DE LA RECHERCHE A L'INDUSTRIE

Cea

HIGHER ORDER ACCELERATED
MOC METHOD

by
Laurent Graziano & Simone Santandrea

www.cea.fr




C24A METHOD OF CHARACTERISTICS (MOC)

source iterative solution (Q-V + D)t = ¢
(one-group problem) Y, (Mt = B () +
. — Hy™ +
(r, )

albedo operator B : 4, , — ¥,

angular approximation

1
SN — {wanan — 17N} - Eﬁ de anf

flat flux approximation over homogeneous regions

D =UD, , D. of homogeneous support
D(r,Q) ~ D 4, (Q)(r)

?
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MOC 1 : DISCRETIZATION SCHEME

numerical implementation based on trajectories
(in 2D XY ‘planar’ trajectories are lifted to polar directions)

‘l’+.1(t,-_ﬁ)
Qcs All following pictures
N have been
shamelessly taken
W, (£Q) 3 from R. Sanchez
lfajﬁClOfy (LEE) cell 1

Vo (6) = ¥ (6,Q) + TR, (1Q)Y,(1,9) = R (8,24 ()
!

Vab(@) = [ dro(r0) ~ 3w, (bR (19)

t|

| PAGE 3



C2A MOC 2: DISCRETIZATION SCHEME

u-agjecmfy (1.Q) cell i

(flat source approximation)

—7(r,r. R(t,Q) —7(r.r’
Y, (r, Q) =e ( ’m)w_(rm,ﬂ) + j(; dR e~ )q(r’,ﬂ) r' =r - R'Q)
L l ,

Y, (69Q) = T(6Q) x ¥ (4,Q) + E,(t,2) x ¢ ()

1— T.(t,Q)
>

7

transmission & escape coefficients : 7,(t,Q) = e »H0D - E.(1,Q) =
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HIGHER ORDER BALANCE EQUATION: A

— CONSISTENCY PROBLEM

Defining a scalar product on a chord

L
(Fihy = /; dt F(H)g(t),

the following generalized average balance per chord can be written

aop

2(P,¥.) =(P,F) g +P0)¥(0) - PL)T(L)+ <E‘

=D> ,(Sanchez 2012)
L

so that defining the polynomial coupling region matrix

1

PP@) = o / ar P @ PE) ~ - {lﬁ} Y. {7 ﬁ)L!.

|2
irr

the « polynomial angular » balance equation is:

5 "0, (Q) = PP(Q) - G-(Q) — AT(Q) + p C "T,(D).
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Cea BALANCE FROM ANGLE TO MOMENTS

The collision/fission operators use angular moments in the place of

angular fluxes: 3 — ?gdﬂ A, F, ().

Recall also that a « correspondence » exists between spatial
moment and coefficients T,(d) = PP . "T,(ch)

If you define then the suite of angular-polynomial function base
Z(,0) = {A"Q)Po(3), AN (D) Po(2), ..., A°(D) Py (2), AL Q) Py (3), ...}

and project with over this in angle-space you get

EDL

z,r’érzzz-q‘_,.—ff‘i—qam}mm DH+D-'®,. ZZ= j{ A‘

-

® A( ﬁ)) ® PP(Q)

which in the typical “free” iteration scheme (index “”) takes an easy
to solve lower triangular form:

5,8} _ (22 __55 at A o (ML) + L ay B 6



DP, : SYNTHETIC ACCELERATION

= 1, L Q) . .
= V(1) ~ Ag () ) v fa(r)
e A Surface o a€di
i 7
Surface B“ E . DPn a,+
cell 1
A, = e fds f iNZ®7 = ppA,
le} (27r—|—)
o propagation & balance eguations :
%+ . =
J TQ-T."'T T B b < .
[ﬁ } =2 !T U bl I = e PG I
“h Ber L~ @pPo "311 Bh p
1 ks oy
(%, —D)- &, =ZZp -G, — - (Ja_Jﬂ)j
acT

o After “some” algebra a multi-collisional version of the DP operator is used to

solve: ~ . fomes_ PR R
FT AT 3 4 te.ge, T=(T+8"3,- 17},

Te = §+ (Id 4+ EESS ‘ 16) PAGE 7



C2A GOING TO AXIAL 3D GEOMETRIES

The basic difficulty for 3D MOC calculation is that we cannot store
realistic 3D tracking data. To avoid this we consider only (at the
beginning!) 3D axial geometries:

For these geometries the 3D tracking can be decomposed into 2
phases:

1. Tracking a general 2D geometry on the x-y plane

2. Tracking a cartesian geometry on the s-z plane

Only 1 need to be stored but reconstruct 2 can be too expensive!

| PAGE 8



C2A  OPTIMIZED 3D TRACKING

Thanks to axial regularity the set of 3D
chords can be decomposed into a low -

number of classes that not only allow to
reduce memory but also to decrease H ] BEE Jf / [ !x' ] ]
computational cost. ﬂ* ‘ﬁ;:‘f‘j‘ ; _f ‘f‘:f ‘;‘ﬁ?‘fﬁ“
I / [ [
L Ly
o - s T 1T 1]
Thus, transmission coefficients, 0 3
_ _-XS.R(t,9)
1}(t7sz) =€ ff-__———q— B
—_— 1|
= "-_:]——:f T o =1 _—:f —*t
s ey o
. e I o
are computed only per class and medium. — ]
] L
— .,
0 <—J [ A)
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ASTRID REACTOR EXAMPLE: 2D SECTION

Iimplantation Si

() Assemblage inerte (position pouvant étre @ Assemblages Réflecteurs
occupée par un assemblage absorbant)
() Assemblages combustibles cceur interne () Assemblages PNL
@ Assemblages combustibles cceur externe @ Assemblages (DCS-P)-H
@ Assembiages RBC ) Assemblages (DCS-M)}-TT
& Assemblages RBD {) Pasitions pouvant étre utilisées
+« DIMEPB & Positions Réflecteurs pouvant étre occupées | PAGE 10

par des assemblages combustibies
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ASTRID REACTOR: AXIAL VIEW

pper gaz plenum

Upper inner fuel

Inpher fert

ile zone

Lower inn

er fuel

2 Lower axial

fertile zor

e

Radial Neutronic
protection

} -
| PAGE 11"



ASTRID REACTOR CALCULATIONS

Half-Column Fuel Sub-Assembly
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ASTRID REACTOR: SECOND CALCULATION

Void condition

’ Z axis

Axial Neutronic
Protection (hom.)

A Y axis / Reflective

conditions

b

Sodium :/’

Plenum (hom.)

Reflective condition

Upper Gas
Plenum (hom.)

Reflective
conditions

Fissile Zone (het.)

Fertile Zone (het.)
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Flux

Flux (log scale)
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ASTRID REACTOR: SECOND CALCULATION

Sub-assembly axial flux profile Step

Fertile Fissile Gas plenum Sodium Protection
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POLYNOMIAL BASISDEFINITION

Polynomial basis to express fluxes and sources mtsme

Zr - Zr
Az, ]2

%
P’(Zr)z{zfz( ) , 0<p<N,) Z, € [-1,1]
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POLYNOMIAL BASISDEFINITION

CZ\P
Py =@ =(55) . ospsny 5 e -1, 1]
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POLYNOMIAL BASISDEFINITION

_\P
- lr — & ~
PG)={z" =|Z—2| , 0<p<N c[-1,1
(Z) =12 (Azr/Z) p < Np} Zr € |
Nm
(7, ) =) An(©) - ¢ (7)
n=1
Step approximation > q"'(T) ~q,
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POLYNOMIAL BASISDEFINITION

_\P
- lr — Z ~
PG)={z" =|Z—2| , 0<p<N c[-1,1
(Z) =12 (Azr/Z) p < Np} Zr € |

Nm
(7, ) =) An(©) - ¢ (7)

n=1
Step approximation > q"'(T) ~q,

Np

Polynomial approximatioa————> q”(F) — Z Pp(g?") ' q;?;pol,p

| PAGE 18



POLYNOMIAL BASISDEFINITION

= \P
- lr — & ~
PG)={z" =|Z—2| , 0<p<N c[-1,1
(Z) =z (Azr/Z) p < Np} Zr € |
Nm
a(7, Q) =) Au(2) - ¢"(7)
n=1
Step approximation > q"'(T) ~q,
Ny
Polynomial approximatior—— |g — qr pol,p
P
q(rrv Q) — P(g’l“) ) QT,pOl(Q) Nm
dr.pol p Z q;r} ,pol.p
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Cea POLYNOMIAL TRANSMISSION EQUATION

