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1 List of Acronyms

Abbreviation / Acronym ‘ Description/ meaning

AC Alternating current

AKZ cAnlagen Kenfeichnungs{ & & (i S Y ¢ arkirtg Byistgnii a 2letter code)

ATHLET Analysis of THermalhydraulics of LEaksl TransientsGerman reference
thermal hydraulic systernode maintained by GRS

BOC Begin of Cycle, a burnup state in an equilibrium core

CATHARE French reference thermdlydraulic system code

CHX Compact Heat Exchanger, interface to the stesystem

CLn Cold Leg (with numberfdoop)

CONTRONIC Product line & Hartmann&Braun for control purpose

| +y /| Sy G NHzY @eél | dzydz y S Orchhdorhpar®,KUIVGroLi§ N

DC Direct current

DG Diesel Generator

Dymola Dynamic Modeling.aboratory(Dassault modelling softwaenvironmeny

EdF Electricite de France

EPR European Pressurized Reactor

FMU Functional mockup unit

GfS Gesellschatft fisimulatorschulung

GRS Gesellschaft flir Reaktorsicherhe@drman nuclear expedrganisation

HLn Hot Legwith number d loop)

1&C Instrumengtion and Control

JSI L y & (I8 Sigfark (Sloveniarscientific research instituje

KKS a Y NI T&enstldhingé e aiSYa 6GKS DSNXIY

KSG KraftwerksSimulatorGesellschaft

LOOP Loss of offsite power

MCP Main Coolant Pump

Modelica Modelling libraries for the Dymola environment

MSIV Main Steam isolating valve

NPP Nuclear Power Plant

PRz Pressurer
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Abbreviation / Acronym
PWR

Description/ meaning

Pressurized Water Reactor

RA Descriptor of the main steam system in thdée®ter code

RELAP Reactor Excursion and Leak Analysis Progusreference thermal hydraul
systemcode

RL Descriptor of the feedwater system in theéter code

RPV Reactor pressure vessel

Rz Descriptor of theblow downsystem in the Zetter code

SBO Station Black Out

sCO2 Supercritical CO2 (above critical point&0C, 738 bar)

SCRAM Rapid emergency shutdown of a nuclear reactor

SG Steam Generator

SGTL Steam Generator Tube Leak

TAC Turbine Alternator Compressor

TK Descriptor of the sCOReat removal system in the-[Rtter code

UHS Ultimate Heat Sink, interface to the atmosphker

USTUTT Universitat Stuttgart
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2 Executive Summary

The model of a sCAfsed heat removadystem ha been implemented into a prKonvoiPWRfull scope
simulator as a comprehensivend detailedsystem environmentWith this enhanced simulatoseveral
transients were performed to demonstrate the heat removal capacities of the sCO2 systdifierent
configurations and to identify and to explore possible operational problems, resulting from details sometimes
missed in input decks faualified nuclear codes, or resulting from possible manual actions of the shift crew.

Into this categoryfall:

1 a permanent steam leakage to the main steam system as steam flowing along the valve stems or
turbine valves and turbine bypass valves to the condenser, which will be blocked with a closure of the
MSIV

1 the lack of an automatic criterium to cloiee MSIV

91 the advantage to be taken from the deliberate closure of the bdfwpath (if available) at an early
stage, to retain secondary side coolant

9 the cross connections in between the blowdown system, exchang@mpndary side coolant in
between the skam generators according to pressure differences

9 the interaction of running sCG&/stems with a depressurisation of a spare SG

1 sensitivity of the sCORBeat removal system to an elevated SG level

Furthermore the data available to the shift crew had to bssessed, on which decisions may be made for
manual interventionsinto this category fall:

9 Limited measuring of the SG level

1 Limited knowledge about the heat to be removed and the time the system needs to resheffieat
removal path after shutting dowa subsystem

9 Limited knowledge about the saturation or subcooling inside the primary circuit

Finally quality, stability and usabilitypf the simulatorfor training purposesvere tobe assessd. Generallya
typical training sequence of up to 2 hours was parfed smoothly. Results from earlier ATHLET calculations
about heat removal witld subsystemsdonewithin this project could be reproducedsCO2systems could be
started, stopped, restarted.

