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From 3 GW to 0.3 GW
From pipe-type to pool-type

Molten Salt Outlet |

——

Molten Salt Inlet

I—

SMDFR Technical Data

Parameters Values
Core zone D x H (m) 0.95 x 2.0
Distribution zone D x H (m) 0.95 x 0.2
Collection zone D x H (m) 0.95 x 0.2
Height of core (m) 24
Reflector Outer reflector diameter (m) 1.25
(iauidiead) Tank D x H (m) 1.65 x 3.4
Number of fuel tubes 1027
Fuel pin pitch (m) 0.025
Outer /interior fuel tube diameter (m) 0.008/0.007
Outer/interior coolant tube diameter (m)  0.005/0.004
Mean linear power density (W/cm) 609
Fuel inlet/outlet temperature (K) 1300/1300
Coolant inlet/outlet temperature (K) 973/1250
Fuel inlet/in-core velocity (m/s) 3/0.5225
Coolant inlet/in-core velocity (m/s) 5/1.3488
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Simplification: a sector of 30°
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Nuclear Energy Systems
-

Reactor core

Multiscale Modeling

Computational Methods:
® Neutronics:3D Diffusion or MC transport
® Thermal Hydraulics: Heat Transfer and CFD

Multiphysics Modeling

>

Multiscale and Multiphysics Modeling Progress
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External coupling

i Neutron Flux iTemperature |

| 2N

Comsol
TH calculation

Neuronics
® Monte Carlo neutron transport equations
® Space-time dependent neutron diffusion models

i Power distribution | i

S sen.

Thermal-Hydraulics (TH)
® Space-time dependent heat transfer models
= Navier-Stokes fluid dynamics models

Serpent
Neuronics calculation Serpent
1 I Multi-group

_______ cross sections

Internal coupling

Comsol

Neutron diffusion
/equations calculation

Neutron Flux Temperature

\TH calculation /

Coupling Methods
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€ Neutron Fission Process (Serpent Model)
» Geometric arrangement of fuel pin and assembly arrangement
» Material composition of fuel, coolant and cladding
» Continuous-energy cross section (ENDF-VII,JEF22,JEFF311)
External coupling
@ ﬁ Serpent
Neutron ﬂUX and Tempel’ature, pressure Neuronics calculation

o A R | N |
power dIStrIbUtlonS and Ve|OC|ty f|e|dS iNeutron Fluxi iTemperatureE

______ I____l ____.|_______I
Comsol
TH calculation

€ Heat Transfer and Fluid Processes (COMSOL Model)

» Geometric arrangement of fuel pin and assembly arrangement
» Thermophysical properties of fuel, coolant and cladding

» Inlet and outlet boundary conditions

» Finite element meshing

External-Coupled Modeling Process
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Serpent 2

( Initialize calculation ) Comsol 5.5

)

Begin new ( Initialize calculation )
time/depletion interval I
: Multi-physics Read power
Track neutrons |< ) _ T
coupling distribution

.

Power distribution
and eigenvalue (Ke#)

interface l

Heat Transfer and
Fluid calculation

Update l
Has UF’datE interface Temperature,
converged? 'ldnput files pressure and velocity
= distributions

(e )

External Coupling Program
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. Neutron diffusion
::z:l-:;l;ge::ct’:l 0':1 < / equations calculation\
Neutron Flux Temperature
€ Group constants for 3D diffusion equations (Serpent) N\ corcatation. ¥

» Geometric arrangement of fuel pin and assembly arrangement
» Material composition of fuel, coolant and cladding
» Continuous-energy cross section (ENDF-VII,JEF22,JEFF311)

g

Multi-group cross sections with temperature feedback

Y AY
S(T,.p.RHZ)=%+|——| (T, -7, )+|—| (p.—p.)+
‘ cinT . ° op. )
B c

R ER G| E G 22

0

where I, - fuel temperature, p. — average coolant density, R — average core radius,

H - average fuel height and Z - control rod position

Multi-group cross sections
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COMSOL Multi-physics Coupling
Clnitialize calculatinn)
I}

Clnitialize calculation)

