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What is a fourth generation Reactor?

« Reactors actually on operation are of 2" generation.

« Third generation reactors are advanced concepts of 2nd
generation ones. Some of them (EPR) are now under
construction

 Fourth generation reactors are completely innovative
concepts that should be available to the market in 20 or
more years.
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Classical Homogenization approach

reactor core

fuel rod

cell | zircaloy clad

| moderator

Typical PWR Reactor Geometry
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Classical homogeneization theory

If the reactor core has a size ~O(1) and we have to solve mono-energetic
the transport problem:

(OV 4+ 2) b (2,Q) = fdQ'f(x,Q',Q)qp(:c,Q')+>\f Q'S (2,9, ¢ (5,Q"), on D
(4m) (4m)
Yv=0 on 0D_

and Xsection are e-periodic functions, one can write the solution as:

U, ) ~ dy(2,2.9) + et (2,7,9) + ey (. 7.D) +
A=A +eXN+eN +..

where v¥; = ¥,(z,,€) the dependence on x is weak at ¢ scale, while the
dependence on vy is fast variating and e-periodical. One then gets:

Vo (2,9,€2) = u(@)ho (v, )

N = Aoy A =0
where ¥ (¥,€2) is the solution of the infinite lattice transport problem, while
u. _VDVu = ofru  on D,
wu=0 on 8D, where D and ¢ are y,_ dependent
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Non periodic reactors

~ Project Calculations :
= the RJH reactor

thickness 0.61 mm

thickness 0.31 mm

stiffener

Water gap
Thickness 0.184

Aluminum filler or
Control rod or
Test device
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Limits of the classical homogeneization: the EPR case

Third generation Pressurized Water reactor

Cea reactor layout: assemblies
1/8 EPR computational mesh compositions

1% ¢yde Assemblages gadoliniés

2° cyde N |Grappesde contrdle

3°cyde
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Comparisons done with a reference Montecarlo Calculation

Discrepancies on fission rates

Cea Transport calculation: error on Vs

Diffusion calculation: error on

assemblies
9 8 7 6 5 4 3 2 1
+2 2%
C
+0,0% +0,1%
+H)1 4% | -0,2% -0,3% | -0,5% +1,5%
D
<0,0% +0,3%|-04% -06%|-04% +0,7%
0,8% | -0,2% -02%|-03% -0,8% | -07% +04%
E
-04% -06% | -06% -06%|-08% -09%|-06% -02%
2% | -0,1%  -0,6% | -16% -17%[-1,0%  -08% |-05% -04% |+02% +28%
F
7% +0,4%|+02% -0,6% | -16% -18%-1,0% -06%  +01% -02%|+03% +12%
+),3% | +0,3% | +0,2%| -0,0% | -0,3% | -1,0% -11% | -1,5%  -0,8% |+0,4% +0,4%|40,3% +1,2%
G
+0.7% | +0,1% | -0,0% | -0,1% [ -0,1% | -0,4% | -0,7% | -0.6% | -1,1% | -0,9% | +0,7% +0,7% |+0,6% +1,7%
+,1% | +0.8% | +0,4% | -0.2% -02%|-0.4% -04%|-03% -04%|-02% +02%|+0.8% +1,2%|+1,2% +1,9%
H
+1,6% +1,3%|+1,0% +0,5%|+0,0% -0,1% | -0,3% | -0,4% | -0,3% | -0.1% | +02% +0,6%|+1,7% +1,0% |+ 6% +2 3%
| +2 8% | +2.1% | +1,6% | +1.0% +0.6% | +0.1% +0.1% | -0.1% -02%|-0.1% +0.2% |+0.5% +1,0%|+1.8% +20%|+1.7% +21% |
g 8 7 6 5 4 3 2 1

assemblies
9 8 7 6 5 4 3 2 1
-3,7%

+3,1% | +1,6% | -2,4%

+1,1% | +1,8% | +1,7% | -2,2%
+1,2% | +1,2% | +2,3% | +1,9% | +0,8% | -5,5%
+0,2% | -0,2% | +1,3% | +0,9% | +2,2% | +1,6% | -2,5%
-1,2% | -0,6% | -0,6% | +0,1% | +0,6% | +1,5% | +2,1% | -3,2%
-1,3% | -1,7% | -1,4% | -0,1% | +0,4% | +1,3% | +0,7% | +1,2% | -2,2%
9 8 7 6 5 4 3 2 1

