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Chapterl - Introduction

1 Introduction

The primary goal of this research is to develop and demonstrate advanced
simulations capabilities for heterogeneous light water reactor (LWR) core designs for the
recycling of transuranics (TRU). LWR recycling of TRU has been considered in the past
as part of a dudier recycling system in thé&dvanced Fuel Cycle InitiativéAFCI)
program; shown irFigure 1. In the duattier scheme, TRU is recycled limitedly by the
current fleet of operating reactors as a near term solution until more advanced reactor
designs can be deployed. To support the design of TétEls, a need to move to more
advanced simulation methods has been identified in the AFCI prddtalmiotti, 2005%.
Performing advanced simulations can provide a better understanding of the underlying
physical phenomena, in adidih to decreasing the number of experiments in support of
the design process, reducing design margins, and shortening the developmental design
cycle. The unique design and analysis challenges posed by TRU recycling in LWRs
present an opportunity to develepd exercise advanced simulation methods to a new

problem for a system that is well known by the nuclear industry.
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Figure 11 AFCI Transmutation System Strategies

In general, the strategy for TRU recycling in LWRs consists adlilng only a part
of the core with a mixedxide (MOX) fuel. This creates an inherent heterogeneity to the
problem that can be addressed in two distinct ways. One way is to use a heterogeneous
assembly design; that is, different fuel pins within the askembl be composed of
either a mixed oxide fuel with Pu (and sometimes other minor actinides) as the fissile
component, or the fuel pins will be composed of the traditionaj fu@l. This single
assembly design will then be loaded homogenously througheutore. Alternatively,
the fuel assembly design may have a homogenous fuel composition and the core will be
loaded with multiple assembly types, with each assembly being composed entirely of
uranium dioxide fuel or entirely of a mixed oxide fuel. EventhE& heterogeneous
assembly approach is selected, the heterogeneous core must also be considered, as fully

UO,-fueled cores transition to the first core loadings with reprocessed fuel.
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The exercise of applying advanced simulation methods to a well knostansy
provides an assessment of their potential gains. Conventional approaches to reactor
design and analysis have already been proven adequate since MOX assemblies are
currently in use, but this work helps to identify some of the potential limitations of
conventional approaches. Furthermore, the cost, challenges, and limitations of
performing advanced simulations are identified. The identification of these issues can
then help focus future research. Lastly, from the analysis performed, knowledge about the

efficiency, operability, and sustainability of TRU recycling in LWRs is better understood.

1.1 Previous Work

Previous studiefKim, 2002 Stillman, 2004 investigating TRU recycling in LWRs
have typically been perfored at the assembly level using lattice physics codes. These
studies showed that TRU mutiécycling in LWRs using a heterogeneous assembly
design in a homogenous core is physically possible, but from a fuel cycle perspective has
some practicality issuesish as fuel handling during fabrication. A subsequent outcome
of the methodology used in these studies is that it limits the analysis to homogenous core
loading schemes only, since the lattice code does not modelasséimbly problems; in
this regard, ldice codes have been used for cedet calculations involving four different
assemblies, but become inefficient for models with more assemblies.

Other work that is still oigoing is the development of an advanced reactor physics
simulation tool for apptation to LWR cores. The code DeCARJoo, 2004, used for
this study, is capable of providing higidelity solutions (e.g. supin level power
distributions) for direct wholeore calculations treating the explicit geometry of the fue

pin for steadystate, depletion, and transient problems with thermal hydraulic feedback at
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the pin level. The original development of the code was done undeN&RI project
involving U.S. and Republic of Korea national laboratories and universities was

sponsored by the U.S. DOE Office of Nuclear Energy.

1.2 Present Work

Chapter 2 provides an overview of the methods employed by DeCART for
performing the wholeore calculationChapter3 discusse the necessary advancements
of these methodologies that were required to perform a core analySitapter4 the
results and analysis of the study performed are presented. The analysis consisted of
calculating and then compag equilibrium core designs in both-2 and 3D for
homogenously loaded reactors utilizing either conventional, W& reference or
CORAIL assemblies for MOX recycling. A heterogeneous equilibrium core design was

also calculated for-B. Finally, inChaper5 the conclusions of this work are presented.
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2 Overview of Methods

This chapter will provide an overview of the methods used in the DeCART code
[Joo, 2004, which has been used for the whalere calcuhtions performed in this thesis.
For DeCART to perform the wholeore calculation this requires the use of the neutron
transport, depletion, and thermal hydraulic calculational modules in DeCART; each of
which rely on a different set of governing equatioAtso described is the treatment of
the cross section resonances to incorporate temperature feedback and the methodology
used to obtain the equilibrium core compositions. This last feature is one of the original
contributions performed as part of this steework.

The overview of DeCART in the following sections is not intended to describe the
subtleties of all the methods. More detail is available in the numerous references provided

in each of the sections.

