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L T
Technical Goals & scientific approach McSAFER

Technical goals:

= Advance the safety research for water cooled SMR
= Apply simulation tools to four SMR-designs (F-SMR, CAREM, NuScale, SMART)

Scientific approach:
= Combine experimental investigations with numerical tools for safety

= Consider different SMR-designs:
« Natural circulation: CAREM, NuScale
* Forced convection: F-SMR, SMART
* Core design: square (F-SMR, SMART, NuScale) and hexagonal (CAREM) fuel assemblies
+ Etc.

This project has received funding from the Euratom research and a UNIVERSIDAD " . . "
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Partners and Budget
AT

Karlsruhe Institute of Technology

Partners: 13

= R&D: CEA, VTT, HZDR,
& LUT UJVv, JRC KA, CNEA
o

Universit
niversity = Universities: LUT, UPM,
KIT, KTH

* Industry: Jacobs,
TRACTEBEL, PEL
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Budget:

= Total: 4 045 133.75 €
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McSAFER: Work Packages, Interactions MCSRAFER

( WP1: Project Management (KIT; M01-M36) ]

Project Project \
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el -

(PC) Office (PMO)

EU Project Officer
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Technical
Advisory Board
(TAB)

Project Executive
Board (PEXB):
Coordinator +

WP Leaders

[J

General Assembly (GA):
one representative of
each Partner

Project
Exploitation Stakeholders
Project Partners “ Team (ET)

WP7: Ethics requirements (KIT; M01-M36) J McSAFER: Management Structure

McSAFER: Work Package Structure
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SMR-Designs under investigations: CAREM McSAFER

RPV and Internals

|
= 61 FA@163 pins (1.4 m)
= Some FA with BP (6-12)
= 25 control FA
= U-235 enrichment: 1.8 to 3.1 %

Mo * gl
o8008
030

RPV and Secondary Side
IAEA-2012: Status of Small and Medium sized Reactor
Designs. A supplement to the IAEA Advanced Reactor Ch. Marcel; CAREM-25: A safetr innovative Small
Information System (ARIS) Nuclear Power Plant. Nuclear Revista Espanha 1, .
Enero 2017. CAREM-Like core
This project has received funding from the Euratom research and @ UNIVERSIDAD " . . .
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SMR-Designs under investigations: FSMR VceBEER
|

57 standard FA 17x17-24-1
All FA with control rods (AIC)
Gd-rods (6-10 %)

Active height: 1.6 m

4 FA designs (heterogeneous)

U225 enrichment: 5 zones (3.5-4.95 %)

— RPV and Internals

RPV and Secondary Side FSMR Core

J. Chenais, M. Brun; SMR/The French Approach. |IAE SMR Technical working group meeting. Vienna, July 8-11. 2019

This project has received funding from the Euratom research and
training programme 2019-2020 under grant agreement No 945063.
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SMR-Designs under Investigation:

_ From Other
unkts.
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D

NOT TO SCALE|

Integral Plant

NuScale Plant Design Overview Revision 2. NP-ER-0000-1198-NP.
September 16 2013. NuScale Power LLC.

Rx Core

Lower Plenum

Unks

NuScale

37 FA17x17-24-1
Active height: 2 m
GD-rods (16)

Condensate
Pumps 33% x 3
Condensate

______________

Feedwater
Heater

McSAHAFER
B

U235 enrich: 1.5-4.55 %

= Control rods design:
Axial varying materials:

RPV and Internals

* X %
b o This project has received funding from the Euratom research and UNIVERSIDAD
X * training programme 2019-2020 under grant agreement No 945063. POLTen oA
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SMR-Designs under Investigation: SMART

N\
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o

From: http://smart.kaeri.re.kr/pages/view/20/cooper

McSAHAFER
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= 57 FA 17x17-24-1 ( active height:2 m)
= 6 FA designs,

= Each FA with CRs (AIC, B4C, SS)

= U245 enrich: radial/axial (2-4%)

20-24 BP rods (B4C, Al203)

Reactor
Coolant
Pump

Reactor
Pressure
\essel

Integral Plant RPV and Internals
Source: BAE, KYOO HWAN “Safety Analysis for the Major DBAs in Passive KlT KSMOR-Core
PWR SMART’, 28-29 June 2018
*** " This project has received funding from the Euratom research and UNIVERSIDAD " . . N
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Challenges |: Safety relevant TH Phenomena (WP2) HESHPES

= Experimental data exist but proprietary
(SMR developers)

= Public SMR-specific data for research
community needed e.g.

