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M JJJ Modeling of advanced
nuclear systems

Two balance equations are required to describe and predict core

behavior:

« Boltzmann equation for neutron distribution and spectrum (Neutron Field)

. Bateman equation for fuel evolution (nuclide field)
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Harry Bateman
(1882 - 1946)
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The development of the use
of Monte Carlo methods in
radiation transport
simulations began at the Los

Alamos laboratories during MOM
World War I vy f IR
‘ o \ | 1 W —g
& " Aj STAN ULAM, JOHN VON NEUMANN,

and he MONTE CARLO METHOD

by Roger Eckhardt

Pioneers in the development of Monte Carlo methods were:
Stanistaw Ulam, John von Neumann, Nicholas Metropolis




MJJ Monte Carlo Methods

M

AGH

. Easy to start

« Counts the responses of the operators N°t @ .c%
to the Boltzmann equation PR @ »
Jadro atomu ) " eutrony
uranu U, Jadro staje

. . sie niestabilne Jadro dzieli sie
« Calculation precision << 1%
(required for reactivity level
calculations)

MONTE CARLO MODELLING

« The importance of Monte Carlo
methods has increased with the
development of supercomputers

GEOMETRY JQ_F(N UCLEAR DATAJ

PHYSICS J‘-—’{ FTALLIES




. Localization and characteristic of the initial source
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lj  merranspore -

Numbers between 0 and 1 are

randomly assigned to determine the
reaction (if any) of the neutron with

the material at the simulated

location. These events are based on

the physical phenomena and n
probabilities that govern these
processes, as well as the nuclids

that make up given materials.
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In the example in point 1, a neutron
collides with the material.

The neutron is scattered in the
direction indicated by the second
arrow. The direction is randomly
chosen from the physical scattering
distribution on the given nuclide with 1
which the interaction took place.

A 4

AN

The photon is also produced, its
energy Is stored, and its location is
stored for later analysis.
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In step 2. The fission reaction was
drawn, ending the neutron
simulation.

As a result of the fission, energy in
the form of a gamma photon and
two new neutrons have been
randomly generated from the
existing nuclear data.

One neutron and one photon are
stored for later analysis.




“]JJ MC Transport -
Introduction (iv)

The previously saved neutron is
loaded and simulated further, ending
the simulation outside the simulated
area 4.

The second neutron is absorbed at n
point 3 and the simulation is
stopped.




lm“ Modeling the whole

nuclear core

Monte Carlo Simulations

. Foreach event, a random value is
selected from the prepared probability
function ranges;

« The model is computed based on
statistics;

» Calculated values are given with their
uncertainties;

« The accuracy of the results increases
with the number of particles simulated;

. Typical Monte Carlo transport
calculations for the entire core use over
100,000 neutrons per cycle.

« The results are used to describe the
simulated model.




Tailling in Monte Carlo Transport
AGH

Two fundamental estimators:

. Track length estimator. The length of
the track in a given cell or through a
given surface is counted.

N — total numer of n — the numer of particle paths
simulated particles passing through the cell V

gb(‘/@,Ej) _ P( «]) . Collision estimator. A Fc(i,j) _ v

less accurate but faster
'TLA‘/ZAE] model based on Et(EJ)
counting the number of
events in the volume i 5
F.(i,7)

under measurement. qb(V E) _
1y 445) —




Model discretization
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MJJJ Wariance Reduction: Exponential
AGH transform

Change sampling rules.
Biases distances between subsequent collision get larger in the

direction towards the region of interest and shorter in opposite

direction
Oryginal Transition Kernel T — Etote—ztot'b‘

— —
Projection of particle Mn = W Qd ~ COS(X

\ Biased Total CrossSection ; = D — - c

NV
o Biased Transition Kernel T' = E' - e 248
O Due to bias, kernel ln(f)
distance is sampled S — —
it — Cl
" T
New weight W = W——r




@Mj Wariance Reduction: Geometry Splitting

Each region has assigned importance.
User need define those importance based on his prior knowledge
In some calculations, certain energies may be more important than

others. Then we may split neutrons when their energies enter the
important Energy rang, similarly as we split them in geometrical

splitting
|, =imp: 1 l, = imp: 2.1
imp: 1 imp: 3 imp: 9
— =hR=21
—
O % = = 0.476 90% => 2 neutrons
? \ 10% => 3 neutrons