2.1 Neutron Transport Methodology

DeCART utilizes amulti-group deterministic approach referred to aS/2-D for
solving the whole core transport problem. This is implemented within the framework of a
low-order 3D coarse mesh finite difference (CMFD) scheme that couples hayder
solutions provided by-D method of characteristics (MOQHalsall, 1980 kernel and a
1-D nodal diffusion kernel based on the nodal expansion method (NEM)
[Finnemann, 1977or the semanalytic nodal method (SANMJu, 2002. The objective
of the multigroup (typically 47 groups are used) neutron transport calculation is to

provide sukpin level scalar flux distributions while treating the explicit heterogeneous
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geometry of the problem. The iteration algomittor steadystate eigenvalue problems

that integrates all these methods is showRigure2 below.

N Converge@
Y

Update 2G
+ Homogenized
Cell Propertie

Update MG

Perform a 2G Homogenized
CMFD Outer : Cell Propertie
kgff ’ rzkg

' .
Update Regional Ray Tracing
Scalar Flux and R Group Sweep
boundary condition ”|Scat. Src Updal

A

Perform a M Update Reginal

CMFD Outer‘ > Fission Source
il
keff ’rmg
Exit Criteria .
K i, il
29 _mg fmg
128 <g,, 2. " <egandl>3 3 M <e, .
rzgo mgo rmgo

Figure 21 Outer Iteration Algorithm in DeCART

In Figure2, i represents the DeCART outer iteration numlpes,the CMFD outer
iteration indexk is the 2group CMFD iteratiorindex andl is the multigroup CMFD
iteration indexNote that the eigenvalukys, of the system is only updated by the CMFD.
For the exit criteria:(3g, Uhg, and umep are specified by the user. Then DeCART
computes each residual, where the subscript O indicates the initial value. The other
subscripts indicate if the residual is part of thgrdup CMFD, multigroup CMFD, or

outer iteration. The fqerscripts indicate the iteration number of the respective solvers.
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Each residual is essentially calculated adamorm between successive iterations, the
eqguations for some of these are provided later.

2.1.1 2-D/1-D Method

The basic approach in DeCART for ginig the 3D whole core calculation is the
2-D/1-D method This method splits the-B problem up into a -D radial problem and a
1-D axial problem. Any number of neutron transport or diffusion based methods can be
used for providing the planar and axialgions. Those used by DeCART will be
discussed in the following sections. The general motivation for usif.zD is that it is
considerably less computationally expensive than a Il 8ansport calculation for
large (e.g. core level) problems in whia fine level of detail is desired in the solution.

To obtain the coupled set of2 and D equations for neutron transport, we will
first show how the 2D equation is obtained starting from the steady state Boltzmann

transport equation shown below,

Wy (W E)+S(E) (FWE)=q( W E) Eq. @.1)
whereq represents the fission and scattering sources.
C ' E) = C C
((CiE)= L) g (E)fR (P Eilovvioe:
k 4p o 4 Eq. 2.2)
s . (CC C_ ) cC \C e
+B 7 ST WEI- E) (R Eiaide;

Eqg. @.1) is then integrated along thedirection over a thickness df to obtain the 2D
equation shown b¥q. 2.3), where the subscript indicates the vector for the radial
plane,d is the polar anglel) is the azimuthal angle, and the bar notation indicates the

average value over the direction of integration.
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singigosa X +sina L& (C.0, )+ Sy (C. E)=aC W, E)- L, Eq e9)
o pX MY =~
L, =—Czjq§é%(r(f,vc\:/r£)-/_hzz(r(r:,V?/r,E)S Eq. @.4)

Note that the transverse integrationEaf. 2.1) generates a transverse leakage témn,
for the axial direction. Similarly, by integratirign. @.1) along the rdial direction would
yield a 1D equation for the axial direction with a transverse leakage teymit is

through these terms that théd2and 1D solutions are coupled.

As mentioned previously, the/1-D technique can be used for transport theory as
shown or diffusion theory, or some combination of the two. Since the axial direction in
L WRG s i's generally |l ess heterogeneous wit
direction, diffusion theory can be sufficient for providing accurate solutions at less
computational expense. Therefore, DeCART currently uses a diffusion based nodal
method for the axial solver, the details of which are discussed later on in the chapter.
However, it 6s wor t-Ih difisioh sotutipn doeswnot tcdmtain thea 1
necesary information for calculating the axial transverse leakage term defined by
Eq. @.4). Therefore, a transverse leakage approximation is required. The axial angular
flux distribution at best could be represented by theapproximation of the angular
distribution, however an even simpler doubtg(DPo) approximation may be used since
this will still provide the same scalar flux distribution as th@pproximation. Currently
the DR approximation, which essentially defines antrigpic axial leakage, is used

because this only requires knowing the partial currents at thel'tdpand bottom J*%)
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surfaces of a plane. The calculation of the axial transverse leakage is explicitly shown by

Eq. 2.5).

E)- JB*(r(r:, E)) forcosg2 0

Eq. @.5)
( i (r E)- J° (Cr: E)) for cosg <0

a2
|
i

F

2.1.2 3-D CMFED Formulation

As mentioned previously the framework for theDZL-D is a 3D CMFD
calculation. The CMFD kernel is essentially what combines tBeNMOC solution with
the 1-D solution into a global -® solution. Therefore, a discussion follows on thB 3
CMFD problem to highlight what the CMFD kernel requires from thb and 1D
solutions.

