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SAM$ZSAFER
Task 6.1 Objectives

¢ Sub-task 2: plant operational states

“ CNRS and the other partners of this task will refine the definition of the reactor operational
states (normal operation conditions), the operating procedures, and the emergency
operating procedures to identify any deviation from normal operation and to allow a

quantitative risk estimate

Framatome and EDF will provide guidance and review for the definition of the plant operational
states and the safety margins. ”
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Usual operating management approach
¢ Normal operation is the domain where:
« The plant is producing energy or maintenance is being performed

* The plant safety is fully demonstrated
* The plant lifetime is guaranteed

¢ Normal operation range is limited by physical constraints (high/low temperature, pressure, solubility...)

¢ During normal operation transients
 All plant parameters have to remain within their limits assigned for the normal operation

« Control functions are meant to maintain the plant parameters within those limits while boundary
conditions are evolving

¢ If limits of the normal operation are exceeded, it is an abnormal event (AOO or DBA)
 Limitation functions can bring back smoothly the plant in normal operating range (AOO)
* Protection functions can bring back the plant to a safe state (AOO and DBA)

¢ Safe fallback mode has to be defined: safe state(s), controlled state(s)

¢ Strategies to reach the controlled and safe state(s) have to be defined for any kind of initiating events
« Appropriate automatic protection functions
* Possible manual actions
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Operation management and economy issues

¢ Beyond safety preoccupations, the MSR design must satisfy operational
constraints and optimize economical issues :

- Maximize reactor availability

- Preserve the investment

¢ Definition of the normal operation domain is a compromise between several
factors
« Large operating domain allows accommodating small disturbances
=> improved availability
« Large operating domain may cause harsh mechanical loading
=> potential ageing issue
« Efficient control & limitation systems, if achievable, enable to
accommodate disturbances within a reasonable operating range

¢ In any case appropriate safety margins have to be ensured between normal
operation and the risk of barriers degradation

WP6 summary
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Usual operating management approach

___________________________ Physical limit of SSC
Safety Criteria
DBA/DEC - DID3 ,
Protection
AOO - DID2 function threshold
Limitation function 4
threshold

Normal operating
conditions
DID1

Control function
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Methodology and results

framatome
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Methodology & progress P
for this subtask -

T IHX

Fuel solidifica

Step 2&3 Diagram by D.Heuer,
Identification of M.Allibert, E.Merle (CNRS)
main plant 4
Methodology parameters and T
definition their range Deliverable D6.2
10/2020 06/2021 11/2021 03/2022 i 09
Step 1 Step 4
Definition of the Definition of the
normal operating limitation and
states the protection
strategy

Milestone S15
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1st step : Define the normal operating states

¢ Progress : a preliminary list of normal operating states has been proposed:
 Start-up of the reactor / Criticality reaching
» Power production
« Shutdown without fuel salt draining
* Shutdown with fuel salt draining (for component handling)

¢ As first proposition, for the next steps of the method, it is focused first on the power
production mode, notably since it is the better-known state
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Steps 2 — 3 : For each state -
plant parameters

¢ Direct identification of Main Plant Parameters (MPP) appears to be controversial

« ldentify first all the relevant parameters
« Understand the dependencies between the parameters

SAM $E3 SAFER
Identification of main

Nota : Both the parameters themselves and their range can be different for the different normal

operating states

A B

C

]

E | F

G

H |

1 Physical parameter

Minimal boundary

Maximal boundary

Other boundaries

rol faisability (measuren Control " Controlling parameter

3 |Fuel circuit

Fuel salt temperature

Fuel salt flowrate

Tmin - Start of solidification temperature
[Liquidus temperature)

Qmin : Minimal flowrate to remove the
residual power

max - Maximum acceptable temperature
for structures and equipment at hottest
areas

Omax - correspanding to erasion
apparition OR mechanical loads on heat
internal structures, namely HX

Maximum cooling (ATfuel), due to

YES
IH¥ thermal constraint

Omax, HX outlet [exceeding
speed that may create en
temperature gradient) -—-> To be
confirmed, according to MSR
design

Omax, core expansion tank
[perturbation on free level)
Omax - Mo cavitation in pumps

YES

YES

YES

Fuel salt flowrate
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Steps 2 — 3 : For each state — Identification of

p a ra m ete rs Fuel vaporization

Material resilience

T° IHX in

Example : for the temperatures, the following
operating diagram represents the limits identified :
« Max temperature (material resistance)

* Min temperature (salt freezing or Pu
precipitation)

« AT (Heat exchanger thermomechanical
constraint)

Fuel solidification

w—-
T° IHX out

Diagram by D.Heuer, M.Allibert, E.Merle (CNRS)
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Steps 2 — 3 : For each state — Identification of

parameters

Fuel salt temperature Fuel salt flowrate Reactor thermal power Reactivity Fuel salt level

Average T is stable
(critical T)
DT decreases as long as Average Tisstable |Average Tincreasesand Mo impact (but
IHX is able to remove (critical T) comes back to critical T |reversely, if T increases,
heat. Does fuel flow has DT increases DT increases lvl increases)
an impact on heat

Fuel salt temperature

In order to define the early stages

of monitoring and control Fuel salt flowrate (forced flow)
functions, the dependencies
between parameters are identified

production?