Cross flow in the core
Helical HX
Transition from
> Forced to natural convection
> Natural to forced convection
Safety parameters like
» CHF
3D flow inside the RPV
Effectiveness of PRHRS
Stability of natural convection flow

= Data need for code validation

McSAFER Solution Approach:

» COSMOS-H experimental program:
« Fundamental HT, boiling, CHF

= HWAT experimental program:
+  System behavior under natural

circulation
* Transition to forced convection

* Transition to natural convection

» MOTEL experimental program:

* Helical HX heat transfer, pressure
drop

* Cross flow in the core

This project has received funding from the Euratom research and
training programme 2019-2020 under grant agreement No 945063.
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L T
WP2: Key Experimental Investigations & Validation MESAFER

= Heat transfer tests for SMR at KIT = SMR thermal hydraulic experiments at LUT MOTEL = Tests at the KTH HWAT facility for SMR
COSMOS-H facility facility - Forced/natural circulation test, investigation of
o - *  Representing iPWR SMR operating with natural heat transfer including CHF in condition
= Investigation of boiling under forced circulation and equipped with a helical steam generator relevant for SMRs

convection up to CHF in rod geometries

U B

COSMOS-H test Facility (KIT) MOTEL Facility (LUT) HWAT Multisensor Probe Unit (KTH)
b This project has received funding from the Euratom research and UNIVERSIDAD . .
X * training programme 2019-2020 under grant agreement No 945063. POLITECNICA Workshop on "Neutronic DeS|gn of SMRs"
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WP2: COSMOS-H Facility (KIT): Experiments and Status MESAFER

Two test series: single rod, 5 rod bundle
Test matrices defined based on review of various SMRs
Stepwise power increase up to CHF

Optical access (LDA, high-speed camera)

Facility commissioning and first tests approaching

storage tank
degasing vessel expension Vessel
. heat exchanger

cooling pumps

Parameter

Value

Working fluid

Demineralized water

Max system pressure /
temperature test loop

17 MPa @ 370°C

Range of mass flow rate 0.5-10 m¥h
Thermal power facility ~2 MW
Thermal power for test section 600 kW DC
Required time for load shedding 0.15s
Heated length 1m

Key data of the test facility

glass tube

pressure hull

2051

heated zircaloy-4 tube

PP ).

“ 1025

glass tube

' 29,50

pressure hull

eated zircaloy-4 tubes

Cross-sectional view of the two planned test arrangements

b This project has received funding from the Euratom research and
* * training programme 2019-2020 under grant agreement No 945063.
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= Two test series: SG performance, core cross flow

= SG tests completed, total of 8 steady state steps

= Core cross flow tests with uneven radial power distributions

under planning

CHARACTERISTICS MOTEL
Total height [m] 7.4
Qutside diameter of main vessel [mm] 711
Maximum primary/secondary pressure [bar] 40
Maximum primary/secondary temperature [°C] 250
Number of helical coil steam generator tubes 16
Maximum core heating power [kW] 990
Number of heater rods 132
Heated length of heater rods [mm] 1830
Diameter of heater and measurement rods [mm] 19.05

CHARACTERISTICS HELICAL COIL STEAM
GENERATOR

Number of tubes / tube bundles 16/4

Tube outer diameter / wall thickness [mm] 15/1.0

Tube lengths [m] 20.0/21.7/23.4/25.1

Helical coil loop diameters [mm] 515/ 560/ 605 / 650

Total heat transfer area [m?] 17.0

Heater segments and probe locations

WP2: MOTEL Test Facility (LUT): Experiments and Status

MOTEL Core: Heater Segments

McSAHAFER
B
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Averaged axial temperature
profiles of all steam generator
tubes with different core
power levels

This project has received funding from the Euratom research and
training programme 2019-2020 under grant agreement No 945063.
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WP2: HWAT Test Facility (KTH): Experiments and Status

= Two test series:

+ forced circulation steady state,

* transition from forced to

s Primary loop (RCS) Pressure
Secondary loop (FWS/MSS or PRHRS) relief
= Ternary loop (Cooldown tank) ©