The 3D CMFD kernel in DeCART is formulated as a nodal neutron balance
equation showrbelow for a homogenized nodgkj, wherel andk are the planar and
axial indices, respectively. The coarse mesh node in DeCART is understood to be an

axial slice of a pin cell as shown Figure3 with the node average scalanx| f , being

the solution vector to the CMFD linear system of equations.

N:ad
akds ad+aJlksAZ+S|kf|kV|k_Slkvlk Eq(26)

—1 s=1

In Eq. @.6) Jrag @andJ; are the surface average @mts in the radial and axial directions,
respectively, normal to node surfasaith areaA. The symbolg , S, andS represent

the node average flux, removal cross section, and source wittidés fission and
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scattering. FinallyV is the node volume and\.q andN¥, are the number of neighboring

nodes in the radial and axial directions.

The node averaged terms &q. 2.6) are all obtained through fluxolume
weighted homogenization techniques using the higher order solution provided bypthe 2
MOC solution which is discussed in detail later in the chapter. The expression for the

surface averaged radiagtcurrents is given as:

rad

Jhks = Sl,k,s(]?l(s),k ) ]?I,k)_ Iﬁ,k,s(l?l(S),k +I?I,k) Eq. 2.7)

where ¥ is the node averaged scalar flux for thenode in thek" plane andf'®* is

the node averaged scalar flux of the node neighboring fi¢gl®n thes side. D and &

are the radial coupling coefficients which represent the coefficient for the normal finite
difference approximation and a highader current correction factor, respective@.is

taken as the conventional definition of the diffusion coefficient, wherfrazn only be
determined by the MOC solution. Note that the inclusion of the higher order current
correction factor allows for the CMFD solution to exactly rejuce the 2D MOC

transport solution at least in terms of the scalar flux.

Just as the radial currents were provided by a higher or@es@ution, the axial
currents are also provided by thé1lsolution of a higher order nodal method used for the
axial drection. As will be shown in the following sections the response matrix for NEM
and SANM may be formulated to provide the axial current directly. The result of this
formulation is that the final equations for thélsolvers can be imbedded directly into

the CMFD kernel by substitution intég. 2.6).

10
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Figure 37 DeCART 3-D CMFD Problem
2.1.2.1 1-D Nodal Expansion Method
As mentioned previously, because the axial power shape in LWRs is fairly smooth
and the coras fairly homogeneous along the axial direction, a diffusion based nodal
method should be sufficient to provide accurate reshilide however, that the use of a
diffusion based method will have some error for problems with a partially inserted

control rodas noted byCho, 2006¢. The 1D diffusion equation is:

2

. D(Z)%f (2)+s.(2F(2)=a(2) Eq. @.8)

whereD is the diffusion coefficientg; is the total source representing fission, scattering,
ard the radial transverse leakage dhds the removal cross section. For simplicity in

notation the group indexals been dropped. In DeCART, NEM derived for the hode

11
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problem. The main approximation of NEM is that the solutionEqf 2.8) can be

represented by d™order polynomial.

)@a q. 29

The derivation of the NEM expression then involves selecting an appropriate set of basis
functions, f(u) whereu=z/h,, and then determining the coefficients of the polynomial.
DeCART uses a set of orthogonal polynomials defined on the interval [0,1] as the basis

functions and the following constraints:

= (u)du Eq. @.10a)

Eq. (2.10b)

Eqg. (2.10c)

The second and third constraints represent a physical relationship that comes fram the P
definitions of the surface flux, the next two constraints are purely mmttieal and are

obtained using the weighted residual method.

The resulting set of equations relates the node average flux with the partial currents

at the top and bottom surfaces of the node, as well as the first and second flux moments.

12
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The terms are therearranged to formulate the final form of the NEM response matrix,

shown byEq. 2.11). This expression is then substituted & 2.6).

Js :Tl‘]i-r: +T2Jiﬁ +T3’?+T4’;; +T5’?2

out

J > =T1‘]iI1 +T2‘]iﬁ +T3F' T4f1 +T5f2

out

Eg. 2.11)

2.1.2.2 1-D Semi-Analytic Nodal Method

The semianalytic nodal methods also derived for a single node starting from
Eq. .8). However, instead of assuming that & @rder polynomial can satisfy the
solution, it isassumed the source term Bf|. 2.8) is represented by a™order

polynomial.
a(u) @& aR(u) Eq. 212)

whereP; are the Legendre polynomials awel?2z/h,. The general sotion of Eg. 2.8) can

then be written in the following form:

—_ .? H é Y4 Sr 6 é 4 SI’ 6
flu)= .‘1 a Pi(u)+a.5smh§é%\/%u§+a6 cosré%\/%ug Eq. 2.13)

The hyperbolic functions arise from the homogenous part of the solution, and the linea
combination of Legendre polynomials represents the particular part of the solution to
Eq. @.8). The rest of the steps in deriving the final expression for the SANM solution are
similar to those required by NEM. Specificallhet coefficients tdeq. (2.13) must be
formulated in a similar manner to the NEM approach so that the final expression can be

substituted into the global CMFD balance equatiok@f 2.6). The final exprsesion for

13
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the I-node SANM formulation is shown bigq. 2.14); note that the coefficientd;, of

Eq. 2.14) are different from those iRq. 2.11).

