decay hedt is visble from .
The case with 4 EHRS was interrupted at 400 s to prevent the actuation of the Emergency
Boration Tank that was not yet implemented in the modd.

L ong term behavior
This test of the modd conssts of the introduction of reactor scram with one EHRS loop active
for the duration of 3 hours. This fictitious sequence has been chosen to check long term hest
remova cagpabilities. At the same time, the sequence has been used in Reactor SG
Connections (RSC) design support: 8 RSC connections, i.e. openings between the riser and
the deam generators enabling direct flow paths without passng through the pumps, were
modeled to endble long term naturd circulation. Figure 4 shows long term behavior with
introduction of the RSC connections naturd circulation is maintained for the extended
period.

L oss of Flow Accident (LOFA)

The first sequence that was discussed and analyzed has been a complete loss of flow accident,
and in this frame four cases were andyzed regarding possible neutronic feedback — BOC,
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MOC, EOC and a limiting with most adverse neutronic coefficients regarding core heat-up,
defined in agreement with typica Westinghouse procedures for the andyss of this event. The
results showed a typicd PWR behavior for sysem flow rate, neutronic power and therma
heat flux (Figures 57). These and other plant data were provided to Westinghouse for input to
subchanned andyss code to cdculate departure from nucleate bailing ratios in the core. The
test was useful from the error detection sde and three mgor errors were discovered: trestment
of boron coefficient (due to some difference in Westinghouse procedures and code input
definition), ingppropriate initidization of core heat dructure and a non correct input for the
temperature average calculation in the fue rod.

Also, this case dlowed to establish a better interface between FER and Westinghouse in
the management of the necessary interfaces.

Feed Line Break (FLB)

FLB tes primary intention was the verification of trip logic and andyss of a typicd
event of decrease in heat removad. However, detalled investigation of the accident sequence
led to many sengdtivity cases influence of EHRS loop 1 datus on cooling capabilities of
EHRS loop 2 was andyzed, limiting point kinetic data were investigated, as well as some
assumptions in accident sequence. Sengtivity studies cover full and patid EHRS activation,
traveing time for isolation valves, definition of EHRS actuation sequence, choice of sgnd to
trip turbine, trip of the RCP pumps, influence of different scram curves depending on RCP
daus and usage of the dternative scram on high pressurizer pressure. Regarding neutronic
coefficents, BOC/MOC/EOC and limiting cases were considered.

The second god of this andyss was the definition of the safe shutdown sequence for
IRIS: as the results confirmed, the capability of the secondary sde to remove hesat is reduced
rgpidly due to termination of the feedwater flow. The water inventory of the faulted SGs is
depleted within firgt 15 s. Initid power removed by dl SGs is Smilar. After decrease of water
inventory in faulted SGs other remove some heat due to temperature difference between
primary and secondary fluid.

The large primary Sde heat snk prevents an excessive heat up while the EHRS are
actuated on an gppropriate Sgna. Drainage of EHRS lines proved to be most chalenging for
time sep Sze of the cdculaion. The differences between cases are mainly due to different
nuclear source. Heatup of the coolant in the core decreases fisson power so moderator
feedback coefficient has mgor influence in this period on the model response.

An effective remova of decay heat is established when the EHRS initiate to operate in
natura circulation. Assumption about RCPs availability has no big influence in the beginning
of the trangent due to loss of secondary sink, but a loss of offdte is assumed as a consegquence
of reactor trip and subsequent turbine trip as per NRC guiddines. Andysis of this event is ill
under revison, and in paticular heat trander modes in the EHRS ae being verified to
confirm an appropriate RELAP prediction of the system performance in different conditions.
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5 CONCLUSIONS

IRIS is a PWR, based on exiging proven technology, and with sgnificantly improved
safety features. An Internationd team condgting of different organizations has developed an
andyticd modd suitable for the trangent andyss on the bass of the RELAPS/MOD3.3
computer code. Development of such a model proved to be rather demanding process with
necessay and frequent interaction between involved inditutions. Nodaization is prepared
using best available data and experience in RELAPS safety analyses.

Prdiminary teding of the modd has showed that discretization approach is acceptable
and that the modd produces reasonable results. Some errors were discovered and few
improvements implemented.  Interfaces between partners were improved. Two accident
categories were covered in this phase of testing. Further improvements and corrections are
expected after the next phase of testing that will be performed indde IRIS consortium. After
this phase of tedting, the noddization will be used for prdiminay safety andyses of IRIS
system and for determination of control and protection systems setpoints.
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Panning and execution of the experimenta program, is essentid for the further
development of the noddization and crucid modd verification and vdidation. Final god is to
have reliable noddization applicable to study most of accidents.
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