« Polynomial transmission equation:

\D(tOut’ ﬁ) — \Ij(t?:n’ ﬁ) . e—Erl 4 / dt! (F(t,), Q’) e_zr(tout_tr)
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Cea POLYNOMIAL TRANSMISSION EQUATION

« Polynomial transmission equation:

\D(tout’ Q’) _ \D(tin, Q’) . e—Erl +/

t-in

Numerical polynomial transmission equation:
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Cea POLYNOMIAL TRANSMISSION EQUATION

« Polynomial transmission equation:

\D(tout’ Q’) _ \D(tin, Q’) . e—Erl +/

t-in

Numerical polynomial transmission equation:

Binomial coefficient

~(2) Bt (Fu@),
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Cea POLYNOMIAL TRANSMISSION EQUATION

« Polynomial transmission equation:

\D(tout’ Q’) _ \D(tin, Q’) . e—Erl +/

t-in

Numerical polynomial transmission equation:

Geometrical coefficients

Source term
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Cea POLYNOMIAL TRANSMISSION EQUATION

« Polynomial transmission equation:

\D(tout’ Q’) _ \D(tin, Q’) . e—Erl +/

t-in

Numerical polynomial transmission equation:
Escape coefficient:

1 -T(f_o“f) /, e ! in
E[)—L-(T) = ﬁ / dT,T pP= B(T —7(¢™)
| ¥ T(tin)

\IJT (tOUta Q) — \IJT' (tzna Q) : e_zrl“‘ where T = Xt

Np Np

pP— 7",p0 (ﬁ)
AT

k=0 p=k
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STEP VS POLYNOMIAL TRANSMISSION

« Step transmission:

— ) - ﬁ
\If(toutjﬂ) — \Ij(tmjﬂ) ,e—Erl s (1 o e—ZTZ) . Q’r( )
2y
« Polynomial transmission:
\Ifr(towt? Q) _ \I/r(tm,ﬁ) . e—Zrl_|_
Ny, N (q_(;‘,pol (ﬁ))p

. p B 2 p—kj
+ 2 D) Y e (A_z) Ep—1(T)——
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CHORDS CLASSIFICATION

| PAGE 26



CHORDS CLASSIFICATION

Thanks to chords classification...
\Dr(tout’ Q’) _ \I’r(tm, Q’) ) e—Zrl_i_

Np _ Np " 9 p—k (@“,pol(ﬁ))p
E : n —
, + 2 Pk(z ) . pg_k Cpk Mp (_Az) Ep—k(T) Er

\
il

O
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CHORDS CLASSIFICATION

Thanks to chords classification...
\I;T(tout’ Q’) _ \I’r(tm, Q’) ) e—Zrl_i_

Ny . Ny, i 9 —k (@“,pol(ﬁ))p
Z 3 PE S e i (A_Z) By r(7)
k=0 \p=Fk )

\
il

For a given angle, z-plane and 2D-chord, each
3D chords with the same length, belongs to

the same class and has the same values of this
term

O >
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CHORDS CLASSIFICATION

Thanks to chords classification...
\I;T(tout’ Q’) _ \I’r(tm, Q’) ) e—Zrl_i_

7

Np _ Np 2 p—Fk (@“,pol(ﬁ))
+ Z Pk(zm) ' Z Cpk /va_k (A_Z) Ep—k(T) =
{ k=0 \pzk

e Total number of chords 10.39 M
e Number of classes 0.814 M

—

For a given angle, z-plane and 2D-chord, each
3D chords with the same length, belongs to

the same class and has the same values of this
term

S

O
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CHORDS CLASSIFICATION

This is only computed fo
the~8 % of chords

7

:
\

e Total number of chords 10.39 M
e Number of classes 0.814 M

For a given angle, z-plane and 2D-chord, each
3D chords with the same length, belongs to

the same class and has the same values of this
term

S
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CHORDS CLASSIFICATION

Thanks to chords classification...
\I;T(tout’ Q’) _ \I’r(tm, Q’) ) e—Zrl_i_

This is only computed fof N N (H (ﬁ))
the~8 % of chords p . L 2 \ Pk Qr,pol
L +) P e Tt (A—Z) By k(1) ——2
k=0 \p=k r )