The visualisation tool fathe RELAPnhodel of the primary sysim, the simulator is equipped wittsupports
presentation and understanding of the processes happening in certain phases of the transients.

Sme improvements would beelpfulregarding the real time performance and tharameter set needed for
a seamlessontinuation of SCO2 systems run after stops and backtracks.

sSCO24-NPP ©847606 PageB of 57
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3 Introduction

During sCO2-NPP project, the design of the heat removal system with all its components has been
investigated thoroughly with qualified codes as ATHLET and CATHARE, as wella§Dgealica, which is

not used for qualified calculatioria nuclear industrnso far. Themain purpose was tanodel the static and
dynamic behaviour and toptimize the technical properties of the crucial components, whigthe TAC, the
CHX, the UHShese calculations are focused the components, setting the boundary conditigresg. the
interface to the plantjn a simplified manner and scripting the eventevertheless, the input decks for these
calculationsare well established and used by nuclear expert organisatieng. the GRI his work was mainly
done in WP2 andlvP5.

Regarding the grade of detail, a full scope simulator, well established in the traifiogresfed shift personal

of a nuclear power plantand asessed several times during construction and training, provides a very
comprehensive environment regarding the response of a NPP to the-®08@2 Somost simplifications of

the input decks will be replaced by the full conteftsystems modelled to genate the plant behaviour in

the desired detail for training of normal operations as wellam®@malousand emergency situations. The
engineering work for thismmodellingcomprisesmostly several maiyears from experienced teams.

Sq it was the idedor WP6 tobring the results of the proje€a  LIN@®# pagkdg@segarding outline and
operation of the sCO2 heat removal system into the real time environment of a full scope PWR simulator of a
(pre-)Konvoi nuclear power plant, to providenaenvironment resemlohg the most comprehensive
detailedness available outside a real plant. The grade of details heeded to assess such a situation like a station
blackout, comprises such things like:

1 Availability of component drives from secured power sources (batteries)

9 Automatic actions from systems of all safety levels, including controls (not only safety related systems)
1 Long term losses to small leakagesimining

1 Availability of passive coolant injections, e.g. feedwater tank

1 Availability of data, especially measuriragnge limits and measuring bias.

There are reasons, why a simulator is not a qualified model regarding transient analysis. The demand to real
time behaviourenforcessome simplification regarding preciseness of the calculations. Nevertheless, the
improved quality by increased computing powen the last decades allowed the simulators at KSG/GfS to
support several projects at NP&garding I1&C upgrades, even conceptual work for ergonomics of control desks
for heat removal systems in safety level 4 as easlyn 1999 for NPPhilippsburgl. The real time feature

gives more flexibility to repeat or adapt transients with a direct view to the results at the control room display
even checking some deviations in boundary conditions (e.g. resulting from the ptésniraf conservative
boundary conditions in design calculations vs. best estimate conditions with interferingafiety related
systemsor manual interventionsn simulator conditions). Saliff-edge behaviour, where small changes or
manual interferencecan cause a forking in the outcome, may be identified at a simulator more e@sily.
course, the next step should always be to take the findings of these simulator experiences to the input deck
of a qualified model calculation again.

sSCO24-NPP ©847606 Page9 of 57
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4 Description of Plant and Simulator

4.1 Description of the reference plant

The reference plamiiPP Grohndewhich is represented by the D46 simulator at theator Center in Essen,

is a 1300 MWe KWU Type plant, wideferredl & & 2 NI 2 A lEisnériylsiilar to the Konvoi reactors
Emsland, Isar Il and Nechaastheim IJ which were intended as a standardized refltthe evolutional
progress made from the experience gathered during construction and commissioning of the 1300 MW type
This linebegirs with Grafenrheinfeld NPP, continuing with Grohnde and Brokdorf. Philippsbailcgeady
represented the adaptions in the secondary circuit, e.g. feedwater tank pressure of about 4 bar, instead of
formerly 10 bar.From viewpoint of documentation, Plufisburg2 already uses KKS denomination of
components, in contrast to the former AKZ. Tpre-Konvoiunits were establishéabroad, in Angra (Brazil)

and Trillo (Spain).

t NAYlFNE &aead s vYimilar foRgreikenvol ahNdKonyaiziants theéithermahctor power is about

3900 MW, with a core mass flow of 20000 kg/s in 4 loops. The average coolant temperature is about 310 °C,
with a span from 34 K in between hot leg (~327 °C) and cold leg (~293 °C). The diffeeasiiond\geometry
(18x18fuel rod latticefor Konvoi, 16x16 for Grohnddpes not influence the problems to be discussed in this
work.