P=1-r
If neutron surwive his
weight is increased by 1/r




Fuel evolution
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Modeling of the fuel evolution

AGH for the reactor core

Two main methodologies required to describe and predict nuclear core
behavior

MCNP Monte Carlo N-Particle Transport Code is used to describe Boltzmann equation. Describe
neutron distribution and spectrum

Bateman equation solved by CRAM (Chebyshev Rational Aproximation Method) or TTA
Transmutation Trajectory Analysis analyzes nuclide density by solve. Describe fuel evolution

%I;’V’MQ&(N)
N N M@)(tto) o

lay/

Ludwig Eduard Boltzmann
(1844 - 1906)

Harry Bateman
(1882 - 1946)




M“]JJ Explicit Euler Based Coupling Scheme
AGH

Burnup solver assume that neutron flux does not change through time
This can be true for small steps

Beginning-of-step constant flux approximation coupling scheme

Dy b,

N, ~ N, " N,




MMJJ The Predictor-Corrector scheme

AGH

More stable method to oscilation,
Howeve may introduce larger errors
In the results than the explicit
scheme
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“]JJ Implicit Euler Based Coupling Scheme

Numerically stable (no oscilations)

Setting large time steps is not
recommended

Studies suggest that computing
efficiency may not be worsened by
choosing very short time steps when
compensated by reduced neutron
history statistics per time steps




Energy Burn=-up Code

MCB = MCNP + TTA

MCNP Monte Carlo N-Particle Transport Code TTA Transmutation Trajectory Analysis
The code provides results such reaction rates The code provides evolution of the
and heating per nuclide for each burnable nuclides concentration through

zone. Results are obtained from the Monte numerical solution based on the

Carlo simulation in order to provide neutron oryginal Bateman solution.

distribution and spectrum.

MCB has features:

- an integrated burn-up calculation code (calculations are integrated in one code)

- deals with the complexity of the burn-up process (i.e predictor-corrector method)

- deals withthe complexity of the fuel cycle process (i.e automatization shuffling

and reloading of fuel)

- calculations include continuous energy representation of cross-section, spatial effects of full
core reactor model and

- nuclide production in all possible reaction or decay channels.
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“JJJ The Transmutation Trajectory Analysis

AGH
A(0)=A,
Level: 1 T,I(t), A
dC
bB—)C/’LB dt v
/e e T, B
b,y sy 1
dA [ dB —
e y 7 decomposition
bB—>A ){'B
) x | CT— T,(t), Al T, (1), Cl- Tq(b), D}-
dD
dt v v
A T,(t), B}-{T,(t), D
The Bateman equations for
transmutation trajectory v
5 Cutoff Cutoff
........................... T8(t)’ C A D :
dN, l
—— = production rate— destruction rate
dt Cutoff
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AGH
A(0)=A, B(0)=B, C(0)=C,

Level: 1 T1(t), A T1(t), B T1(t), C

2 Tz(t), B Tz(t), A T3(t)’ C|- T4(t), D}_ ........................... Tz(t), D
/l\ v v
ET— T,(t), Al T,(t), C}-|T(), D}- ........................... T,(t), Bl-{T4(t), D
Nuclide families are
v v v stores in a graph data

4] T4(t), B|-{T,(t), D T.(t), C structure.

D T,(t), C T4(t), D




M]JJ Transmutation chain vs Trajectories

AGH
A(0)=A,

Level: 1 T1(t), A T1(t)l A [(survival)

T,(t){ A|—| B

T,(t)1A|—| B|—A

Trajectories

T6(t)ZA—>B—>A—>B

Tgt)|A—|B |- Al—~|B —|C




M]JJ Transmutation chain vs Trajectories
AGH

A(0)=A,
Level: 1 T1(t), Al T1(t); A [(survival)
2 Tz(t), B |- Tz(t)l A l—l B
3. T, (1), A T,(t)] A |—[ B |- A
v
S (To(t), B T,(t):{A|—|B |-/ A>|B

S. T,(t), C Tt Al-[B|-/Al-[B|-|C




“]JJ The Transition and The Pasage
Function

The trajectory transition calculate the number density that goes from initial
nuclide to the formed nuclide for a given time t.

