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Traditional coupled—codes technique

Traditionally, in reactor analysis...

WO Coupled—codes technique with
loosely coupled “single physics” codes

output from one code passed as input to
the other, with no sub-iterations

low coupling accuracy, even with high—order
- - > time integration in neutron kinetics code
Themakhydrauic Nods Neutronio Nodes and in thermal-hydraulics code
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OpenFOAM solver: coupling neutronics and CFD

Coupled CFD/neutronics calculation for the MSFR: velocity field
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OpenFOAM solver: coupling neutronics and CFD

Neutron flux (1/mZ2's) TK)
1e+20 ]050

Coupled CFD/neutronics calculation for the MSFR: ¢ & T
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Full-core 3D calculations on realistic geometries

Straightforward parallelization by domain decomposition
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Effective delayed neutron fraction

The effective delayed neutron fraction (Seg) is an important reactor
kinetics parameter.

The contribution of delayed neutrons is of primary importance for
the safe control of any nuclear reactor.
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Effective delayed neutron fraction

Why B.s is different from Brer0?
Prompt and delayed neutrons have different importance:
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Effective delayed neutron fraction

Why B.s is different from Brer0?
Prompt and delayed neutrons have different importance:

Energy effects
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Effective delayed neutron fraction

Why B.s is different from Brer0?
Prompt and delayed neutrons have different importance:

Spatial effects

- d

Spatial distribution of the delayed (left) and prompt (right) neutron sources at nominal flow rate

(arbitrary unit). OpenFOAM - 3D optimized MSFR geometry at nominal flow rate.
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Effective delayed neutron fraction

Why B.s is different from Brer0?
Prompt and delayed neutrons have different importance:

Often, B¢ in circulating-fuel conditions is calculated by correcting
static Besr, with the fraction of precursors decaying inside the core.

This might give inaccurate results due to inhomogeneous spatial
neutron importance inside the core.
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Calculation of B in the MSFR

Analytical approach.
Deterministic approach.

Monte Carlo approach.
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Calculation of B in the MSFR

Analytical approach.
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Simulation tools — Analytical approach

Integrating the delayed neutron source weighted with a simple importance shape function...

! | fejpre = —5— = (1)
Betr DE(r') - 15(r) dv’
D(r') = / K(r',r) S(r) dv )

core

[K‘(r’, r) SS(r) dv} 150"y dv’
Cfc,'rc :COI'E core (3)
/ S5() - 1) o

core

KAT(r,zl —rz) = p;‘T(rlz/ < rz) + p;‘T(r/zl < rz) (4)
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Simulation tools — Analytical approach

Integrating the delayed neutron source weighted with a simple importance shape function...

> -

I S(r) ~ I(r) ~ cos (E) Jo (2.125r>

One group diffusion in reflected cylinder

Zero radial velocity and uniform axial velocity

Complete mixing in Pump/HEX

e 6 o6 o

No turbulent or laminar precursors diffusion
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Simulation tools — Analytical approach

Integrating the delayed neutron source weighted with a simple importance shape function...
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| p;‘T(r/zl +—rz) = 5(r/ — r)dr/ -e Y Ha . AT~y — (5)
+ 1= H,

2xr'dr’ 1 —AT z/—z AT dz’
AT (1 1 _ YH YH
P rz «—rz)= ————+ - ———— - e a 1—e a 6
2 ( ) TR2 eAT 1 ©®

K>‘T(r/z/ — rz) = p;‘T(rlzl < rz) + p;‘T(r/z/ — rz) =
/_ 7 s gt
,AT,YZHJ dz P P P 1 27r' dr
=e a  ATy— |HS(z' —2)-6(r —r)dr’ + —— + ——
W [ =R e e T
)

Manuele Aufiero - LPSC/CNRS Couplage neutronique-thermohydraulique


mailto:manuele.aufiero@gmail.com

Calculation of B in the MSFR

Deterministic approach.
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Simulation tools — OpenFOAM

Solving the forward and adjoint eigenvalue neutron diffusion problem, with precursors transport...

/Z PgXd.gNiCi
g=1
J e Mt [ pxme 3 e 020
g=1 k=1 g=1 g'=1

Befr,i =
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Simulation tools — OpenFOAM

Solving the forward and adjoint eigenvalue neutron diffusion problem, with precursors transport...

