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CANDU Fuel Management 1
and Advanced Fuel Cycles

Introduction

e Fuel Management (F/M) is essential for continued normal
operation

- changes in fuel composition with irradiation

o fuel depletion leads to decline in potential reactivity of fuel
=  power distribution varies (slowly) with time, because burnup is not
uniform

-  size of reactor core is minimized, to minimize capital costs (heavy
water).

m  ina PWR, size of the pressure vessel is a similar issue
n  flux shape must be flattened to minimize peak fuel rating

o F/M objectives

- select refueling to allow continued full power operation at minimal
operating cost (fuelling costs)

r in a PWR, batch refuelling with reactor shutdown {annual);
g in CANDU, on-power refueling (daily)

- satisfy safety margins
g maintain power distribution close to nominal,
o in CANDU, avoid ROPT trip

e /M variables

CANDU PWR
fuel elernent burdle {50 cm) assembly (6 m)
fresh fuel Nat U, SEU, MOX, DUPIC SEU (3-4%), MOX
axial F/M axial shuffling scheme no (burnable poisons)
radial F/M channel selection assembly repositionning
excess reactivity small large (boron)
D. Rozon
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CANDU Fuel Management
and Advanced Fuel Cycles

Fuel Management Research Topics

1. Computational Reactor Physics

¢ DRAGON
¢ DONJON

2. Generalized Perturbation Theory Applications

e core design (equilibrium refuelling)
e zone controller response to refuellings

3. Global Depletion Schemes

o feedback model for local parameters
e block depletion

4. Advanced Fuel Cycles in CANDU

e SEU, MOX vs. Natural Uranium
e DUPIC

D. Rozon
December 1997



CANDU Fuel Management

and Advanced Fuel Cycles

1. Basic Concepts

Major Nuclear Reactions in Uranium-based Fuel
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CANDMU Fuel Management
and Advanced Fuel Cycles

Cross Sections

e Cross sections vary with neutron energy

- Complex behaviour
- Evaluated Nuclear Data Files (ENDF-B-5,...)

o Neutron energy spectrum:

- fissicn neutrons average 1.2 MeV

- thermal reactors (moderator): 20°C = 0.0625 eV

a  CANDU: cold heavy water moderator {90% of volume), warm heavy
water coolant in pressure tube (5% of volume)
o PWR: warm light water moderator (coolant), occupies 65% of volume.

e Neutron flux distribution:

- chain of reactor physics calculations required to determine the flux
distribution (transport theory = diffusion theory)

- reactor is highly heterogeneous (fuel channels/assemblies, rods, ...)

D. Rozon
December 1997



CANDU Fuel Management
and Advauced Fuel Cycles 5

Fuel Depletion

o Transport theory calculation in unit cell of CANLU 600 (WIMS): depletion at
constant power in bundle, at nominal local conditions:

exact (hot) geometry of bundle

initial fuel composition (natural uranjum)
fuel density + temperature

coolant isotopics + density + temperature
moderator isotopics + density + temperature

CANDU 600
(cell average)

Concentration (g/kgU)

Pu-241

0 T T T v T
0 50 100 150 200 250 300

Fuel Burnup (MWh/kg)

e Fuel burnup distribution is not uniform because neutron flux distribution is
non-uniform.

¢ Significant change in cell multiplication factor (k_) with burnup.

e Fuel burnup distribution in reactor will affect the flux shape (i.e. problem is
nonlinear)

D. Rozon
December 1997



CANDU Fuel Management

and Advanced Fuel

Cycles

Flux Flattening

e Typical safety limits CANDU 600:

- 8.3 MW (chanel)
- 950 kW (bundle)

o homogeneous core:

R

o(r.z) = ¢, Jo(2'4°5 r) cos(-f?z)

4,0
- no
reflactor
5 301
e resence gf ref
| = -
o
5 with 12.6 MW = 9.4 MW
% 2.0 reflector (channel)
ge) -
I reflector
a -
g 10
S . reactor
=z core
0.0 1 L3 v T L]
0 100 200 300 400
radial position (cm)
e heterogeneous core (2 zones); flattening due to:
- burnup difierence (0.7): 9.4 MW = 8.7 MW
- adjuster rods: 8.7 MW = 6.4 MW
3.0
4 (uniform} 2 burnup zones:
i {outer/inner ratio)
5 0.9
= 0.7
S 207
5 E
e 1 =
o ) presence of
2 adjuster rods | reflector
= 1.07
£ 1 zone 1 zone 2
2 d (rods) {no rods)
0.0 L) hd L) 1 L}
0 100 200 300 400
radial position (cm)
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CANDU Fuel Management ”
and Advanced Fuel Cycles

