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channels
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K’. Combined MCNP&ORIGENS model: Validation
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Z Model validation:
» comparison with reactivity measurements:
> than 20 operation cycles

» comparison with thermal balance and y-spectroscopy methods for
determination of the linear power in fuel rods during transient tests

» comparison with the dosimeter measurements of activation foil
reaction rates
Z High accuracy of the assessed reactor safety characteristics:

> reactivity values — the computational predictions at various
restarts during reactor operation are within: Ak/k ~ 0.4%

> Linear power, neutron fluxes:

typical uncertainties are within 3+6%.



Objectives in this presentation

Description of our combined MCNP&ORIGENS method
used for 3-D isotopic fuel depletion modeling

»  equation of fuel depletion versus burn up

»  correlation between fuel depletion and 3-D relative
power distribution

»  creation of a data base with stored 1sotopic fuel
depleted compositions for each fuel type

Uncertainties in criticality calculations during operation:
»  effect of burn up profile on reactivity values

Uncertainties in the heat flux values:

> estimation of the maximum value of the heat flux
at the hot spot due to different orientations of FE



Ko Why the method was developed?

X  Practical tool for calculations of reactivity evolution in
time of the whole core during operation

» prediction of 3-D fuel burn-up distribution in plates
during several cycles of the irradiation history

2  Requirements:
» high accuracy of criticality calculations: Ak/k < 0.4%
» easy and flexible for use

> relatively “fast” (Monte Carlo) method for estimation
of reactivity variations during an operation cycle

X Alternative to the existing methods
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General overview of linking Monte Carlo and

deterministic methods with depletion codes

Deterministic

+ Depletion Code

Criticality
Credit Analysis

(Diffusion, transport, etc.)

Advantages:
simplicity of use
Disadvantages:
model approximations

Monte Carlo Method +
Depletion Code

Depletion chains
inserted into
Monte Carlo code

Advantages:
no approximations
Disadvantages:
large computational time

Depletion chains
calculated outside
Monte Carlo code

Advantages:
low computational time
Disadvantages:
way of data transfer

Not strongly
heterogeneous systems
K-eigenvalue of entire
core during operation

Local space problems;
applicable for K-eigenvalue
of infinite array fuel cells

Applicable to strongly;
heterogeneous systems;
K-eigenvalue of enntire core

(OSIRIS, JHR), etc.

Developments all over the world:
PDQ (ATR), WIMS-D(TRIGA)
CRONOS2+APPOLLO2

Examples:
MCWO (INEEL) [4],
MCB [5], LANL [6]

of an operating reactor

MKENO-BURN (JAERI) [1],
KENO+SCALE (ORNL) [3],
MCNP&ORIGEN-S
[this paper]




K’ Equation of fuel depletion vs. burn up
’
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> Equation for fuel depletion % [%] for total fuel of type “k”,
including formation and depletion of all TRU - isotopes:

— M*(0)-M*(T) § TxP* const*xT P*
B [%]= - ~ const — = X )
M*(0) M*(0) c (0) \Y
k
AX <Gf + Gc>
const* = —- A (2)
NA 'Eeff <Gf>
k
<Gf + Gc> . .
o = is constant for fuel type "k" in fuel zone {v}

<Gf>k
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K ‘ Dependence of total fuel depletion 3 [%] vs. burn up
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Linear dependence:
B3 (%) =f(MW.d)

B cquivalent for all
fuel types for a
same fuel zone at
the same power

Dependence of 23°U depletion [3° [%] vs. burn up

U depletion [35, [%]
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K Isotopic evolution vs. burn up
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Evolution of fission products inventory vs. burn up
and reactivity effect
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K ‘ 3-D distribution of isotopic fuel depletion in FE
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X Correlation between local fuel depletion and relative power distribution

Bk(TiarmaZna¢1) = BIIEE(Ti—l)XKI\(/ (Tiis s 2y, 0)

N ConStIEE x(T;-T_)) x PFkE (T)
Cl;E (0) Ve

XKI;/(Ti,rm,Zn,(DI) (3)

X Power peaking factor:

Idrjdzjdwp (Ti,r,z,¢)/jdrjdzjd¢
Kl\{/(Tiarmazna%):rm - — e
P (T)/ Vi

4
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K ’ Simulation of fuel burn up irradiation history
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£ After N 1rradiation cycles (duration of N cycles 1s Ty) the local
fuel burn-up, B(Ty), in each fuel zone {V}

B(Ty) = B(Tyy) + [Bre (Ty) = B (Ty ) Jx Ky (T)
=BT+ B (W) - (T Dk ()

Z The fuel burn-up B(Ty) in registration zone {V} after Ty irradiation
time can be re-written:

B(Ty) = X Bre (T [k () =k (T )]+ B (Ty) < (Ty) (6)



Equation (6)

functional dependence of local burn-up B(Ty) on mean burn-up
Bre(Ty) after the N irradiation cycle

takes into account the changing of the power peaking factors in
different cycles

Bre(Ty) 1s calculated for the mean operation power (determined by
MCNP) using the SCALE code.

the dependence of the nuclide composition versus the released
energy (fuel burn-up) in a fuel element (plate) is calculated only
one time and kept in the form of a table.

this table is used each time when it is necessary to obtain the fuel
composition for the known local burn-up in the registration mesh.