MNo impact No impact No impact

Reactor thermal power Increases Mo impact

Depends on reactor
status:

- during reactor filling:
increase of reactivity
- while reactor is full: no

impact

Reactivity

Fuel salt level
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Step 4 : Definition of the limitation and tshe p@rotectlon

strategy to set up

¢ The definition of the limitation and the protection strategy implies :
- Definition of possible « safe state(s) » for MSR
- Definition of strategy to reach « safe state(s) » identified

¢ Different kinds of safe states for MSR may be defined

Reminder that in France, in ASN Guide n°22 (addressed to PWR conception) :

e A “safe state” corresponds to a stabilized state of a nuclear powerplant, where the sub-criticality, the
decay heat removal and the containment of radiological material are sustainingly ensured.

e A “controlled state” corresponds to a state of a nuclear powerplant, where the sub-criticality, the decay
heat removal and the containment of radiological material are ensured at short term and where main

parameters characterizing the safety functions previously-mentioned do not evolve rapidly and
negatively.

Nota : there is not a single safe state nor a single controlled state.

SAMOSAFER final meeting, Avignon, 29/11/2023 WP6 summary



%%

Step 4 : Definition of the limitation and th&'pidtection
strategy to set up

¢ On a MSR, the only states where all these criteria are met correspond to the states where the fuel salt is
transferred/drained (in normal storage tanks, or in emergency draining tanks), in order to reach sub-criticality.

Nevertheless, given the MSR specificities, proposition for MSR of at least 3 safe states (in order of desirability)...
- Fuel salt transferred in normal storage tanks, DHR ensured sustainingly

- Fuel salt drained in emergency draining tank, DHR ensured sustainingly

- Fuel salt drained in core catcher, DHR ensured sustainingly

... and at least a controlled state :

- Fuel salt in the fuel circuit, critical at low power, heat removal ensured by natural convection*

* to be confirmed : the natural convection could not be necessary

¢ The acceptability of these potential safe and controlled states has consequences on the design (performances)
and safety classification, notably on the heat removal system associated to the fuel circuit.

In the safety demonstration, the systems necessary to reach controlled and safe state must have high safety
classification. From an economic point of vue, there is an interest to limit the number of equipment with high
safety classification.
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Appendix : Methodology for this subtask

¢ Proposition to adopt the following approach :

1. Define the normal operating modes for the reactor

2. For each normal operating mode, draw up a list of relevant Plant Parameters

3. For each Main Plant Parameter, define the limits of the acceptable range for the parameter

4. For each Main Plant Parameter, define the limitation and the protection strategy to set up
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Task. n° Task title Lea(.l Dates
beneficiary
Safety margins and plant operational states
6.1 (CNRS, CEA, Framatome, EDF, POLITO) CNRS MO1 - M30
Monitoring systems, inspection and maintenance procedures
6.2 (POLITO, CNRS, Framatome, POLIMI) POLITO M06 — M36
6.3 Redox and(s(zjlllé l;(;mflgscl;lon control CNRS MO1 — M48
Safety demonstration of the decay heat removal function
6.4 (PoliMi, CNRS, EDF, PSI, Framatome) KIT M24 - M48
Uncertainty quantification of safety demonstration calculations
6.5 (TU Delft, CNRS) TU Delft M24 - M54
Scaling in reactor design and effects on safety level
6.6 (CNRS, Framatome, CEA, IRSN, EDF) CNRS M2 - M54
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Task 6.3: Redox and fuel composition control SAM v SAFER

Use of ICP-OES to analyse the core fuel composition

Noble metals
Bubbling

Device: Fe, Cr...
e.g. corrosion

Core : LiF, ThF,, UF,/UF; :

Ratio fertile/fissile, Redox control
. OK after

AnF,_ : Pa, Pu, Np, Am, Cm optimization
Reductive extraction & Reprocessing

LnF; : Nd, Ce, Pr, La...
Reductive extraction

ZrF, Li,Te... CaF,, BaF,...
Reactor life, non-reprocessed
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Dissociation of fluoride in plasma