On-Power Refueling

» simple push-through axial shuffling scheme

Ex.: 4-bundle scheme (4BS), refueling with flow:

3207 0.9
210~ ———— = ——— —— — —, I g -
n " 08
Tegor 3907 gico!
220 " 07
280 Teool Peool [
- 0.6
270-: X
260 0.5
5 discharged bundies
coolant flow
refueling
|
1 v \ v \ |
1 2 3 4 S 6 7 8 g 10 11 12
| A

e local parameters of unit cells (bundles) change upon
refueling, introducing a history effect in fuel depletion

distributed parameters along channel:

v fuel temperature
w  coolant density
m  coolant temperature

axial distribution of neutron flux along channel is not known in unit
cell 1It is obtained from a seperate diffusion theory calculation for the
whole reactor)

D. Rozon
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CANDU Fuel Manageinent 8
and Advanced Fuel Cycles

Fuel Management Effects

« flow and refueling are bi-directional , i.e. alternating
direction in neighbouring channels

« fixed axial shuffling scheme (uniform or in 2 radial zones)

« channel refueling frequency is arbitrary, but average fueling
rate must compensate the reactivity decline due to fuel
burnup in reactor, within the limits of the fuel handling
system.

« a specific fuel management strategy has a characteristic
effect on neutron flux and fission power distributions:

- zone control level response to refuelings

- Cr_lanlnel Power Peaking Factor (CPPF), fuel management
«r|pp e»

« an equilibrium refueling model (Time-Average) can be
defined to predict fuel management effects

D. Rozon
December 1997



CANDU Fuel Management
and Advanced Fuel Cycles

Equilibrium Refueling Model

e When a fixed fuel management strategy is applied over time, the refueling
frequency eventually (6 months) becomes constant whithin regions of the
core. A refueling cycle (period T i) is thus defined in each channel §

e by definition, instantaneous channel power and bundle power vary around
the time-average values: P;and p .

« at equilibriir refueling, local (bundle k) macroscopic cross sections are
averaged over the refueling cycle (in channel j):

B{E00)
Ty =—o— z(e)de

- the bundle burnup increment during the cycle is simply:

EOC) _ p(BOC
Bl O - B0

ABjk
= pi-T;j
- the energy produced in channel j during the cycle:
E; = P;-T;
= njB;

where B; is the average exit burnup (in MWd/TeU) and n; is the number of
bundles removed at each refueling (axial bundle shift),

- therefore:
. _ glEOC) _ g(BOC)
ABy = B Bl
= niBjvik

where v is the axial power (flux) shape
_ _ Pj _ bundle power
Vik(9) = P;  channel power

o the T/A procedure is nonlinear

D. Rozon
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CANDU Fuel Management
and Advanced Fuel Cycles

Time-Average Procedure
in Reactor Calculation
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CANDU Fuel Management

and Advanced Fuel Cycles n

Instantaneous Power Distribution

o power limits on fuel must never be exceeded (instan-
taneous power distribution)

e due to fuel depletion, refuelings and controller movements,
actual channel and bundle power varies with time;

e peak channel and bundle powers are necessarily higher
than the maximum T/A values;

« any realistic instantaneous power distribution shows a «fuel
management ripple»:

- function of the refueling perturbation
o  bundle shift (fraction of channel refueled)
o fresh fuel enrichment (fissile isotopes)

o  average exit burnup (fuel depletion)

« channel «age» model:
- an instantaneous value of burnup can be assigned to each bundle:
B (t) = BRC + f(1)- ABy(¢r/a)
where fj(1} is the «age» of channel j (0 < fj< 1)
- the distribution of fj(t) must reflect a refueling sequence
- diffusion calculation with X(B;) yields an instantaneous power

disiribution, Pj(t) ’

D. Rozon
December 1997



CANDU Fuel Management ’ 12
and Advanced Fuel Cycles

Channel Power Peaking Factor
(CPPE)

» definition:

maximum ratio of instantaneous to T/A channel power

CPPF(t) = m?x{Pf_(t)}

Pj

o for current CANDU's, CPPF «<1.15

« varies according to actual refueling history in operating
reactor

- axial bundie shift

- initial enrichment

- exit burnup

- refueling sequence

« must be evaluated for ROPT recalibration during operation
(for continued protection against dryout)