The steam generators are bFtube type, with a secondary pressure of 66 bar@82 °C)Grafenrheinfeld,
Grohnde and Brokdorf used preheater chambarthe steam generatorfor better subcooling of the cold leg
but the principle was abandonefr Philippsburg?. After some upgrades at the turbines, Konvoi and-pre
Konvoi plantgypicallyprovided ~1400 MW electrical powewarying withthe cooling watersituation of the
site. Nominamainsteam and feedwater flowasabout 2100 kg/s.

The electrical inhouse load is provided by the generator, if in operation, otherwise taken backwards from the
main power grid. If the main grid is unavailable, the supplyaken from the auxiliary grid connection
6awSaSNBSYySGT 60X LINRPOARAYI GKS LIR26SNI (G2 YFEAYQGlFAy
deliberately cool down fosomerepair.

L¥ GKS 2FFAARS 3INAR Aat 223NI o 2hhLof 0EG0SSE én 0504 &St 20FS
power for the safety related 10 kV buses. The capacity of the DG is not sufficient to power the components
necessary for the main heat sintr to drive the Main Coolant Pumps (MCP) in the primary ldbprefore,

these components are connected to buses separated from thep@&red busesHence, the primary loop

flow has to be maintained by natural circulation (initially for about 5 min supported by the flywheels on the
MCP), and the heat has to be dungpimto the atmosphere as the ultimate heat sink, until the direct cooling

by theemergency poweretbw pressure cooling systems can be usHuke feeding of the SG secondary side
would be provided by the emergency powered auxiliary feedwater pumps, using/dker resources of the
feedwater tank for the first couple of hours.

Allvital functions of the planincludinglight, instrumentationsomeair conditioning are powered from these
DG buses and buses transformed to lower voltage. A limited numbennations can be supplied from
batteries for a limited time, either with direct current (DC busghich are supplied normally from emergency
powered AC buses via rectifiersj, viaconverters fromtheses DC buseas alternate current (AC).

A prominentvital function from the 220 V DC powered buses is the operation of the sealing oil pump to
prevent escapingf hydrogenfrom the generator into the turbine building. Another 220 V powered pump
provides some lube oil to theirbine coasting down

sSCO24-NPP ©847606 PagelOof 57
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Low voltaye (24 V) buses are crucial for I&C in the control room.

The secured AC (400 V) is generally used for control drivv€xoaotroni& product line, most notably thblow-

off control valves in Grohnde. Sthe control function of these valves is available ewe Station Black Out.

This will be seen ithe beginning of the transients from the partial cool down to 74 bar on secondary side with
100 K/h, after touching the setpoint for tHedow-off valves (82 barPlease note, that this feature is in contrast

to other preKonvoi and Konvoi plants, where only the safety valves at the SG are supplied with secured power.

For safety assessments, such operational functions are often neglectégpicallyassumed not available),
because their loss is covered by sgfeinctions in a higher quality.

In case of the loss of tHE) kVDG, e.g. by external impadtpbunkered systems with.8 kV diesel generators,
each of thencoupledmechanicallyith asmaller emergency feedwater pump, would step in, to feed the SG
from large bunkered water basinghese functions are essential for the demanded 10 hours autarky of the
reactor cooling functiorin case of external impact. Of course, DC power for instrumentation and carftrol
the bunkered systemias to beprovidedfrom DC buses supported by batteries, or fed via rectifiers from the
0.4 kV buses secured byesesmallerDG There are no converters for secured AC from DC irbtlnikered

part of the plant

4.1.1 Cross connections

4.1.1.1 Cross connections in RA

The main steam sysin is crossonnected via the main steam header in the turbine building.

silenceri
F I
CHX
SG1 .
S main steam header
_ Turbine/
Condenser
'Valve block
ESOOZ: MSIV
15003: Safety valve 3
- open 15004: Blow-off isolating valve |
- throttled 15008: SV isolating valve i
- closed L S005: Blow-off valve L

Figurel: Cross connections and valves in the Main Steam System at the beginning of SBO

At the beginning, without manuahtervention, the pressure is limited by the bleweff valves Each blow off

valve controls the pressure from its own SG, but pressure differences can cause backflow from the main steam
header in the turbine building at the right hand side. This cross connection dalondded by closing the MSIV
manually, or in case of a rapid pressure dfmglicating a break or large leakagejtomatically

Valves in the valve block are controlled with pilot valves, which need pressurized air and some low voltage
power. The blow offfalve S005 needs electrical power, but can be isolated by S004.
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4.1.1.2 Cross connections in RZ

The connections iblowdown systenRZ are depicted in the figure below.