J(-)rut = lql +T2q2 +T3q3 +T4q4 +T5Ji-; +T6‘]i§ +T7f

_ Eqg. .14
JoBut =-1L1q +T2Q2 - TsQa +T4Q4 +T5‘]; +T6‘]iﬁ +T7f A (2 )

2.1.3 2-D Method of Characteristics

The basis for the -B transport calculation in DeCART is the method of
characteristics. It is well known to provide an accurate solution for general geometries.
Starting fom Eq. 2.3) and defining the right hand side as a combined source tgrm,
the method of characteristics, which is a general mathematical technique for transforming

a partial derivative into a total derive® by considering a characteristic directgns

applied.
CC.\ § C C .\ &lF+sv W
@ (ol E)s SEE) Co o )= AT SWE) g o1
ds sing sing

From hereEqg. 2.15), can be integrated along the characteristic direcioim obtan an

analytic solution ofEq. @.3). If the integration is considered for a region where the
source term and material properties are assumed to be constant, then the final form of the
MOC equation is shown big. 2.16); where the outgoing angular flux of a region is
expressed as a function of the incoming angular flux, region source and cross section, and

characteristic length

(CC \_cC \ & 5E)ss GW,.E)e & S(E)sew
WE)= W E Ll - )
J (rr, b ) / (ro, A )expWT S(E) gl expgewgd Eq. 2.16)

14
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With this formulation, a set of parallel tracks or rays for different azimuthal angles can be

used to represent the characteristic directions along which neutrons may traverse the
problem domain. Considering now the discretized problem for ggouggioni, and the
characteristic ray, witht hi ckness, m, q@kdy), defired By @adimuithal a n g | e
angleU, polar angled,, the MOC expression for the outgoing angular flux is given by

the equation below.

joue = jing expég §igg,j,k g+ 0%m e e a- §i%,j,k ;ﬁ Eq. @.17)
i,j,k,m i,j,k,m ée Slnqm 9 §ig é ‘:loée Slnqm 9@ q .

Flar Source
Regioni

Figure 41 Characteristic Ray passing through a Discrete Region
The average angular flux for tifflat source region is then obtained by integrating
Eqg. @.16) fromrg to ry. It is shown below b¥Eq. 2.18) in its discretized form. Finally
the scalar flux is calculated by taking the weighted sum of the average angular fluxes for
aregion.

7-outg _ +in,g =g
=g _/ i,j,k,m / i,j,k,m + qi,k,m

Jijkm = gigs,j,k X

Eq. £.18)

15
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f? :.a;. W A Wof 1 kom Eq. .19

There are several other subtleties to the implementation of MOC that relate to the
discretization of the characteristic tracks or rays and how they are traced across the planar
domein. In DeCART the angular discretization is based on an optimal set of polar angles
[Leonard, 199p and equally spaced azimuthal angles. A modular set of rays is then
chosen which allows for path linking of the rays across the ¢kosaka, 200D
Furthermore, modular rays only require storing information about each unique ray tracing
module for which rays are generated and thus lessens the computational burden of
performing the wholeore calculation since ¢hactual core geometry is typically
repeated. The details of the ray tracing implementation are not necessary for
understanding MOC, and so no further discussion of them is provided here. However,

details about the MOC implementation in DeCART can be fanfi@ho, 2003.

2.2 Depletion Methodoloqgy

Since the fuel composition variegth the fuel burnup, a depletion calculation is
essential to reactor physics calculations and analysis. A change in composition can
impact several aspects of theactor, including themultiplication factor, neutron
spectrum, local power distribution and reactivity coefficients. A general expression for
the depletion of a nuclide by neutron reaction and radioactive decay can be written as

follows:

ax(® _ x4 21 X, SFA fs X - (1, +s)X  (i=L1..N) Eq. 2.20)

d j=1 k=1

16
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where
Xi(t) . particledensity of nuclide
& : the radioactive disintegration constant for nuclide
v : the effective 1-groupneutronabsorption cross section of nuclide
Ci : the effective 1-grouptotal neutroncross section of nuclide
f : thetotal neutronscalar flux
lj : the fractions of radioactive disintegrations by nuciidehich lead to the
formation of nuclide
fi . the fractions of neutron reactions by nuclidewhich lead to the

formation of nuclida.

Note that this equation only considex single homogenous region or point with
constant flux. This is to give the equation constant coefficients and to remove a non
linearity from the equation that can be introdudsdconsidering a time dependence of
the flux. The motivation for the application of these assumptions is to obtain a differential
equation that can be solved easlyn De CART, a depletion fApoi
uniform cross section region. This meahat the fuel composition of a pin can be
radially or azimuthally and radially dependent as shownFigure 5 and Figure 6.

Typically, only radially dependent cross section regions are used unlesssthesgong

local asymmetry.

