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Abstract

As Taiwan’s nuclear power plants have entered the decommissioning stage, the spent fuel
pool (SFP), serving as a temporary storage facility for spent nuclear fuel, has become
increasingly critical in terms of safety regulation and oversight. This study aims to collect and
analyze international experiences in SFP safety assessment and to enhance Taiwan’s analytical
capability through the integration of global practices and domestic expertise. The objective is
to ensure that the management of spent nuclear fuel during the decommissioning phase
complies with international safety standards, thereby establishing a solid foundation for
strengthening the overall nuclear safety regulatory framework in Taiwan.

In parallel, this study synthesizes the 2025 CAMP and CSARP research findings, focusing
on the recent advancements in the TRACE and MELCOR code developments and their
applications to safety analysis methodologies for small modular reactors (SMRs) and other
advanced reactor concepts. Ongoing international collaborative projects—such as the EU
SASPAM-SA, McSAFER, and DENOPI programs—commonly adopt the Phenomena
Identification and Ranking Table (PIRT) methodology to identify key thermal-hydraulic
phenomena. These identified phenomena form the basis for designing Separate Effect Tests
(SETs) and Integral Effect Tests (IETs), which are then complemented by multi-code
benchmarking and experimental validation to improve the accuracy and reliability of safety
analyses.

This project demonstrates that Taiwan’s current regulatory and emergency response
measures for spent fuel pools comply with international safety standards, ensuring robust
protection, monitoring, and recovery capabilities during decommissioning. By integrating the
latest international developments and safety analysis technologies, the results provide a key
reference for establishing Taiwan’s SMR and advanced reactor safety analysis framework.
Following international collaborative models such as SASPAM-SA, McSAFER, and DENOPI,
regulatory authorities may support research institutes in continuously collecting thermal
hydraulic databases from scaled and integral effect tests, and validating safety codes like

TRACE and MELCOR to strengthen future safety evaluations and technical reviews.
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B Current Status of Analysis Tool for CANDU Spent Fuel Pool Accident in Korea
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AL EET RN A AT 0 i L B MR R T Bl R R

ok T EARE R AR SN S kS R (TS g B R RALA ARG HE
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oo (3) kg is 2 RASAEpER > 0F
R EERCE Rk T T
T R B A TAR I SBITIL 4  r S BRI M TR SFP R 17

2HREREST -

ETTS

=8

Rtk R esd s (4) #

PR oA R T R AL kR

Module I Phenomenon
POOL Model Pool Drain
Decay Heat

FUEL Model

DEBRIS Model

FISSION
PRODUCT Model

CONTAINMENT
Model

CONSEQUENCE
Model

Fuel Heat-up

Fuel Melting &
Relocation

FP Release

Building Pressurization
and Thermal Response

FP Release & Dose
Calculation

TS

Detailed Calculation

‘Break discharge calculation

-Cooling system interactions

-Evaporation due to forced and natural convection
“Water loss due to boiling

‘Bundle and rack uncovery

‘Decay curve for CANDU fuel

-Heat transfer to fluids and structures
-Interaction with underlying water
-Steam and air oxidation

‘Debris interaction with air

-Heat transfer and oxidation kinetics

‘Relocation of debris and melt

-Steam and hydrogen production by interaction of
melt and debris with water

-FP release into room
-FP release from fuel and debris
-FP deposition in pool

-Thermal and mechanical response of walls, roof
structure

-Steam and hydrogen production by quenching
-Pressure, temperature response of room air
‘Building failure or rupture

-Debris-concrete interactions

-Zirconium fires

‘Recovery modes

-FP release into environment & dose calculation

griE

sy

=

~

_Q

B 2-6 ~ KAERI B Fj c7% s & 7 e
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B oss of Coolant and Loss of Cooling Accident Research : The DENOPI Project

AG G Fecis »SFP & A A fradr & L ir Rk EF LT ahX 2R XD FREMR D 2 H
IRSN (Institut de Radioprotection et de Streté Nucleaire ) # 3 B F5>~ DENOPI 3+ 4 35 £
Panldpd o A &ALk e SFP P hfg SR N SR 2 1 25 B R
et SFP RE R RAT N OV AR LS B R AHEAH O RAHEINGFTE ~ F
R &~ 55 BB 2 ROT g AR I R B R 4 -

DENOPI 3+ % P enE 587 % ¥ ¥ SFP ¥ s A2 in g it > T3P v JHE frilnd
T EFE R N R RERERAEAS DRSS, o 23 H 11 MIDL F %K 6
(Medium-scale Integrated Device Experimental Facility ) fi-# SFP e £ 4 frez e 2 2
Pk miE R T AR BEE P R T R iEAR Y PRl e it & SFP en
BB P R FF LS S B E 2T 32458 (4e ASTEC~CFD~TRACE)
SO e U en P B Bh AL R 0 MIDL 53k 5 4o ] 2-7 YT o @ pplie & hk
FRA Frd ey 4 ks Bl E 4 w2 MEDEA ( Modular Experimental Device for Enhanced
Assessment ) 22 ASPIC (Assembly-Scale Pool Integrated Configuration) § 5 X 5 i& {7 i
3# » MEDEA £ ASPIC § % ¥ 54 MIDI B85 % & 2 LHE DR INF G o L IrR
% > 55 iV 4+ SFP ¥ jxenI@ f2 28 Hogkae 4 0 AP F SR E WP 4o R 2-8 o] 2-9 Hron o gt
o HEPREE R F L PP R F L Zircaloy- 4 EE AT FEEAREFEET N I
F s o B 2-10 eha 458 % ¥ v K § (e Zircaloy-4 # 5 & F S 8 T R
HOFEH A o B A B FREAF BRI FCEFE o A TFF I R ILE D
Zircaloy-4 ¢ B S Fld d ¢ F - BTN > By L@ FP RN - A L
Zircaloy-4 3t & HF it F R AR (ot 2 FERM S TRp BEHEOTE © § 24
Food VHERREL T AT § o0 MR AR EE R T taF g

AR F et YR R I A (5 itde

SRy
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Temperature

8] cti
PRSEecHon sensor support
Intermediate Visualization
section windows
Access section Heating
-.___‘ element &
storage cells

; & Bottom plate
z = Support
Water heater
Water tank
Connecting
lines

Water tank

B 2-7 ~ MIDI § %% >

— water injection (L2)

" |—3» exhaust line (L6)

.reflooding water line (L4)

air injection (L1) =31 ",

down water line (L5)

i

B 2-8 ~ MEDEA 4 %% %
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o

Mass gain rate (g m2s)
o

o
o
.

— " Stzam outlet

~— water spray
| 5300 gfs
40-90°C

T -
== walcr outlet

J S
Il fon scae
320T rod int. ”m"‘lwrl L rod bundle
63 T fluid int. _ || f"‘: f":-‘
m l.‘]8 t
2Tl 1] A————e
28 T fluid bypass T Tmax 600°C
8 P bypass
— spent fuel pool rack
AL 225 x 225 mm
Tmax 500°C

T e yater inletioutlet

B 2-9 ~ ASPIC 7 %% %

850°C
Bare Zy4 tube
” PO Zy4 beads
PO Zy4 tubes
3
2
om N VR DU NN W S TR EEm————

time (h)

Bl 2-10 ~ Zircaloy-4 £ £ HFchg it 4 5 & H 4 ig F
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B Simulation of CANDU Fuel Thermal-Hydraulic Behaviour During SFP Bay Loss of

Cooling Events
£ x RF a2 (AECL) 4% CANDU * %441 (Spent Fuel Bay, SFB) &
AL FRTARNFTLEFATY AR P NGRTeE A LR RTREER k2
R02 PREEY o 7L F AT ORIGENSS 254355 » 74 end 42 e st
BRod APEETAOE AVEA D RRES F L 2860KkWo I 6 L ErEE T 05
KW 2T 5 @ =131 SR 600 % p i BRI T 202 > &7 BE & PAAT b B BT
SFB M # f §% o ¢+ #F > SFB P S s E R 5 5 1x107TBq> # ¢ [-131 & 1x10°TBq>

FRERERAR R B L PR Gd A AP ALE

AT BT ES Y SFB BokEA ek g HER R 2l & 4 fre
AokEERT S BokEARY 38°C WL E 1000C HF 75 LM (HEEFH 0.8
Ch) > (8 FPIFIFEZFE L~ 87 - F k& P T 24dcm s §3° 16 = (S EEVHELE
#Holmo 320 %S4RGB 0 FA R EE 0.84kg/s o BV A4F{E 2ok @ £ VAR

B BEEAETAR AR A LT T ARES R T AR R
A IR

AL R R INA 0 %87 7 @ * ELESTRES £ ELOCA #2.5° Hof 7
Bied b if T i R R R RS o B 211 B VR Ak g f i 2T D
Wi > Al kigeT ﬁ’rgé‘r}%g\& BAIEFEI 02 % 0 B MY 5% g B el A B
(failure criterion) > A7m Vbl fde & RS APl RAKBNFRT o BTV AT o P
PAMRIRBERFLF D RAHIRBDERT (2§ A7) RERRLEH S TA
W 5% MEAMRE A EAE PP B (overstrain failure) » RITEE EHBAFETF
RABRTE O RPN BARES A ARAFEREEPK o d RS R T v ok
BT YR ST AR A AG F A AT ER T RIT A E 4 AR - AT ]
fadt o EEE RPN LA sk B HN 0 F R F PRSI A A T ERR
Gz RS SUER A AL I

5 ﬂ§%£§(AMN?%%%@aw%%@wwﬁﬁT?iiﬁ@%%@?ﬁﬁ
ACORERAR A A BRI G B ARG 0 T L ORI s kg o
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CANDU Fuel
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B Modelling of PARAMETER-SF4 Experiment With SOCRAT/V1 Code

B % 27 Nuclear Safety Institute of Russian Academy of Science # 7 & fj i& *
SOCRAT/V1 B & ¥ #4% ;" ficft PARAMETER-SF4 7 5 > 118 7 475N B 38 1 47 23 4
EENZFEMEET N LT 5 o PARAMETER-SF4 9 2% P 3328 7 VVER-1000
AR E A LI Z RN FEETORRALAGEVAARBE)EEETF L S A
SRR (& % ballooning) 3 % o d B 2-12 %458 & % % ¥ v » SOCRAT/V1
RS %20 R EREI PV BE R AR A 4piT o @ & 17,000 F) P 2okl 0R
REH A P REORZEFSEAPEEE BRI ERA R Ed 2T
# I ERTA G 0 A 4 i ds (melt relocation) IR % % 4 > £ PARAMETER-SF4
Foke Py AR R e @R 2-13 5 ¢ & R R R R dphe B R
A SR Ay PR RERY R PMFEREBSTBE . FRF LR
TERERBBOFREL B 2-14 PIERL FASEEFF AR > FHRPFRL F
4285 107g> 2 ¢ SOCRAT/VI ##EFEFHEREBIB S PIT - ZF T BEE
PARAMETER-SF4 § 2 #c¥p et ¥t 0 %% SOCRAT/VI #2358 il 5 8% &
A EMER ST L

2250 — 2250 —
. 600 mm = 900 mm
_ Experiment SOCRAT : Experiment SOCRAT
= . 11 Central rod —— 1239 Y—%—% ™ring
= — % — & T346 39 iy ] T —-t— -+ TI399 A———a Fring
1750 — 3y Ta76 o § 1750 —|
I ]
£
E
g
E 1250 —
£
=
£
=
=
&
o
750 —
250 — ' . A
:|||||||||.||| T II]IIII||||||I T | 250 ,,|,!|- T |||||||[|||r|. ||||||||||
0 2500 5000 7600 10000 12500 15000 17500 0 2500 5000 7500 10000 12500 15000 175000
Time, s Tme, s
a) b)

W 212 I
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Hydrogen mass, g
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‘T 600 ; i
T i //‘ |
400 — P |
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B Cladding Behaviour Under Severe Accident Conditions in SFP
%4 L Paul Scherrer Institute (PSI) £ 1&g & Karlsruhe Institute of Technology (KIT ) # 3

BRI 44 SFP o dr &2 A 4r2 2 F 8 2 F T L LHELETBHEF L FitELF LTS
BEFFHREHCREY 0 P FEF4E Y (zirconium fire) F REEFEF L F R BIFWH] - 3%
Frdpdio g @R & 20 4rr R T RARMEARGE W EREAT AT

3 1200°C 1k o 3vpt R EE G AR A AT FF L AF 1V (Z102) ¥
A REHE O EFI A AR EEST AR E B (ZIN) cF e RET Y
B Mon§ 5 CREXRBUTF Y 0 §RART M43 ZOK BRI AR L
- P A F RRERPPEEREARAFE LA 0 A2 R L F R (self-
sustained exothermic oxidation) » y* T 5 & L & eni & 4] o 3287 7 #1E 1100°C e
BRRFREEFTER 7T A 5
Peig 4 B F Vo mFE A A F BB T4 2 ZiN (nitriding FEE) 0 HE
TR AR H % > RS hE § 1 (re-oxidation) FEE > d 20§ 1“4k § v > HE
XAy A A g R o B 2-15 887 MELCOR Higg 2 %Rl (T el 2 TR #1448
FoROBTHSANAAEHEEF L F P ELF L ERRI2-I68 0 3 BB REE TR
B& > 4t 20,000 % » MELCOR # 38 R s % 2 A% EpEH - K o 5
22,000 #; & 25,000 #; 8P BF > B B 3.454m s E R R A R E R D E 0 d BT AIE
FEFME Ay 0 & fREF CF Rkt o W18 0 B A 3.150m A R IR R
HMERFARG R AREF M F IR hehed A T B A5 R BB

WrEE > 7 AT F 14 (pre-oxidation) FFEL 0 EE %

Ji

F# - (oxidation propagation phase ) > pFFE G R i~ p 4§ LR & (self-sustained

oxidation ) HRf 4G A7 o

LSRR L
MELCOR 1.8.6 3K 3 enf “ 2 L § “ H58 2 & % P s plip 7 chdd L F fufeds

FOF BB EEENFELTF

FReit b3 f ErBEFFE A EEL L5 § M a8 d R % E3RA X

% MELCOR 2 %@ izag g v 2 g v d 4 FHGV kA SFP &4 7 5 g m i

F/FFREBBR T Y NEL AT RSN B
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W S8R L £ (Y Zircaloy-4) » A3 EF LMY SR D
chy 144 (ZrO2) K » WEdFrdlie- HF it - R » §HEFRFF A3 R ayFm
FAEY 1350 §) > % Kk ¢d v > Sip& % 5 5 & 5 4p (tetragonal-to-monoclinic) @ A
A B E R > e LR % (breakaway oxidation) o BLAEIL % ¥ 2 (5 > A A B K BT
ZH P F T F REGIA O T A3 L o2 MELCOR 425 ¥ 4 VI %~ fL2 57
Zircaloy Air Oxidation Breakaway” (#& £ 7% # ¥ “# i) > 1 & £ COR OX &
COR OXB #x#|Hfc* 13- BG4 E 27 FF "ABEXE £ 4 ViR BB (I
BR) EBEABEFRETNZRE > 7T HREIRICDT B4 S8 o NRC »t 2011 & 42
¥ DRAFT REGULATORY GUIDE DG-1261,Revision 1 » # % # 52 RG 1.222

