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INTRODUCTION: OBJECTIVE OF THE CURRENT DEVELOPMENTS

Context:

» Need to perform transient calculations for the MSFR

—» neutronics / thermal-hydraulics coupling

Objectives:

» with a high precision of the T&H modeling (flow distribution, precursor transport, ...)
- CIFD eele ({(@eishln @AM

» with a high precision of the neutronics modeling
B Ehrer@driorcode (MENP and SERPENT) ...

» ... with a low computational cost (need to perform many cases)

— Diffusion! Improved point kinetics?! ... something else?



SUMMARY

INTRODUCTION: OBJECTIVE OF THE CURRENT DEVELOPMENTS

TRANSIENT FISSION MATRIX

- PRESENTATION

- TFM KINETIC EQUATIONS

- KINETIC PARAMETERS CALCULATION
- TFM SIMPLIFIED KINETIC EQUATIONS

APPLICATION CASES
- FLATTOP EXPERIMENT
- MSFR TRANSIENT CALCULATION



TRANSIENT FISSION MATRIX: PRESENTATION
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OVERALL PRINCIPE:
CHARACTERIZE THE SYSTEM RESPONSE
ON ONE GENERATION (GREEN FUNCTION)

step |: Matrix element ij: volume i neutron production
probability induced by an incoming source neutron injected in |

| TPM

step 2: Discretization of this matrix through time to get
the temporal response

l

step 3:Interpolation (Doppler & density feedback effects)

the prompt source neutron distribution rate at time ¢ in ¢

With pryp (t’ —t,7r, T) the continuous operator associated to the transient fission matrix:
the probability that a neutron created in 7', ¢’ induces a new neutron in 7, ¢

prompt emission prompt

spectrum production

The kinetics of a prompt neutron population is given by:

S(’r‘, t) p— ‘pryp<t/ By t, ,',,/7 T))S(T,,t,)> L //t/<t T,ERGXpr(t/ e t, ’r‘,’ ’r‘) . S(’r‘,’ t/) d’r" dt/



TRANSIENT FISSION MATRIX: KINETIC EQUATIONS

AND WITH THE DELAYED NEUTRON PRECURSORS:

» Precursor family f

delayed delayed

g By

—lom = Gt =77, 0)| S, 7)) + |Gt = .77, 7)| SO ApPy(H 7)) | — ApPy
i

| , decay constant
family ratio

» Prompt source neutron distribution rate

prompt prompt

Sl = e A G RS e R 3] D e i)
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TRANSIENT FISSION MATRIX: KINETIC PARAMETERS CALCULATION

SERE@RIVEEIFE TIME le s CALCULATION:

VWe need the average time response:
directly computed in the SERPENT code

With the total response through time:
the classic FM operator

The adjoint operator and Iits Eigenvector
the neutron goes backward in generation = importance!

Finally: legs =

And its discretized version:

ZN; (Txp,/p : pryp) Npa\/erage A incoming neutron
R

A
/—Mr,’r)
>
f " 4

// D TXpr(Irlar) t T t — t

/ /// GXPVP (tllv rla ’I") ¢ dt”
TXpr (T‘IJT) Seschip U

1, x5 T
t//>OGXPVp (t Ty T') dt
e 7 t / , :
GXpr (’T‘ ,’T’) = / pryp (t —1 P 7r)dt
— 00
e e
’ = 2 > ;
//r'eR TERN; G {TXPVP (77, 7). Gopry (T ,T)} Ny(r")dr' dr

//'ER eRN;(r>GXp”p(r,’ ) Np(r’) dr’ dr

r ,T

' neutron
aimed - neutron
X production per X ,
population

legf =

Importance
weighting

> Ny Gy, Ny
R

produced
neutron




TRANSIENT FISSION MATRIX: KINETIC PARAMETERS CALCULATION

EFFECTIVE FRACTION OF DELAYED NEUTRON Beff CALCULATION:

, GXpr GXde
We create the prompt and delay matrix operator: ~ Gaui = G G —p ke & N =(INp Ny)
+ Eigenvalue & Eigenvector XpVd XdVd

~adj
[ts importance: Gal —» N*= <N; NZZ)

transpose matrix and Eigenvector

delayed . N o N
. | Z Nd k’(ff Z (N(]) Z < XpVd P + XdVd d)
Finally, we can calculate the physical and By = S — Y S (N) —
effective fractions of delayed neutrons: AN ef f- ik (Gau N )
total
N;Nd N;}} <GX[)7/(] Np + GX(]V(] Nd)
Beff i N*N 5 N*G(J,”N
importance
weighting T

v

N [ ¥*xavaX ey dEdQAE dQ dr
g2 | Y xvsy dEdQdE dY dr

classic formulation:



TRANSIENT FISSION MATRIX: TFM SIMPLIFIED KINETIC EQUATIONS

OVERALL PRINCIPE:

Replace the neutron production rate S(7,t) by a neutron population N (¢, 7) associated to a time constant lefy:
note: can not model phenomenas with a shorter time constant

~ dt
v ’pryp (’l", ) ‘N(t, r') e > new prompt neutron
(&
prompt neutron disappearance N(t ’l“) dt /
during dt ’ here x dt
'8 ‘pryd< S ’I“)‘N(t, T’) > NEew precursors
X leff

Estimated using SERPENT (easy TFM implementation)
I'd
‘GXde (7 >r)‘z)\fpf (o dt> new prompt neutron
4 e ;

precursor disappearance NePe(t.r)d
during dt ; / f(7 )

\ ‘éxdyd (’r’, r) ‘Z)‘fpf (t7 r’) dt> New precursors
f

NEW SET OF EQUATIONS:

dP [ ¥

—Ltr) = gﬁ lff'prud(r',r)‘N(t,r')>—l—‘Gxdyd(r’,r)|Z)\fPf(t,r’)> R
¥ 7

dN s ps 1

— s leff @ o) i) S G r)\%)fpf(t,r')> = leffN(t,r)

this simplified formulation only requires simple matrix-vector products (instead of series of matrix vector previously)



TRANSIENT FISSION MATRIX: TFM IMPLEMENTATION

SERPENT ESTIMATION OF THE MATRICES:

During a classical critical calculation:

P remember if delayed or prompt

. wY T W | | T 5 :
J - wivgdiy '/_' / </_' /' \2 |
WY f wtvpdy o \ \ _\ / -
wz/pEf e e S e —i% Ission
leakage

Simple explicite implementation: summing the neutron production of the fission events
normalized by the neutron creation amount (prompt and delayed).
Trouble: extremely slow convergence

Better implicite implementation (this work): integration of the fission neutron production and
absorption at each interaction (« delta tracking on »)
Advantage: much more events per neutron history, improved statistics

Advantages of the matrices estimation in a critical calculation:

» Utilisation of the correct emission spectrum

» Utilisation of the correct source neutron distribution inside the elementary volume ()
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TRANSIENT FISSION MATRIX: FISSION MATRIX INTERPOLATION

AND FOR TRANSIENT CALCULATIONS?

g . = = ~ T(r’ ~
Matrix interpolation! G(r',r) = Gref(r',7) + (T(r") — Trep) - A,G(r', 1) + log T(r ) + A poppler G(7, 1)
T ref
linear dependency logarithmic dependency
c
] -
5 0,0150 = —— SERPENT
8 -
§ 0,0125 |  split shape e -===- TFM
3
3 .
- 0,0100 K\
g 0,0075 - equilibrium ref shape
=
g 0;0050'
s 900K < > | 200K
g 0,0025 ; (ref-Doppler and density) (modified Doppler-and density)
= 0.0000 - 1D reactor with the MSFR composition
-100 -75 -50 -25 0 25 50 75 100

Position [cm]

» good modeling of the neutron shift

» good prediction of the multiplication factor variation (~1-2% error on 1000pcm)
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. APPLICATION CASES: FLATTOP EXPERIMENT

BENCH CASE i TFM EQUATION & IMPLEMENTATION TO CHECK;

Sl ‘pryp(t’ — t,'r',r)|S(r',t’)>
FLATTOP EXPERIMENT

REFERENCE CODE: SERPENT Temporal evolution (space integrated)

= UoY
So055 \
2 05 — SERPENT
-+~ o ohotd PEESHENS g TEM
O 04 iR e b e i e e mm

%) & g 045
3 03]
=025
£ 024
§0.15.
g 01
, 1e-3 1e-2 1e-1 1e0 el 1e2 1e3 1ed 1e5
1 Time [ns]
Flattop subjected to a ® Same evolution behavior of the neutron population through time
neutron burst release
Spatial evolution (time sampled)
2032
Ty OARS e SERPENT —— The neutron burst is limited to the Pu area:
[
— TFM
| ' | —— The neutron burst reaches the Up,: area:
— kp<<1
The neutron distribution tends to the
equilibrium’s one: k;~0.997
128§ 165 175 2 25