17
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Figure 57 Radially Dependent Uniform Cross Figure 61 Radially and Azimuthally
Section Region (Grey) Dependent Uniform Cross Section Region
(Grey)

Next the nuclide concerdtionsare consideredor several species as a vegtor
-
X =(X,2 ,X,,2 ,X,)". Therate of change of the fuel composititer a homogenous

region can then bexpressd as a homogenous system of coupleckar first-order

ordinarydifferential equatiorasfollows:

4 .C
d—)t( = A Eq. @.21)

where A is a NxN matrix constructed fronthe neutron reaction rates and radioactive
decay rates antheir fractions. Note that the diagonal components are alltivegand
represent the removal rates of each nucidand the offdiagonal components; are all
positive and represent the formation ratesXofrom X;. The purpose of the depletion

calculation is to solve the system of equations represented.b@.21).

There are several methods for performing depletion calculations. Most of the lattice
codes such as CASM@Smith, 2000 and HELIOS [St a nem|20802 use the
linearization methodywhere each nuclide has only one precursor and successor. Although

it is verytediousto setup the linearization, this method is very fast and straight forward to

18
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calculate. However, there are lots of assumptions that go into the linearization, and when
the depletion chain is changed the program must be modified to consider the new
depletion chain. The otheapproachis to solveEq. 2.21) directly using the matrix
exponential method developed for ORIGEBEIl, 1973. Since this method can include

lots of nuclides and can be extended without any limitation; this method is known to be

the most powerful.

2.2.1 Matrix Exponential Method for Long-Lived Nuclides

It is known that there are several methods for obtainingthaion ofEq. 2.21).

By applying the matrix exponential methadHq. 2.21) the solution becomes:

X (t) = exp (At) X (0) Eq. 2.22)

A4
where a vectorX (0) represents the known particle number densities at the begioifi

the time step. Obtaining\(J(t) then becomes a matter of calculating &p( This can be

done through a Taylor series expansion of the matrix exp@hshbwn byEq. 2.23).

2 o m
exp(At) =1 +At+ﬂ+3 3 =4 GO Eqg. .23
2 meo M

If all the nuclides are included in the transition matrix, then A becomes a very large
sparse matrix with widely separategigenvalues that makes solving the matrix
exponential equation d&q. 2.22) nearly impossible. Issues also arise in maintaining the
accuracy of the solution by the matrix exponential method due to the floating point

arithmetic irvolved in the summation of very large and very small numbers.

Since the full transition matrix cannot be solved for efficiently by the matrix

exponential method, the matrix is divided into two parts; one for-liwegl nuclides and

19
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the other for shorlived nuclides. Considering just the letiged nuclides, the matrix
exponential can be accurately computed Egy. 2.22).The solution of the shaotived
nuclides is discussed in the next section. The criterion for the matrix sepdsabased
on the removal halife where the longdived nuclides are defined such that the
irradiation time interval is less than 10 times their removal -lifalf since any

concentration of a nuclide essentially becomes zero after 1-0vesf

In2

Dt¢1Qx, ,,, wheret; ,,, = T +s7f
a i TS

Eq. 2.29)

Given that our transition matrix is only going to consider kiwgd nuclides, the
suggestion of Ball and Adani®8all, 1967 that the transitions involving shelived
nuclides with large removal rates be considered "instantaneous" is adopted. For a decay
chain of AA B A C in which the removal halffe for B is very small, then the matrix is
reformulated for the decay chainAp C; where the transition coefficient is obtained from
Vondyo6s sol uti on o[WVondyhl862 6 adnsidderdhe impagtwfthei o n
intermediate shotived nuclide, B, that has been removed. Similarly, if the removal half
life for A is very small, the decay chain is rewritten ag,BC, however in this case the
amount of i sotope B initially present mu s
include the shorlived precursor A so that the initial particle number density of B lvél
equal to A+B for the matrix exponential calculation.

The exponential matrix method and the Bateman solutions complement each other
in this approach. The exponential matrix method is quite accurate when the transition

coefficients are small but has jpdlems when including large rate constants; conversely

20
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the Bateman solution has some numerical difficulties for extremely small rate constants,
but is stable and accurate for large rate constants.

2.2.2 lteration Method for Short-Lived Nuclides

The particle numbredensities for shotived nuclide chains beginning with a long
lived precursor are calculated using an iteration method. The-lsremt daughter is
assumed to be in secular equilibrium with its parent at the end of any time interval. The
concentration bthe parent is obtained from the exponential matrix method described in
the previous section, and the concentration of the daughter is calchiatelting the
time rate of change toerobecause of the secular equilibrium assumption

N
X =0=§1an; Eq. 2.25)
Eqg. 2.25) can be readily solved by using a Ga&sdel iteration. The coefficients Ey.
(2.25) have the property that all the diagondments of the matrix are negative and all
off-diagonal elements are positive. The algorithm involves inveEipg2.25) and using
assumed or previously calculated values for the unknown concentrations to estimate the

concentrabn for the next iteration

1N

k+1 k

X =- __ijaz-laijxi Eq. 2.26)
i

The iterative procedure has been found to converge very rapidly since, for these short
lived isotopes, cyclic chains are not usually encounteneldtle procedure reduces to a

direct solution.
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2.2.3 Predictor-Corrector