Forward problem

VDeVog —Yaghg — Z zs,gg’qbg + Z Zs,g’g¢g’+

g'#g g'#g
n 1 m
+ (1= o) Xpe D P (vZr)g g + > Xdghici =0
g'=1 ¢ i=1

vr
- i 1 i Z =
V(UC)+VSCTV — \iGi —i—ﬁo E keff I/ f' ¢g 0
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Simulation tools — OpenFOAM

Solving the forward and adjoint eigenvalue neutron diffusion problem, with precursors transport...

Adjoint problem

VD Vg — Laghy + Z YsggPg — Z Ysgghgt

g’¢g g'#g

1 ) - (VE), prgwbg —(vx)), Zﬁo, -

n
~V (-uct) + VS—VC —Xicf + A Y Xdghy =0
T
=il
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Calculation of B in the MSFR

Monte Carlo approach.
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Simulation tools — SERPENT

N
Transporting DNP inside the Monte Carlo simulation... U (m/s)
When the emission of a delayed neutron is sampled: 3
@ Sample the neutron emission time according to
the decay constant 5
@ Transport the precursor until the decay position E,
(Dormand-Prince algorithm) I
@ Sample the neutron energy 0
A
@ ajj
0
1/5 1/5
3/10 3/40 9/40
4/5 44/45 -56/15 32/9
8/9 | 19372/6561  -25360/2187  64448/6561  -212/729
1 9017/3168 -355/33 46732/5247  49/176 -5103/18656
1 35/384 0 500/1113 125/192 -2187/6784 11/84
b; 35/384 0 500/1113 125/192 -2187/6784 11/84 0
b; 5179/57600 0 7571/16695  393/640  -92097/339200  187/2100  1/40
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Simulation tools — SERPENT

Calculating the effective delayed neutron fraction...

Prompt method is inefficient for S.g and useless for the single fer ;
fractions.

Approximate methods (e.g., van der Mark and Meulekamp) are not
suitable due to the presence of high spatial importance effects.

Iterated Fission Probability is adopted for adjoint calculations.

IFP methods have been implemented in Serpent-2 (available to users since version 2.1.13) and are
presented in:
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U (m/s)

Manuele Aufiero - LPSC/CNRS Couplage neutronique-thermohydraulique


mailto:manuele.aufiero@gmail.com

Results

Precursors concentration and importance, as function of the
dimensionless parameter AT (k-epsilon case study)

Concentration of precursors [m?]

a1l lal

AT=1 10

AN

Importance of precursors [m?s?]
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B/ Bage correction factor as function of AT (uniform velocity)
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B/ Bage correction factor as function of AT (uniform velocity)
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B/ Bage correction factor as function of AT (k-epsilon)
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B/ Bage correction factor as function of AT (k-epsilon)
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Befr as function of the flow-rate (U?*°-started, k-epsilon)
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Effect of turbulent diffusion (U?3-started, k-epsilon)

340

335

B eff [pcm]
W
(o8]
S

325

! Ll Ll P
3200.1 1 10
Turbulent Schmidt number [-]
<--- higher turbulent diffusion lower turbulent diffusion --->

Manuele Aufiero - LPSC/CNRS

Couplage neutronique-thermohydraulique


mailto:manuele.aufiero@gmail.com

[-]

B eff circulating / B eff static

Results
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Befr as function of the flow-rate (U?*°-started, k-epsilon)
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Besr for different fuel composition
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Calculating the “complete” Ses uncertainty in MSRs

Nuclear data + DNP decay constants + fluid flow
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Sensitivity/uncertainty from nuclear data

o 9400 P88
Betaeff constrained sensitivity to the U prompt neutron spectrum
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Effect of turbulence modelling on Beg

k-€ model

[13] Losa, Multiphisics modelling of the Molten Salt Fast Reactor. Comparison of three turbulence
models, Master thesis, 2013.
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Effect of turbulence modelling on Beg

k- model

[13] Losa, Multiphisics modelling of the Molten Salt Fast Reactor. Comparison of three turbulence
models, Master thesis, 2013.
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Effect of turbulence modelling on Beg

T (K)

Mg,‘

870
RSM model

[13] Losa, Multiphisics modelling of the Molten Salt Fast Reactor. Comparison of three turbulence
models, Master thesis, 2013.
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THANK YOU FOR THE ATTENTION

Vue sur 'agg

QUESTIONS? SUGGESTIONS? NEW IDEAS?