CHX ]

— >4 pt—

RZ34S003 RZ345004

SG3

CHX

RZ44 5003 RZ44 5004

Cleaning
$G1 CHX > <
| l l : l l RZ515001

RZ145003 RZ14 5004

5G4

CHX

SG2 |
—p4IP4— B open
RZ245003  RZ24 5004 B cottied
- closed

Figure2: Cross connections on water side of RZ systuming SBO

The blowdown path is normally trimmed to drain continuously an estimated amount of water from each steam
generator to remove the water with a higher concentration of dirt and salt from the bottonth8individual
position prior the accidents difficult to predict. Furthermore, the valves are controlled from the bunkered
redundancieswhich do not haveecured380V alternating currentTherefore these valves would have to be
operated by makeshift power supply or manualgo far the conditions in the containment have not
deteriorated yet.Generally, these connections shoulde consideredasexisting.

4.1.2 Operability of componentduringSBO

A full scope simulator, with licensed personal trained several times per year over a dedackdly checking
scenarios), provides an assessed setup, which drives are available in case of different sets of malfunctions from
the buses or DG. In this sensewall-maintained simulator represents stored knowledge of institutions,
authorities, licesees, experts, plant engineers and technicianstt&se dependencies will not have to be
checked further here.

Some inputs to simulate actions on components had to be done in a makeshift manner, for convenience
handling the instructor station. Sclosirg of MSIV was done by the malfunction of mispositioning the valve
Oa{ LJzNA 2dza Of 2adz2NB¢ 0 AyaidStR 27 -didfoM@Eed pidtivgivas. Il KS 2
was assumed, that the power for the solenoids of the pilot valvasavailable fom the respective batteries,

and the pressurized air was available from a Ibcdfer vessefor these purposes.

Some local activities to close valves could be assumed possible, but especially actions at the trim valves in the
blowdown system (especialtiescribed in case 4) could become complicated, because these valves are located
AVAARS GKS O2ydlAyvYSy(io 9ELISOGAY3 a2Y8 RSGSNA2NI
not be credited.

All Tkcomponents were assumed operable, accogdio the seHpowering of the system.
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4.1.3 Indicators available in the control room

The control room at a simulator should display all the indicators available for the shift team in the same
manner as in real, including measuring errors and response to adwtternal conditions, which is in
particular important for level meterind-or the simulator instructor there are some more indicatavailable
especially internal parameters as pipe flow or level indicators beyond measured rangesu#able, these
differences should be taken into account when it comes to the decision making to be exgguathdiecisions

are the closure of the MSIV or the skaiff of single TK subsystems, to stabilize pressure and temperature.
Remarks will be made in the respectsections in the discussion of the transients. Nevertheless, the RELAP
viewer of the simulator will be extensively used to follow the evolution of the transients.

4.2 Description of the SCG2NPP heat removal system

4.2.1 Components and control

The model of the heatemoval subsystemaasdescribed irf1] and[2] before. Thanterface to the simulator
was outlined in3], and theintegrationin [4], in the documentation of the projecA good and short overall
description can be taken frofd]. From this, a detailed desption is not necessary, but the handling of the
system in the practical use at the simulator will be described here shortly.
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Figure3: Overview of all TK subsystems with main parameters

Thenearly identicab subsystems wilhe here referredtol & a¢Ymné G2 da¢Ycnésx G2
TK10, 20, 30 and 40 have a simple order towards the four steam gene&®bite SGl. TK50 can either be
connected to SG1 or SG2, TK60 to SG3 arliiGdever to both at the same tim&hisallows a good flexibility
regarding symmetry. Crog®nnections in between steam drcondensate path, e.g. taking steam from SG1
but giving back condensate to SG2, are excludled is reasonabklfrom physics point of view too, because
even slightest presure differences would hamper thgravity-driven condensate flow)Please note, that in
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the snaps from theRELAP viewer SG1 is in the lower left corner, and the ofditre SGs clockwiseThis
order was resembled in the systems overviseeFigure3).