« must be evaluated during design (to verify safety margins)

D. Rozon
December 1997



CANDU Fuel Management
and Advanced Fuel Cycles 13

Instantaneous vs Time-Average
Power Distributions
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CANDU Fuel Manageimnent
and Advanced Fuel Cycles

2- Reactor Physics Analysis
of CANDU Reactors

14

¢ A complete suite of reactor physics codes must be used to
analyse the fuel management behaviour of a reactor,
dealing successfuly with:

heterogeneity of materials

variety and complexity of neutron cross sections
neutron transport and streaming

temperature feedback

radioactive decay...

e This is acheived through a breakdown of the task at two
levels, carrying out seperate lattice and reactor calculations
for the neutron field:

1.

Using an appropriate microscopic cross section library, the transport
code DRAGON soives the integral transport theory equation over an
infinite lattice of unit cells (in 2D) and various supercells (in 3D),
using many neutron energy groups;

Knowledge of the detailled fiux within these cells allows DRAGON to
homogenize the macroscopic cross sections over the cells
(bundles), and to condense the nuclear properties down to a few
energy groups (usually 2);

Reactor code DONJON can access the data tabulated by DRAGON
to construct a diffusion theoiy model of the entire reactor, including
fuel shuffling and control rod motion. The 3D multigroup diffusion
module TRIVAC can solve for direct, adjoint, generalized adjoint and
harmonic flux distributions in cartesian and hexagonal geometries.

Fuel management needs to predict fuel burnup accurately.
Because of the sef)aration in the nuclide field, separate cell
depletion and global depletion calculations are required, with an
inherent difficulty in dealing with the distributed local parameters.

D. Rozon
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CANDU Fuel Management

and Advanced Fuel Cycles 15

Sepatate Lattice and Core Calculations

initial
conditions CANDU Cell
-~
DRAGON
cell and supercell

calculations,
iccal transport

cross section

hcmogenization anc
parlz:,r‘r:laelters condensation
reactivity
mechanism
[F——
DONJON T
diffusion calculations ¢ A
(TRIVAC, XSIMUL....)
) |
power J
distribution < /
) " —— ctor
D. Rozon
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CANDU Fuel Manageinent

and Advanced Fuel Cycles 16

Chaining of Cross Section Processing Codes

Research Microscopic
reactor Integral cross section
measurements measurements

NJOY
GENDF

|

DRAGR

WIMSLIB DRAGLIB @

cell calculation

PPV WIMS-AEC DRAGON (geometry +
local parameters)
/— multi-group homogenized
FUEL FUEL cross sections,
TABLES TABLES function of burnup
and local parameters

D. Rozon
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CANDU Fuel Management

and Advanced Fuel Cycles 17

3. Generalized Perturbation Theory (GPT)

e GPT is widely used in LWR Fuel Management Analysis

- first and second order estimates of system characteristics (arbitrary
flux functionals)

-  optimization of reload patterns

- usually 2D analysis

e Use of GPT in CANDU

- developped at Ecole Polytechnique

- 1992: application of first order GPT in 3D to simultaneous
optimization of adjuster layout and equilibrium refuelling in OPTEX-4
(core design)

- 1997: prediction of zone controller level response to refuelling
perturbations in DONJON (selection of refuelling sites)

e Future Application

- advanced fuel cycles evaluation, uncertainty due to heterogeneity
effect in DUPIC, optimization of refuelling sequence.

D. Rozon
December 1997



CANDU Fuel Management

and Advanced Fuel Cycles 18

Generalized Adjoints

e Examples of flux functionals

- zonal power (ratio) in zone / fuelling costs
(H.9) ('C—H ¢>
— ’ Vv — B '
X, ¢)=——"7F% FIX,¢)=-——7
Pl X 9) =T X.0)="g

where X is a state vector (enrichment, exit burnup, poisons, ..). H,
C, B are functions of X.

e Unperturbed Flux Distribution (diffusion equation)

M¢o, = AF¢,

e Perturbations in channel (or zone) j

- it AM(j) and AF{j) are changes in diffusion equation operators due o

a periurbation in region j (ex. refuelling), the zone power response n
zone { is:
Aot = Ap)| L ApW)
P Py \ Ax < OPi l A6
where