“ Conducting Periodic Testing for Breakaway Oxidation Behavior” - 3% 4y 31 %
NUREG/CR-6867 2. % B % % » # 9\ F L 2 Pl * BRI L & Bk Hilrt
BEFLEFL TR RRFRFTHREFHRT NRC A EATHR e TR A EMES A
B3R E T o P RGI22Z AP AT 7 ARXREFEIMIESEEE o
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B Loss of Cooling Accidents Modelling in At-Reactor Spent Fuel Pool of VVER-1200
B R 2R 7F5 3 ¢ (Kurchatov Institute) B Fp % & = £ & #7485 i {7 VVER-1200
3 SFP & 2 4 fr B £ w47 0 %47 1 B i@ * SOCRAT/VI 425" ficg SFP 442 2%
ALg b A2 0 @ ANGAR A2V R * o RfZFEef8p 5 18 R 2R 4 % > GEFEST-
ULR P Gt 3 il o 2R 4p 3 8% (MCCI) ° %47 3 Bk F e ) @il e
EA e B ERH L 4IBMW § R RFAFTR2EF XA INEFET R L Ir e
AR A EFE T ERE REH A ZFE T PORARE - B 2-17 R BRSSO
MAERR > & 5 ¢
(1) Fects 4.8 | P KB40
(2) ¥ i 45 /) PFE-K 27 3 el 3R
(3) Fwais 515/ P B 404k B T x> Zr-steam ¥ © F g
(4) T 55 P mEEERE 1473K
(5) Ewxis 57.3 | PFg A g i
(6) ¥ ¢xis 58.9 | pFubfdld f R 2550K
(7) T cis 64.2 | prutslop v ¥ 1 5% 5 SFP & 3N
(8) Fxifs 73.3 PR EY KiFEAHIE T T > MCCI FFE ©
FI2-18 2 $ociifed 4 42 S2P®i o WAL 1154kgs B¢ 990kg % f &
EEFF o lodkg kP FHEmE Lo
FBAR Y B BB b B o B 2-19 RGP mdpec iR GRS 4p 5 iE % (MCCI) iE
A2 PAN TR RFERIIEN FEAREY > NEEE B3 FAFRAZT BT
Y B Edp o VVER-1200 >t [FIFE B p fe i 5 £ KRR VR 5 b g R
(Fid R e ohRAE R o F R T RORAR G T R AR08 0 KO R g RS S WG

iberdla 5 4 % o %7 & SOCRAT/VI ~ ANGAR £ GEFEST-ULR = % #%3% 5

)

=1

AEFANEFAERBEMT S 1%

B 2 > 37 R SFP b 2 2 frd e (iR T Ak T O S R S F AR

B2 R BB DR Y FFEA D o SFP e 200 e s enBl b dTEE G R

FARBEL S PR > PEREERRREG AT FEF PRARE R

P RFERK R EE A RS RN EENERBE R F Bhie R SR

}‘:;Ifhﬁféﬁ‘ KA F o A AR A~ PRSI 0T R A R BT 2 AT
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FEBEE T R B RIS R SR O o R R S

ARLEET B RGT L B SFP BT E B S TEmY o

/

Event Time (h)
Station blackout, accident start 0
Water boiling start 48
Water level in SFP reduces to the upper edge of FAs 45
Fuel part uncovering for the FAs with 2-10 years storage time 49.1
Fuel part uncovering for the FAs with 1 year storage time 499
Fuel part uncovering for the FAs with 30 days storage time 504
Fuel part uncovering for the FAs with 3 days storage time 51.6
Start of the hydrogen generation because of zirconium-steam reaction 51.5
Depressurization of the fuel rods of the FAs with 3 days storage time 54.7
Maximum temperature of rods claddings reaches 1473 K 55
Start of the melting of the FAs with 3 days storage time 57.3
Maximum temperature of the fuel reaches 2550 K 58.9
FAs collapse. materials of the FAs relocate to the SFP bottom 64.2
Melt-through of the SFP concrete bottom 73.3
End of the calculation 733

Bl 2-17 ~ ¥ =B 4EpF R 7
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Hydrogen mass, kg
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- — lolal
1 = = = = zirconium oxidation

800 — —
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Bl 2-19 ~ g o iR R Ap3 v %
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B ARy e

Fd TAEA 3 2019 & Bygcn T ol Bod F s i) g3k 0 & Rk Jo
? X & % IR g 3w 22 2R 2 0k (Phenomena Identification and Ranking Table » PIRT)4* %+
SFP #vde & (4 freide 2 (0 fr R E iR T MR G TN ERA » 22 P Y
P BB ERE TE F PR T K R 8y P SFP B ¥ s 17 e R i 0 A 37
TNARZHRBE L hE BRI ¢ 450
(1) Phase I ( %+ A4 & )

Pool heat-up and evaporation (7 -k = 8 &7 %% )

Water level decrease and monitoring ( -k -k =77 "% 22 8 jp] )

Effectiveness of make-up water strategies (4% -k v § szt )

Thermal-hydraulic mixing and stratification in the pool (#4;® & &2~ £ 7 5 )
(2) Phase IT ( %44 & )

Fuel heat-up after uncovery (%44 & &= B 75 )

Natural convection and radiation cooling ( B X ¥+ 22 145 S22 )

Initial cladding oxidation in steam-air environment

(FiA/zFRETTERF 1)

Cladding ballooning and mechanical deformation (3 % i £ %% &2 {558 %25

Local water level fluctuations and non-uniform heat transfer

(R3tkihd 2 2h303 £ @ sk )
(3) Phase III (#2445 3) :

High-temperature cladding oxidation in steam-air mixtures

(% B ﬂ«/.—r-% mET "”"5‘]1’%?% iv)

Nitrogen-assisted breakaway oxidation at moderate temperature

(¥ F@>ehy “KEHA)

Hydrogen generation and combustion risk ( & § & = &2 2/ B F b & )

Fuel rod failure and loss of mechanical integrity

(CRE Pk 21 g 2 4% R
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Relocation and debris formation of damaged fuel
(PR R A g o)
Fission product release mechanisms (34 4= & # < )
Transport and deposition of released fission products
(e d @8 2 7 5 )
Interaction with building/containment atmosphere
(Hcstidde ¥ 4 B AR E A 3 cn )
Effectiveness and uncertainties of water spray emergency cooling

T

( ?%F R L e end st

gt ¢ IAEA-TECDOC-1949 4 2 2 45 4 s 5 Bl & % e 474255 Bode B8 47
B T B T S RS ERA 2 N o KA o - L SFP F kiR B SRR
POOFIREYRAKE T EAITARNER SFP £EmA 0 A f AR SR LR
PES TS o @ F BERc s SFP AR N 22 Bt sed 2
DGR (PlHeiSa YR ~ & F 28 BRER R T HF PR E)
% b AL R R F G NSRS TR E Y - A4 U] TABA-TECDOC-
1949 [4p 2 52 2% K % 4%+ SFP ¥ e WL g 22 45 2 £ i (FAR N cre 2 9 35 14
MHEABEET A REET LR -
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22 [ BE g dlEik

* & # B IAEA-TECDOC-1949 4 £ ehE & =0 % » ] %k F SFP pcd ¥ teigfg =
FEE N R % o R TRIF R -4 % B8 & 29737 TR ge + § T g5t SFP ki &2
SFP R IFZA R EFE o g 2 FH& Ren% T kg BEFES N7 3 e L F il
BRI FREF R NARPZ fh o]0 & TP R R s F2 ez U8
ZHEHR T > SFP R i BRI S 3 Ak > Rde g iR KRR M 80°C
1&4’%%r?% HEe, o PR SFP R =& s KR RERZ G FRERARD
:E‘_ifi%%’ffﬁfsgﬁi)%%ég Uy & 0 friy 4 24 KR A PRl BRI AR S “1%‘
Btk R WE S SRR AL LA R Lk RT o BBk E B e
g maF SFP 2 fEft o d Jo 7 ARMEH EYRS hE 2B IS BREE 0 TR E
Rt 2R T EF 2L aopEeg Rt o

-B}

<f HlE >

(1) # #8 22 A k% 4 MELCOR #5% en& g3 o > N1 > # &7 758 P
® SFPpRe t = ZFI S RPA S B4
® &% s SFP 2 Rs LR,
AR S N A R ET A AR e B R E s TP F kAT
FERGEE SRS N REA SRR ST LR

(2) ZR & kit {7 SFP BeE ¥ exdp M A 47 & Hilvd A PF > Bmsns 194250 § fo
Zircaloy Air Oxidation Breakaway (4 & £ 7% # § “#8t) K 2o

(3) MIDI 335 CRIRFE B " Boag 117 % A1 % % B Sk p 3 i
BERET A I RERNRETT LR BBV EAMIEAY S %
g B A AR AT EYOR S AP & 2 AT F & i 4 e
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3.2025 # CAMP &

3.1 CAMP ¢ %

2025 & CAMP F% ¢ 3¢ % B NRC 194t %

ph =

BT ¢ RRMAAE 3-1 2 B/ 3-3 #9or o

ficie it £ & % (Small Modular Reactor, SMR) % #7
ﬁi}\‘ l%l\’ FE. °

2 USN

of iie Envivmnment

RC Spring 2025 CAMP

: CSARP R ¢

CAMP ¢ % 431 41¢ 3
(SNAP ~ PARCS ~ TRACE ~ RELAPS) % /& JLim 82 {4 o i& >

May 13 — 15, 2025

-‘g‘\é

i
«

+ i+ fE+ & (University of Pisa )
% CAMP #z5%
“ CAMP 42 3] 1]

A F BEE 2 A ST 12 CAMP

Meeting

TINIVERSITA DI PISA

Polo Fibonacci, Aula Magna Pontecorvo, Building E (first floor)
Largo Bruno Pontecorvo, 3 — 56127, Pisa, ltaly

Day 1

Microsoft Teams meeting link — Day 1

Tuesday, May 13, 2025

10:00 Meeting Opening, Logistics Mr. Andrew IRELAND
US NRC, USA
10:05  Welcome Address Prof. Giuseppe lannaccone
Vice-Rector of UNIPI
Prof. Sauro Filippeschi
Vice-President of the Engineering School of UNIPI
Member Reports
Chair: Mr. Andrew IRELAND

10:30 Small Modular Reactors Analyses with TRACE-based Tools Alejandro CAMPOS-MURNOZ
Karlsruhe Institute of Technology, Germany

11:00  BREAK
11:30 Update of the Status Report of CAMP Activities in Spain Dr. Miguel SANCHEZ PEREA
Consejo de Seguridad Muclear (CSN), Spain
12:00 Updated CAMP Activities in the Czech Republic Guido MAZZINI*
National Radiztion Protection Institute
(5URD), Czech Republic
12:30 CAMP-related Activities at PSI Ivor CLIFFORD*
Paul Scherrer Institut, Swizerland

13:00 LUNCH

Code Development Status
Chair: Mr. Andrew IRELAND
14:30  Overview of NRC Code Development Status Dr. Matthew BERNARD for Phil SAHD
US NRC, USA
14:45  TRACE Code Development Status Dr. Matthew BERNARD for Chris MURRAY
US NRC, USA
15:15  PARCS Code Development Status Dr. Andrew WARD*
University of Michigan, USA
15:45 BREAK

16:15  SNAP Code Development Status Mr. Bill DUNSFORD*
5L Inc., USA
16:45  RELAP Code Development Status Mr. Douglas BARBER*
5L Inc., USA

Post-Meeting Activities
17:30  Guided City Tour

All times CEST (UTC +2)

* Virtual Aftendee

Spring 2025 CAMP Meeting Agenda

® 3-1 ~ CAMP % -
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Pratecting People and the Fxviraument

9:40

10:10

10:40

11:10
11:40

12:10

12:40

13:10
14:40

15:10

15:40
16:10

16:40

g 2025 CAMP Meeting
May 13 — 15, 2025

TINIVERSITA DI P1sA

Polo Fibonacci, Aula Magna Pontecorvo, Building E (first floor)

Largo Bruno Pontecorvo, 3 — 56127, Pisa, Iltaly

Day 2

Wednesday, May 14, 2025

Member Reports

Microsoft Teams meeting link — Day 2

Chair: Prof. Nicola FORGIONE

CAMP Codes: National Overview

Implementation in RELAPS/Mod3.3-v.beta of

Thermophysical Properties of Working Fluids of Interest

for HLM nuclear reactors

Development of Multiphysics Coupling Technigque
betwzen Relap5/Mod3.3 and SIMMER Code

EMNEA activities with CAMP codes

BREAK

The ENEA-UNIPI-UNIROMAL unified RELAPS/Mod3.3
code version.

Sapienza Contribution to the Development of a
RELAPS/Mod3.3 Version Suitable for the Thermal-
hydraulic Simulation of Advanced Nuclear Reactors

Code-to-Code Comparison of a DBA Sequence in a
Generic IPWR: TRACE vs. MELCOR and ASTEC Results

LUNCH
Status of RELAPS Activities at NINE

Simulation of ELSMOR Facility by RELAPS Code

BREAK

Relap_py, a Python Package with RELAP
Functionalities for Plotting and More

Mr. Luca CRETARA
15IN, Italy

Prof. Nicola FORGIONE
University of Pisa, ltaly

Dr. Francesco GALLENI
University of Pisa, ltaly

Massimiliano POLIDORI
ENEA, Italy

Dr. Bruno GONFIOTTI
ENEA, Italy

Cristiano CIURLUINI
Sapienza University of Rome, Htaly

Gianmarco GRIPPO
University of Bologna/ENEA, Italy

Mr. Domenico DE LUCA
NIME, Italy

Andrea BERSANO
SIET Sp.A., Italy

Prof. Jordi FREIXA

Universitat Politecnica de Catalunya, Spain

Light Water Small Modular Reactor Thermal-Hydraulics

Research Priorities

Social Dinner at the Royal Victoria Hotel
(see Practical information at the end of the agenda)

All imes CEST (UTC +2)

Mr. Jason THOMPSON*
US NRC, USA

* Virtual Atfendee

Spring 2025 CAMP Meeting Agenda
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Protecting eaple and the Exvirasment

Spring 2025 CAMP Meeting
May 13 — 15, 2025

TINIVERSITA DI P1SA

Polo Fibonacci, Aula Magna Pontecorvo, Building E (first floor)

Largo Bruno Pontecorvo, 3 — 56127, Pisa, Italy

Day 3
Thursday, May 15, 2025

Microsoff Teams meeting link — Day 3

Member Reports
Chair: Andrew Ireland

9:30 Cooling System Simulation for Lead Fast Reactor Mrs. Giulia MORRESI
using RelapS Transmutex, Switzerland
10:00  Assessment of TRACE V5.0 Code based on ATLAS Test Ad.1 Mr. Petr HERALECKY
TES s.r.o, Czech Republic
10:30  TRACE in the Context of Naturally Circulating Fluid Benjamin ARNOLD*
Fuslaed Reactors Paul Scherrer Institut, Swizerland