Each subsystem has a nominal heat removal power of 10 M/¥chieve this power, the design parameters
should be met, e.g. a speed of 23000 rpm, a comprassatrtemperature of 55 °C (which is controlled by the
temperature and air mass flow through the UHS) at a pressure of 127 bar, and a steam inlet temperature of
about 290 °C. The G@ass flow is about 30 kg/s.

The temperature behind the CHX is determimgtthe steam temperatre at most, but in second order by the
CQtemperature at inlet and the condensate temperature achieved at the outlet of the CHX. This condensate
temperature would be more supporting from thermal viewpoint, if it were not too cold,ebtemperature of

about 150 °C was intended to keep the thermal stress limited. For this, the control 0TKx& €0d@uimber of
subsystemhad to operate a valve at the outlet, balancing the condensate flow for proper subcaliiing
travellingtime through the CHXSome numerical instabilities occurred during this prodeisslly, 0TKx3 S201,
another valve in the condensate flopath, was trimmeddampening the oscillations and providiag least

some steady subcooling.

The C@temperature at the intt is determined by the UHS control and gets some boost during compression
from about 55°C to 85°C. Theair mass flow is controlled by the speed of the UHS fans via 0TKx4 C001 (again,
x stands for the number of the subsystem).
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Figured: TK60 subsystem after start
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More details about thgparameters could be retrieved from pagps in the operations picture. Pajps are to

be detected by the red squares around the componerfEgyyre 5). A special pojup is about the
thermodynamic interfacéo the simulator Figure6), where the thermal power can be retrieved from the mass
flow and the enthalpy differences.

4.2.2 Startup and operation

The startup and stop of the TK subsystems was performed with simulator spetifit $Ji0a oG KS- a2 Ol
files), prepared by KSG ahdt.{¥he main technological steps were:

9 Start of the TAC with secured power, to fill, circulate and pathiee CQ. Limited throttled opening
of the steam line valve. Power balance is negatitestart ofthis phase, the UH&r temperaturewas
defined to 45 °C of model reasons.

1 Filling of the system and push the turbine to power from the-@0ks. Electdal Power balance
becomes positive. Complete opening of the steam valve.

1 Close the push start valves, openthg condensate valve.

After this, the control of the air mass flow at the UHS was set in automatic mode (this was not s&ipited,

was done manually), so the temperature at the UHS outlet was controlled at 55 °C. Same was tried for the
condensate temperature control, but regled unstable, from the changing backpressure due to the lowering
SG water level. S@ome adjustments werelone with TKx3 S201 in a fixed position, to maintain some
subcooling.

4.2.3 Shutdown and restart at the simulator

The shutdown of a subsystem was agagnfprmed with a prepared script, where the connection in between
the so called FMFor explanationsee[4]) was simply shut off, with the TK subsystem remaining virtually in
somekind ofreadiness state. A restart was done performing the start script again (or in case of a switch of the
SG for TK50 or TK60 the specific script for the parallel connection).
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5 Transients

5.1 SBOBoundary condition

5.1.1 Initial Condition and Scenario

The initial ondition wassetat 100% ratedthermal powerof about3900 MW Considering burnu Begin of
Cycle(BOC) statén equilibrium (with fuel elements history ¢fpicallyup to 5 cycles back) was us&b, the
decay heat starts with aboutG® MW at shutdown.

The SBO was implemented by a combination of malfunctions, started with a prepared sthigpsame time
with a trigger. Sedablel.
Tablel: SBO script

Malfunction Comment

i < . o . Predefined combination (ATOOA), Loss of Grid and no inh
abt¥dyourzy a9 operation. Loss of main heat sink and MCP. SCRAM.

n LINBRSTAYSR YIf FTdzyOliazya oD,
buses are not supplied, not any auxiliéegdwater pump available
n adlyRFENR YItFdzyOliAz2ya 6302080
Malfunction of all 0.4kV DG the bunkered emergency 0.4 kV buses are not supplied, not
emergency feedwater pump available

Malfunction of all 10 kV DG

The SCRAM resultmmediatelyfrom the loss of rotational speed of more than 1 MCP. There is no signal for
closing of the MSIY this would be done in case of a secondary side leak, causing a rapid pressure drop in the
SG. Nevertheless, as shown later, the closure of MSIV is needewitblong term losses to the gland seal
packageslong the stem®f the large turbine and bypass valves.