—_—

e Total number of chords 10.39 M
e Number of classes 0.814 M

CEA | 14 SEPTEMBER 2017 | PAGE 31



STEP VS POLYNOMIAL

« For a fair comparison:

Step B ) = B ) g (1) 2D

Polynomial Ut () = W Q) - e Sl 4 P(ziny . T
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STEP VS POLYNOMIAL

« For a fair comparison:

()

Step qj(tout’ﬁ) _ \If(tm, Q’) Lol 4 (1 _ el qz
r

Polynomial Ut () = W Q) - e Sl 4 P(ziny . T

1 floating point operation

| PAGE 33



STEP VS POLYNOMIAL

« For a fair comparison:

Step W ) = (e B e g (1

Polynomial \I/(tout Q’) _ \I/(tm Q’) el 4+ P’(gmm?’

Aating point operation

Np floating point operationjs
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STEP VS POLYNOMIAL

« For a fair comparison:

Step W ) = (e B e g (1

Polynomial \I/(tout Q’) _ \I/(tm Q’) el 4+ P’(gmm?’

Aating point operation

Np floating point operationjs

Plus the information needed for thalance equation:

Step () = o [a.(8) - 1Y (v D) - v )
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STEP VS POLYNOMIAL

« For a fair comparison:

Step W ) = (e B e g (1

Polynomial \I/(tout Q’) _ \I/(tm Q’) el 4+ P’(gmm?’

Aating point operation

Np floating point operationjs

Plus the information needed for thalance equation:

Step () = o [4.(5]) - % > (v, ) - wie. )

£
tNr

| PAGE 36



STEP VS POLYNOMIAL

« For a fair comparison:

Step W ) = (e B e g (1

Polynomial \I/(tout Q’) _ \I/(tm Q’) el 4+ P’(gmm?’

Aating point operation

Np floating point operationjs

Plus the information needed for thalance equation:

Step () = o [4.(5]) - % > (v, ) - wie. )

£
tNr

Polynomial  6,,(2) = > _ [P,(27) - W(t°) — P,(2™) - W(t"™)]

| | PAGE 37



STEP VS POLYNOMIAL

« For a fair comparison:

Step W ) = (e B e g (1

Polynomial \I/(t‘)“t Q’) _ \If(tm Q’) el 4+ P’(gmm"v’

Aating point operation

Np floating point operationjs

Plus the information needed for thalance equation:

Step () = o [4.(5]) - % > (v, ) - wie. )

i'r‘ff | [Np floating point operatior]us

Polynomial ~ 6,,,(Q) = > [P (27 () (1) — Py(2™) - W(t™)]

| | PAGE 38



STEP VS POLYNOMIAL

« For a fair comparison:

Step W ) = (e B e g (1

Polynomial \I/(t‘)“t Q’) _ \If(tm Q’) el 4+ P’(gmm"v’

Aating point operation

Np floating point operations

Plus the information needed/fm@mce eguation:

S / £3) - w(n, Q))

They can be vectorized!

T|Np floating point operatiorbs

= it (tout) - Pp(gm) i \I/(tmﬂ

]2 | PAGE 39
tNr




AXIAL DISCRETIZATION

Difference between the axial discretization neaddte Step Constant and in
the Polynomial case:

fertile

fissile <
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AXIAL DISCRETIZATION

Difference between the axial discretization needetienStep Constant and in
the Polynomial case:

fertile

~ 30 unknownsg
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2*(Np+l)unknownsg
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Higher numbers
of floating point
operations per

chord
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Higher numbers
of floating point
operations per

chord

Some of them

can be vectorize
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of floating point
operations per

chord

Some of them
can be vectorize(
Less axial planes
also means less
chords (~ -15%)

Less memory
needed
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POLYNOMIAL VSSTEP: RESULTS 2

Method Step Polynomial (N,=2)

Ar (em) 0.05 0.05

As (cm) 1.0 1.0 0.5
Axial meshes 57 110 180 257 600 5 6 12

# chords 2057 M | 3188 M | 3493 M | 38.20 M 53.24 M 2731 M | 2735 M | 55.24 M

# classes 1707M | 2112 M | 2180 M | 2033 M | 1816 M 1.90 M 228 M 4.5TM
Classification 83.82 % 74.67 % 66.68 % 59.56 % 52.39 % 98.4 % 98.09 % 96.21 %