Even with a not fully converged transport calculation, the interface reactor-reflector
errors are strongly reduced
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Modern methods for full scale reactors problems: MOC

Ce:J a Angular approximation: Sy

a Flat flux approximation over homogeneous regions

9(r.0) ~ S (8 (r)

= Robust and positive method

= Arbitrary collision anisotropy

terati luti
a iterative solution (Q-V + D)t = ¢

¢in(n+1) = 6wout(n) + wO

d" = Hy™ 4§

albedo operator B :4,,., — V..
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MOC 2

a  The numerical implementation is based on trajectories

e«

W i(6,Q)

trajectory (t,ﬁ) cell i

Q  Balance and transmission equation over a trajectory

(1) ) sy gty Ra(n)

+77; _77: i 1

YU = Tx "™ 4+ E x 72"

+,i 7
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Synthetic acceleration approach

e O Free iterations : By =Hy " +5S
‘O Problem for the error A" =yf) —>(B—H) gn):H(¢n)_¢m1))
O The transport operator is substituted with a low-order one :
O Correct the values of free iterations : wgzg = %(i ) 45 '

n
bres

O Low-order operator : DPy,. It is based on
* Balance equation over a computational region.

* Approximated transmission equation based on surface angular

fluxes.
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DP,, Synthetic Acceleration Operator

a balance & propagation equations : AV =Ty = ﬁea,Tapg S T Vi
1 - 7 2 —
7 Z (Aa¢+,a _ SAOS¢—,Q> + ZZ.(I)Z. — qu-
i €0l

A, = ffax(%)deQ|Q.n|fl(Q).]{(Q)’ S = parity of A(%)
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DP,, 2

Ce:] 0 transmission and escape probabilities (symmetry and conservation preserved by

numerical scheme)

T = Tf :fadS dQA? () AV (Q)|n - Qe ZECD  (symmetry)

f—a

1
EP = —V[A(ﬁ“ Z T‘”’] (conservation)

a€i

0 numerical evaluation (coherence with transport)

TP ~ Y wWoAZ (Q)AY(Q) D w (t,Q)e D)
Q (t,Q)ef—a
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e«

Benchmark 1D case :

1D Fourier analisys

0,2

Spectral radius

0,05

Spectral radius in function of cells width

0,15

0,1

—e—DPO
—m—DP1

e

&1. &05 &0.2 &0.1 &0.05 &0.02 5=0.01
cells width

Spectral radius for different integration steps.
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° /OPree= 0.96

* Pppo=0.17

* pppr=0.05
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High Temperature Gas Reactor: the double heterogeneity problem
GT-MHR : Heterogeneous 2D

CE0 MOC

Depletion Calculation Compact

Fuel particle

Fuel element

1/12th

\ ore
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Stochastic media

*  Statistical set: () = {w, p(w)}
Cea Realization ® with density of probability p(w)
S uo,
Gd grain
Q,
*  Multimaterial renewal statistics:
. o p Y
lim, g f plw)dw = 0
Qam[ﬂ%y] X y
*  Homogeneous line statistics
*  Ensemble average:
= (r,(%L F)

f p(w)dwih, (z Zpa (r )by (z

DM2S/SERMA/LENR 15
Transport calculations for Reactor Physics. The challenge of Generation IV



e«

Ensemble averaging

* Material flux: b (z) = fQ " p(w>dw¢w(x)/fﬂa(r) p(w)dw

(e}

°f(‘9 equation
(QV+Zw)¢w: www +Swa w € ()

* Material averaging operator

(Mo (r)u)(w) = [ pl)de, ()

M, (r)Q2-V7?
Q- VM, (r)y =
, 1
hmg_>0+ E[Ma(r + eD(r + eQ,..) — M, (r)(r,..)]
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Ensemble averaging

o () o .
. (a)=any material
Q r e different from o
Q,(r) = Qu(r,r + Q) U Qa(a>(r,r + Q)
Q,(r+eQ) = Q. (r,r + Q) U Q(a)a(r,r + Q)

M,(r 4+ eQ)p(r + €9Q,..) =

(Moo (r,r + Q) + M, (r,r + eQ)(r + £€,..)