11:00 BREAK
11:30  TRACE Input Modernization Dr. Matthew BERNARD
US NRC, USA
12:00 TBD Mr. David ZAGYI
Paks Il Zrt, Hungary
12:30  Status of ANTARES Development and Validation using Dr. Franck BERNARD*
PARCS/GenPMAXS ASNR, France
13:00  Uncertainty Quantification of the LOFT L2-5 Experiment Dr. Andrej PROSEK
Using TRACE and the SNAP Uncertainty Plug-in loZef Stefan Institute, Slovenia

13:30  LUNCH

TPC Meeting
Chair: Dr. Matthew BERNARD

15:00 Review and Acceptance of Minutes from TPC Meeting (Fall 2024) Mr. Andrew IRELAND
US NRC, USA
15:05  Discussion of Next International Spring Meeting Mr. Andrew IRELAND
US NRC, USA
15:15  NUREG/IA Status Dr. Albert HSIEH*
US NRC, USA
15:30  Discussion of In-Kind Contributions Dr. Joseph STAUDENMEIER*
US NRC, USA

16:00 BREAK
16:30  Discussion of Action Items Dr. Joseph STAUDENMEIER™
US NRC, USA
17:00  Final Discussion and Remarks Mr. Andrew IRELAND
US NRC, USA

1715 ADJOURN

All imes CEST (UTC +2)

* Virtual Attendee

Spring 2025 CAMP Meeting Agenda Day 3of 3
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pt =z CAMP ¢ k4 Chris Murray % £ 3P TRACE 425\ erif i3 w2 A K 34] 5 B
% TRACE 2.3 B 375 & % V5.0 Patch 9 (3 2024 & 6 " % %) » 753> 2025 & & 4% G
V5.0 Patch 10 » 4@ 3-4 #771 » #7% TRACE ] FE N H a FL B \HFE - ¢ 7 ¢
(1) # & PARCSv34.5 2 v3.4.6 "4 L F 7% ¥4 #% (multi-cycle depletion ) »
I ATH it B8 (serial identification) # it 0 ¥ {HAEHE T B R BB
(2) Bt ™ {471 26 1 HTSTR e it B~k ”g:;h:);ﬁi%] SR A 1 Lﬁ"”l INPTEE -2 e S
BLE e o E AR T M o
Q) AT EER BB T ¢ 378 FxGW e > & & Gambill-Weatherhead -
Kaminaga-Yamamoto-Sudo % Wisudhaputra-Yun-Joeng % feft #1:€ & M 1258 chip
i %¥c> ¥ 12 & Sudo-Kaminaga st @381 o
LIF R Jﬁ" A {7 T_%& metal-water reaction $-7] > # 2 TRACE gl er v 3

(4)
;‘bit}‘o
e ko 7k TRACE FE X HER LR ™ 4 g > PRy 364

B RE2 &L e DL c B R EREE CAMP §R$ 2087 5%

®EFRPITHFT

NEERFRERE R R BT A

Bl AN E AT R NS B e I

3. USNRF TRACE Roadmap

Prosectin, gﬂ’,mf mfI J'

V5.0 Patch 9 was released in June 2024

V5.0 Patch 9 V5.0 Patch 10
June 2024 777
V5.0p9-stable V5.0p10-stable
branch branch
Main
Development
I T T T TTTTI T i
V5ATT0 V5.1822
0202212024 05/08/2025
We are here

B 3-4 ~ TRACE #2;% 3 B .4
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#=t CAMP ¢ & d 38 L PSI Ivor Clifford ¥ L:&{7:78 7 7 = % 15 » PSI %2

STARS (Swiss Technical Analysis of Reactor Safety) 3+ % f # Bk &2 k30 F B E AKX
S A E T A 478 TRACE HR B3 o PSI A MW e 2 % & 528
TRACE # » ;% if ic £ * 425% (Droplet Energy Equation) » % &R L @50 AJ2 § 4p 22 /%
A B AR A PR RS RHE I RFF DN E RN < gk
TRACE # Reflood £ /% i /4 427 chfickia 4 > P w @ B #2272 ® IRSN 7 COAL
Reflood § Sz 1 it > f3F F AL 4B 3-5 #77 °

$oek > PSI A7 BFf P & 2 NRC # 7 BIIf & i7i& 7 TRACE #2358 task » i H it
N LR ARG A 45 o B 3-6 M A £ B4t # TRACE 4t o A fckte i s

=y

BFEEEM DR RERF 7R AR TR B e dund it e 5 R TRACE
BAF R g e B et U4 PST Ay BR3P o sf B (cell-centered velocity )
T SRR S EY LRSI Sy

e

BB AT BB EER Y & TRACE i b P RCALR R chii st 8 47 5 o

bt A XN T RN A AR(E P RE R E)PELEEA Y 0 2 N Y ol

SRR T S D3RR 0 5 A F BB LA ORRL £ o

TRACE Development for Multiple Droplet Fields 2 Psl

Implementation of separate energy equations for droplet fields

+ Original TRACE variable structure was designed for two energy equations, i.e.
gas/vapour and liquid phases

+ Significant restructuring needed to solve for energy of vapour + liquid + N
droplet fields

+ TRACE variable structure has been generalized to accommodate N+2 fields
+ TRACE xtv file is not affected by the new variable structure
» Droplet energy equation has been implemented into TRACE
+ The total energy equation medified accordingly
» Droplet evaporation source term implemented
+  First tests successful
* V&V is ongoing

6 Ps| Center for Nuclear Engineering and Sciences 08.10.2025

Bl 3-5~PSLiT# AT 5 & %
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Modelling of Liquid Fuelled Reactors using TRACE 2 Ps

+ For naturally circulating fuel, vertical, inclined and horizontal flow occurs
we would like to model this within TRACE

" L O L0,

» N
W o O

High-fidelity DNS medium-fidelity RANS
for validation for database generation
i :///
TRACE u AP
«  Cell-center velocities for 3D flows i f(Reyy, Rey, Pr,...)
= Heat transfer correlation using 3D velocities T w e

« Pressure drop evaluation by considering adjacent cell-
center velocities

18 PsI Center for Nuclear Engineering and Sciences 13.05.2025

Bl 3-6~ i fi i ads u* 77

A

JEEET
# = 71 Italian National Agency for New Technologies, Energy and Sustainable Economic
Development (ENEA) # 7 B} 787 5 1 7 ¢ 7 4 7% P ESFR-SIMPLE ( Safety by
Innovative Monitoring, Power Level flexibility and Experimental research ) 3+ & - & *
RELAPS A2z 4R 5d4h /e 28?3 F B d b A8 p 2R T RS of B i i
PSR AR AR 37 #1om 0 4t ¢hENEA & #44p A RS 4 2 2 (JAPC)
g+ 4] B R| A% %% (Large Scale Test Facility, LSTF) i& {7 ficf# » B e 3345 3¢ Critical
flow ¥ Post-Critical Heat Flux e i# 7 5 » ¥ 3= RELAPS & TRACE #2573t % & 7
AP T g o AR TR 4R 3-8 #7r o ENEA 71 BFf 2 * RELAPS i
A > L ¥ RELAPS #-;8#4# + TRACE $i5:% » /e ifs BAEN R * 40 mﬁg?] ~
FRGEF S A0 B 3-92 g327 ENEA X B o PP ¥ &0 &8 BETH ¥ e fiin™
TRACE g & 22 /R 4 & 475 % 22 LSTF § S%#ichpip #* > © 22 RELAPS A~ 478 % 4piT o
& i > TRACE #85%5c 7 »cficst B B = 4pin Critical flow ¥ Post-Critical Heat Flux

-~

B EL T ITEERATE FAAN Y H]RFEOE R
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ESFR-SIMPLE

The PASTELS project has received funding from the
Euratom Horizon EU Agreement No. 101059543,
Follow up of FP7 CP-ESFR and H2020 ESFR-SMART projects, the ESFR high-power reactor, the ESFR-SIMPLE
(Safety by Innovative Monitoring, Power Level flexibility and Experimental research) aim to improve the
attractiveness and safety of future SFRs, downscaling the 3600 MWth version to the SMR version of 360 MWth.

The main objective of WP4 is the SMR safety analysis, based on the
core and system design, as well as neutronics data coming from WP3.

Task 4.1 and 4.2 deal with accident prevention analyses.
Task 4.1 dedicated to transition from forced to natural circulation,
analyze decay heat removal capabilities using DHR system(s) and
{ evaluate the possibility of sodium boeiling in the core
' 3 PLOF. PSBO
'i' Task 4.2 investigate sodium boiling and in-pin fuel melting phenomena
|1 in SMR, also their effect on the selected transients

' > ULOF, UTOP

Bl 37~ 408 N ped 3 F R BAT L P

ATRIUMES. 3

It aims at propagating the uncertainties found during the previous exercises on the critical flow and the post-CHF over the
Integral Effect Test (IET) OECD/NEA ROSA-2 Project Large Scale Test Facility Intermediate Break-Hot Leg-01 (LSTF IB-HL-01).

LSTF faC”Ity Pressurizer r\o'l 1
The LSTF is a full-pressure and full-height two-loop integral test facility (Figure 1) e Omten @5
simulating a 1100 MWe four-loop Westinghouse-type PWR Tsuruga Unit-2 of the & ad Steam
Japan Atomic Power Company (JAPC) with a volumetric scaling of 1/48. — l j Generator
4 } ;
] g M 29m
. . . Accumulator
The mains steps of the exercise can be summarized as: | 2 Het
o e
A .
+«  perform the experimental analysis of the LSTF IB-HL-01; . ({,- E:;:;‘:
. nodalize the facility or the interested part of the facility; [ Pump
+ simulate the steady-state and transient part of the test with system code; ll‘.?jjj""
. propagate the uncertainties on critical flow and post-CHF. Cold Leg Pressure
[ Vessel
ENEN Spring CAMP Meeting — May 13-15 2025, Pisa, ITALY 22

B 3-8 ~ LSTF § %% *
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ATRIUMES. 3

RELAP 5 TRACE

O Inthe Es. 1 the uncertainties found during the previous exercises on the critical flow has been derived
using TRACE code.

O The LSTF R5 model given by JAEA has been converted in TRACE model in order to mantain the
consistency of the data.

EI\EFL Spring CAMP Meeting — May 13-15 2025, Pisa, ITALY

B 3-9 ~ TRACE #-5' %%

302 ) AB e BTN F BE

B Oi[
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CAMP §£3%® » 2% NRC # 3 B 477 #5383 SMR 3t (g @4
ARG Ep RETRE SR AR A R ARG £ e 4 Ak B B R
ﬁﬁ@ux%ﬂﬁﬁ@ﬁﬁﬂ@ﬁ

R RS RS rE L 2

SMAER % - NRC 727 BH4* PIRT = 2 »
PR AR G o T RIpM A AT BB 2 oI
#2 & (Knowledge Level, KL) £ {7 B » M iT 2 2N ~ AL 2 AR F LY

i

‘yk

Byh o AT P A RF D T TRACE 425° & f0fE SMR ##e% > % 5 g 25k
SRR R SUETR IR S SCR

d B 3-10 ¥ o0 pF S TRACE e WARF T 4 S 30 Ik~ ARpL A 22 @ i
5 5~ f2 (Radiolysis) ~ ##pe4L% (Volatilization) % k7w (Vortexing) % IR % i
o4 mF P R b iR 3E > Thompson 1% L B4k 11 % B A28 H i Xk > 4o 3-11
“rteod B 3-117 o NRCA 7 B v B8 F %A L B 247 R 35 2 2(4 CFD)
Vo R R AR T 4 B N IR AR A 1 B R R S AR gk @ N
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TP B BT AID ) §5 5 A (3304 P2k 4% MELCOR &3+t 5 = e L (7
TRACE $t-Rkigfr s MRIEF I SEFAALS 1777 ATy L &
P 2RI aE R I o RIER M RAR A AR E T OB RER - @
PR S BT SREINAS  T AR 312 TRENX YT RA AN S R EFaN
B o M IR PN 0L 5%k 5 ) Thompson % 2 351 % Keyhani & 4 11z § /1 Figi5 a0
R¥tRF s % Prasad & A 2ok A EiRM e AR¥IRF Sk 0 A B TL A BT B
chikdy > i@ 22 NUPEC 2 PANDA-PE4 F S:E(7 ¥ M Fr RERA 7 & F
!‘_F'_ﬂ?ﬂﬁi*év’v‘}fﬁﬁ—%/ﬁiﬁﬁ 5o 2L WA A £ %51 NUPEC ¥ PANDA-PE4 = 5§
BBR BV P UL F R FHFIRY HRASABE MR L PRE
WRBERLERL KLY P FRAVXEEFE T TSR (UCSB) itf7a- 2

- ORRRLIE R &3R5 (VMR) 175 A s sen # o £ - #1148 K ROCOM
SANR AT SRE T MRS A kY R R 2 A F B R R %
2 yges SRiser P38 HRIR G 0 P53 KA F i (RPD) ohf RHRTF & (75
AR HAH > T ie- ¥ LINX 22 ASTAR BRI TR F SR F IV 4 * R
PARERES TSR A B4R g R o B EA 9 (Geysering ) #8412 Tong %

Nt RSB B TS S PUMANSU 5 7 RO S0

BT EpRPERY D Fe Ll 2B RIFIFNGFIRNE A ETR S H B R

o?*";f;] o5 (Shrinkage) Rz & #u4m 3L S 47 34 7200 /4 GUEARY WA % RS 5

P em ZIT AL BRBLPTR AL SIET §5%T 22 Papini £ AFF 5 %7

e l%?ﬁﬂﬂ"i’ﬁ FEAALEMI IR BRI

Thompson £ 13t €K7 #H %A » A R BIFFIE » P2 FU R T %R %
ZERBRAHERE 22 PFER CAMP ¢ A REZ TR EA47

* % > £ - TRACE ¥ CAMP #25% &373 F B EX 2478 m R

[
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TRACE Capability Findings

Capability Gaps:

— Liquid-Liquid Viscous Shear and Internal
Recirculation

— Boric Acid Precipitation and Precipitate
Transport

— Radiolysis
— Boric Acid Volatilization
— Vortexing

Protecth

Bl 3-10 ~ TRACE 425" 4123

TRACE Capability Findings

* Proposed Resolution of Capability Gaps:

— Liquid-Liquid Viscous Shear and Internal Recirculation —
Evaluating the significance of this gap by assessment using
experimental data and comparison to higher resolution methods

— Boric Acid Precipitation and Precipitate Transport — Conservative
bounding

— Radiolysis — Adopt methodology used in MELCOR

— Boric Acid Volatilization — Conservative bounding and sensitivity
analyses

— Vortexing — Sensitivity analyses

May

14, 2025 CAMP Spring 2025 15 ¢

B 3-11 ~ TRACE #25% ## & i v
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TRACE Assessment Findings

Assessment Gap Incremental Separate Effects Incremental Integral Effects Test
Test
Annular Recirculation Keyhani, et al. (air) NUPEC (air)
Prasad, et al. (water) PANDA-PE4 (air)
Non-condensable Gas Effects NUPEC
PANDA-PE4
Boron Mixing and Stratification USCB VMR (1- and 2-D) ROCOM
Core/riser Internal Recirculation RPI air-water tests LINX/ASTAR
Geysering Tong, et al. PUMA-NSU
Shrinkage Fundamental Test
Condensation on the Uncovered SG Kutateladze, et al.
Heat Transfer within SG Tubes SIET-TF1
Papini, et al.