Fuel burn-up in the fuel element containing
dominant fissile nuclide 235U

Bs(Ty)=1- eXp(ZN: - ( SE. (2(35}_) 57) ATij <GZ;§f>JIOO%

i

AT, — duration of the irradiation period 1
q(T,) (W/em?) — mean value of the heat flux at T, on the surface of
the fuel zone with the thickness of o,
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W creation of a
Data Base (DB)
with stored 1sotopic
depleted fuel
compositions,
which are —»

W casily derived
from DB and
inserted into spatial
registration mesh of
MCNP model

J Linking MCNP with modules of the SCALE system

ENDF/B-VI
multi-group
Cross sections

fuel composition

depletion

MCNP SCALE4.4a
Mean power | _ Modeling of _ | XSDRNPM )
of FE [~ heterogen. FE ~| (Sy-method) NITAWL-IT
Radial: Multi-group AMPX cross
> 6 fuel plates spectrum in FE sections library
\ J ‘
3-D power | Axial division: v ¥ 4‘
distribution T
at each 6 cm COUPLE
Azimuth: in ¢
" | each axial zone C _
omputes:
O~ 20,0/,
| ORIGENS |«
burn up code
Database with 90 Evaluation of
depleted isotopic isotopic fuel
fuel compositions: depletion 3 vs.
B=1%.,2%...,90% burn up (1)
A
\
100 depleted Table of p with a
isotopes in each step of 1% fuel
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»Number of
depletion time
steps ~15+18

» Computation
time ~ 68 hrs.

> 3 parallel
PC/2GHz

> Ak =+0.0005

Criticality calculations of whole core

EOC k-1
| < L
v v
MCNP calculation of mean MCNP calculation of3-D
power P (MW) in each FE atT,_ ! power distribution at Sh(T_, *")
Evaluation of mean fuel depletion 3-D space dependent power
in each FE at T *' with formula (1) peaking factors, K, at Sh(T_, *")

| |
L4 \d

3-D space isotopic fuel depletion

at T, X! with formulas (3), (4)

T
|
- ———————— - Shutdown (1*°Sm accumulation,'3°Xe=0) = — — —+———— -

Isotopic fuel
composition
Database (DB)

Initial distribution for BOCk

Shim rods k.~1.0
predictions
(MCNP)

BOC k

v - _ v

MCNP calculation ofmean MCNP calculation of3-D
power P (MW) ineach FE atT, * power distribution at Sh(T, )
Prediction ofmean fuel depletion 3-D space dependent power
in each FE at next time step Tk peaking factors K, at T,k
\ |
¥ v

3-D space'isotopic fuel depletion
at T X with formulas (3), (4)

]

Shim rods Kk ~1.0
predictions [«
(MCNP) A
Initial distribution depletion stepT;, *

EOCk




% Axial and radial power peaking factors in
fuel plates and fuel burn up profile
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3-D Distribution of isotopic concentrations
in fuel plates
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W Reactivity
effects of 3—D
fuel burn up
profile are
investigated for
different number
of axial divisions

W decreasing
number of
heterogeneous
zones —
uncertainty in
Ak/k ~1.0%

Reactivity effects of 3—D fuel burn up profile
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Reactivity effects of 3—D fuel burn up profile
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reactivity, p(0)-p(E) [$]

during an operation cycle

> use of homogeneous fuel depletion in 2 of the fuel elements inserts
uncertainty in reactivity values : Ak/k ~ 0.5$=0.36%

cycle 02/2004A
(uniform fuel depletion in FE)

® measurement °m
......... B MCNP&ORIGENS ®

rleactivity, pI(O)—p(E) [$]
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K’. Orientation of FE with azimuthal depletion

profile in the fuel plates
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K . Azimuthal modeling of fuel depletion in
different axial segments of fuel plates
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Assessment of safety margins of the heat flux
K R for different azimuthal orientations of FE:
Scenario 1

> The safety margin (SM) of the heat flux is defined with the following equation where: Q™ — safety operating
limit, A Q™, — uncertainties of thermo-hydraulics calculations of hot spot factors

SM = (Qqt’ =AQs!) = (Qug™ +AQUT") =470 - (QUi” +AQL™), [W.em”]

core periphery
A
T ‘ T

600

98]
S
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azimuth fuel depletion B™ [%]
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initial fuel depletion heat flux: Scenario 1



Assessment of safety margins of the heat flux
for different azimuthal orientations of FE:
Scenario 2

core center
A

SM=80 W.cm™

1 w

- | ¢ore periphery

0 100 200 300
azimuth angle

— initial fuel depletion

heat flux: Scenario 2
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Core centre

Example of burn-up distribution

X After the 1st irradiation cycle
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Example of burn-up distribution
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% After the 2nd and 3rd 1rradiation cycles

plate 1, EOC3

plate 1, EOC2
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Variation of the spatial distributions of the fuel burn-up in the central hottest
part of one fuel plate due to the change of the azimuth orientation of the fuel
element and its position in the reactor core in several successive irradiation

cycles



K. Summary
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% Reactivity effects of burn up profile in 12+24 axial segments in fuel
plates are estimated in comparison with profiles in 6, 3 and 1 axial
zones

» Uncertainties in reactivity values due to axial and radial burn up
modeling can be up to 1.0%

» Uncertainties in reactivity values, resulting from azimuth fuel
profile n the fuel plates and due to different orientations of the fuel
element 1n the core are within 0.2%

s Variations of the maximum values of the heat flux due to different
orientations of a low burnt fuel element in the core are within 10-12%

s+ Variations of the maximum values of the heat flux due to different
orientations of a high burnt fuel element in the core can be about 20%