3D multi-group )
diffusion calculation
Update power
* distribution
Eigenvalue (Keff) and l
Power distribution Heat Transfer and
Fluid calculation

Temperature- 1
dependent
Cross-section

Temperature,
pressure and velocity
distributions

Internal coupling
Serpent produce
multi-group
cross sections

Comsol

Serpent
P Neutron diffusion

Multi-group & lculati
cross sections equations calcula |on\

Neutron Flux Temperature

. \THcac atio /
Internal Coupling Program I
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External Coupling: COMSOL nodalization

Power distribution from Serpent is

volumetric heat source

applied to the COMSOL model as
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External Coupling: COMSOL

Volume: Total heat source Wim?) Velume: Temperature (K}
m m
10° x10°
0 02 0.4 0.6 * 0 0.2 0.4 0.6
0.1 i . 01 145
1 2.6 1 14
1.35
2.4
[ 0.5 S S 0.5
1.3
2.2
1.25
2
0 m 0 m
1.2
1.8
1.15
— 0.5 0.5
11
1.6
1.05
1.4
1 -1
] 1
1.2
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CS of Core Zones

AS of Core Zones

CS of Dis/Coll Zones

FABNTRRIRLA 1 Il

T and rho distributions from COMSOL
are given to the Serpent model

External Coupling: Serpent Input Deck (Temperature)
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CS of Core Zones

AS of Core Zones

T and rho distributions fro
are given to the Serpent model

EEEEREERE

CS of Dis/Coll Zones

m COMSOL

External Coupling: Serpent Power Distribution
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Simulation: Internal Coupling

Neutron Transportation directly solved by PDEs and coupled with the
CFD and Heat Transfer Module in COMSOL

Diffusion Equations:
—— =V DgV0y =24 By — Zg’:a'ﬁg Zs5.gg' Dg + Zg’ig 259'g g’

4 6
+(1 = Bipg E , 1(”2}“) Dgr + E : 1Xd.g Ai Gy
g = 1=
aC; 4
o7 =V DeVC+V(U-C) + B E (vEr) B, — 4:C
g'=1

Convection of Precursors
N-S Fluid Equations: Heat Transfer Equations:

plu-Vu=v-[-pI+K[+F  pCou-yT+v -q=0Q
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Energy integrated neutron flux [a.u.]

Simulation: Internal Coupling
Serpent 1 Group 4 Groups

1 820 keV
10,  Neutron Spectrum 2 110 keV
i 3 15 keV
107"
1072 4 0
107
KEFF = 1.0350

_.. _\_\
s 3 3
& n A

_‘
<
1

-
ot
[

10712 10710 10 10 10 102 10° 10°
Energy [MeV]

8 Groups

1 2.2 MeV
2 820 keV
3 300 keV
4 110 keV
5 40 keV
6 15 keV
7 750 eV
8 0
KEFF =1.0362
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Simulation: Internal Coupling

Benchmark of the diffusion model

SERPENT COMSOL 1g COMSOL 4g COMSOL 8g

o o N
o co - N B
I I I I I
| | | ] |

Integrated neutron flux [a.u.]
o
~
I
|

0 1 | 1 | | 1 | 1 1 I 1

-170  -136 -102  -68 -34 0 34 68 102 136 170
Axial coordinate [cm)]
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Simulation: Int | C 1 100
Imuiation. internal couplting,
Time=0s Volu ce (W/m?) Time=0s
x10° x10°
2.1
1.36
1.34
5 Power evolution s
1.08 210 : ; . .
1.07 - 7 11.32
1.06 - N
2
1.05 - B
= 104 . =
3 L i
z 1.03
g
= 102 ¢ .25 1.28
S 1.01r .
1 [ -
0.99 - E 1.26
{1.9
098 - b
097 L | | 1 1
0 5 10 15 20 25 30 1.24
Time [s]
1.85
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1.8 1.2

Power Temperature
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Challenge and Outlook

e Convergence: meshing, solver maturity
e Computational Resources

« Multiscale and Multiphysics Modeling (with ATHLET)
e Uncertainty and Sensitivity Analysis
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