() _<AHU)'¢°>vz_ (4H.40),
(H-¢o>n

4 = p
Prlas (H.¢0)g ‘

and
ap)| = —(1";, (AMff) —-Z.OAF(j))fﬁo)

D. Rozon
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CANDU Fuel Managesent
and Advanced Fuel Cycles 19

Generalized Adjoint Equation

e Generalized Adjoint is solution to the fixed source
eigenvalue problem:

& w

(M, -1.F, ), = 8,

where

s apz [6Vz pf]H
2 )= (H.$0)g

¢ Orthogonality condition:

(rpFodo), = O

e Arbitrary variations of flux functionals can be obtained using
unperturbed flux only.

- application with mathematical programming to solve reactor design
optimization problem (OPTEX-4)

- response of Liquid Zone Controllers to refuelling perturbations

D. Rozon
December 1997



CANDU Fuel Management ’
and Advanced Fuel Cycles 20

NLP Algorithm in OPTEX-4

| vyes
INITIALIZE X{(1), §(1)
k=1 no
FUNCTION EVALUATION
(DRIVR1) | yes
Solve field equations Y

g ___F(X(k)"pfk))

6% =Gi(x (k)"f'(k))

¢{k). LK) | » .
Calculate functionals
no

L , |
P ¢ I(QI)TERPOLATE_)I
2

Fyp =F Xu2.0u
REDUCE STEP LENGTH
S5(K) AND RESTART
W (k)
sT = yes
2
no
GRADIENT E l;fAL UATION
(DRIVR2)
Solve generalized adjoint equations
X(k+1) &) + X(k) and linearize about X(k)
4 Find gradients dF/dX, dG /dX
I

SOLVE QUASILINEAR PROBLEM

Find ax(k) such that AF(K) is minimized
subject to linearized constraints plus a single
Guadratic constraint on the step length:

| axd < s®

D. Rozon
December 1997



CANDU Fuel Managentent

and Advanced Fuel Cycles 21

4. Global Depletion Schemes

e Seperate lattice calculation creates a problem for treatment
of local parameters in core calculation

- introduction of a Feedback Model (FBM)in DRAGON/DONJON

e Block depletion

- large number of unknowns for the nuclide field in global block
depletion methods;

- introduction of a simplified global depletion method

D. Rozon
December 1997



Depletion Calculations in DRAGON

CeLL CaLcuramions (DRAGON)
Groes. PARAMETERS TRanSPORT CALCULATIONS
+ geometry
+ composition * group scalar flux ¢fr, 1)
- temperature * group constants T, Hyft). Loy
Toon P — * microscopic cross sections oglt)
+ flux normalization:
{Pk.ug,k-t.u,x} @ 'EI H (‘)¢ (r‘)tﬂf p
3 i % v, g\lileg\h.i k
INmAL CONDITIONS ‘
isotopes Ny (0)
B0 t,=0, I=1 Cuasetatic DepLenon (1 <t< iy
o . Y
-d_lh - {¢.‘ '% -[v #g(r, 1) Rlog(t ) 6% + Allll Ne (1)
X
DRAGLIB i ’
TS| il
Ej FueL Burnue
o= tl +4l
Bia=8+ (H #,

i
!

FHYERFROP F3BM

For every cell type:
- Local parameter * macroscopic cross sections « selected isotopes , j=1,....J
interpolation scheme [ I'g - z;(g_ng,g) o,g = og{t.B.p.i) ‘ 4’"
Hg = H{t,B.p.d) =N¥(t.8,p.0)
+ kinetics parameters
delayed neutron spectra : [ ]

precursors : A;, p;(r.B.p.u)
group velogities: L

[ S ral

Reactor Calculation Data Base




G

lobal Depletion Calculations in DONJON

DBGEOM

| inmaiganon (x=1.K)
geometry
parameters

mécanismes: C(0)

concentrations: N, (0)

!