As mentioned previol in the chapter in the formulation of the time rate of
change for an isotop&q. 2.20), the flux is assumed to be constant with time.rélaae
several techniques for incorporating the time dependence of the flux into the depletion
calculation. This is typically done by dividing the depletion problem into series of time
steps, and periodically performing transport calculations. Howevegubecthe time
dependence of the flux has nbmear feedback from the change in the fuel composition
the optimum depletion step size is often not known a priori, and to maintain an accurate
solution the time steps are often very small leading to a longempuatation time.
Therefore, to reduce computation time and allow for longer burnup step sizes DeCART
adoptsthecommonly used predictarorrectortechnique

The predictorcorrector method works by computing a predicted nuclide
concentration for a given tienstep, and then a corrected nuclide concentration. The basic
predictorcorrector approach is:

Ntz (ftl’stl) + Ntcé (ftZ’stZ)

N, = 2

Eq. 2.27)

The predictor step includes the typical depletion calculation to obtain thielgpa
number densitie\(# ,0 ¢ ), at burnupt; by using the dgroup flux and cross section
at the time of burnup,. At this point the new predicted-group flux () and cross
section (") are obtained through a transport calculation using thedigted
concentrationN"o(f; ,&: ). Next the corrector step performs a depletion calculation
using the new -‘broup flux and cross sectioand the new corrected particle number

densitiesNee(f 0, 07), are obtained. The final particle number densitied, are then
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taken to be the arithmetic mean of the predicted and corrected concentrationklOsce
obtained then a transport calculation is performed to obtain the steady state flux

distribution att,, (). This process is illustrated Figure7 below.

Predictor

Ntz (ftl) - ftpz

Ntz' ft2

N%(f;)- N2: NtZ(ftl)'*'NtCz(fth)
t t t
Corrector 2

Figure 71 Predictor-Corrector Method

2.3 Thermal-hydraulic Feedback Methodoloqgy

The final step to producing realistieCB core power distributions at hot full power
condtions necessitates the use of thedmadraulic (T/H) feedback to the neutron
transport solver. This feedback is accomplished through Doppler broadening of cross
sections, primarily in the fuel, and also changes in material density, namely in the
moderatorregions. In general, the T/H calculation consists of two parts, the convective
heat transfer in the coolant and the heat conduction in the fuel pin. Although DeCART is
capable of performing transient problems, which requires a transient formulation of the
governing equations, only the steady state T/H solver is discussed here because the
transient formulation does not pertain to the work of this thesis. The details of the
methods for performing the steady state T/H calculations and temperature feediteeck of

cross sections are briefly described in the following sections.
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2.3.1 Thermal-hydraulic Energy Balance

The basis for determining the coolaiemperature andlensity distribution is a
conservation of energy. The energy balance is performed onaig@gnbasisusing the
coarse mesh of the CMFD kernel described previously. It assumes a closed channel, so
there is no cross flow between pins and ond® flow in the axial direction. From the
first law of thermodynamics with constant pressure and stetdy condions the

energy balance for a nodig can be written as:

i Qi
hout — hln + )
I K I K M A Eq. 2.28)
whereh is the specific enthalpygN] i s t he node avneistaegnede!l i ne a

mass flow rate, and\ is the coolant flow area. Once the node inlet and outlet
enthalpies are known the node average enthalpy is computed. With the node average
enthalpy and pressure, the temperature and density of the coolant are determined from a
steam tablend the coolantnaterial composition is update@ihe system pressure, mass
flow rate, and inlet enthalpy for the core are provided by the user.
2.3.2 1-D Conduction

Two sets of equations are used to solve the steady sfateohduction problem
shown inFigure8. Eq. 2.29) is the heat diffusion equation in cylindrical coordinates and
applies to the fuel pellet and clad, howegeNpizero in the clad. The other equation,
Eq. 2.30), i's Newtonods Law rélatesthe lyss gap tempenature, &t i on
to the fuel pellet surface temperatufig, and the cladding wall temperatuik,, to the

coolant temperatur@,.o. Radiative heat transfer issumed to be negligible.
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1da,dTa
0==—ask—o+dii Eqg. .29
rdrg drg au % @29
. _ & dTg
5=-a'5 8 =n,(1,- )
' dTas Eq. 2.30)
i = '%_O = h\I\I(TW - Tcool)
¢ drs,
|
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. il
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Figure 81 1-D Conduction/ConvectionProblem

For the fuel pellet regiokq. 2.29) is discretized with a finite differencing method
that is 2 order accurate. It assumes equally spaced mesh points and calculates the
temperatures for each mesh boundary. The heatesatitbhe pin averaged power density
computed by the neutron transport module. The fuel conductivity is determined from an
appropriate correlation. These correlations are discussed in the following chapter. The
gap conductance and heat convection coeffi@ea specified by the user. The solution to
Eq. 2.29) in its discretized form is shown iEq. 2.31) for meshi and the resulting

system of equations is solved using Gaussian elimination.
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QIII = a'i—lTi—l + aiTi + a1'+1Ti+l

_ Niyda Drg
& =- Drzz?" 2_r|§

_ 13 Dr 3 ] ~0 Eq. 2.31)
a = DrZ %H% +k| }é + 2ri %(H% kl% 0

2.3.3 Cross Section Resonance Treatment

The otherphysical T/H feedback mechanism of the neutronics probileraddition
to the coolant densitys through the temperature dependence of theastopic cross
section; namely, Doppler broadening of the resonances. In DeCART the cross section
resonance treatment is handled using the subgroup mé¢@oda nem|2@02 Joo,
20048 which accounts for the apial selfshielding effect as well as the Doppler
broadening.