Bl 3-12~ B R B
A

B KIT Mt CAMP ¢33k ? » 4 % H2 2 TRACE #2532« ¥ {8 &
PARCS 4= TWOPORFLOW (TPF) #2;' #7ig (7 ch SMR 1 in A 47477 + % - 2§ £ 2
3% TRACE #23:%*t NuScale i ZT%r¢ Fraa 7 * 2 327 1 HBd 5 #1248
FREOBZVRERT R I FAEE pRFR DS AT -

Bl 3-13 5 KIT # § Bl #722 = 0 TRACE/PARCS/TPF 48 & %4 > # # TRACE
*OCHER L frokinds 2 B > PARCS f it B R F RA WA A TPF R 2wt if
BRI N AL B R A 5 3R Bl > L ST U e OB SMR B f BRIk IR
BTl A BRI R o B 3-14 3 KIT 73 Bkt 208 %
B PBKER AT Y R 100% #F T EA L FAEE R R FT S
R (MSIV) #2cx - ¢ &# 4%k (DHRS)& i fode > ot fHR™ 7 i i 4 5 f6F B8
B L AW L METRA (206MPa) &2 B v F (120%) 0 AT T e PR A
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e ois 8 13 5L T g R BT (7 5 o %% NuScale Design Certification Application®< i+ » KIT
3 B & = NuScale TRACE #£5% > & 2LBl4o @] 3-15 #77 o d B 3-16 o 475 %+
oo Case | % a4 23 #ff% M ZEITR4 SCRAM 55 > *+ 28.4 §) DHRS fx#- o
@ Case 2 P> wfs 423 )2 644 /8% B %p~# 5 SCRAM f; 5.2 DHRS f«

ks

sl PF AT AR B EAES R IT TR Ao AT R Y TPF i
B 7 R RAn A 47 MRS RpH X AT E RBERITER I BT

KITEFFiue P orih Ay & %i fEL IR A8 T ™ st oo §
ARG FE 17 B TRACE A25° 7 i * 3% SMR p AR JFTR &4 d 04 4r k Sufildg o 2%
@ > G TRACE HCAIH MR E ~ p RERIEE B4 K 2 BN 308 & 2020 51
FRERAPHIRMG 2 BE- HFEIBITRALERINEF R EFRD
prezie TRACE fahds 2 fr i EREL B e @ 5 P RIS ke B p
PREFIN AL o iR 4 -

TRACE/PARCS/TPF* Coupling Approach ‘(IT
Y

Core reactivity feedbacks are
calculated with PARCS/TPF*

TRACE TPF PARCS

4 *TPF: TWOPORFLOW Spring 2025 CAMP Meeting, May 13%-159 A_Campos-Mufioz / INR-RPD

B 3-13 ~ KIT 425 48 & % 4
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NuScale Main Steam Line Break Description

Double Ended Guillotine Break (DEGB) in
the Main Steam Line 1 (MSL1).

Hot Full Power (HFP) initial conditions.

Failure of the primary Main Steam Isolation
Valve 1 (MSIV).

Decay Heat Removal System (DHRS) train
1 does not connect.

Case 1. Low SL pressure SCRAM signal (2.06 MPa).
Case 2: High core power SCRAM signal (120%,).

Spring 2025 CAMP Meeting, May 13%-15%

Secondary MSIV 2
Primary MSIV 2

Main Steam Line 2

A 4

Karkruhe Institute of Technology
< Secondary MSIV 1
‘ Primary MSIV 1

lain Steam Line

ﬁf

»

DHRS 2

A
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A. Campos-Mufioz / INR-RPD
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B] 3-15 ~ NuScale TRACE #25% & 2L 8]
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NuScale MSLB Analysis with PARCS/TPF/TRACE A\‘(IT

Core Power Core Mass Flow Rate
200 ,‘J‘— SCRAM 2 (42.3s) 550 - “*'g— SCRAM 2 {42 35)
180 4 g e Case 1 500 v__ SCRAM 1(2.3s) e Case 1
160 mewn@™ & scramieis - == =« Case 2 450 - == = Case 2
) 400
140
350
— 120 —
g 100 £ 300 \
E .g‘ﬂ 250 ?:,4— DHRS signal 2 (84 ds)
— 80 _ 200 4 DHRS signal 1 (28.45)
0 : 150 \
40 ' 100
20 50 e
0 = . = m om o 0

-20 0 20 40 60 80 100 120 140 160 180 200

-20 0 20 40 60 80 100 120 140 160 180 200

[s] [s]
Case 1: Low SL pressure SCRAM (2.06 MPa)
Case 2: High core power SCRAM (120%)

3 Spring 2025 CAMP Meeting, May 13%-15" A. Campos-Muiioz / INR-RPD

Bl 3-16 ~ NuScale #~# #ic#t % %

3.1.2 &%
B ATLAS 9 %%

#_5. Thermal Engineering Services (TES) = &&=t ¢ k¥ # £ 2 ¥ TRACE #%&

;3 ¥tix B KAERIATLAS ( Advanced Thermal-Hydraulic Test Loop for Accident Simulation )
AN RRXGEFRBEF TS AT AR EG R BRI & v
G344 PWR F BEEFE s e fo g
P T %3 ATLAS §F %8sk TRACE #i#tss % 115 it 23t APRI400 F B %

N T e

Delta2/DEC4PWR 4 P » 1 & p 4

ATLAS 9§ k3% 4 1&:}7? APR1400 F Ji& K 2- 972 = m‘fﬁ] L R %ﬁﬁf i
1288 m B B v 5 1/2 i ﬁ—%ﬁ;ﬁéi S QSN f s Sl I A & Sl A1 i P A ]
FRAABRAT AT T RR RIS 600 B R REL T BRI HAE

g

PIEE T B B IR AT Skl
& BB 4o ) 3-17 fo ] 3-18 #77 o

zv;&ag%ﬁ~»

7425\ %k > ATLAS 3 %% 5§ /i &2 TRACE #-

J& %u (Emergency Core Cooling System, ECCS ) ¥ ¥ %774 >
PR ngde X Rt R EF R 25%E 23 N H

42
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oA & > kA 2T Yoo g 1Y o TRACE fcdgej-451% 222 ATLAS § % - R
%@}w&ﬁwﬁﬂEHQOﬁiﬁﬁﬂﬁﬁ”éﬂBﬂi to3F 4 B> TRACE Hg % %
X 313.5 #5785 SCRAM 55> 5§18 328 fykade 3 Bii-k > X344 )P £ 8 B B 4
FAFE 419 HE R B B (55 d FRM LR kA (Accumulator Injection System °
ACC) fats » HE B B N0 452 5 B 4o "8 > B B30 726 fyfads MRk > BB E fdF
Fx 1100 i d o HEE B FHRE S 4oB 3-21 #75F o d B 3-20 ¥ 50> ATLAS § %2
TRACE Bt i E (A i A5 % 3 fjp

B TESF T BIRERREAZFAY 5 mmEpﬂﬁg%JWMMOF@ o
FHERS ST RERAF > "HABDATRIFFP LS F7 TR EEH
AR NE & S Ry o

C%.Z ATLAS facility description (1)

ATLAS - Large-Scale Integral Facility

Advanced Thermal Hydraulic Test Loop for Accident Simulation
+  Placed at KAERI (Korea Atomic Energy Research Institute), Korea
Reference to APR-1400 design

Volumetric scale 1/288, height scale 1/2, area scale 1/144

Core: 390 electrical heaters (3 groups) + 6 unheated rods

Two primary loops: two hot legs, four cold legs with MCPs
*  \ertical steam generators with U-tube heat-exchanging tubes

Pressurizer with heaters and sprays

SIS safety injection systems: 4 SITs + 2 SIPs
— Injection lines aligned to reactor vessel downcomer (DVI) or to cold legs (CLI)
— SITs equipped with flow devices (high flow when high level and low flow when low level)
Several break units: LBLOCA, DVI break line, LOCA, SBLOCA, SGTR, MSLB, FLB

Instrumentation of which objective is to measure the detailed multi-dimensional thermal-hydraulic
phenomena (262 cladding temp. sensors,-609 fluid temperature sensors, 89 pressure sensors ....)

2025 SPRING CAMP Pisa, Italy May 12-14, 2025 www, les eu

B 3-17 ~ ATLAS 9 %% fi 4
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Ges?  TRACE Model Nodalisation

. ]

. el ATLAS Facility
" | TRACE model

Dewnceenar | L

2025 SPRING CAMP Pisa, Italy May 12-14, 2025 Www tes eu

B 3-18 ~ ATLAS TRACE #5' &° 2L [§]

IES’ Test A4.1 description (3)

C/O Initial conditions of A4.1 test
interval

Primary circuit
Normal power (MWt) 1.678 0.001 - 1.668 -
Pressurizer pressure (MPa) 15.518 0.011 0.039 15.528 YES
Hot leg temperature HL1/HL2 (°C) 327.3/326.4|03/0.3 2.4 326.5/326.4 YES
Cold leg temperature CL1A/CL1B (°C) |290.7/289.7|0.1/0.1 2.4 289.2 /289.2 YES
Cold leg temperature CL1A/CL1B (°C) |291.3/290.1|0.1/0.1 2.4 289.2 /289.2 iES
Loop dT loop1/loop2 (°C) 37.1/35.7 - - 37.3/37.1 -
Cold leg flow - average (kg/s) 1.953 0.015 0.053 1.947 YES
Pressurizer water level (m) 2.103 0.042 0.17 2.099 YES
Secondary circuit

Net thermal power (MWt) 0.795/0.773 - - 0.834 /0.830 -
Steam flow rate SG1/5G2 (kg/s) 0.381/0.435( 0.008 0.17 0.469 / 0.469 NO/YES
FW flow rate SG1/5G2 (kg/s) 0.446/0.435| 0.001 (01 I7¢ 0.472 /0.472 YES
FW temperature SG1/5G2 (°C) 230.9/230.1| 0.114 2.4 230.9 /230.9 YES
Steam pressure SG1/5G2 (MPa) 7.863/7.863| 0.001 0.039 7.868 / 7.868 YES
Secondary side level SG1/SG2 (m) 5.333/5.313| 0.026 0.17 5.320/5.325 YES

B 3-19 ~ ATLAS 4= 4 i% i*
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Tgs?  Test A4.1 description (4)

A

Sequence of the main events of experiment for A4.1 test

ATLAS (s) TRACE (s)

Start of data acquisition -10 0
Break initiation 303 303
Scram signal - Primary system pressure < 12.97 MPa, with 2.89 s delay 312 3135
HPIl initiation - Primary system pressure < 12.27 MPa, with 13.66 s delay 325 328
(injection ta both CLs of the intact loop-2)

Decay heat start 21 seconds after core trip

: : : . 335 337

(the core power is contralled as given in predefined table)

Excursion start of cladding temperature (the onset of core heat-up) 341 344
Loop seal clearing (voiding of intermediate legs between SG and RCP) 349 352
ACC injection - Primary system pressure <4.51 MPa, with no delay 206 205
(injection to both CLs of the intact loop-2)

Maximum PCT 422 419
Quenching of core 450 452
Termination of ACC injection 529 538
LPI Initiation - Primary system pressure < 1.24 MPa, with no delay ,

L . 732 726"t
(injection ta CLs of the intact loop)

End of test 1100 1100

*1 Initiation of LPIS injection based on reaching pressure threshold is delayed for about 20s to get similar time like in the test.
{TRACE predicts slightly lower primary pressure after termination of ACC injection) — -

B 3-20 ~ ¥ & A 7

TES” Calculation results (3)

C/U Max. cladding temperature in the core simulator (262 temp. sensors)
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B MOTEL ¢ % % (SCI 8 7])
17 Universidad Politécnica de Madrid (UPM ) # 3 B} ¢ * TRACE 423" #4% %

i Lappeenranta-Lahti University of Technology (LUT) =+ % Modular Test Loop (MOTEL)
FERE o FHI R N & 22 B (Helical Coil Steam Generator, HCSG)  #7i& 7 ¢
MS-SGO01 £ MS-SG02 » & F i 7 ATE v o 37 7 B> #F H2020 McSAFER
(Multiphysics and Multiscale Assessment of Safety for Small Modular Reactors ) 3+ % -
% P B TRACE 425" Integrated Pressurized Water Reactor (iPWR) &% % ¢
FAAAZ BRGSO E R - MOTEL K64k p 2R VTR E 17 » firgsidx * HCSG ehix
k3% SMR - =t plgr = plinde (75 0 KW e AoR] 3-22 17 o Y BT A4
s % (MS-SGO1) ¢ » riw Fpfs F (250kW I 1000kW) 22 B T & 4 i 2 35+
FdRA BB TR R o FHDOOET & (MS-SG02) Al g K (T5kW 3150
KW) 227 ki B i 28 7RISR - FfY 7% 2T SAp T A 4R 2 5 0
TRACE B 441 @ 3R % Fp R 07 FLR - B 3-23 2 B 3-26 &~ %] 5 MS-SGO1 = MS-SG02
7 5T Downcomer FEnFEpuiediv B RE > d TRACE s %87

B oyt ¥ Ypo i e B R e ¥R A M2t 0.6 °C  Downcomer B E i & R A ] 3 T
% BPhF %P EIAFFEN 0 #ZP TRACE it 6325 X - tRl&E - =t s i@ im3
BRALA G o BEMA T 0 AR T SR AR @A BB R R 0 AR R
e Ao . W ) F % & ¥ FL ik TRACE &% »* SMR % 2 & 4740% F R AT
% WEk# TRACE % HCSG Higehi * #2452 % &k SMR %A 48 i iz \ s
REEE LT o
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Safety valve
.

Pressurizer
-~ Heators

Steam generator

Steam generator
_ tubes

Riser
Downcomer
—
b
\"\.
",
Extension piece
~ Core Heater
Rods -

B 3-22 ~ MOTEL % 5% % *
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B 7 AR

&~ J1 ENEA B3ttt €357 % 2 # @ * TRACE ~ MELCOR {= ASTEC #25" #1
BEFDIPWRAT 25 AT P a T iF L3R F BEA$71 £ iPWR K
PO M FEEIRIATEESVHEA T RPN BRSBTSy
% % B SASPAM-SA ( Safety Analysis of SMR with Passive Mitigation Strategies -
Severe Accident) 3+ 3% - Tk » SASPAM-SA 3+ 3 P enfz -+ A4 k8 F R B(LWR):E#E
HEHa X 27 ¥ g% 3 iPWR> g 2 B gy 52 ff”f@f@:% R o
5 43 PWR ABME FRIZ A% Y R4

Bl 3-27 AP AT EFRFAF T AT ATR Y DBERIER » FF 7 BRRH -
&4 473k g B (Direct Vessel Injection, DVI) # 2 #7¢ » 4 g5 £ 2 %y v ¢
FEe g g2 MR AgE FIEEE RS S5 AR RS R52 F
ERA AR ERLGE  Ea f# p B8 & &5 (Automatic Depressurization
System, ADS ) -~ &#145 i J& % (Emergency Heat Removal System, EHRS ) % % # ¥ = %
# (Liquid Gas Management System, LGMS ) » 222 12 g R 5%k & 3 0 frie i o 3287 7
#ri¢ = e TRACE 054 & 2EH4o®] 3-28 #777 > # ¢ * Pipe 2 fidglp v ~ o 3d &
14 2 Downcomer > @ FIFERE A2 Vessel i § i fpind 2 £ G % - B 3-29
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PRS2 &£ F 5 TRACE H3V Y G2 4R 5 R4 T F i HRF B F
A BRIk A % - KR TR F R A B 5 7045 45 (TRACE) »
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Bho AT AN TN S AT Rk AL RERY GE G d 5Ll EK
F@%@J mﬁfﬂrﬂ%ﬁ@@@% /,,\%fréé-_%“%ﬂﬁ 4 o

Selected scenario

Design Basis Accident
After the qualification of the steady state, the DBA scenario selected is the guillotine break of one
Direct Vessel Injection (DVI) line, considering the availability of all safety systems.