Stability constants of the first fluoride complexe of metals
M+ F & MF™! (25°C, 1= 1 M, (H,Na)ClO, )
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SAM$Z SAFER

Difficulty to reach 100% of dissociation of
fluorides in plasma leads to errors in the
analysis

Some pure fluoride powders of Ni, Fe, Zr,...
are not analyzed with high accuracy

But, when the pure powders are dissolved
in FLiNaK salt we reach a high accuracy of
analysis

SAMOSAFER final meeting, Avignon, 29/11/2023
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Analysis of LiF-ThF salt SAM 4 SAFER

Tests in LiF-ThF, Direct analysis of the sample : BAD

containing U, Ba,

120

Ce, La, Nd, Ni, =
Sm, Zr i AR IEE .
Nickel rod for the sampling " : i ) -
— — Sample dissolved in FLiNaK and analyzed :
Good when dissolution in sulfuric acid
Gaseous species ] - ) ’ . : ©
r} /' \,/ so } R 8
Insoluble species < ;‘“\._.»/—‘—-ﬁ._ﬁ | |y Molten LiF-ThF, I IR

< 3
o
3 \ LiF ThF, BaF, CeFs LaF, NdF; NiF, SmF; UF, ZrF,

Precipitate oxide g
P Crucible in vitreous carbon
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Task 6.3: Redox and fuel composition control SAM '2@3 SAFER

Control of the redox potential of the salt to prevent the corrosion

I I | I I |
900 + REDUCING OXIDIZING

*_ — T From ORNL: the ratio UF,/UF; directly related to the corrosion

CRACKING 600 [- - Addition of Be metal to reduce the ratio
PARAMETER
[FREQUENCY (cm™)
X AVG. DEPTH (um)] ~ N

300 -

10 20 40 7O {00 200 400
SALT OXIDATION POTENTIAL [U(IV)/UL(IIT]

For MSFR, addition of U metal is proposed to control the ratio
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Control of the redox potential of the salt by producing UF, ~ SAM s&e SAFER

counter electrode (glassy carbon)

Measurement of OCP on U electrode in LiF-ThF,-UF,.

Working e iectrode Al ‘ Observation of the reaction between U metal and UF, to

reference electrode {NiF,/Ni) produce UI:3
gas flow 1 H gas flow
S = 3UF, + U — 4UF,
0.6 LSO SRR P L A LT B RO B LN LS LR LS L
<€ quartz reactor i
E (V) /Th
s 05 —
U - .
= -1 fluoride molten salt 1
= |
= wd
glassy carbon or fluoride molten salt containing NiF, ]
BN crucible
boron nitride or pyrex sheath
0.2 I r @ WE = U —_
CE = GC E
REF =W
0.1 PRI T T N N S S RS T S N NN N SN N TS T N N T S R T N S S T T N S T
0 1000 2000 3000 4000 5000 6000 7000 8000

t (s)
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Comparison of the redox potential of the salt with the SAM £ SAFER
potentials of the redox systems of the structural materials

0.2
j (Afem?)
0.15

Fv=0.1v/s Fe — Fe(ll)

Ni —> Ni(ll)

[ Cr —Cr(ll)
0.1} :

_FE

0.05 |
i Ni

AlSI 304

Hastelloy C

—1.5I I—1 | —D.5I | 0 | 0.5
E (V)/(NiF,/Ni)

1 v

0.4 E(V)/Th

The potential applied by the reaction between UF, and U metal can prevent the corrosion.
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INTRODUCTION

WHAT ARE WE TALKING ABOUT?

Family code: CFD - Computational Fluid Dynamics NS i ideal case
® RANS: Reynolds Average Navier Stokes - AL Ib \

® LES: Large Eddy Simulation

® DNS: Direct Numerical Simulation

LES real llf‘e‘

When I meet God, I am going to ask him two questions: Why
relativity? And why turbulence?
1 really believe he will have an answer for the first.

Werner Heisenberg

[Léonard de Vinci]

density
laminar
RANS ,
fluctuations,
u average modeled
“/, solved j
turbulent P /

[JEFF3.3]

55 60 65 70 75 8.0
Energy [eV]

74 444&044 iada U
u turbulence
v models
.