In general the problem to be solved by the subgroup method is to determine the
average cross section over a lethargy ragmeThe expression for this average cross
section is shown below i&q. 2.32) for thei™ flat source region, wher€ is for the

temperature of that region

B |’§in (u,T)s " (u,T)du
[ T

5'(T)

Eq. 2.32)

The fundamental idea of the subgroup method is to approximate the integfats of

(2.32) with a quadrature set. This is also shownHyure9 and inEq. 2.33), wheren is

the index of the subgroup.
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Figure 91 Subgroup Approximation

AT T @q_lwn(T)f;(_T)sn
F[ljf' (u,T)du an W, (T)frl1 (T)

5(T)

Eq. 2.33)

The subgroup weightsy,, and cross sectiong,, are tabulated in the cross section
library used by DeCART. The subgroup fluk, is the unknown oEq. .33) and is
constructed from an equivalence cross section, define&dy@.34), to enforce an
equivalence of the heterogeneous flux representative of the problem geometry and the
homogenous flux derived in relation to the background cross section for the homogenous
slowing down problem. The equivalence cross sasti@re determined by the
heterogeneous flux calculated from a fixed source transport calculation performed for
each subgroup level using thed2MOC kernel, but redefining the source as shown in

Eq. 2.35) and theremoval cross section as a function of the subgroup level cross section.

> J spt iNRsm- /S, Eq. 2.34)

SriSt4+/S Y FML— b
R NS +S7 0 1A
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o o S, =Ngs +/S) Eq. 2.35)

where N, is the number density of the representative resonant isotopenaigl the
subgroup | ® wl, Bnd&aleethe . mackoscopic background cross section,
equivalent cross section, potential scattering cross section, and intermediate resonance
parameter respectivelfinally, a special treatment is added to thegsobp to handle the
nonuniform temperature cas€his is required because tlig itself is not tabularized by
temperature, but in the formulation of the fixed source problem this term should be
adjusted for the doppler broadening. In other words, the sansbould not be used for

two regions when a neutron is transported from a region with one temperature to a region
with a higher or lower temperature. Therefore, the following correction fddtas

defined based on the ratio of the local fuel tempeeatarthe average fuel temperature

over the entire problem domain. This factor is then multiplied Witin Eq. 2.34) and

Eq. 2.35).

Eq. 2.36)

2.4 Equilibrium Cycle Methodology

Equilibrium cycle search calculations for LWRs pose a particularly challenging
problem because the neutron spectrum needed to determine the reaction rates for the
depletion calculation is dependent on the fuelposition, which changes with time.
Additionally, in the context of a code like DeCART an equilibrium composition is

required for tens of thousands of fuel regions. This further complicates the approach for
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developing a novel equilibrium search algorithecause it now requires one to tackle a
nontlinear time dependent problem for a necessarily large system with a spatial
dependency. It was then decided that a simpler, albeit more rigorous, iterative approach
should be used which can be understood as do@t@athe power iteration.

In the approach used here a fixed core design including a shuffling pattern in
addition to the loading pattern is defined through the input. DeCART then uses some
guess for the compositions for each unique fuel region in thee arod depletes this for
one cycle to obtain a new set of compositions. The fuel is then shuffled and the cycle
depletion is repeated using the new compositions. This process is shdwguia 10

below for a 1/8' core.
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Figure 107 Concept of Power Iterationm Anafog for Equilibrium Cycle Search

The letter indicates the path along which the assembly will be shuffled during its
life in the core and the number indicates its presgaole of residence in the core (e.g. 1
is the first cycle in residence and 3 is the third cycle in residence). While the drawback of
this approach is that it is extremely time consuming and somewhat slow to converge, the
benefit is that it provides an imt&ally consistent result and is guaranteed to converge. To
be able to search to equilibrium in this fashion, new features such as the fuel shuffling

were added and they are discusseGhapter3.

30



Advanced Simulation of Heterogeneous Light Water Reactor Cores for Transuranic Recycle
Chapter3 - Methods Improvements

3 Methods Improvements

Although DeCART is a fairly mature code, at the outset of this research DeCART
was incapable of performing the type of core level analyses desired to meet the goals of
this thesis. Therefore, prior to any analysis, much work was done to improve DeCART.
This incluced improving the implementation of certain physics models, adding entirely
new capabilities, and general improvements to code performance such as optimizing
memory usage and increasing solver stability. This chapter contains a discussion of the
experiencesrelated to the practical problems associated with the development and
application of advanced simulation tools because they are certainly nontrivial. The
remainder of this chapter describes some of the more notable, albeit sometimes subtle,

improvementsd the DeCART code.