BREAK OF DVI LINE

High Containment Pressure signal
= SCRAM Low PRZ level signal

= Secondary system isolation

» EHRSactuation =ERCE coastdown

= RI-DCvalves opening

Low PRZ pressure signal

*= EBTsactuation Low DP RPV-Containment signal

* ADS stage-1actuation » LGMSs actuation

Low LGMS mass signal
* ADS stage-2 actuation

Gianmarco Grippo May 13 - 15, 2025 10

B13-27~ B - B4 i kFisrd Fama

TRACE input deck

= The SGs (8 line). EHRS (4 line) and ’ . |
the RWST (2 pool) have been — zgl
modelled as an equivalent one.

= The reactor core, the core bypass and the
downcomer has been modelled by a single
pipe component for each section.

TRV
1

= The two passive systems lines have been modelled
separately,

* The containment vegion has been modelled with Vessel
component

TRACE v5.0 patch 9 has been used to run the caleulations

m Gianmarco Grippo May 13 - 15, 2025 12

@] 3-28 ~ TRACE #i-5" & 2k [§]
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1° Equalization

TRACE | 3840s
MELCOR | 2000s
ASTEC | 1584s

O TRACE
= ADS activates earlier with higher initial discharge rate.
= RPV - DW pressure equalization 1s delayed.
O Drywell modeling play a key role:
* Homogeneous pressure
* Condensation models
Q Suppression behaviour.

m Gianmarco Grippo May 13 - 15, 2025 19

B3-20 §- RS T4

1° P equalization 2* P_equalization

2° Equalization

2° Pressure Equalization

TRACE | 70455
MELCOR | 33155
ASTEC | 6006 s

The pressure in the RPV becomes higher again and,
consequently, the break flow rate start again.

m Gianmarco Grippo May 13 - 15, 2025 20

B 3-30~ % - FF R4 T
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Results remarks

Event

TRACE MELCOR ASTEC

Break

High Containment pressure signal (SCRAM, isolation SG,
EHRS activation)

Low PRZ water level signal (Pump coast down and RI-DC
opening)

Low PRZ pressure signal (ADS Stage-1 opening, EBTs
opening)

Low DP RV-Containment (LGMSs opening)

1° RPV- DW pressure equalization

2° RPV- DW pressure equalization

1° vent injection

2° vent injection

Core level reach the TAF

Cavity level reach the DVI

Low LGMS mass (ADS Stage-2 opening)

0
36

100

106

2910
3840
7045
5741
8256

0
41

122

148

1864
2000
3315
3010
5405
3000
3950
12265

0
20

65

158

1398
1584
6006
5534

5500
6600
12902

m Gianmarco Grippo

Bl 3-31 ~ 4250 % ot 4
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2025 # CSARP ¥ MCAP (MELCOR Cooperative Assessment Program) "% € &
Z(SNL)£ b 8% 14
R A NS

d 2 @ NRC ¥ Sandia & 33 5%
*AR4c-B] 3-32 3
%= X B3 SMR ~ ¥ gzt %248 (Accident-Tolerant Fuel, ATF) 2 % /g 2 {22 47 £ #7 1
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CSARP/MCAP Meeting — Monday, June 2, 2025

General Schedule

Time Activity / Presenter
8:00 am Registration Opens
8:45 am Opening Remarks by NRC

Technical Session 1 — Severe Accident Research Activities I (Co-Chairs: TBD)

Time Topic Presenter / Organization

9:00 am Current Status of Severe Accident Research Junichi Kaneko, NRAT
Program

9:30 am General Update on SA Activities at ASNR Isabelle Duhamel. ASNR

10:00 am BREAK

10:30 am NUBIKI Activities in the Piel|d of Severe Andras Nemes, NUBIKI
Accidents

11:00 am Recent Severe Accident Research Activities in Patrick Isaksson, SSM
Sweden

11:30 am Analysis of WWER-1000 SBO Accident After Maksym Vyshemirskyi,
Extended Unit Shutdown SSTC

12:00 pm LUNCH

Technical Session 2 — Severe Accident Research Activities IT (Co-Chairs: TBD)

Time Topic Presenter / Organization

1:30 pm CSARP Codes in Italy: National Overview Luca Cretara. ISIN

2:00 pm Development of the Polish NPP Program and Ernest Staron. PAA
Status of Severe Accidents Activities

2:30 pm Severe Accident Research Activities at KINS Eunho Kim. KINS

3:00 pm BREAK

3:30 pm Severe Accident Research Activities in KAFRI Donggun Son. KAERI

4:00 pm CNSC Severe Accident Activities Supporting Mounia Berdai, CNSC
Advanced Reactors and the CANDU Fleet

4:30 pm Overview of Activities at Slovak Regulator Lubica Kubisova, UID

5:00 pm Overview of Severe Accident Activities in Spain | Fernando Robledo. CSN

5:30 pm ADJOURN

Bl 3-32 - CSARP/MCAP % - % § kK%
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CSARP/MCAP Meeting — Tuesday, June 3, 2025

Technical Session 3 — Severe Accident Codes & Experiments (Co-Chairs: TBD)

Time Topic Presenter / Organization

8:30 am Tractebel: Severe Accident Activities Mirco D1 Giuli. Tractebel

9:00 am ENEA activity in the Field of Severe Accidents Fulvio Mascari, ENEA

9:30 am Experimental and Computational Activities on Fabrizio Gabrielli. KIT and
ATFs at KIT and GRS GRS

10:00 am BREAK

10:30 am MELCOR Analysis and Associated Severe Andrew Morreale. CNL
Accident Research at CNL

11:00 am Research Activities on Advanced Nuclear Sara Perez Martin, KIT
Reactors at KIT

11:30 am Overview of IVR Activities Laure Carenini, ASNR

12:00 pm LUNCH

Technical Session 4 — Severe Accident Research Programs (Co-Chairs: TBD)

Time Topic Presenter / Organization

1:30 pm Unification of ATHLET and ATHLET-CD in Liviusz Lovasz, GRS
AC2

2:00 pm Integration of Experimental Programs with Miroslav Kotoue, UTV
Diverse Analytical Tools to Support Safety of
Czech NPPs

2:30 pm Main Outcomes of the Recent NEA ROSAU Jeremy Licht. ANL
Project and Plans for ROSAT-2

3:00 pm BREAK

3:30 pm Study on Csl Release Rate Coefficient from Fuel | Masami Taira. NRAJ
for Source Term Evaluation

4:00 pm Midway Through a Severe Accident Roadmap: Luis Herranz, CIEMAT
Progress of the SEAKNOT Project

4:30 pm ATF Solutions in HBU Power Uprated LWRSs Juliana Pacheco Duarte.

Univ. of Wisconsin
5:00 pm ADJOURN
6:30 pm GROUP DINNER. (TBD, SELF-PAID)

Bl 3-33 ~ CSARP/MCAP % = % § kiK%
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CSARP/MCAP Meeting — Wednesday, June 4, 2025

Technical Session 5 — Reactor Analysis (Co-Chairs: TBD)

Time Topic Presenter / Organization

8:30 am PSI Research Activities Related to Severe Mateusz Malicki, PSI
Accidents

9:00 am Dynamic Probabilistic Risk Assessment of a PWR | Xiaoyu Zheng. JAEA
with Accident Tolerant Fuel Using MELCOR.

9:30 am TBD Luis Herranz, CIEMAT

10:00 am BREAK

10:30 am The EU AMHYCO Project: Aspects of H2 and Matthias Braun, Framatome
CO Mitigation (part 1)

11:00 am The EU AMHYCO Project: Aspects of H2 and Matthias Braun, Framatome
CO Mitigation (part 2)

11:30 am Comparison of SBLOCA+SBO and Matjaz Leskowvar. JSI
LBLOCA+SBO Unecertainty Analysis

12:00 pm LUNCH

Technical Session 6 — Advanced Reactor Applications (Co-Chairs: TBD)

Time Topic Presenter / Organization

1:30 pm MSR Safety Research Activities in KAERT Sung Il Kim, KAFRI

2:00 pm Horizon Euratom SASPAM-SA project — Fulvio Mascari, ENEA
CURRENT STATUS

2:30 pm Assessment of the Relevance and Applicability of | Fulvio Mascari, ENEA
Existing Experimental Databases to iPWR

3:00 pm BREAK

3:30 pm Application of the REPAS Methodology to Gianmarco Grippo. ENEA
Analyze the Reliability of the EHRS in the SMR
Strategy

4:00 pm Identification and Assessment of Pool Serubbing | Luis Herranz, CIEMAT
Scenarios in IRIS-like SMRs

4:30 pm Analyses of Postulated DBA and SA Scenarios in | Fabrizio Gabrielli, KIT
Generic Integral PWRs (Horizon Euratom
SASPAM-SA Project)

5:00 pm ADJOURN

B 3-34 ~ CSARP/MCAP % = % ¢ iz
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CSARP/MCAP Meeting — Thursday, June 5, 2025

8:30 am ~ 10:30 am CSARP Partners Meeting (Open to CSARP Partners Only)

MELCOR Code Assessment Program - Session 1 (Co-Chairs: TBD)

Activities (part 2)

Time Topic Presenter / Organization

11:00 am Update on MELCOR. Code Development Larry Humphries, SNL
Activities (part 1)

11:30 am Update on MELCOR. Code Development Larry Humphries, SNL

12:00 am

Update on MELCOR. Code Development
Activities (part 3)

Larry Humphries, SNL

12:30 pm

LUNCH

MELCOR Code Assessment Program - Session 2 (Co-Chairs: TBD)

Time Topic Presenter / Organization

2:00 pm Heat Pipe Microreactor Assessment with Ed Duchnowski, SNL
MELCOR 2.2

2:30 pm Heat Pipe Microreactor Assessment with SCALE | Andy Bielen, NRC

3:00 pm Update on ORIGEN/MELCOR Coupling Troy Haskin, SNL

3:30 pm BREAK

4:00 pm Code-to-Code Comparison of a DBA Sequence imn | Gianmarco Grippo. ENEA
a Generic 1PWR: TRACE vs. MELCOR and
ASTEC Results

4:30 pm Chasing a 1F1 Plausible Scenario with MELCOR | Luis Herranz. CIEMAT
222024

5:00 pm Integration of Fusion Models into MELCOR 2.2 Brad Beeny. SNL

5:30 pm ADJOURN

B 3-35 ~ CSARP/MCAP % = % ¢ k42

CSARP/MCAP Meeting — Friday, June 6, 2025

MELCOR Code Assessment Program - Session 3 (Co-Chairs: TBD)

Time Topic Presenter / Organization

8:30 am Severe Accident Analysis of the Reprocessing Akifumi Yamaji, Waseda
Plant, SCWR. and BWR with MELCOR 2.2 at University
‘Waseda University

9:00 am A Nodalization ﬁmdy of a Submerged SMR Tuomo Sevon, VIT
Containment with MELCOR

9:30 am Influence of Iodine Chemistrv on I2 Scrubbing Adolf Rydl. INSET
with Modified SPARC/MELCOR

10:00 am BREAK

10:30 am Model Development and Benchmarking Against Mateusz Malicki, PSI
Experiments

11:00 am Updates on MELCOR/SNAP Plugin Development | Bill Dunsford, ISL

11:30 am MELCOR Modermization — Recent Updates Dave Luxat, SNL

12:00 pm LUNCH

1:30 pm CAV/CORQUENCH Models in MELCOR Brad Beeny. SNL

2:00 pm Third-Party Library Capability in MELCOR Lucas Albright. SNL

2:30 pm TBD

3:00 pm Farewell NRC

@] 3-36 ~ CSARP/MCAP % 7
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i

2L WR/Non-LWR/ATF Fuels Development MELCOR

¢« LWR and General MELCOR development
* Advanced Technology Fuels (ATF)

* Non-LWR Reactors Vi

« HIGR Condensation /  Condensation / Resuspension / U

Evaporation / Deposition \ / Evaporation Corbalienai
* Sodium Agglomeration Leak/Failure
*  Molten Salts VSR

* Spent Fuel Pools

Condensation!
Chemisorption

\../l .

Deposition |
Condensation

2
Sy

AlrMoisture Ingress

Deposition |
Condensation

<

Deposition !
P

Resuspension/
Resuspension/ Revaparzation
o Sk
L Revaporization Tamppet
Bubble RE..?W" ]
FF Remase Transport N i
FP Release T
Condensatin & Condensation &
Dissoiution of Vapars. Dissciton of Vapars
] Entrainmest & Dissoluto Entrainment & Dissolution
] ot Aerosols of Arosals
Vessel] [Leak Vessel| | Leak Vessel| | Leak Vessel| | Leak
Sodum Fan b C'-‘nw':w Vagorzation 39'“::;,-_ Vaperaston
Harcaci Ganeeaton . e
VessellLeak l T

!

B 3-37 ~ MELCOR #%.;% & *

Review and Improvements to Lower Head/Plenum

Modeling

» Radial spreading and stratification in lower head

* Energy balance on lower head

* Internal and external boundary conditions on lower head

= User capabilities for testing
= MPsource
* Imposed boundary conditions on surfaces
* Specification of properties

» Heat flux animation in HTML

] 3-38 ~ MELCOR #2.;% 2 &
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Ex-Vessel Damage Progression — Work in

* Code Numerics

* The numerical solution and physical modeling functionality
will be separated. Introduction of a state-of-the-art numerical
solution methodology will be performed.

* Generalized Geometry

* A key component of this effort also involves generalization of
how ex-vessel geometries (i.e., the cavity beneath reactor
vessels) are represented. This will facilitate significantly
enhanced functionality in support of greater severe accident
modeling realism, critical to evaluating efforts to credit
insights from Fukushima Daiichi accident.

* Replace Vanessa with a generalized Gibbs free energy
minimizer

B 3-39 ~ MELCOR #7% £ # i£ % % (1)

Fission Product Release and Transport Modeling
Work in Progress MELCOR

* Improvements to numerics

* The numerical solution and physical modeling
functionality will be separated. Introduction of a
state-of-the-art numerical solution methodology will
be performed. A result of this effort will be a
modernization of the underlying radionuclide
transport equations (in the MAEROS model).

* Improvements to RN class representations

* Generalized to facilitate more flexible addition of new
classes.

* The ability to template radionuclide classes from an
existing class.

* Generalization of chemical interactions to enable
modeling radionuclides undergoing chemical
reactions and transformations between classes.