T (t) = Nn(t)/N1(0)

Passage is defined as the total removal rate in the considered trajectory or
a fraction of the nuclides in a chain that passed beyond n nuclide and is
assigned (or not) to following nuclides in the chain for the considered period.

Pn(t) — In(t)/Nl(O)




“]JJ Transition and Pasage Function in trajectory
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A(O)=A0
Poziom: 1 T1(t), A P1(t)l A
‘ T,(t), B T,(t)] A|— B
CI— T,(t), A T, ()] A |- B|— A
v
4 T,(t), B T,(t){A|>|B|—|A|-|B
D T,(t), C Tt Al-|[B|-[Al-[B|-|C




The Trajectory Period Folding Method

AGH
1st period 2nd period

U238 U239 Np239 PuU239 PU239
. __’ .
Ta(ta), Py(ty): 4.510°y 23.5 min 2.4d 2.4.10%y X Te(ta), Po(ty): 2.4-10%y
. U238 U239 Np239 . Np239 PuU239
T5(ty), Ps(ty): 4.5-10%y 23.5 min 1 24d X Ta(to), Palty): 24d " 2410ty
U238 U239 . U239 Np239 PuU239
Tolta), Poty): | 45009, 23.5 min X Ta(ty), Pafty): 23.5 min 24d |7 2410ty
, U238 . U238 U239 Np239 Pu239
Talty), Pafty): 4510°y X Talt), Py(ty): 4.510°y " 23.5min 24d |7 24100y
U238 U239 Np239 Pu239
4.5-10°%y 23.5 min 2.4d 2.4-10%y
P,(t, 1)
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“]JJ The Parent Pointer Tree Folding

AGH
Period 1 Period 2
0 0 &) ®
WS
® © G ®» © © ®
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M“IJJ The Parent Pointer Tree Folding
AGH

(») < (1,A)* (1,A)

(&) & (1,A)* (2,B)
e (1,A)* (3,A)

@ © ©® <1,a*@0

< (1,A)* (5,D)

ONO < (1,A)* (6,B)
< (1,A)* (7.D)
O

Folded trajectories Trajectories at t, and t,




M“IJJ The Parent Pointer Tree Folding
AGH

(&) < (2,B)* (1,B)
& (2,B)* (2,A)

® © ©® <@2B8)@Eo)

< (2,B)* (4,D)

&) (® < (2,B)* (5.D)
(©)

Folded trajectories Trajectories at t, and t,




M“JJJ The Parent Pointer Tree Folding
AGH

< (3,A)* (1,A)

< (3,A) * (2,B)

< (3,A) * (3,A)
< (3,A)* (4,C)
< (3,A)* (5,D)

=(3,A)*®68) (B (©

< (3,A)* (7,D)

< (3,A)*(8,C)

Folded trajectories Trajectories at t, and t,




M“IJJ The Parent Pointer Tree Folding
AGH

< (4,C)*(1,C)

< (4,C)* (2,D)

Folded trajectories Trajectories at t, and t,




M“IJJ The Parent Pointer Tree Folding
AGH

Folded trajectories Trajectories at t, and t,




M“IJJ The Parent Pointer Tree Folding
AGH

< (6,B) " (1,B)

& (6, B) * (2,A)
< (6,B)*(3,C) (A)
& (6, B) * (4,D)

< (6, B) * (5,D)

Folded trajectories Trajectories at t, and t,




M“IJJ The Parent Pointer Tree Folding
AGH

Folded trajectories Trajectories at t, and t,




M“IJJ The Parent Pointer Tree Folding
AGH

< (8,C)*(1,C)

< (8,C)*(2,D)

Folded trajectories Trajectories at t, and t,




Applications in explainability

Folded trajectories have been applied in the folowing procedures:

1) The origin of the fuel.
What amounts of final composition are formed from the initial
nuclides;

2) Trajectory evolution
Which are the most common routes for transmutation over time;