Classic RANS apprd’iéh
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lll - (advanced) Thermalhydraulics |
= Numerical constraints
= Detached Eddy Simulation - DES



(ADVANCED) THERMALHYDRAULICS

Need to solve the (large) eddies

® Strong constraint on the mesh size according to the eddies
size

lim RANS # lim LES = DNS

m—0oo m—o0

cm

"theoretical" maximal meshes size
estimated with a k-¢ calculation assuming
for 90 % Kolmogorov’s energy spectrum

1: [@ANSYS - Quick Guide to Setting Up LES-type Simulations]

NUMERICAL CONSTRAINTS

Contraint on the first mesh

® "Dimensionless distance" y* close to 1 in the viscous sublayer

LES RANS

=

wall
SOAONN N NN N NNANNT

.

ur=2.5 In y*+5.45

RANS k-g* LES
L30<Y+<30“1 T T T T 1y*~1

y=5 y+=30 y+=300 In y+

| U [m/s] | L [m] | y [mm] for y* =1 |
2 2 3.0 1072
3 2 2.010°2
2 0.3 2.4 1072
2 0.03 1.9 1072
"theoretical" meshes size for a given
y* with analytical analysis

® Limit the aspect ratios ()
= L/1<2 1sok —
= L/1 <20 is ok "for simple shear flows" [

® Different rules depending on sources...
... sensitivity on the mesh size is important!!



(ADVANCED) THERMALHYDRAU

NUMERICAL CONSTRAINTS

Summary
Mesh A - fine (used for the next illustrations)

® ~1x1x1cm?3 far from the wall e \ @

® L/1<2 and y+ means 0.02x0.04x0.04 mm close to the wall...
This is a huge constraint on:
- the number of meshes
- the time step

8. size 1st mesh: 0.1 cm
¥ size mesh in volume: 1 cm
number of cells: 28.7 million

Hybrid approach

® LES far from the wall and RANS close to wall:
IDDES - k-@-SST-DES model () with OpenFOAM

® k-o-SST wall function allows local value in the P g o
transition range ' — e —

size 1st mesh: 0.5 cm
size mesh in volume: 1.25 cm
number of cells: 12.2 million

LES

kao-SST

DES approach (detached eddy simulation) v

1: [M. S. Gritskevich, A. V. Garbaruk, J. Schu'tze, F. R. Menter, Development of DDES and IDDES formulations for the k-c shear stress transport model, Flow, turbulence and combustion 88 (3) (2012) 431449 6
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(SIMPLIFIED) NEUTRONICSESS

REQUIREMENTS AND SIMPLIFICATIONS

Why a simplified neutronics approach?

® Due to the large power fluctuations:
- How can we get a "steady state" to start the calculation?
- More difficult to compare configurations

® Faster process for geometry optimisation (next step/objective)

Simplified approach
® Power shape from the neutron transport Serpent2 code
® Reactivity calculation based on local temperature distribution

® No update of the total power



OUTLINE

ar “We' talking about?

Balitirbulence modeling
INUmerical constraints
R etached Eddy Simulation - DES

Requirements and simplifica

IV - Results Application to the MSFR "EVOL shape™
Bonus
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INUmerical constraints
EDetached Eddy Simulatio

Requirements and

Applicatic

Bonus

V - Conclusions What's next?




WHAT'S NEXT?

Conclusions 5
Perspectives

® Power stability modeling capability is fine s Cotesshane eplimization

® The core design (shape) has to take into account power
fluctuations

® EVOL-Shape has been optimized according to RANS...
... Anew optimization is proposed with higher fidelity model

® Alaw can be extracted from the temperature fluctuation
characterization...

® Usable by system codes (LiCore, Mosaics, Modelica...)
And see how it impacts the system behavior

olor For Directors

Everything you wanted to know about the C

Neutronics - Thermohydraulics .

| My [l "

i " Ll

WYY
g i U ‘,i“{g IFJ

1st Edition No Reynolds J
Stress Tensor,

I promise

% java -jar LiCore.jar
BEE B BRRERRGBRRRREERBERESERORARRRORR R RS REAR RO B R R RRR B BE SRR DA RORRAR B EER RS AREARR
#ean #ue wr
wE aREEARR aRBERRE L IR o \ #re
B T T T - 5. - #2
T T i s
e e - - \ /o C e
L m—_ I\ 74 [ R e
L L) - - L
## REREE L S EL
s HRRREEE s
B e e e P P o B T ]

--- mise en route de l'interface ok - 1.623 5 ---
cuit combustible  : pipe bas = 2,184 pipe haut = 0,735 hx = 6,161 coeur = 9,000 total = 18,000 (+ trop plein
beta_eff = -130.4523413960712
9852311727179 Tmin=024.6883662299786 DeltaT=97.29686494273938
.0 Tmin=0.@ DeltaT=@.0

LeGrandGestionnaire.do_your_job: initialization - 6.518 s
LeGrandGestionnaire.do_your_job: calculation - 20.864 s
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