B 3-40 ~ MELCOR #7342 3% #3253 % (2)
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NRA ®Ef1* CIGMA 4 % 3% * (Combustion and Ignition Modeling Apparatus for
severe accident hydrogen behavior studies)#F 3¢ 7l LA (6 7 2 f W2 & ~ WIERF G 7
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Researches on hydrogen leakage and explosions

+ Recent findings regarding the FDNPP accidentsl!]

— There were differences between hydrogen explosion behaviors in the existing
assumption and those observed in the FDNPP accidents.

[ | Existing Assumption FDNPS accidents
The floor where the Top-floor Both top-floor
explosion occurred in the RB and mid-floor in the RB
Flame color No colored Colored
at the explosion (hydrogen only) (hydrogen + organic)

Picture of explosion at FDNP unit 3* ’-[liﬁerence between the existing assumption and FONP accidents

Researches on hydrogen leakage and explosions

v Experiments on hydrogen localization mechanism (conducted by JAEA).
v Experiments on hydrogen leakage at containment flange seals.
¥ Analytical studies on the effect of burnable organic gas mixing on hydrogen combustion. |

[1] Nudlear Regulatory Authority, Interim Report on the Investigation and Analysis of the Accident at TEPCO's Fukush Diaiichi NFP - C. from 2019 to March 2021
{in J. ), hitps /hwww nsr g0 jpidata 000345595 pdf, March Tth, 2023

*All Copyrights of the pictures and movies above belong to Fukushima Central Television & Nippon Television

Bl 3-41~ & 5 S me Ry

Summary

« NRA has conducted the following research program to examine whether
the findings of FDNPS accident investigation are reflected in regulations.
— Researches on hydrogen behaviors, etc., based on SA progression (2023-2027)

— Experimental researches on reducing uncertainties in important SA phenomena
(2020-2026)

« The following experimental and analytical researches are ongoing in the

above programs.

— Researches on hydrogen leaks and explosions such as experiments on hydrogen
localization mechanism in a RB

— Researches on molten core behaviors and concrete erosion such as experiments on
concrete spalling at high temperatures

— Researches on SA progression and FP transportation such as MELCOR analyses for
various SA scenarios in Japanese NPP

Bl 3-42 ~ p ~ NRA iT# #
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L IPEREY
/2 B French Authority for Nuclear Safety and Radiation Protection (ASNR) { # +% it %
POGFHEEL T FARERF LN FFENRFEHRIUF B F 0T 24452
LB FHE o ASNR P A iR ;jiéiﬁiﬁé PR
() E2apiss FOPETHRE S8 ATF - 3ESHMEZ B RLfrale 74
TR RS hE T A AT F BEEE SMR A F e
(2) 3 f ASTEC *'#73|F BEZX 241 4 122 p REKR - S~ G 5 7
BIAEE L P E B TR IR R RO T 4o Bk E 0 i@ 55 1t ASTEC »t% 23Eib g2k

7

RS

P g M o
Q) HEFERNEFLETEFHRHRE T 2 " ASNR S22 m i & &F34 o 4
SASPAM-SA ~ ESFR-SIMPLE ~ ELSMOR # ENDURANCE - & i§ £ 3 § 5 #c¥; %
WS % o FYHe ASTEC o3| $raiier v # |4 o
Bl 3-43 fc®] 3-44 % ASNR #7# @ enff4p 742 » A B 8 & * ASTEC V3.1.2 42
FUATaE 2ok 38 SMR AR Ee 5N 4 Ak SLE e BRI R A kT 7 RG] o BERY
ASNR #4121 ASTEC {75 1 & 2471 & T gpd R & (T8 7 % & - H 3~
ASTEC & A731 %04 ~ 3731 F e B & M AR IR % iR * 12 -

[IVIAIN NEW RESEARCH ACTIVITIES IN SEVERE ACCIDENT FIELD AT ASNR

-

SMR / AMR :
ASSESSMENT OF THE CAPABILITY OF CODE AGAINST SMR/AMR EUROPEAN DESIGNS -
CHARACTERISTICS (PASSIVE SAFETY FEATURES) C)M?AM‘SA —

b Identification of new key physical phenomena to address i = =
b Code validation against relevant experimental tests =

b Enhancement of the material database

EUROPEAN STRATEGIC ACTION PLAN

EUROPEAN PROJECTS WITH MODELLING AND EXPERIMENTAL ASPECTS

b LW-5MRs: new systems, boundary conditions, operating conditions...

4%

Esai-SME

b Mon LW-SMAs: new fuels, new materials, thermochemistry, new systems, ... e | | o] | [
= Integration of ASTEC-Na in the current version of ASTEC in progress
+ Collaborative projects for HTR, Sodium, Lead and Molten salt reactors
1 B Corin Mo S Dbt
. RCAASD SAfety EU ELSMOR program) JA, Zambaus, Z Gue, 5.
‘¢, ENDURANCE Xiao, of a Passive Meat Bemaval System an a Light
el s g
JRCMSD Wiater Smoll Modular Reactor with the ASTEC V3.1.2 Code”, (NURETH-21)

' ASNR ‘SEVERE ACCIDENT RESEARCH ACTIVITIES AT ASHE - CSARP. JUNE 2025
11

] 3-43 ~ 2 B ASNR 5§ #= §
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[ concLusiON

[ SEVERE ACCIDENTS RESEARCH ACTIVITIES PERFORMED AT IRSN AND NOW AT ASNR TO SUPPORT SAFETY ASSESSMENT
» Importance of term source and radiclogical consequences evaluation for safety issues

D Taking benefit of the European commission support and collaborative networks

h Capitalized in the ASTEC code

[ MAINTAIN ASTEC CODE AS A STATE-OF-THE-ART SIMULATION TOOL
b Considering new fuel (ATF...)
D Taking benefit of advanced tools (CFD codes, LBM method, Al...)
§ Taking benefit of international programs (ROSAU, QUENCH-ATF, TCOFF, FACE, SASPAM-SA...)

[ NEW ASTEC TRAJECTORY TO INTEGRATE UNDER-DEVELOPMENT CONCEPTS OF REACTORS: SMR & AMR
b A lot of concepts and tight schedules = Importance of collaborations

) Few data and validation available = Benchmarking will be of great help

] 3-44 ~ ;% B ASNR & %7 7 2L 4]
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[ ] adl

7 41 Nuclear Safety Research Institute (NUBIKI) = * ** 2009 # » i & 7 7 4p 3
EMER VAT LB LT ARG A e T BB AL 4491 £ ¢ 5 MELCOR-
MAAP ~ ASTEC ~ GASFLOW v GOTHIC % #%3;% - NUBIKI £ # £ 42 .4 7 4] Paks L
RERTEWEnE 2047 gt g3k ¢ > NUBIKI B ff 2 MELCOR 423" i& {7 Paks 2
VVER-1200 SFP £ &~ Jis B g & & 47 - Paks 2 & % & B #7% 250 VVER-1200 1 ‘e
BERBRE - HEAESFPTF I gl » FIFERFAF T bRFREr REY
SFP /i 7 5 » R Z # N Y EREVBF g3 id 0 2 PR G 16 PR o &
#i&* - » MELCOR BN g+ 3973 %3 > 3 5 T3P B R R+ & F i 7
o WP AEF BT o FP o NUBIKI BIF A w445 B2 SFP R8E 25 B
MELCOR i3 > f #-SFP 7 ¥ 4 % 18 B = 54 » 2 £ & MELCOR 03¢ -

] 3-45 fr§] 3-46 % Paks2 VVER-1200 -5V 2 = efgip? » 7 L » 222 SFPCOR #C
o FSFPEVHR L R > TR EE RS RFE R A R DR
e pFi5iE TAB-FUN #-le o r g T8 F o 3 W {4808 R i M WP RINEF > B 4y
754 SFP v R Sl s R FAAIEF F FHREE NI TR ERA
RAPHEEL 2L 5d MACCS (MELCOR Accident Consequence Code System)
g TR IFRG o 2—- 4% COR Bty m’}}ﬁﬂ;’e’*“} A m B RS
BBAR S i 2R 2 p 3 iv% (MCCL) 7 5 0 &0 i < % e de it ~ SFP & 3%
BRETALFORMEF BEREEER B FERE 2 COR #3] - {1
COR ‘e i il w8 - K> &% - FERTEF o SFP i v /i £ 2 CORCON
(Core Concrete Interaction Model) #iik i® 5 %g ¢t ﬁia?J » % 1% o NUBIKI B fj 972 = cijg s
¢ SFP MELCOR #5% #-1F 3 VVER-1200 #7: 8 0% 2 A 47end & %4 &4 > 7 a0 3
BT r>FEREAL L EE LY -
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Work for Paks 2 - VVER-1200 - MELCOR NUBIl"é:ff'

1st Stage calculation: | O OO WO s
*Use a full SFP COR model with SFP + Refueling-pool + _7i:£w£_)-;%;£u:xm_/4
Virtual-reactor-pool filled with water [ 5:,” W ocor i SO
*Residual heat in the reactor vessel was added via TAB-FUN 1 t
*Record SFP exit flow at SFP top after Refuelling-Pool level is Upi:l il s

at sluice bottom (steam, H,, atmospheric energy) v,::
*Record Fission Product flow at SFP top after Refuelling-pool arcan” Wl sep water space

level is at sluice bottom (MACCS interface, CORSOR) SE{C;
* Transfer COR fuel to a virtual CAVITY at SFP bottom failure _ttreent 1
*Record CORCON flows (H,0, H,, CO, CO,) and temperature “ﬂﬂm ||| | | H""l mwmﬂr‘
*Record CORCON Fission Product flows (MACCS) Ed ,:..,j‘ ‘, ‘“F‘;;"‘Hm‘

6/02/2025 NUBIKI Activities in the Field of Sever Accidents

] 3-45 ~ Paks 2 VVER-1200 MELCOR #-5'2& = (SFP)

Work for Paks 2 - VVER-1200 - MELCOR NUBIKY
PTF Paths DOME11 ovizz Conlamrﬁemumumps an Stage Calo.llationt
—— i | *Use a Primary Circuit COR model with SFP + Refuelling-pool
5 s + Virtual-reactor-pool filled with water

SLUICE OPE|

*Calculate reactor and primary circuit with COR package
describing the reactor core

Refueling pool

Commen space of reactor yell and water space above s | = [Jse previously recorded SFP exit flow at SFP top (sluice
. P 1 bottom) after Refuelling-Pool level is at sluice bottom and

fLa s it |- CORCON sources as TAB-FUN functions as additional input

Reactor |Reactor Results:

well well *The combined model gives reasonable results and eliminates

some MELCOR restrictions
*Precision of the used method is sufficient for such low-
power, long transients
Reactor el s Vi SFPfuetpool |« Connecting two MELCOR calculations directly might give
Ea better results, but the difficulties in doing so might make it
not feasible

il

6/02/2025 NUBIKI Activities in the Field of Sever Accidents 21

] 3-46 ~ Paks 2 VVER-1200 MELCOR #5822 = (F B %)

oy
74 & Swedish Radiation Safety Authority( SSM )22 Royal Institute of Technology( KTH )

EHEFEAERET A G Y RBFERETE L EFA I MU IMER S 0 #

-~
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FHFEERA ML G R ER T IR T R GRSk
PRORREE S FINFT L T REEERRD N o

FH B L BFHEGCS R TR R R P BEL A6 TR R
Fli s (doptnIh il ~ T2 SnBi & £ %) 2 2 K7 S HIRE - B 347 S5 mE
SREE R PER A F B0 Y pREAR Y WP O R R T Sk R ) BB T g 1
FEARBFEERGBELAAOMELARBEL SRR SRIESRET LRE-
BECEHHE S ¢ 0 BEE* MPS (Moving Particle Semi-implicit) = 2 & 724 & 45 g
BT AR E T AT RS R R TR A iAo BB
$oo B 3-48 WP g s el BiBAR > & F R BA R ‘ﬁ@ﬁéiﬁx

34 A F 0 B8 MPS BT A 2P SR EE BB MBI g o Ty S %G e
WEREFTRTEAEGRE GRS -SHE LT T ST B2 2 MELCOR % 42 5¢ ¢
B kRERELR &3 Ry o

Particulate bed melting tests (cont'd)
» SPS-1 test results: Temperature map

2 min 5 min

-HI 7 min

“‘.

Temperature map was reca cu ated based on data on
FBG data (dark dots on the picture)

Bl 3-47 ~ SRR % R
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MPS simulation of particulate bed melting

» Moving Particle Semi-implicit (MPS)!"? is employed to simulate melting of a
particulate bed, which is important to corium melt progression (as illustrated below)
* Lagrangian mesh-free method for incompressible fluid flow
* Discretizes the computation domain with particles
*  Pressure field is solveld implicitly, while the other terms are explicitly calculated
*  MIPS advantages: Allowing large deformation of interfaces/tree surfaces; no numerical diffusion;

easier to generate particle configuration
Corium behavior in the lower head of a RPV:

Core meltdown Debris formation debris bed dryout Debris remelting Melt pool formation
[1] 5. Koshizuka and Y. Oka. Moving-particle semi-implicit method for frag ion of incompressible uid, Nuclear Seience & Engineering 123(3):
121-434, 1996, 3
[2] L. Zhao, P. Punetha, W. Ma, A, Konovalenko and S. Bechta, Sinmlation of melt spreading over dry substrates with the moving particle Semi- 20 \',

implicit method, Nuclear Engineeving and Design 405; 112229, 2023,

] 3-48 ~ MPS Higst Y

-

A2022 & g BB S 0 ok B4 T B (Zaporizhzhia Nuclear Power Plant,
ZNPP) % sl R s X e b 3T e 78 P R A IMF R EW e DG L IBER
ik o d 3% ZNPP #* VVER-1000/320 8 #3%3+ » 4@ F2 i% VVER-1000/320 %4 i 4%
HEFEA L AL LN NG RIFH P SR T e e SFP % > 5 R4t
kAL o F]t 5§ 5 SSTC NRS (State Scientific and Technical Center for Nuclear and
Radiation Safety) **y* =t € 3k ¢ 4 % H -4+ VVER-1000/320 % 2> & #p is 854 2 7
ME2EOBREE AT % o B 3-49 5 VVER-1000/320 # & ki > 2 5w iw
B BRKVE BB 38K F A F e SFPo @ v 522 R/ (TG21B01-TG21B03~TG21B02 )

’

E v % (TG21B04) 12 2 2ot { #74 (TG21B0S ~ TG21B06) ° ] 3-50 fr ] 3-51 &
u] 5 SSTC NRS B fj #7i& # chF iy B2 SFP H:\ & 8LF) > F R ERF S aE % ~ - =
Bl~= = RIZ B4 o SFP S RI2 9 B4 MM 2 (RS ©3 TG21B02 % 8 3%
COR #rarmficg ot it » pfd i 3o 3o 5 4 Bisw @ 15 B dhe & 8o §] 3-52
ERRMEEFHOBREL T EY B RORBER (RS 2 B 9 B &
15 B2 ) RFEH RSB E T RERNP BB 3-53 5 2 B apoRS EE
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| 1. Introduction

VVER-1000/320

.