Gas pressure

McSAHAFER
B

e Gas pressure % o BWR line
natural circulation transients ® (? vakeup tanc @)
-] ® e e lakeup tan| o
= Movable multi-sensor probe o 1) g
T | equipped with optical void fraction 1 ‘\;‘;;‘.{:‘;FRHRSI :
T d il B sensor and local velocity sensor Si;;;‘;;hea.mhanger 3
i E:Uir\j;wm oS l { 0 ',:f“ Unheated riser / _®
— (& J - - . iyl riser
— N> = First test series being completed, Ta,,w-”‘.!-a‘e, oo L —0
' ' planning for series 2 initiated &; 1 ‘ ot O
<> —® —0
. ' g&"o ee Coriolis Heated riser /
Feed water ®—
Maximal power, MWth 1 2 @ 06
NP Maximal mass flow rate, Kg/s 1 » ? preheater
. Secondary pump Primary pump
I | Maximal pressure, MPa 25
QL i ° .
N Maximal coolant temp, °C 350 HWAT experimental setup HWAT: GOTHIC
S, Effective loop height, m 8.8 for transient tests under Representation
natural circulation (Pre- und post-
HWAT Test Loop Key Test Parameters test analysis)
e This project has received funding from the Euratom research and E UNIVERSIDAD . .
LI training programme 2019-2020 under grant agreement No 945063. s poLITECNICA Workshop on "Neutronic DeS|gn of SMRs" 14
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WP2: Validation of Thermal Hydraulic Codes using McSAFER- [IcSAFER

[ |
Data
= CFD-Codes = Subchannel Codes = System Thermal hydraulic
- ANSYS CFX (KIT) - Subchanflow (KIT) Codes
- OpenFOAM (LUT) - VIPRE (UJV) * TRACE (KIT, UPM, KTH)
- FLUENT (UJV) - COBRA-TF (TRACTEBEL) * APROS (LUT)

- RELAP5-3D (UJV)
- GOTHIC (KTH)

= McSAFER Experimental facilities:

COSMOS-H (KIT) MOTEL (LUT) HWAT (KTH)
Codes COSMOS-H Codes MOTEL Codes HWAT
CFX OpenFOAM  CFX O3l CFX FLUENT OpenFOAM

SubCH SCF VIPRE SubCH VIPRE COBRA-TF SubCH

TRACE RELAP3D APROS TRACE IS GOTHIC/ITRACE  TRACE

This project has received funding from the Euratom research and ‘(a’
training programme 2019-2020 under grant agreement No 945063. N
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. i McSAFER
Challenges Il: Core Physics (WP3) e :
= Small size (H, D), heterogeneity McSAFER Solution Approach:
= Harder spectrum » |ndustrial use:

* Point Kinetics + 3D nodal diffusion

€.J. ANTS/SCF, PANTHER/TRACE,
SIMULATE/S3K, PUMA/SCF,

Increased role of reflector design

= Increased leakage from core DYN3D/ATHLET
= Boron free cores: ‘ = Advanced research tools:
* Need innovative control rod design - Transport deterministic solvers e.g.
. imi Vi PARCS-SP3/SCF, APOLLO3/FLICA
Optimized shutdown reactivity WIMS/ARTHUR, DYN3D-SP3/SCF
* Reduced reactivity swing over the _ o
cycle = High-fidelity MC-based tools
. Etc. « Coupled MC / subchannel codes

e.g. Serpent2/SCF

=>» Innovations needed to improve
economics and keep high safety

This project has received funding from the Euratom research and g UNIVERSIDAD " . . "
training programme 2019-2020 under grant agreement No 945063. T POLITECNICA Workshop on "Neutronic DeS|gn of SMRs 16
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Relative Power [%]

WP3: KSMR and CAREM Transient Analysis with PARCS/SCF [JcSAFER

103

10t

10!

103

— CR

10-3 102 10! 10°
Time [s]

KSMR Rod Ejection Accident with Pin

Power Reconstruction at power peak

140 3.5
120 3.03
100 258
L )
a
8 2.0c
a
60 f 15%
8
a0 10E
o
2

20 0.5

% 50 o 150

KSMR REA: Relative power evolution [ %]

1.150

1.125

1

Relative Power [a.u
i
© ©°o m
v ~N o
=] w o

Iy
o
N
«

559
558

T 557

o

5556

o

@ 555

£

& 554
553
552

[ |

Normalized Power [a.u.]

10

20

30
Time [s]

40 50

Inlet Temperature [K]

10

20

30
Time [s]

40 50

CAREM Cold Water Transient: Power and
core inlet temperature evolution

This project has received funding from the Euratom research and
training programme 2019-2020 under grant agreement No 945063.