INTerPoLaTiON {PHYSPROP)
Zg0 () = 5% (Bu,Pu.ilk)

- aer— __) H:“) - H?(Bknpkoﬁk)

ogk(t) = 0g(Bx.Px. k)

AZg(t) = A5G 2.0 1]

|
h 4

I = I+ ;{Nl:rk,r)-am(r)} + AZpdt)

Locat. PARAMETERS

Pi(0), Gi(t)

+ Refuelings,
+ Control  C(t)

MATR¥X AsSEMBLY
A(ty=AZgk)
B(y=B(Zy)

y
Drrusion CaLcutations (TRIVAC)

(A-AB)1) =0

y

Flux Nommalisation

E{%Hﬁ(n ¢¢(3)Vk] = Piy(t)

= ZpD)
3

convergence

yes

DBM

Extracted isotopes for
microscopic depiation

N{rx.t)

WO

Nty 1)

* DepLemon Carcuanion (1s t<t+dl)

2=

Ni(x) = |V bgu ()AL pr)+ AR) Nu(

(k=1K)

DepLETION AnND Buanup
Ni(t+a1) = Ni(D) + AN ()

—M!L.
By(t+ Al) = B,qr(l')-i-0.9‘5",',."r at




TOWARDS A GLOBAL DEPLETION
CALCULATION METHOD IN
DRAGON AND DONJON

G. Marleau, M. Boubcher and H. Benjaafar

1. The Cell Depletion Model of DRAGON
2. A Viable Depletion Model in DONJON

3. A Simplified Reactor Depletion Model



The Cell Depletion Model of DRAGON (1)

e Requirements

1. A multigroup cross section library

The multigroup microscopic cross section for
each isotope and each reaction type z, o},

2. A depletion chain coherent with this library
The decay rate for each isotope \;

The production yield for each isotope Y; ;_.; for
production reaction p inciuding decay (p = d)

3. Global cell parameters

— Geometry including material composition and
mesh decomposition

— Local parameters including temperature, power,
etc.

— Initial conditions N;,(t,) for isotope ¢ in re-
gion r at t = t,



_|_

The Cell Depletion Model of DRAGON (2)

e (Calculation process

1.

Multigroup macroscopic material cross section
calculation

Using Ni,(t) at t =t, and o?,

39 .(t) =) Nis(t)od,

T

Flux calculation

Using Xj .(t), solve the transport equation us-
ing collision probability method for flux ¢7 in
each region r for each energy group g.

Depletion calculation
Solve the isotopic depletion for N;.(tf) giving
the final concentration of each nuclide j in re-

gion r at ¢t = t; assuming a constant power of
flux between time t, and ¢y, namely:

dN; - (t)
_,__;%__._ — Z: N;r(t) ; Yyioj Zg: ¢gag,i
+ Z Nip(£)YaimjXi
1

Go back to step 1



The Cell Depletion Model of DRAGON (3)

s Dimension of the cell problem:

1.

Total number of regions:

Relatively small (31 for a typical CANDU cell)

Number of fuel regions:

Relatively small (4 for a CANDU celi)

. Number of groups:

Relatively large (69 or 89 groups for our li-
braries)

Number of isotopes per region:

Relatively large (from 50 to 100 depending on
the library)



A Viable Depletion Model in DONJON

e Dimension of the reactor problem with fuel deple-
tion model

1. Total number of regions:

Very large (at least 5 x 4560 regions for a
CANDU with 4 fuel regions and a moderator
region)

2. Number of groups:

Relatively small (generally 2 groups for CANDU)

3. Number of isotopes per region:

Relatively large (from 50 to 100 depending on
the library)

e Total number of unknowns in depletion equation
Ng = N;fN:N;

Number of cells: N, = 4560
Number of fuel regions per cell: Ny =4
Number of isotopes per fuel region: N, = 50

Total number of unknowns Ng; = 912000



A Simplified Reactor Depletion Model (1)

e Combine the Ny fuel regions into a single region

Zr Ni,r(t)qbg(t)
Ni(t)¢9(t)

with ¢9(t) the average flux in the celi and N;(i) the
average concentration of isotope 7 in the cell.

F7(t) =

e New depletion equation:

dN;(t)

-+ Z Ni(t)YaimjN
i



A Simplified Reactor Depletion Model (2)

e Combine many fission products into a pseudo-fission

product

tepf

Y:L‘,?lu—rpf - Z Ym,z—)J
jepf

Ye or pf — Zienf szDf N?»(t)Ya:,z-—eJ
T,DT—P1 —
Npr(t)
Apf = ZiEpf Zjepf Ni(t)lfd,z'—»jA,;
Npr () Ya,pr—pf

¢ New depletion equation for pseudo-fission product:
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A Simplified Reactor Depletion Model (3)

e Combine many heavy isotopes (actinides) into a
few pseudo-actinides

Npa(t) = Y _ Ni(t)

i€Epa
Y:c,z'—>pa — Z Yﬂ?,i—"j
jepa
Y, paps = Zz‘epa Zjepa Ni(t)yw,i—ﬂf
’ Npa(t)
Apa Zieoa Zjepa Ni(t)Yd,i—dAi