4-loop PWR with RCP and horizontal SG

reinforced concrete containment with

metal liner inside

In-containment SFP formed by concrete

structures with a steel liner divided by

sections

+ TG21B01, TG21B03, TG21B02 for SFP
storage,

+ TG21B04 designated for transportation
cask loading and unloading

TG21B0S, TG21B06 - wet refueling pool

original design of VWER 1000/320 does
not provide specific safety features to
cope with SBO

CSARP/MCAP Mesting
June 2-6, 2025

[ 1L

General view of VVER-1000/320

SS1C
NRS

] 3-49 ~ VVER-1000/320 & 3L f§ /i

| 2. MELCOR model

«  Computer simulations of selected accident
scenarios with MELCOR 2.2 code

- Additional engineering calculations

+  Generic model of VWER-1000/320 (ZNPP)

> RF

» SFP

+  Model of the RF include 5 major parts

» Reactor and RCS (4 loops with RCP and SG)

Caore

Containment
Engineered systems

»
» Secondary side
>
»

CSARP/IMCAP Meeting

June 2-6, 2025

VVER-1000/320 nodalisation of primary side for
MELCOR 2.2

SST1C
NRS

B 3-50 ~ VVER-1000/320 ~ & % & 2L[§]



| 2. MELCOR model

- SFP

» Separate model, same containment

» SFP modeled with 9 control volumes

» TG21B01,03 include heat source

» COR package implemented at TG21B02

section

< 4 radial rings
“ 15 axial nodes

CSARP/MCAP Meeting
June 2-6, 2025

s

o

Nodalisation of the SFP model

s

S'I'Cl
NRS

] 3-51 ~ VVER-1000/320 * i§ 741 & 2L

| 3. Analyses for the Reactor Facility

Scenario: total SBO accident after long-term shutdown (sealed reactor)
= ZNPP-6 selected as a reference unit

(shutdown the last -> higher initial decay heat)
- prolonged shutdown (3 reference time points)

v 22.11.2022 (2 months after shutdown): first LOOP event

v 06.06.2023 (9 months after shutdown): Kakhovka Dam destroyed

v 31.12.2023 (15 months after shutdown):  start of calculations
+ reactor states
v hot standby
v cold shutdown cases with RHR in operation:
filled SG / drained SG / no RHR isolation (RHR SV in op.)
+ calculation end criterion
+ core damage (Tclad > 1200°C)
- temperature-induced RCS integrity loss
+ stabilization of parameters
CSARP/MCAP Meeting
June 2-6, 2025

Bl 3-52~ L2 2 ¥ s iEX
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| 3. Analyses for the Reactor Facility

High DcH (2 month after reactor shutdown, 2.34 MW)

e ot e
@—a (01d mode with filled 5C
: » = Cold mode with drained SG
: j| & @ C01d mode with filure of RHR 1ine 1solation
r
| I
+ 1 1 |
; b B
o 1
5 1ob 1 5 -1t
e 1 g Bl
£ I o )
i ', L H i
L ] H !
Ll , : |
N o= oot node. ¢ ) A
i o= Cold wode with filled 5C 4
=0 Cold wode with drained 5¢ I
‘l =+« Co1d wode with filure of RHR line isolation T b l
: : ! /
] H i 1 4 7
! i { 1 i i | | i [
N i | i I ] | 1
® H i ot T 1 i ! : 1
1 1 1 1 Sy i !
1 2 s ' s s B ® s 10 b T : 3 : 5 N T N N W
Tine Cangs) Tise ey

Primary pressure Cladding temperature

RPYV failure is predicted by MELCOR 2.2 according to the Larson-Miller creep rupture model before fuel damage in high
pressure scenarios

CSARP/MCAP Meeting P —
June 2-6, 2025 NRS “);;::Z’:}:‘r“x‘?;;‘(r“

| 3. Analyses for the Reactor Facility

Containment parameters

5
. i i i [ ehion o i i i [e oo
. i H i |aeneaion o : : i | o Hediun b
| i H H ; i plovmon [
' | { 1 - ! [ 1 -
4 1 - T - +- H H H
1 T i H H :
i 1 -
i H H oo
| 1 P O
H H y o t ]
=3 i } aef - i
P i H J
Y H J A ]
i } 4 L b
] t s 1
H ‘.' H i /i A ]
E Ry i b ; i
& i Y wahs 3 A {
el Pwi i & r ra |
o . ]
- H 80
el P :
o i L a0 L
o = w ) = o 1 1o 0 0 = w = 1 T ] 8

Tise (days) Time (days)

Containment pressure Containment temperature

= high DcH scenario (hot standby) extended to the ex-vessel phase, maximum containment design pressure (5 bar) was reached at

the end of calculation
* low DcH scenario, neither nuclear fuel damage, nor reactor vessel failure occurred, containment parameters (particularly

temperature) remained below their design limits
CSARP/MCAP Meetin
? sSTC|
June 2-6, 2025 NRS

Bl 3-54 ~ FlIoAgzs & 25
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| 4. Analyses for the SFP

Level (a)

o= @ High DH 802
s Hign DH 801
o Wign DH 803
@0 Low DH 802
|4~ Lowoh B0l foo.. -

Time (days)

Level in the SFP sections (low and high decay
heat scenarios)

Tamperaturs (°C)

o= © High DH
s—oLowOH |1 |
2400~
i
1000 - S
'
800~ 1
800} -~ =
oo~ e
# 1
T
- e =
pr i
o
] 1 z 3 I B 5 7 ] B 10 u 17

Time (days)

Spent fuel cladding temperature in TG21B02
section (low and high decay heat scenarios)

+ Faster coolant heating and level decrease with subsequent SF damage are observed in TG21B02 section, which, according to the
analysis assumptions, has the highest decay heat-to-water inventory ratio

CSARP/MCAP Meeting
June 2-6,2025

< eneapase
X FORNUCLEAR AN
RASTION SAFETY

Bl 3-55 % RS KB g R E

22

| 5. Support assessments & “debugging”

MELCOR 2.2 model for VVER-1000: RF analysis of total SBO - Impact of the hygroscopic model {(HHMod) of the RN package

- Scenario 10: Scenario 10 "Total SBO without operator actions”

RCS pressure T

-
3

,’__,A—
f—."

C Ca—
Free courn)

PRZ PORV integral mass flow

LS. NRC - SNRIL/SSTC NRS Meeting
February, 2025

b=l
! ¥
1( .«-.‘."'d'.
-
Cladding temperature in A
the 2nd ring of the core ]
i At
e
i i
; P ——
Mass error
§ST1C
NRS | 00

B8] 3-56 ~ Hygroscopic Model iE #* % 475 % b #&
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| 5. Support assessments & “debugging”
Results of analysis (related to disabling the hygroscopic model of the RN package)

« affect only long-lasting calculations

+ reduce mass error significantly (while the overall phenomenology and qualitative behavior
of key simulation parameters remained unchanged)

» shortened the time before core damage and/or RPV failure (as the mass error, acting as an
artificial source of coolant numerically introduced into the system, was eliminated)

] 3-57 ~ Hygroscopic Model i * /i &, ¥ 78
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SMPAFSL, SASPAM-SA PARTNERS

BELGlum: EC-JRC, TRACTEBEL-ENGIE
BuLcaARIA: INRNE, TUS

CzecH RepuBLIC: SURO

FINLAND: VTT

FraNCE: CNRS, EDF, IRSN

GermANY: KIT, FZJ, GRS, RUB

ITaLy: ENEA, UNIROMA1, POLIMI, SINTEC
LiTHUANIA: LEI

RomaniA: RATEN

SWEDEN: KTH

SwIZERLAND: PSI

Spain: CIEMAT

UKrRAINE: SSTC-NRS

CANADA: CNL IS JOINING AS A PARTNER
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MITIGATION STRATEGIES - SEVERE ACCIDENT

23 PARTNERS FROM 13 EUROPEAN COUNTRIES,
COMPOSED OF: UNIVERSITIES, RESEARCH

INSTITUTES, TSO, INDUSTRIAL AND
ENGINEERING ORGANIZATIONS ~ CSARP/MCAR meeting 2025 F———

© GeoMames. Microsoft, TomTom

B 3-58 - SASPAM-SA 2+ & = §

,. SASPAM-SA PROJECT STRUCTURE AND SOME
MPAH e INSIGHTS

w WP1 - Coordination

>

v 3 WPI:COORD _ENEAMI-48) P2 - Input deck development and hypothetical SA

g g U, _ scenarios assessment (SCENARIOS)

T w | WP2: SCENARIOS — KIT [M1-24] |-

E Lk J} J»/L {7 WP3 - Applicability and Transfer of the Existing SA

z E experimental database for iPWR Assessiment

=@ WP3: WP4: . WPS: B (EXP)

. EXP - PSI IVMR - IRSN | L - | CONT - GRS

3 E [M7-30] [M7-42] [M13-42] WP4 - Assessment of code capabilities to simulate

o M And evaluate corium retention in iPWRs

7 E A (IVMR)

JE WPe:

3 n EPZ - VTT WPS5 - Assessment of the code capabilities to simulate
E [M7-48] IPWR contamment and characterize mitigation

E = _— measures efficiency (CONT)

c 3 A v l} A o _

» 'E= WP7: DISSE — UNIROMA1 [M1-48] | WPS - Characterization of iPWR EPZ (EPZ)

P7 - Communication, dissemination and

exploitation (DISSE)
F. Mascari CSARP/MCAP meeting 2025

® 3-59 - SASPAM-SA & %1 i¥5 p

77



@%MPAM-SAM GENERIC DESIGNS CONSIDERED: DESIGN 1

iPWR characterized
by a submerged

containment and
electric power of
about 60 Mwe

MITIGATION STRATEGIES - SEVERE ACCIDENT
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F. Mascari CSARP/MCAP meeting 2025

] 3-60 ~ iPWR %2 ;% Bl g3k 35

S MPAkse, GENERIC DESIGNS CONSIDERED: DESIGN 2

High pressure
safety injection

Low pressure
safety injection

iIPWR characterized by

Decay heat

removal the use of several
passive systems, a dry

Containment .
pressure Side
suppression

| .. containment and an
iwal clectric power of about
300 MWe

SAFETY ANALYSIS OF SMR wiTH PASSIVE

Flooding of the
reactor cavity
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F. Mascari CSARP/MCAP meeting 2025
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____goupAM—SA;;,. COMPUTATIONAL TOOLS USED IN THE PROJECT

3 In SASPAM-SA several state-of-art computational tools will be adopted, both European and non-European
largely used in Europe.

Q Forj ntegral SA codes:
ASTEC (European code developed by IRSN);

AC2 (European code developed by GRS);

MAAP-EDF (non-European code developed by EPRI embedding EDF code changes),
MAAP (non-European code developedby EPRI);

MELCOR (non-European code developed by Sandia National Laboratories for the USNRC).

d  For CFD codes:
ContainmentFOAM (European code developed by FZJ);
ANSYS CFX (non-European code developed by Ansys Inc.).

d  For atmospheric dispersion codes:
ARAMNO (European code developed by VTT);
JRODOS (European code developed by KIT);
MACCS (non-European code developed by Sandia National Laboratories for the USNRC).

SAFETY ANALYSIS OF SMR wiTH PASSIVE
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< Foriodine chemistry:
IMPAIR (European code, developed as a European collaboration).

- F. Mascari CSARP/MCAP meeting 2025 :>

B 3-62 ~ SASPAM-SA 3 & #7458 5%

NS

st =t CSARP ¢ 3 > ¢ 4t ® KIT F. Gabrielli ¥ £ :& i3 " Analysis of Postulated DBA
and Severe Accident Scenarios in Generic Integral PWR Small Modular Reactors in the Frame
of the Horizon EURATOM SASPAM-SA Project ; £ % = % 4 5 > B 3-63 1§ 38 T 4L

3 %% L SASPAM-SA % WP2 ih- > WP2 cip chd L3R G kg ¥ &

PEHA BN LT A AR EEERT > EE 4 IPWR R &R G > X
FBiEA AT BEFR Y EN RE T HRE o

%A E 444 60 MWe iPWR £ (73R AR soafiin A 47 > Bk 5 P F S WA
Fodl k3 (CVCS) g RYTE > PREESEL T A& 2 » &% ASTECvV3.1 » EAF-MAAP
22 MELCOR = B4V 7 HHE o £/ 7 4c @ 3-64 #7571 » ¢ 3 & 4 &K (FDW) ~ &
BERPLFTFRIEHE AR L BRI P fcd ECCSe d B 3-65 &4 4~
ﬁ%%@ﬁ’i%ﬂﬁﬁ%@@#wﬁ’f%@3$Wﬁ?%§iﬁ*¢$%’%fﬁ
AREgAPFRY T HARE T AR HER S BT YL ECCS kB R = BARS
%t ECCS fads PP chif B % % 40 5 4517 -
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Bl 3-66 vk 3t 5 Bk 0 = AR WA gk T " ECCS fads (s -k
Fefp AR B AR R EFEERBULERRFESEFTAEAR A FAY IR
BN ARSI AN FAARBERME P RBREEGE AR o FH 3 0 = BAR
U F P iPWR kA BT ™ BRI G o

Bk 2T gAY 60 MWe iPWR 2 (7 = f6 7 I 253 chpe € § sefiki 0 ¢ 45 CVCS
FE. 100% %7F (SA-1) ~F BERFR (RVV) 2FHEfr (SA-2) M2 P F F i
100% %7¢ (SA-3) » ¥ AF xi 4P FBER&E XA LTk o e T lin™ v BK
ZBFEESER (RRVs) ¥ 14 B4 s B RVV 73 it & 7 BECCS &% 2 5%
FE e o g b e A XD FU 0 P EEEEP T L7 B 3-67 - d B 3-68 F
T RPV K 3 F dode 8 Poig T 3 MY TAF» 3% 25,000 F) P g 481750 % 24k B
P BIFEREK PR by D A AR AE T o B 3-68 ¢ F AN A RPV ki mait &
Flfedg k= 2 kgEd & R4 W4k ASTECvV3.1 ~ EdF-MAAP - MELCOR £ AC2 %
RN SE A B 3-00R A PRSERCT P E RS TEIE RS R H

ZRFRA LR PRTERITE > mARR L EH I Lower Plenum 3 ft~ 7
€ o + BR 5 ASTEC #%5% #73+ 8 < 22 Lower Plenum %3 RrFESE > ERI %
S SR R 0 S G Lower Plenum ¢ R A g pd o d B 3-69 F Avo e 41§
10,000 & 15,000 45 B 457 3 F &% 53 851 105 &3 fe~ @4 3 Lower Plenume

F.Gabrielli # 1> 3R &% 7 a0 > 6 AR IPWR % 23 25 &> G A 478
FOZEEHE ZRT AR LB RETAOTEESN D EFRGAOREAST BT R
SEHMERIR Y D o B e i R AR 2 At B s o e tE il
- RN BRSNS FERETES DR L RFEATES A ERIBLE LT o R R S
FEEREETE 2 RO HREARE > T L RAREE I A iRy
Big AP F AT oL E  EFA R SMR AR CERBSZRRY 0t 2
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.:;:S—;,MPAM'SA«\- Objective of the WP2

» Evaluating the capabilities of state-of-art European and non-
European integral SA and CFD codes to simulate the key phenomena
occurring in generic iPWR designs in hypothetical accident conditions