UNIVERSIDAD
POLITECNICA
DE MADRID

Workshop on "Neutronic Design of SMRs" 17



Challenges lll: 3D Thermal hydraulic phenomena in RPV (WP4)1cSAFER

Challenges:

= Many components located inside the RPV

Pumps: e.g. SMART (8)
Helical HX e.g. SMART(8), CAREM (12)
PZR

= Additional structures to enhance mixing inside RPV

Consequences:

(get uniform thermal hydraulic conditions at core
inlet, relevant in case of SLB-accidents)

SMART design

Flow patterns inside RPV perturbed by structures
Mixed convection flow

3D flow conditions

= 1D thermal hydraulic codes are not able to properly

describe these conditions

McSAFER Solution Approach:

= |ndustrial tools:
« 1D/ 3D coarse mesh TH codes

= Research tools:

* Multiscale coupling of system TH
with subchannel-codes

* Multiscale coupling of system TH
with CFD-codes

This project has received funding from the Euratom research and g UNIVERSIDAD
training programme 2019-2020 under grant agreement No 945063. R
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McSAFER Multiscale/Multiphysics Tools: RPV (WP4) and Plant McSAFER
» “
Analysis (WP5)
Out-vessel Control rod drives = RPV multiscale approach for improved thermal
structures /\ /\ ______ Pressurizer hydraulic simulations:

.||q

T System TH: TRACE, ATHLET, RELAP5-3D,

n
_ T APROS
. T T -I— Steam generator

[ ] CoreTH: system TH,

2SS Control rods subchannel codes: SCF, VIPRE,
\/’ Core ARTHUR, COBRA-TF

Vessel

0 Interface between System code and CFD I:I CFD e.g. OpenFOAM, TrioCFD, FLUENT

a Interface between System code and SC Code
Core neutronics: Point kinetics (WP4), 3D

Interface between CFD to SC Code Diffusion solvers (WP5)
This project has received funding from the Euratom research and (‘/\‘\) nnnnnnnnnnn . .
training programme 2019-2020 under grant agreement No 945063. = POLITECNICA Workshop on "Neutronic DeS|gn of SMRs" 19
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JRC (WP4): NuScale from 1D to 3D TH (TRACE) McSAFER

1D TRACE Plant Model

[ |

=St

vl mw)

7

— $ .J \ﬂ;\J
o

1D/3D TRACE Plant Model

This project has received funding from the Euratom research and
training programme 2019-2020 under grant agreement No 945063.
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. 2 McSAHFER
_UPM (WP4): NuScale Multiscale TH by TRACE/Subchanflow >~ _2
. . S ,
I; TRACE-SCF coupling scheme developed by KIT
g e is applied in the UPM multiscale approach

-

i
DHRS HX |
TRAINZ |

e
SGATUBES ’//

3D RCS model

=

3D Cartesian VESSEL approach:
VESSEL Channels/FA ratio = 1:1

i)

P \
R
JsmymmEes
Jasiiai
¢t

UPM 1D/3D NuScale Model UPM: TRACE 3D-SCF NuScale Model

21

*** '** This project has received funding from the Euratom research and
training programme 2019-2020 under grant agreement No 945063.
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McSAFER

HZDR (WP4): NuScale Multiscale TH: ATHLET/TrioCFD

|

e e

TrioCFD Model of Downcomer and lower plenum

UNIVERSIDAD

POLITECKICA Workshop on "Neutronic Design of SMRs" 22
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L T
UJV (WP4): NuScale Multiscale Thermal Hydraulic Model MESAFER

SGCOLL  SG-TUR
[ set-st >

R-TOPR

SG2-TUBES SG1-TUBES

PRZR

1l

DCSIP8 | R-TOPR [ DCsIP1

SG2-FW

R-UPR

EER,N
Ll

r nc

‘ - > R-LOWR

R-LOWR

|
COREVBPS—BL ” "_H O?EEPSrl L
CORE-8 CORE-BPS 753655345352 CORE-1

FHH

~p2s P38 LP-31 P21

LP-11

FLUENT: 3D Thermal Hydraulics model of

ATHLET Thermal Hydraulics Model downcomer and lower plenum

* % SRR

:* e This project has received funding from the Euratom research and f s UNIVERSIDAD " . . "
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Challenges IV: Integral Plant Analysis under postulated DBA

(WPS)
Challenges:

= Many components located inside the RPV
Pumps: e.g. SMART (8)
Helical HX e.g. SMART(8), CAREM (12)
PZR

= Additional structures to enhance mixing inside RPV
(get uniform thermal hydraulic conditions at core
inlet, relevant in case of SLB-accidents)

SMART design

Consequences:

= Flow patterns inside RPV perturbed by structures
= Mixed convection flow

= 3D flow conditions

= 1D thermal hydraulic codes are not able to properly
describe these conditions

»

McSAHAFER
B

McSAFER Solution Approach:

= |ndustrial tools:
« 1D/ 3D coarse mesh TH codes

= Multiphysics / multiscale approach:
«  Coupling of systemTH/Subchannel
and 3D Diffusion solvers e.g.
> TRACE/PARCS/SCF