3) The most frequent reactions
Which trajectories are the most sensitive for the cross-sections;




The origin of the fuel
AGH

¢ the TTA folding time procedure can be used to represent single nuclide evolution;

¢ the identification of key trajectories following to formation of transuranic elements is the crucial issues to
understand formation mechanism of notably radioactive isotopes, which in turn may help to optimize
handling of unloaded fuel before its reprocessing or final disposal;

¢ the developed numerical method of nuclear transmutation trajectories folding may be used for analysis of
any critical or subcritical nuclear system during the arbitrary number of subsequent irradiation or cooling

periods.
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The most frequent reactions
AGH

A set of period folded trajectories can be summed-up for those with the same reaction of interest.
We can choose reaction which are the most important for production interested nuclides.
Parametric sensitivity analysis could be the next step towards verification of nuclear data in
production some rare, but crucial nuclides. Interesting reactions can be checked from the point of
view of their influence on the transmutation dynamics. This analysis finally should indicate
reaction with the highest influence.

0% ® e e e e e e e e o
5
? 80% | ® 243Am(n.y)
2 242Pu(n,y)
3 240Pu(n.y)
o 60%F @ 241Pu(n.y)
- @ 241Am(n,y)
g' a0 | ® 239Pu(n,y)
g ® 238U(ny)
% 242mAm(n,y)
& 20% = ® 242Cm(n,y)
: e s @ 243Cm(n,y)
0% Ok GieiPl % i P ‘. § O .% @® 242Am(n,y)
0,0 2000 20,0 60, 800 1000 120,
Time [years]

The reactions taking part in Cm244 production
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FINISH
Cm242 Cm243 Cm244
163d | " 29y » 18y
The approach allows to represent 8 — the \ N -
the multi-cycle problem of fuel vector N E
evolution during (n,y) irradiation and —
cooling as a one-EC by step problem Am62:21 AT02:4
characterized the final transmutation Am241 Am243
chain system. 432y Am242m 74y o Am2aam
V\ ' 141y V\ 26 min
I
Pu239 Pu240 Pu241 y| Pu242 Pu243
2.4E4y | 6.5E3y 14y 3.7E5y APL
N N BLUE: 2 Trajektorie 57,75 %
2.4d
v > (n,y)
\ \ . . - P EC
START RED: 2 Trajektorie 0.31 %
>
U238 U239

4.5E9y 23.5min
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Podsumowanie
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The Monte Carlo Continuous
© Energy Burn-up Code

. Metody Monte Carlo sg wykorzystywane i rozwijane prze

Katedre Energetyki Jgadrowej na klastrze obliczeniowym
Promehteus; MIT ATR PWR VHTR

research reactor (1/4 of geometry) with TRISO fuel

. Obliczenia na klastrze dla nowych urzytkownikow sg
dostepne w ramach ustugi: Energetyka Jadrowa i CFD:
MCB - System Monte Carlo do obliczen wywotanych
promieniowaniem jgdrowym zmiany w materii;

« Rozwdj superkomputerow pozwala na stosowania metod
Monte Carlo w analizie catych rdzeni jadrowych;

« Jest to metoda alternatywan do metod deterministycznych
w wykorzystaniu badan zwigzanymi z zagadnieniami

reaktorow jadrowych; D 9
° V\C/IerIKI’ otrzymywane za pomocg losowo generowanyCh 51'5:;2?;;‘;’[” Accurate & explicit modeling at multiple levels m G
zdazen; ‘

. Woyniki zbierane w kontrolnych obietoSciach/ptaszczyznach
(Tallie).