From the loss of power, the main heat sink will be isolated, from loss of hydflaidipressure, so the blow

off valves have to dump the steam inthe air. This starts, when the secondary side pressure has increased to
82 bar, stimulating a partial blowsff to 74 bar. This feature is available only if the blo¥ valves are operable
from secured AC power, which is the case for the reference plxherwise, the pressure would reach Bar,

the setpoint for the safety valveso be limited there in an intermittent opening with a hysteresis of about

5 bar.

A snapshot was savedis a new initial conditianwhen pressurdnad beenstabilised at 74 baafter about

5 min, to serve as the uniform initial condition set for all transients with TK system operation. From viewpoint
of operation,manual interference in such a scenario should start only after getting an overview to make sound
decisions, so thidelay in time would be the minimum to be expected.

5.2 Overview about the Transients

The scenarios were chosen to highlight some questions about operational details, typical for the framework
of a simulator for training, as well as for verification of priaees of the simulated plant.
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Case number

Public

Table2: Test scenarios

Order ofsubsystemdo SG

Boundary conditions

Reference run without
TK depressurisation

Case 1: Bubsystemsvith
closed MSIV

No TK in action

SG1TKLO
SG2TK20, TK50
SG3TK30, TK60
SG4TK40

SBO from initial condition until overheat of tt
core, no TK started

Systemsstarted about 10 min after blackou
MSIVclosed when pressure is below 70 bar a
power expected to be below capacitylow-off
valves already closed)

TK50 and TK6ghut down, when powers at
about 40 MW

Further: O0TKx%201 throttled,
condensate temperature

to stabilize

Case 2: 6 subsysten
delayed

SG1: TK10
SG2: TK20, TK50
SG3: TK30, TK60

Systemsstart delayed, about 30 min after SB|
RA remains open. TK50 and TK60 shut dc
when poweris atabout 40 MW Followed until

stabilizing temperatures with 4 subsystems.

SG4: TK40
SG1- N+2test. TK20 in repair, backed by TK50. T|
Cases: 4 subsystemsvith  SG2: TK50 fails gt start.Start within 10 min after SBO. F
failure concept SG3: TK30. TKEO remains open, to force long term steam cooli
: ' and to demonstrate losses to the Mabteam
SG4: TK40 System_
. SG1: TK10 ClosedVISIVsoon after SBO. 4 systems start
Case 3a: 4 subsysten g, Tkoq about 10 min after SBO
symmetrically (reference .
to ATHLET) SG3: TK30 Further: O0TKx%201 throttled, to stabilize
SG4: TK40 condensateemperature
Systems started immediately, Main steg
closure valves remain opedio below 80 bay
odzi YIFIAYy &adG4SIY o0ft2g
SG1: TK10 blocked. Resembs normal Konvoi.
Case 4: 6 subsystemdgth = SG2: TK20, TK50 Further: OTKx%201 throttled, to stabilize
closed Blowoff path SG3: TK30, TK60 condensate temperature
SG4: TK40 RZ connections manually closi
(RZ14/24/34/44 S0033hortly before closing
main steam (after 1 hour)After 2 hours stop
TK60.
Systems started immediately, blewif
SG1- isolating valves closed after start, main ste:
SG2: TK20. B8 isolating valvgs kept open until power droppt
Case 5: 5 subsystems below capacity of 5 subsystems (presst
SG3: TK30, TK60 below 80 bar), RZ connections kept open
SG4: TK40

sCO24-NPP 847606

Further: fixed trim for condensate valves, ;
flow control in automatic mode.
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Case number Order ofsubsystemdo SG  Boundary conditions

SG1+=
Case 5a: Case 5 continu( SG2: TK20, TK50 Depressurisation of a dried out SG1, to re
with depressurisation SG3: TK30, TK60 from feedwater tank.