«  SystemTH/Subchannel and 3D
Diffusion solvers e.g.
> TRACE/PARCS/OpenFOAM
> ATHLET/DYN3D/TrioCFD
> TRACE/ANTS/OpenOFAM
> ATHLET/DYN3D/FLUENT

This project has received funding from the Euratom research and
training programme 2019-2020 under grant agreement No 945063.
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McSAFER Multiscale/Multiphysics Tools: RPV (WP4) and Plant McSAFER
n —— |
Analysis (WP5)
Out-vessel Control rod drives = RPV multiscale approach for improved thermal
structures /\ /\ ______ Pressurizer hydraulic simulations:

.||q

T System TH: TRACE, ATHLET, RELAP5-3D,

n
_ T APROS
. T T -I— Steam generator

[ ] CoreTH: system TH,

2SS Control rods subchannel codes: SCF, VIPRE,
\/’ Core ARTHUR, COBRA-TF

Vessel

0 Interface between System code and CFD I:I CFD e.g. OpenFOAM, TrioCFD, FLUENT

a Interface between System code and SC Code
Core neutronics: Point kinetics (WP4), 3D

Interface between CFD to SC Code Diffusion solvers (WP5)
This project has received funding from the Euratom research and (‘/\‘\) nnnnnnnnnnn . .
training programme 2019-2020 under grant agreement No 945063. = POLITECNICA Workshop on "Neutronic DeS|gn of SMRs" 25
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McSAFER

KIT Analysis Approach (WPS5): TRACE/PARCS/OpenFOAM o orrEs

PRV
L f S .

.l

SG Primary-Side SG Primary-Side 11 ﬁ
E o ‘ = i ' [i.aewo
RAAARAAR 5 g N o

- V. EXS - TRACE Domain: Core + RPV
2/ HA R
11
3 o |
m i OpenFOAM Domain

TRACE Domain: Core + RPV + Plant

ICoCo-based TRACE-OpenFOAM and PARCS/TRACE coupling

/w UNIVER: SIDAD . .
@/ POLITECKICA Workshop on "Neutronic Design of SMRs" 26
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McSAFER Education & Training, Dissemination (WP6) MESAFER

= Training courses, we have organized two courses during the first phase of the project:
 First training course on SMR Technologies: January 25-27.2021: UPM
> Participants: 194
« Second training course on SMR neutronics and thermal hydraulics: March 22-24, 2022: LUT
» Lectures on simulation methods, Demonstration of Kraken Multiphysics framework, TH laboratory activities

> Participants:
— 17 students at LUT,
— total 44 incl. lecturers and online participants (first day was streamed)

« MOOC course on Multiphysics simulations applied to SMR (march 2023): UPM

= Mobility program
+ 9 fellowships to be assigned for mobility of young researchers
+ See: https://mcsafer-h2020.eu/news-and-events/

» Still SEVEN fellowships available!
> if there are people interested please contact cesar.queral@upm.es

This project has received funding from the Euratom research and a UNIVERSIDAD " . . "
training programme 2019-2020 under grant agreement No 945063. s POLITECNICA Workshop on "Neutronic DeS|gn of SMRs 27
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https://mcsafer-h2020.eu/news-and-events/

McSAFER Coordinator

Contact:
Victor.sanchez@kit.edu
Handy: +49 15201547532
KIT CN Karlsruhe

Visit website: www.mcsafer-h2020.eu

-
McSAFER
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ABOUT McSAHFER

The main objective of MCSAFER is the advancement of the
safety research for Small Modular Reactors (SMR) by combining
safety-relevant thermal hydraulic experiments and numerical

of different for safety The
experiments will be performed on existing European thermal
hydraulic test facilities such as COSMOS-H (KIT), HWAT (KTH)
and MOTEL (LUT) to investigate SMR-specific safety-relevant
phenomena (subcooled boiling, critical heat flux, transition from
forced to natural circulation) with the goal to provide
corresponding data for code validation.

The neutron physical, thermal hydraulics and safety related
investigations are focused on four SMR-designs such as
CAREM (CNEA), SMART (KAERI), Nuward (CEA) and
NUSCALE (NuScale).

Advanced computational tools developed and partly validated in
the European research projects NURESAFE, HPMC and
MCSAFE will be used to evaluate the behaviour of the core and
the plant of these SMR-designs. Multiscale thermal hydraulic
methods will be applied for the analysis of the multidimensional
phenomena inside the reactor pressure vessel. Moreover,
different numerical tools (conventional, low order and high
fidelity) will be applied to demonstrate the inherent safety
features of the SMR-core designs regarding the safety function
b-criticali under d b

accident conditions.

This project has received funding from the Euratom research and
training programme 2019-2020 under grant agreement No 945063.
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