NDa (t)Yd,paapa

e New depletion equation for pseudo-actinide:
dNpa(t
Woolt) . Noy(1) 3 Vapaooa 3 FA(0)H02 5,
x g

dt
+ Npa (t) Yd,pa—ma )\pa
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5. Advanced Fuel Cycles in CANDU

e use of natural uranium:

- low fuel costs
o  simple fuel cycle (once-through)
o reliable fuel handling and safe storage

- daily refueling requires very small excess reactivity
o  no soluble poison (boron) in moderator
o average exit burnup nearly 2x average burnup (continuous refueling
limit)
- average exit burnup acheived: 7500-8000 MWd/TeU

o low fissile content of spent fuel (=2.0 g/kg U-235, 2.4 g/kg Pu-239)
e  no commercial reprocessing

40000
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20000
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7700 MWdr

y ey y e e——
0 500 1000 1500 2000 2500

10000

Cummulative bundles refuelled

Full power days (FPD)

Actual average exit burnup in Gentilly-2

D. Rozon
‘December 1997



CANDU Fuel Management
and Advanced Fuel Cycles

Advanced fuel cycles

e uranium enrichment

availability of U enrichment services

recovered uranium (RU) from commercial reprocessing of PWR fuel
modest fuel fabrication costs

improved resource utilization (higher burnup, lower fuel costs)

« MOX

availability of from military Pu disposal (or commercial reprocessing
of PWR fuel)
feasability study, reactor physics experiments

« DUPIC

direct use of PWR fuel in CANDU
drg reprocessing

OREOX process

reactor physics studies
heterogeneity problem

« DRAGON/DONJON results

compare various cycles at equilibrium refueling for different axial
shuffling schemes

o  average exit burnup

o channel and bundle power distributions

o  adjuster worth

o CPPF

study heterogeneity Froblem in DUPIC (carrying out both PWR and
CANDU depletion calculations)

full core CANDU 6 model, with adjusters and LZC

age model

D. Rozon
December 1997
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Time Average Calculations

e unit cell depletion calculations with DRAGON:

o 37-element fuel (Nat.U, SEU, MOX)
o CANFLEX (DUPIC)

e nominal 615 kW bundle, local parameters

o 2-zone differential refueling (inner/outer core)

12 34567 8 910111213141516 1718 1920 2122

!rmer—(Ee re

S<C<CcHNIOTVOZErXCeIOMMOODD
©

o equilibrium refueling. average exit burnup is adjusted to
make T/A model critical

e ratio of inner core/outer core burnup adjusted to minimize
peak power (radial flattening)

D. Rozon
- December 1997
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Numerical Results

e large increase in initial k., with SEU = higher burnup

e MOX: match initial k_, of SEU

o Puis added (uniformily) to depleted uranium (0.2%)
o k., drops more rapidely = lower burnup than SEU

e peak channel and bundle power sensitive to axial BS

27

Characteristics of CANDU-5 Core Refueled by Different Fuel Types

FUEL TYPE | BS| AVERAGE PEAK PEAK BUNDLE| ADJUSTER
EXIT BURNUP| CHANNEL POWER (kW) | WORTH (mk)
MWaT(U) | POWER (MW)
2 7710 7252 (J11) 868 (E12,6) 17.49
Nat. U 4 7668 7231 (J11) 839 (E12,6) 17.62
8 7613 6991 (H8) 837 (E12,6) 16.64
2 14226 6738 (F15) 777 (E11,7) 14.00
SEU0.9w/o | 4 14292 6748 (F15) 799 (E14,5) 14.43 II
8 14768 6860 {H15) 856 (E12,6) 15.43
2 21715 6939 (E14) 865 (F15,3) 10.14
SEU12w/o | 4 22169 6806 (F8) 872 (F8.,9) 12.30
8 23799 6840 (H8) 867 (G8.7) 14.99 H
2 5931 6806 (E14) 732 (F15,4) 12.47
MOXO0.8w/o | 4 6051 6773 (F15) 775 (F15,4) 13.44
8 6327 675C (G15) 859 (E12,6) 14.57
2 12454 6844 (F15) 850 (F15,3) 10.34
MOX 1.2w/o | 4 12796 6859 (E14) 854 (F15,4) 10.61
8 13907 6862 (H15) 865 (E11,7) 14.54 I