SG4: TK40

5.3 ReferenceSBO with depressurisation

The transient wadoneto demonstrate the grace time available in case of SBO, before theupeaitthe core
sets in.Atransient with heatup until overheating wasimulatedand delivered already for D2.2 at an earlier
stage of the project, théemperature evolution in the a@ until start ofoverheating is depicted iRigure?.
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Figure7: SBO reference run for D2.2 until overheating of the core

From this the heatip is to be seen beginning at less than 1 hour after SBO occurred, with primary coolant
spilled out from pressurizer into the pressurizer relief tank after about 1 hour. Emptying of the primary circuit
leads to boitoff of the core, where uncovering and@alation of heatup can be derived from HiE2mperature

(the path of the steantowards the pressurizer), steeply increasing after 6500 s. The understanding of the
thermal hydraulic effects determining the path of these parameters is necessary to fokotratisients with

TK systems below.

sCO24-NPP ©847606 Pagel9of 57



sCO24-NPP_D6.3_Representative transients of a European PWR equipped witlsyZ€2 monitored and assessed_R1.0.docx Public

Beside thisa new transient run was started to

a) Confirm that the basic conditions at D46 simulator for the SBO regarding the initial condition and the
models did not change since end of March 2020,

b) Get some more depictable states from the RELAP viewer, regarding the phases of the transient

c¢) Demonstratea classic accident management measure, the depressurisation of the secondary side
(done with limited resources, so only one SG was depressurized in the first step), to highlight the
capability of the simulator to demonstrate such complex scenarios, stegpinom the RELAP viewer
as visualisation tool.
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Figure8: RELAP view of the initial conditions before SBO

The RELAP view of the initial conditigtigure8) shows a reactor power of 3910 MW dithe typical mass

flow of about 500kg/s in each loop, with running main coolant pumpke shade of blue depicts the volume
content of steam in each n&d From this there can be taken, that the most of the inner part of the steam
generators is filled with void of typically 80, whereas the downcomer is filled with watersooled from
feedwater. The special existence of the preheater chambers can beatbfrom the split of the feedwater

flow to the bottom near the cold leg side of the BGilet, to support the subcooling of the cold leg.
Nevertheless, a temperature of 294 °C is given for the CL. A smaller part of the feedwater is given into the ring
around the separators, so the water in the downcomer becomes subcooled. Please note, that the level
meteringmeasures the column in the downcomer. The level metering stops at the lower end at about 4.2 m
(as to be seen ifrigure7), mainly because an orifice below to restrict and stabilize the liquid flow would
influence the pressure difference to the toportunately for the analysis, the RELAP viewer gives an effective
water level from the internal balance.
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The downcomer is separated from the riser around thtubes by a shroudThe volume of the water below
the measured level is mostly given as 70 meé $6&, but there will be about 45 t of water (including the
steam area) in each SG.

If the heat transfer from primary sideasceas&after scram, the void inside trshroud will collapsandwater

is shifted from the downcomer inwards. The feedwatemflwill stop immediately. The extensive blow off to
remove the residual heat as well as the cool down to stabilize the secondary pressure at 74 bar,(gauged
therefore 75 bar total pressure indicated in the vieyveauses a drop in the water level down tbcat 7 m

within 5 minutes.

The residual power comprises more than the decay heat: it is the fission power on the way to become
subcritical, the heat stored intthe fuel for temperature profile to perform the heat conduction through the
oxidicfuel and lag but not least, the decay heat, beginning with aroun®®f the nominal power.

Figure9: Conditions for the uniform initial state for the transients, 5 min after SBO

This state, depicted abovia Figure9, was taken as the initial condition for the following transients.

With a decay heat of still above 100 MW (10 min after scram it is typically stitb 2022.4% of the nominal
power, depending from the uncertainties included), the water will be boiled off steadily, in the depicted case
via the blowoff valves A diagram for thelecay heafor the simulatoris attached irA.1.1

After less than 1 hour, the SG will fall dry Rigure7, the increase of the coolant temperaturesn be seen
setting in already before, because of the reduction of wetted heat transfer area at the outer side 0f the
tubes. Being not able to follow the liquid water level below 4 m in the control room, this temperature increase
gives the shift crew th information that the SG is drying out noWhe situation with dried SG is depicted in
Figurel.
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