M, (e)Y(r,..) =
(Mo (r,r + €2) + Ma<a)(r,r + Q) |i(r,..)
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Ensemble averaging

hence
Q-VM,(r) = M, (r)2-V + 0M(a)a(r, Q) — 8Ma(a)(r, Q)
with
, 1
OM 0 (0 @) =ty [l e (o) =
- ﬂz paﬁ (I‘, Qwaﬁ (iL')
Interface flux:
%5(1’) = [aMag(ra ﬂ)¢w](£)/[aMa5(ra ﬂ)l] (:E)
o! p
€ r r+Q)
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Ensemble averaging

First balance equation
(Q ) V + Ea)pa¢a - pa(Hawa + SOé)

+Z (pﬂawﬁa o paﬂwaﬁ)

B=a

Markovian closure: Markovian statistics
+ = waﬁ(x) - %(@

Collisionless transport

Markovian model

(04
> °
QO
a P
0

(2 -V + X0)patha = po(Hoto + Sa)

1 . B
+ SN(D) (5;@ Lo ()05 — 1)
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Renewal approach 1

transition point = position at the interface between two materials

Renewal statistics “the conditional probability for the material distribution to the
right of a transition point is independent of the material distribution to the
left’: the probability density depends only on what there is at the right of

point y
Renewal equations for material fluxes:

'!PJ“_.. 0 | - 4 }"r-— )5—-- p—ﬁ = — > ﬁ

Uo(T) = R, (z)e "™
+ Lxeza(xy)[ga(x _ y)qa(y) 4+ ga(x _ y) é”(y)]dy

Interior probabilities for length | of material o
R,(I) = probability for length >

9a(l) = dens. of prob. for length — |
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Renewal approach 2

m

Ce:] o Ui (x) = statistical average of the flux entering material ccat x ' () = Y t5 17" (x)
OB=a

e ® Lo = conditional transition probability

* Interface flux out ()

[e%

* Renewal equations for interface fluxes:

w' L0 ) vE . >0 "‘_’h;‘:" B*, . 0

2i(2) = R () S

+ e R — 9)aa(y) + galo — U (y)ldy
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Renewal approach 3

* Markovian matrix (m) + spherical grains () £.3) = Le_l e
* grains do not collapse
* renewal, homogeneous, line statistics

* Isotropic grain chord distribution

! 4
fy(l) = T Ay = 3B
* The statistics are completely defined by:
* p, = volumetric proportion of grain of type g
* R, = radius of grain of type g
DM2S/SERMA/LENR 22
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Renewal approach 4

Interior analytical solution adapted to the MOC

U(@) = e " +(1—e "W, x>0,
Interfaces fluxes:

0 () = Toe ™" +(Ty —Toe ™ W+, x>2R,

with Y» = §<Qm + Ezg:tgm g 7= Ny,
> =3, + %Ztgma ~T,), > =%, + %Ztgm(l -1,
m g g
mean fluxes: By = la+ (v -6, )/1]/5,
by = Egby + (By — Eg)p™ + oy
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High Temperature Gaz Reactor

Comparisons of K ... €t Of the ratio Production/Absorption
Inside a representative fuel element

Keffective P/A inside the annular zone
(variations in pcm) (variations in pcm)
TRIPOLI4
Particles described with a regular
hexagonal lattice 1,4316 + 45 pcm 15753
o TRIPOLI& 1,4312 + 32 pem 15760
Particles distributed stochastically inside 30 40
the fuel element (-30) (+ 40)
APOLLO2
Transport 99 gr 1,43037 157666
X sections PO corrected (- 80) (+ 86)
Ar = 5.0%10° / AN = 12

Reactor modelisation in APOLLO2:
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Another scale level: Pebble Bed Reactors (PBR)