%

D. Rozon
December 1997
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Power Distribution

e size of inner burnup zone not optimized for enriched core

e axial power profiles in selected channels:
o axial offset increases with fuel enrichment
o axial offset larger as BS is reduced (8BS = 4BS = 2BS)
o flattenning due to presence of adjusters

1234567 8 91111213141516 1718 19202122

S CHN IO TOZErRaIOTMMOOW®

e reduction of adjuster worth: radial flattenning, more
absorption in fuel

e evaluation of CPPF: age model

D. Rozon
December 1897
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Peak Bundle Power (kW)
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36-Channel Supercell Model

 symmetry

o infinite lattice: periodic boundary conditions in X-Y plane
o no symmetry in Z-direction (12 bundles in channels)

« bi-directional fueling schemes
o explicit representation of axial fuel movements in each channel

o alternating fueling direction in neighboring channels
o T/A and instantaneous calcuiations

« refueling sequence used to fix channel «age»: f,=n;/ 36

®

gelgeE@
sclelclelelE,

slejclclele)

EEEEO®
elejelelcle
elelelcle]C

periodic boundary conditions
in X-Y plane

D. Rozon
December 1997
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CANDU Fuel Management
and Advanced Fuel Cycles

in DONJON

Block Sequence

711 1 9
13 315 5
6 16 4 14
10 212 8

30

Refueling Sequence for Age Map

Refueling Sequence in odd blocks = Refueling Sequence in even blocks
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CPPF
AVERAGE -
FUEL TYPE | BS | EXIT BURNUP CPPF
MWd/T(U)
2 7710 1.021 (P18)
Nat. U 4 7668 1.038(V12)
8 7613 1.079 (E16)
2 14226 1.051 (P18)
SEUO.9w/o | 4 14292 1.104 (E16)
8 14768 1.235 (E16)
2 21715 1.086 (L10)
SEU1.2w/o | 4 22169 1.191 (E16)
8 23799 1.458 (P18)
2 5931 1.043(N17)
MOX0.9w/o [ 4 6051 1.098 (E16)
8 6327 1.258 (E16)
2 12454 1.094 (L10)
MOX1.2w/o | 4 12796 1.211 (E16)
8 13907 1.505 (E16)

e CPPF increases significantly with enrichment (¢) and
decreases when bundle shift (n) is reduced:

= 2 BS s required for enrichement above 1%

e axial flux shape is significantly affected by combined effect
of bi-directional bundle scheme and enrichment:

o 36 channel supercell can be used to find correlation between CPPF
and (g, n, B) = optimization with T/A model alone (ex. OPTEX-4)

o optimization of refueling sequence within blocks for age pattern in
full core calculations

D. Rozon
December 18997
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6. DUPIC
» Direct use of PWR fuel in CANDU:

o spent fuel in PWR contains = 1.5 g/kg of fissile material (U+Pu):
= chemical reprocessing for recycle of U and Pu in LWR or FBR (Europe,
Japan, ...)

= remove sheath and create new powder for resintering and remote
fabrication of CANDU fuel bundle

e Questions:

1. What burnup can be acheived in CANDU using PWR
fuel after a 10 y cooldown period?

2. |s performance of DUPIC fuel in CANDU only a function
of the burnup of the spent PWR assemblies?

3. Sensitivity of DUPIC performance characteristics to the
uncertainty in initial nuclide field.

e DRAGON/DONJON analysis of DUPIC:’
PWR 900 (Daya Bay) = CANDU 6 (CANFLEX fuel)
o same ENDF-BS5 library used for both lattices (89 groups)

o reference (nominal 3.2% enriched replacement fuel)
= exit burnup: 30-35 GWd/TeU

o axial distribution of burnup in PWR assembly (local parameters)
o use of burnable poisons (PWR and CANDU)

o increase initial enrichment in PWR;:
3.2% (30 GWd/Tel) = 3.5% (35 GWd/Tel)

! Calculations performed by Dr Shen Wei, post-doctoral fellow at IGN.
Results are preliminary.
D. Rozon
December 1997
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Generating Nuclide Fields of Spent PWR