descendant nuclide
Cm242 Cm243 CmM244 |¢mmy=———

TN
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Trajectory evolution o By
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16 h 10h 1
Am241 L % Am243 oq ]
i32y @ Am242m _7:"_' » Am244m |
In the proposed methodology, ! pa | 26m
the mass flow of direct fncestor nuclit:e.m;:— —— ancestor nuclide I
nuclide-to-nuclide transitions Pu239 » Pu240 @wm—s Pu241 ,| Pu242 g.m—p| Pu243
|eading to nuclide ‘Z:IEtly BISES RS = 14y 3.7E5y 5h
transmutation chains in every === T
step is interpreted over entre = TTT==s 1 BLUE: A, B Trajectories B-EC
period of interest. In this way, Np239 RED: C, D Trajectories f---:
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single calculation step s B = U239
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sets of transmutation 2 008  EE— . : , Lot . ' ‘ ' ‘ ,
trajectories prepared for each T I ] °TA
computing time step and then reeasf | 7T ® i - ohe
combines them in the process  isosf | e ® ] _ . Rea
of time period folding. ¢ 1o L ® i 2 om I -
Resulted period  folded § 1ososf - 2 © @ o
trajectories are interpreted as £ eocosf - ® ] :‘-ﬁ ao% |
they would be obtained by the = soeosf ® & 3 ] 8 o 1
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Transition value evolution for trajectories from 240Pu to 244Cm and their contribution in the
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AGH The Modelling of Adiabatic Fuel Cycle

by Y e T T Y
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Cooling

F Fresh Load
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Depleted U \\\
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2nd Second Batch 1 I To reprocessing }

Pu  Plutonium 3 ’
MA Minor Actinides . e
U  Depleted Uranium e —

FP  Fission Products

Example:

4B2 4th Load Twice Burned




Krytycznosc

Akademickie
CYFRONET | / Forum Energfi
' Jadrowe]

number of neutrons in one generation

k= . . _
number of neutrons in preceding generation
Kex<1 uktad podkrytyczny
K o —1 K.x=1 uktad krytyczny
p= eff K1 uktad nadkrytyczny
K

p<0 uktad podkrytyczny
p =0 ukfad krytyczny
p >0 uktad nadkrytyczny
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L2/ : Akademickie

Kerr & Jacrows;
ol o) L b e __ mylnES)
(L+C S)l//(r,E,Q) K, Ml//(r,E,Q) = K, (L+C—S)‘//(;9E»5)

« leakage operator L,

« collision operator C,

« scatter-in operator S,

« fission multiplication operator M.




Akademickie
Forum Energii

Fuel pin and

cooling channel

Universe 1 B Lattice for
Universe 1

RONET

S0 00I0] < Universe 2
Fuel sub- 00000
assembly 0/0|0/0|0
Universe 2 O|0|0|0|0

olojolo|o Latt

attice for

Universe 2

Universe 3

<<
Reactor core
Real world
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RSN Akademickie

ﬂOﬂET ‘. Forum Energii
Monte Carlo L “ (  Jadrowe)

MONTE CARLO MODELLING

W symulacjach Monte Carlo

1. Losowa wartosc jest wybierana dla kazdego zdazenia z przygotowanych zakresow
estymatorow

2. Model jest obliczany bazujac na jego losowej wartosci
3. Resultaty modelu sa zapisywane | proces jest powtarzany

Typowe obliczenia transportu Monte Carlo obliczanijg model tysigce razy za kazdym razem
uzywajgc innej wartosci losowe;j

Cate obliczenia tworzg duzg baze rezultatow

Rezultaty sg wykorzystywane do opisu symulowanego modelu.




Symulacje obiegow

jadrowych
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Obieg pierwotny reaktora typu PWR

1,50E-03

1,00E-03
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-5,00E-04

-1,00E-03

Reactivity dK/K

-1,50E-03

-2,00E-03

-2,50E-03

Reactivities
=
—Doppler (3D)
" __poppler (1)
—Coolant (3D)
. —_— __oolant(T)
——Fuel Exp. (3D)
—Fuel Exp. (T)
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Imu Metoda elementow

skonczonych .
AGH /&

Temperature, [°C]
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Fuel Evolution
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The origin of the fuel
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Batch mass flow of Cm244 with source distribution of the initial fuel




Wariance Reduction: Weight window technique

Similar to geometry spliting.
Jezeli urodzi sie neutron z rozszcepienia to bedzie miat przypisang wage 1

Ale okno jest 0.01 - 0.05 znaczy to ze neutron bedzie musiat by¢ rozbity na 20 neutronéw i kazdy
bedzie miat w/20

This method has great potential,
but is more difficult to use.

w: 0.5-1 w: 0.1-0.3 w: 0.01 —0.05