Self-shielding

Tone:

kers 1.163761 | 1.165075 | 1.165412 | 1.165672 | 1.165744 | 1.165584 | 1.165805 | 1.165801
p err/T4 -96.45 +0.44 +25.43 | 4+44.66 +49.72 +37.76 | 4+54.00 | 4+53.92
(PCM)
Time 12210s | 22719s | 3TTR5s | 55472s | 12T809s | 15384 s | 16326s | 34 775 s
Self-shielding Sub-Groups:
kerr 1.164114 | 1.16543 | 1.165767 | 1.166027 | 1.166094 | 1.165927 | 1.166147 | 1.166154
p err/T4 -70.54 +26.38 | + 51.22 | 4+70.28 +75.42 | 4+ 63.01 | 4+ 79.27 | 4+79.72
(PCM)
Time 12 575 8 56 500 8 | 124470 s

24 031 s

38 454 s

16 174 s

17 316 s

An impressive gain in computational meshes is obtained

o0 620 s
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SELF-SHIELDING/ACCELERATION IMPACT

Acceleration effectiveness

D P; polynomial order

Self-shielding effect Acc. /Free
] 0 1 2
kegf Okerr

Time 0.16 0.06
NO szelf-shielding 1.093190 -2032 PCM

Onuters 0.66 0.11
Sub-Groups method 1.127149 +84 PCM

Inners 0.11 0.02
Tone method 1.126810 +62 PCM

Memory 1.96 10.06

Table 5: Self-shielding effect for the full-colummn
case in nominal conditions. k. refers to the
relative error (in PCM) with respect to the ref-
erence Tripoli4 calculation. Nominal conditions.

Table 6: Ratios of times, number of iterations
and memory footprint between accelerated cal-
culations and free iterations for varying order
of the spatial polynomial order of the DFP; op-
erator. The case considered is the full-column
assembly in nominal conditions.

e Afactor 20 of computational time reduction can be ol&d but
there is a memory price to pay. (Work on it is under way!)

« NOTE: All micro/macro-scopic reaction rate errors bedow 1%
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CONCLUSIONS

Polynomial MOC is on the way

» Classifications of chords is of fundamental importance
 Dpn acceleration works but it iIs memory expensive
 Many ways are possible for memory reduction

e How about XS?

| PAGE 47
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C22A MOC 1: BASIC ITERATIVE SCHEME

o scattering term expansion  ¢(r,Q2) ~ qu.(ﬂ)e (r)

Zzskz Z ¢k ZAZ + Sz(Q)

l=—Fk

scattering external source

o cell averaged angular flux moments

¢kz 47Tf dQAl Zw Al n)w ( )

= positive method

» no fix-up is necessary
= arbitrary anisotropy order
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CZ2A DP,: SYNTHETIC ACCELERATION

O Synthetic acceleration

. . cD(n) CD(n+1)
e perform a free iteration free
J(n) J(ntl)
* +,free
: . (1) _p(n)
e solve synthetic acceleration for o) free’ " free
0J(n) J(n+) _ 3(n)
+,free "+ free

‘ ‘ pn+l) :q)(f?;l) +00
e correct free iteration values
J(n+1) :J(n+1) +5J+

+acce Y+ free

e this approach can be extended from inhomogeneous to eigenvalue

problems
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transmission and escape first flight probabilities (symmetry and

conservation preserved by numerical scheme) for SC method:

oy =T = [ds [ 0 (Q) A" (Q)In- Qe F D (symmetry)

f—a

EfY = LV[A(Q” Z Tp”] (conservation)

a€0i

similar formulas can be written for the Linear Surface method.

numerical evaluation (coherence with transport)

T’ NEQ:WQAP(Q)AU(Q) S W, (1, Q)e SR

(1,Q2)ef—a
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o after elimination of cell fluxes, the DP) acceleration equations are solved

iteratively for the currents

A 2.V
Ty =105 + EPY L EBUS“ generalized transmission
Eaz’ + EOOES@'

related to multicollistonal processes

—

0 solution with a Krilov iterator (BCGS or GMRES): M+ = §

A

iterator : M =1-T

with an adapted ILUO and domain decomposition method.
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C2A MOC 3: BOUNDARY CONDITIONS

Adapted tracking is done to exactly take into account
symmetries and boundary conditions

p /2 rotation

Cyclic tracking for
infinite periodic systems
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