PBRs fuel is constituted by pebbles of different types that are
stochastically piled up over a cylindrical core. An internal and external
circular reflectors delimit the internal and external boundaries for the
power region. The cooling is granted by the flow of an Helium gas that
pass trough the inter-pebbles space

Horizontal section Vertical section

external
graphite
reflector

free (interface)
surfaces

internal
graphite
reflector

graphite albedo condition

Fuel composition and position are therefore only approximatively
known.
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PBRs

Several channels exist that drive pebbles toward the lower part of the
core where they are progressively discarded. During their path toward
the reactor bottom pebbles change their isotope concentration, due to a
different burn up.
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e

Numerical techniques for PBRs calculations

o We try to make a diffusion calculation using an engineering equivalence
theory. This technique consists in two steps.

» First step: compute an infinite lattice transport solution, used to compute
some reference reaction rates.

» Second step: force in the diffusion calculation the conservation of
reaction rates of the infinite transport lattice case over macro groups and

layers. . ;
2h (I)hv =7 = VpebbleszEgebblesgpgebbles
pebbles geG
Y = Y (D¢ i inear!
Notethat 7 = @7 (X7 ) sothatthe problem is non linear!

Generally some supplementary constraints are imposed to the equivalence,
such as the conservation of the integrated reference flux.

Once a macro flux is obtained from the solution of the diffusion calculation in
each layer, the pebble region fluxes are computed from the following
factorization:

g _ G g
reconstructed, pebbles ~— ¢Diffusz’on x gOpebbles
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Step 1: infinite lattice calculation

 For each layer we write

Ce:] (QV+E)¢:H¢+§P¢, z€X
J

L(F)=J_(F), r € 0X_

where X is the phase space associated to the layer. Supposing that each
pebble occupies every available position with the same probability, and
supposing isotropic and uniform entering flux, the problem for pebbles of

type “I” is given by:
yp J y (Qv+2im:HZ~¢¢+§Pi% TE X

G =J(B)/m,  weoX,_

(A)

where J_is the uniform entering current in pebbles. Problem (A) is 1D and

can be treated with the CP formalism as
2 iPni = Zpamvﬁ i 1 AT-
3

(B)
Ai‘]+,z' - %:E ,z’vﬁ,z’Fﬁ,i +TAJ
F =%+ Q,
A relation still remain to be found between entering and exiting currents.
DM2S/SERMA/LENR 28

Transport calculations for Reactor Physics. The challenge of Generation IV



Include the Helium contribution

« Tofind this last relation we model the inter-pebbles Helium space. The total

current of neutrons exiting the spheres and entering other spheres can be
written as:

AJ_(E):fdsf I n(p), A= _NA

S (2m)”
Y (rEQ) = Sl (nBQ) + [ di'e g, (r—1'0,B,0)
(i

» Supposing that the source in Helium is uniform and isotropic, as well as the

pebble exiting flux one gets
b (r,E,0) = e Suly, (B) + et D)

%,
4y (1=t

where | is an arbitrary chord length. Making then an average and integrating
over surface gives:

J (E) = <6_2Hcl >J+ (E)+ (1 — <e_zHel >)%, with <e_EHcl> = fdlp(l)e_EHel
He 0

o1/ .
A

He
1 AeF e (F)
m[J+(E)+T] (C)
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using the markovian distribution »(l) = one gets

J_(F)=



Final form of the infinite lattice solution

« Addto (B) and (C) a balance equation for Helium

@ EHeVHegblT:i’e - VHeFHe + A(J-I- o ‘]—)
, : since . ZiNz’AiJ+,i<E)
o N A

it

one has, for a suitable constant C :
J—(E) = C(Z]V;ZEO[Z‘/O&F;Z +EH6VH€FH€)
that inserted back in (B) gives the final problem to be solved:

SV = PVE

that is an eigenvalue problem for the infinite lattice problem.
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Conclusions

 Many challenges are proposed to researchers by
innovative 4t generation reactors.

« Strong geometrical heterogenelities prevent
traditional homogeneization approaches.

* The presence of stochastic media, both at
microscopic and macroscopic level ask to
manage with difficult equations.

e More work has to be done...
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