Fuel with DRAGON

PWR cell/assembly

17X17 assembly, water gap
264 fuel pins + 24 guide tubes + 1 instrument thimble
nominal conditions:

o  power density 39.95 kW/kg

o fuel density: 10.41 g/cc (460 kg/assembly)
o fuel temperature: 671.6 °C

o moderator temp.: 311.7 °C

Burnable Poison (BP) assembly:
o Boron-silicate glass, 16 or 12 BP rods

Local Parameters

case power moderator fuel
density | temperature | temperature
top 80% 325 °C 615 °C
center 120% 312 °C 788 °C
bottom 80% 293 °C 583 °C
nominal 100% 312 °C 672 °C

a) Power Cycles

fresh fuel
~. 10C
*
o
3
& spent fuel
0 i 2 3 years
b) Boron Letdown Curve
g_ 1000 N N
& : \\ } \\
c N "
& 500 N % :
e N N
o N \\ )| .
} P
0 1 2 3 years

D. Rozon
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CANDU Fuel Management
and Advanced Fuel Cycles

Numerical Results

Characteristics of DUPIC Core
(CANFLEX, with BP)

AVERAGE ADJUSTER
SPENTPWR | Bs| ExiTBURNUP | WORTH (mk)
FUEL TYPE MWA/T(U)
2 7710 17.49
Nat. U 4 7668 17.62
8 7613 16.64
3.2 wio 2 11765 11.45
WD 4 11833 11.79
35 GWDrTe(U) | ¢ 12298 12.55
3.2 wio 2 16702 9.72
30 GWD, 4 16970 11.40
GWDrTe(U) | ¢ 17934 12.80
3.5 wio > 15878 9.63
4 15652 11.55
35 GWDITe(U) | ¢ 16700 12.57
SPENT PWR [ o .| PEAK CHANNEL | PEAK BUNDLE CPPF
FUEL TYPE POWER (MW) POWER (KW)
5 | 7252 (J11) 868 (E12,6) | 1.021 (P18)
Nat. U 4 | 7231 (J11) 839 (E12)6) | 1.038 (V12)
8 | 6991 (H8) 837 (E12.6) | 1.079 (E16)
3.2 wio 2 | 6745 (G15) 766 (J14.3) | 1.049 (P18)
4 | 6731 (F15) 792 (H15.4) | 1.102 (Pi8)
35GWDITe(U) | ¢ | gggg (H15) 856 (E12.6) | 1.243 (P18)
3.2 wio 2 | 6872 (E9) 781 (E14.4) | 1.067 (N17)
WD/T 4| 6765 (F15) 830 (F15.4) | 1.141 (P18)
30GWDTe(U) | ¢ | 6872 (Hg) 863 (H7.7) | 1.357 (P18) |
3.5 Wio 2 | 6572 (F15) 819 (F15,4) | 1.062 (P18)
5 GWD 4 | 6846 (E14) 778 (F15.4) | 1.131 (N17)
35GWDITe(U) | ¢ [ g7 (H15) 861 (H16,6) | 1.326 (P18)
D. Rozon

- December 1997
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DUPIC Results

e reference DUPIC cycle similar to SEU 0.9

e initial nuclide field in DUPIC sensitive to:

o PWR assembly burnup: ABoypic . _;
ABpwr

o PWR local parameters

o PWR initial enrichment (same burnup)
e with 2BS, CPPF is smaller than with Natural uranium cycie
e axial power shape similar to SEU

o other considerations:

o CANDU local parameters

o void effect (influence of B.P.)
o Xxenon

o control rod worth

o heterogeneity : uncertainty in CPPF due to uncertainty in initial
nuclide field.

D. Rozon
December 1997
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Conclusion

« increasing the fuel enrichment in CANDU:

- increases burnup and reduces fuelin%costs
- reduce bundle scheme to maintain CPPF within current margins
- fueling machine utilization (refueling frequency)

» problem with 2BS and high enrichment can easily be
solved:

- relocating of rows of adjusters rods (away from central positions) will:
o flatten axial shape and reduce peak bundle power
o increase reactivity worth of adjusters
o reduce avg. exit burnup (increased ieakage and absorption)

- for reactors without adjusters, use a checkerboard pattern

alternating 6BS and 2BS.

« fuel management optimization requires simultaneous
optimization of control poisons (adjuster grading and layout
in this case)

« - flexibility of CANDU fuel cycles:

enriched uranium
recovered uranium

Pu disposal (MOX)
PWR spent fuel (DUPIC)
thorium fuel

D. Rozon
December 1997