0
® Good agreement of the spatial neutron propagation
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APPLICATION CASES: FLATTOP EXPERIMENT

BENCH CASE Flattop kinetics calculated parameters:
FLATTOP EXPERIMENT : ,
- effective fraction of delayed neutron:
REFERENCE CODE : SERPENT
BT ST Bers
3 - effective generation time:
24 cm [
A e eff
eff kp
Experimental observable:
B
X Rossi — AQ;;
€
method Beff Aeff QX Rossi
TFM (this work) || 275 &4 pem | 13.351 £0.03 ns | 0.206 & 0.004 ps™!
SERPENT IFP 274+ 2 pem | 13.24+£0.02 ns | 0.207 £0.002 ps—!

Experiment

0.214 4+ 0.005 ps~!

* good agreement between TFM and SERPENT. ..

* ... and with the experimental measurements!



APPLICATION CASES: MOLTEN SALT FAST REACTOR (MSFR)

| /16 of the reactor modeled

—

Liquid gas separation and
sampling system for salt
reprocessing

Heat exchangers

Blanket salt

Fuel salt

Bubbles injection

* Molten Salt : LiF - (Th/233U)F4
density: 4 x water
o Fuel = coolant viscosity: 2 x water (oil ~ 1000x water)
low pressure
mean fuel temperature ~ 900 K

° Liquid fuel (precursor motion)

* Fast neutron spectrum

e Circulationtme ~4 s

* Reynolds in core: ~ 500000



1. APPLICATION CASES: MOLTEN SALT FAST REACTOR (MSFR)

SERPENT =
_~ temperature
power — buoyancy effect

precursor productIOﬂ

matrices
calculation

CFD

mal-
ilic k-£ realizable

v
<
t
e i\L ['mydwmu

delayed neutron source
DOpp|er S
density

temperature
precursor decay position

directly implemented — » 4« — performed by

and performed in

OpenFOAM
16
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APPLICATION CASES: MSFR

\Over cooling transient - 1/16 reactm/

stream inEa=

. temperature
\ K

velocity magnitude

m/s
| & . 1.03e+03
£ : tlooo
INITIAL CONDITIONS [2 l:%O
(STEADY STATE) [0 E_Qm
880
normalized power distribution
calculated by the fission matrix
N U, N 3,00
50 2,751
30 2,50 ‘ | - ‘
/ aien 225{ power .. power
E 'gg ‘ ‘ S 2,00 || increase stabilisation
cooling B ' ' reactivity 13 1,751 \a igh power
~ 801 WOeff - feedback g 150! o)
| -70; e
P = 125
a -80 {34 slow 19 100
=< goll repctivity equilibration U1
stop of the inlcrease 0,75
temperature -100 0,50
decrease -110 0,25 -
le-2 1e-1 1e0 1el 1e2 1e3 1e-2 181 1e0 del 1e2 1e3 le-2 1e-1 1e0 1el 1e2 1e3
Time [s] Time [s] Time [s]

delay (heat transpc|>7rt)



Average temperature increase [K]
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APPLICATION CASES: MSFR

normalized power distribution
calculated by the fission matrix
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\Over cooling transient - 1/16 reactm/

INITIAL CONDITIONS

velocity magnitude

m/s

(STEADY STATE)

-10
-20
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-60
-70
a -80
-90
-100
-110
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k, — 1[pcm]

A

Berf

3,00
2,75
2,50
2,25

= 2,00

©,1,75

5 1,50

21,25

@ 1,00
075
0,50
0,25

1e-2

0,00

stream inEa=

. temperature

1e-1 1e0 1e1 1e2 1e3 1e-2
Time [s]

le-1 i

e0 et
Time [s]

1e2

1e3 1e-2

* TFM-OpenFOAM coupling operational

° high precision

1e-1

1e0 el
Time [s]

* low computational cost ~few hours on a personal laptop

* need for a coupling benchmark! quantitative check
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1 CONCLUSION

Conclusions

Implementation of the transient fission matrices in SERPENT

Good results for the kinetics parameters calculation

TFM-OpenFOAM coupling operational: high precision & low computational cost

» Manuele Aufiero’s talk

Full coupling benchmark

Future work
* Ongoing transient calculations on the MSFR

» Available / to apply for other reactor
SERPENT - transient fission matrices calculations
OpenFOAM - TFM module
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