1. Assessment of generic, but representative, SA and CFD codes’
datasets of the iPWR Design-1 and Design-2

2. Postulating DBA and SA sequences
3. Analysis of the postulated DBA and SA scenarios

MITIGATION STRATEGIES - SEVERE ACCIDENT
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F. Gabrislli CSARP/MCAP Mesting Bethesda, MD, USA, June 2-8, 2025 5

B 3-63 ~ SASPAM-SA % WP2 :#®p

d.ﬁs,P\lPAM‘SA:s- iPWR Design-1: DBA Scenarios

Chemical and Volume Control System make-up line break with
loss of AC Reactor Vent Valves (RVV)

» Break of different sizes (10%, 20%, 35%, 100%)
»Lossof AC@t=0s
» Transient progression —
+ Loss of FDW
+ Reactor SCRAM i
+ Isolation of the MSL
+ Activation of the ECCS
* (Prpy —Pcpny <62 bar) & CNV level > 5.8 m
. Opening of 3 RVVs and 2 RRVs Reactor Recirculation Valves (RRVs)

- F. Gabrielli CSARP/MCAP Meeting Bethesda, MD, USA, June 2-8, 2025 10
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SAFETY ANALYSIS OF SMR WiTH PASSIVE
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%MPAM‘SA,‘:-- iPWR Design-1: DBA Scenarios results

foZ

ASTECv3.1 ~ EdF-MAAP MELCOR

= DB 10% i3 LAIH000 &, tive: T - D15 (M 0000, e 1)

o DBA10% 170 (Mpr. LAPUOIOES, Do JHB)  =ie- AL 9% 130 [Maa: 140PRA00.0. b 1)
— T - DBA IO (M AITITOS, b SR e DBA D0 (M LEPOOGO0.2, e, 080
—— CONGHNMENT 100 et T T e T T

Bresuare (P

L 21000 o 000 sl 19009 o 2000 4000 Lo ACO) 1200
Tewlsl Tinaie]

o 1000 2000 000 4DOD 000 6000 7000

> Kinetics of the RPV depressurization depends on the break size™ sy ot v po

» Only part of the decay heat evacuated through the break — pressure increase
in the RPV

» When the ECCS valve opening — core refilled by gravity
Good agreement on the timing of the ECCS activation

- F. Gabrielli CSARP/MCAP Meeting Bethesda, MD, USA, June 2-6, 2025 13
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SAFETY ANALYSIS OF SMR wiTH PASSIVE
MITIGATION STRATEGIES - SEVERE ACCIDENT

v

_cMIPASs.. iPWR Design-1: DBA Scenarios results
IS ASTECV3.1 EdF-MAAP MELCORV2.2

— — ] — Wi Water Level RPV [m]
== Contamemal 10% = Cortanment 5%
— vt — v 100

. Contalemesd 308 | = Confainreent 1088

8- DBAL ks LS, oo 3001
=4 DBALITC Base: 1487, e 810}

== WAL M L8, v 3201

F | 12
Esl | E e DBA D10 Mk 1437, et 0207
[T | ¢ 4 DDA SARE LA7, T 0201
£ o : i iy T
8]
g1 é
21 [
5; {
ai
 EE = 7 T
sled S L - 7 T
| T | A
2t | i
L 4
0 2500 000 1300 10000 11500 15000 11500
W0 01 Gr 03 o4 03 06 97 me 08 1o €0 o1 0z 63 04 05 @6 07 08 03 1D Timels]
Tomeds s Timalsl s el

Water Level CNMT [m]

» Codes are able to predict the key TH phenomena, . li
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}@%MPAM'SA}»;;: iPWR Design-1: Postulated SA Scenarios

» SA-1: 100% break on the CVCS makeup line
» SA-2: Inadvertent opening of 1 RVV valve
» SA-3: 100% break on the Venting line

» Lossof AC@t=0s
» Accident progression: serie
Loss of FDW and Reactor SCRAM i
+ Isolation of the MSL o
» Activation of the ECCS
* (Prpy —Peny <62 bar) & CNV level > 5.8 m
« Opening of 3 RVVs and failure of 2 RRVs

- F. Gabrielli CSARP/MCAP Meeting Bethesda, MD, USA, June 2-6, 2025 "

Bl 3-67 ~ Bt F s i m

SAFETY ANALYSIS OF SMR wiTH PASSIVE
MITIGATION STRATEGIES - SEVERE ACCIDENT

_‘,_;,)MPAM-SM iPWR Design-1: SA-1 scenario

=

g E 5

PRl > RPV  depressurizes while the — ] Zivitconos - owrmons

i pressure in the CNTM increases up 2 sl el L el sl

5 & to equalizes to about 0.1 MPa _E il ) R O W S A5 S

E% § . /,;'_-'-E:-'.:::::HH’ """"""""

?5 % » Because of the stack of the RRVs, 5 E

3k the core is isolated and the water .

3 E level decreases below the TAF .

E z quite early and it is completely i -

E E uncovered at about 25,000 s 0 10000 20000 30000 wéuu%u;}:]wuou 70000 80000 90000 100000
=

F. Gabriell CSARP/MCAP Meeting Bethesda, MD, USA, June 2-6, 2025 15
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< MIPAMSL. iPWR Design-1: SA-1 scenario

(courtesy of M. Di Giuli, Tractebel)

Timels]

» The timing of the relevant phenomenological of the core degradation
progress shows a reasonable agreement

» Degradation begins at 10,000 — 15,000 s
» Mass of material relocated in the LP 8.5 — 10.5 ton

- F. Gabrielli CSARP/MCAP Meeting Bethesda, MD, USA, June 2-6, 2025 16
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channel - % % spreading channel A% % B R R BIE (TS 4k 3]) > o4 BIHITGER
OB R R SRE R H 0 AR R AT T i SR R E S R
LI Aerosol 2 & 4% > & {5 MSR ¥ A 1N R@ R Y - B 3-74 S5 B A
Pe e REE % o d Lt BB R T oy 5 B i€~ spreading channel {8 B iE P oeh
BRATANEFER > R REREL RS RS BITE B i TS01(2 &)
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ﬁiﬂﬁh‘ & Confidential

Koeea Aloemic Encrgy
KAERI  Hesearch Institute

Research Objective

Development of Marine MSR Safety Technology

Comparison LWR severe accidents with MSR accident safety
4 Shared safety concerns: reactivity, heat removal, fission product behavior
2 Different reactor physics, materials, and system configurations
2 Existing LWR safety analysis methods # directly applicable to MSRs
2 Cross-learning opportunities: containment, source term, accident mitigation

Key differences & similarities between PWR & MSR accidents

[ Aspect [ PWR MSR
Coolant / Fuel Form Water(coolant), solid fuel Liquid fuel & coolant (molten salt)
QOperating pressure High (around 130 bar) Low (< Sbar)
Decay heat removal Relies on coolant injection and pressure-bound systems Passive cooling & drain tanks
Core Damage Progression I Fuel melt, core relocation, vessel failure Fuel remains liguid, potential leakage into containment
I Fission Product Release I Rapid release during fuel failure Slower, salt-retained, but potential volatile species
Containment Strategy I High-pressure containment needed Low-pressure, leak capture & salt solidification

@] 3-70 ~ MSR & LWR '+ #i&
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_ WP‘_ & Confidential
Introduction r

Project Overview

Korea Atomic Enery

€ /mAski Research Institute

@ Policy framework in Korea
2 Top 120 National Policy Agenda: Securing next-generation nuclear technologies
2 12 National Strategic Technologies: Advanced nuclear power systems

Project objective

2 Secure core technologies for MSRs applicable to carbon-free marine platforms
- Ship propulsion systems. Floating nuclear power plants, Offshore energy platf

A i i Ministry of Science Ministry of Oceans
@ Timeline & budget s LU
2 Period: 2023. 5. - 2026. 12. [
2 Budget: KRW 29 billion |

4 Collaboration

Project group
= Ministry of Science and ICT (MSIT) |
+ Ministry of Oceans and Fisheries (MOF) [ [ | | 1
2 Five R&D sub-projects Group 1 Group 2 Group 3 Group 4 Group 5
Core design Fuel and MSR system Safety Marine
Materials application

Bl 3-71 ~ MSR #= 3 4.4

aiﬁmnm

Research Contents

< - Korea Atomic Energy
KAERI  Research Institute

Salt Spill Behavior Analysis for Safety Assessment

Objective:
a2 Ensure safety by analyzing molten salt behavior during spill accidents
2 Provide key parameters (e.g., temperature, spread area) for estimating fission product release

Research Overview:
2 Scenario & Condition Review
+ Leakage flow rate and total volume
+ Environmental conditions (floor and air temperature, surface material & shape)
2 Simulation & Modeling
+ Molten salt behavior simulation using ANSYS Fluent
+ Sensitivity study on key model parameters
+ 2D & 3D assessment of environmental influence
+ Evaluation of salt composition effects
2 Data Utilization & Validation
+ Reference to Meltspread model and VULCANO test data
+ Aerosol generation and salt spreading analysis using OpenFOAM
2 Experiment
+ Validation: salt spill analytical results
+ Model development: Aerosol generation properties (size, concentation)

13

B 3-72 ~ MSR 3 B8 5 E A 17
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&Iﬂmlw
Research Contents C

Experimental Facility Establishment

Objective:
9 Validation: salt spill analytical results

2 Model development: Aerosol generation properties (size, concentation)

& Korea Atomic Energy
- /RARRl  Hisearch Institule

@ Experimental setup

bl i = R
A e

T Thb| TR TR M2 TR

e

Dl’MIm
Research Contents

Koroa Atomic Energy
wsearch Institute

Experimental Facility Establishment e

Preliminary Test:
2 Molten salt generation and transport
O Spread behavior observation
@ Post analysis

<Molten Salt temperature> <Muolten Salt transport to channel and spread h;i;wlop

<Solidifled salt analysis>

B 3-74~ 3 BF %A HRIFEES
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BABLEEEE AR EAARBETEHAF P AL B L §F 03 e B Y
Yp s AEHE 0 T A TERE S & ORE S RIE H R e Y o AP T 0 ATF Boieid B O 4048
% (Cr-coated cladding) ~ 484848 & & (FeCrAl) 14 2 gt it # 4F & 44 (SiC composites )
FRTAEEMRE oA R EE DR R PP ERERAE O EFERBIEF LR

FEEF L ARG R R B AN R R AR AR R e 2ot
ATF et 2 %5 5-k38F BB > 7V 4p B 1 % %4 %4 (High Burnup Fuel,
HBU) ~ kA (RBARATE 8%) 2 R 2P ahE® (L2 24 B ) > kpF

V% & %2 (Power Uprate ) & 2 F o

R KIT BT # ffiefed ATF o0 %2 87 7 0 & 240K Gesellschaft fiir
Anlagen- und Reaktorsicherheit (GRS) # 3 #$1# & ¥ » Ir % %2 OECD-NEA % IAEA
ST g FA I AT AR AR R AR AR LS R R
R BT = R

® 3-75 #.p KIT & GRS %7 § el @ 3 A ocflplsd ~ WP A7 % 0 2 iR
BFOAHRE AL IR ER IR ATF REHE N ERR T HF 5 > T HEAH
mEF R L RE T AT E o B 3-76 % KIT 2 ¥ 7 QUENCH
(Quench Experiments on Bundle Heat-Up and Reflood) / LICAS (LWR Innovative Cladding
Assessment Studies) ¥ 5k %6 > %% W 5 DI BB F X TR YR RPN 4 P % T

PR ATE PR G5 8% &b ik o R Fis ER P A F & - AR

AT EME LY B RSN EF Cr 48K Zr £ £2%2 FeCrAl £ £ %
EEMM Ly it 2 d F 4 A3 E B 3-77 5 QUENCH-19 9 2% £ % #4235 (ASTEC~
ATHLET ~ MELCOR %) chadrig % v - KIT A7 7 4 Rdp ) 0 d 30 & fr 38 i et
BRBB > FRANEGOF L RRFET AL En BRI FANE o ptohs &
Pl ¥ Fe § i F BRTH Y 5% N TR E 385 AR enE & 72 o d B 3-78 ¥
RIS IAEAATE-TS 3+ 4 2 %3P ¥ a0 7 E T &8 % © ¥~ FeCrAl & Cr
g MRSV NATF T &A I ARV - HEHFERE (LEL HB L)

Gtk F VTR AME Y MERD RS
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ATF cladding research at KIT and GRS

» Focused on HT behaviour of promising cladding
materials

» Separate-effects tests and bundle experiments

» Model development, code validation, and code
application (also GRS)

» Embedded in international cooperation programs

» and further international collaboration, e.g., with
Westinghouse (USA) and SNU (South Korea)

2 CSARPMCAF Meeting, Bethesda, MD, USA, June 2-6, 2025 F. Gabrielli | RFD

B 3-75 ~KIT ¥ &t £ 2R F T A %5

The QUENCH/LICAS Facility

» Unique large-test facility worldwide for investigating the | -
materials’ behaviour in conditions representative of

Karluruhe et e of Techeslogy

> Design basis accidents (T <1200 °C)
» Beyond design basis accidents (1200 °C < T <2300 °C)—

» Dry storage (T <450 °C for many months)

» Providing high quality reference data and advancing i
understanding of physics to the international Ry
community il

(R ,,".?:fx'
3 CSARP/MCAP Meeti MD, USA, June 2-8, 2025 F. Gabrielli | RFD

@] 3-76 ~ QUENCH/LICAS 7 %% >
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IAEA CRP ATF-TS: Validation against QUENCH-19 mk\‘(!.!:

» Good prediction for the total mass
of released hydrogen

= =Expariment H2
——ASTEC_KIT_H2
ATHLET_GRS_H2

——DIONISIO_CHEA_HZ

» Deviations due to either:

» increased calculated temperatures
(overprediction of hydrogen)

» or individual modification of the Fe

= MELCOR_CTU_H2
MELCOR_NINE_H2
—MELCOR_UPM_H2

——SOCRAT_JBRAE_H2

1000 2000 3000 4000 5000 6000 7000 w:-.n 9000 10000 oxidation correlation

Time, 5

Bl 3-77~ & 5 g pple 7 % 4

Main outcomes of the IAEA ATF-TS Benchmarks ?\g(ll

» Good flexibility of the codes in adapting new materials

» Oxidation modules modified to take into account the correlations of FeCrAl
and Cr oxidation

» Temperatures are mostly overestimated (before the escalation cases),
whereas the hydrogen release values are widely scattered

» The oxidation of FeCrAl included the entire operating temperature range

» The behavior of the Cr coating was described for temperatures below the
point of formation of the Cr/Zr eutectic melt

» Further research is needed to take into account processes above the
eutectic points

21 CSARP/MCAP Meeting, Bethesda, MD, USA, June 2-6, 2025 F. Gabrielli | RPD

Bl 3-78 ~ ATF 72 7 = & s &
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B 2025 # CAMP £ CSARP ¢ ## 4 & % » 37 TRACE 4= MELCOR % A
2N F e & SMR 2374 F REF EAES > SEAN R E B E Pt s
B EAGernE SN Hiaegd L ﬁr’\gfkﬁ;g;\;;fgm\1,}11,1;5;::{-1“{‘5,@_
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