3.1 Improving Physics Models

This section covers modifications that pertain to some part of the underlying
physics involved with the reactor core calculation. The main areas that were changed
involve depletion, calculation of the fission spem, and the thermphysical properties.

3.1.1 Depletion Module

Several changes were made to the depletion module in DeCART, however the
essential methodology of the point depletion calculation remained unchanged. The
changes made addressed deficiencies in ithi@lementation of the point depletion

calculation and the data used by it.
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3.1.1.1 Depletion Library

A typical cross section library for a neutron transport calculation consists of
microscopic cross sections and resonance parameters in a fine group structure. The
depletion calculation requires additidbnanformation about the radioactive decay
fractions and halfives, fission yields from different fissionable nuclides, affikctive
1-group cross sections for many more nuclides than are typically requiredréorsport
calculation.Therefore, it is often beneficial to have a library separate from the transport
library to contain this information. Having a separate depletion library also provides
greater flexibility in the depletion chain model; this is the apph used for DeCART.

The depletion library previously used by DeCART was essentially the same as one
of the depletion libraries supplied with ORIGEN Croff, 198(Q; although one notable
change had been made with the majority ofuthstable nuclidesharacterized by having
extremely short halfives and very small cross sectiobging lumped so as to reduce the
overall computational burden of DeCART. The ORIGEN libraries are subdivided into
three parts to represent the depletioainh for the actinides, fission products, and lighter
elements. The DeCART depletion library was updated based on the information in the
ORIGENS library[Gauld, 200§. The reason for doing so is that the ORIGENbrary
is more robsgt and contains more complete and newer data. The main additions of this
library included fission yield data for 30 nuclides instead of just 8, more nuclides in each
chain, and new-§roup cross sections instead of jugjrbup cross sections.

3.1.1.2 Few-group Cross Section Weights

With the implementation of the-§roup cross section data from ORIGE\ the
point depletion calculation now reflects the logabblem dependergnergy spectrum

calculated by DeCART. This is accomplished through the use of region digen
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spectral weighting factors, and allows the library to be more accurate for a wider range of
problems. This improvement addressles drawback of usinga 1-group cross section
library in which the spectrum used to generate the cross sectioassisnedand
thereforemay notalwaysbe valid forrepresenting the problem dependent spectrum

The weighting factors for collapsing thegBoup cross sections are based on how
the cross sections in the library are defined. The ORIGEManual[Gauld, 2006b
prescribes the necessary definitions of the weighting factors. In DeCART-ghau b
cross section needed by the depletion calculation is constructedEegi®yl). Note that
this only applies to those nucliglgresent in the depletion calculation that do not have
data in the multgroup cross section library used for the transport calculation.

5= a: s Eq. B.1)

m=1

The weighting factor for the thermaroup is calculated based on the average
thermal neutron energyg,, , compared to the reference energy of the cross section in the

depletion libraryEy as seen irfEq. 3.2). The weighting factors for all othgroups are

based on a ratio of the maegooup flux to the thermal group flux shown Byg. 3.3).

fE),. 8 o
E,
RS E A=
- _ E _ @min \/E _ 9=0m +1 Eg E G 2)
\EVI - E B 'J'EMf N S g
th @mm (E)jE aig
g=gm *
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Im-1

- ,\,Em»l - f

. £ 0 f(EXE ag
== e = Eq. 69

M @mh f(E)dE af,

g=gu *1

whereg is the index over th& fine-groups andnis the index over th& macregroups

andf are the fine group fluxes ar‘yé1 are the macrgroup fluxes.

3.1.1.3 Decay Calculation

The capalility to perform a decay calculation has also been implemented into
DeCART. A decay calculation uses the same methodology for the point depletion
calculation as described fBection2.2, but it assumes the flux is zero, sottktize only
mode of transition between nuclides is by radioactive decay. The purpose of adding this
feature was to be able to simulate time an assembly might spend in the spent fuel pool or
in the reactor during shutdown. This feature gives DeCART thetyaldi explicitly

model the full history of an assembly from fresh to end of life and beyond.

3.1.1.4 Implementation and Depletion Algorithm

The overall implementation of the point depletion calculation within DeCART was
improved to address two things. The firssue was related to how the nuclides were
being tracked by DeCART which arises from the fact that the transport module and
depletion module use two sets of nuclides. Previously, only those nuclides being used by
the transport module were being explicithadcked in DeCART; meaning that the
concentrations of the nuclides used by the depletion calculation that are not present in the
transport calculation were being reset to zero at the beginning of each depletion
calculation. The new approach explicitly tradk®se nuclides of the depletion module,

since there are more of them. Then the nuclides used by the transport calculation can be
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considered as a subset of those nuclides tracked for depletion. This prevents the problem
of resetting certain nuclide conceations to zero at the beginning of each depletion
calculation.

The second issue was to adopt a commonly used technique to reduce problem run
time by performing a depletion sigbep. A depletion subtep means that the depletion
calculation will go throughmultiple time steps without a transport calculation. This
allows one to save run time by trading the computational burden of the transport
calculation for that of the depletion calculation, which is often much less. It has been
shown that this techniquellavs one touse coarser timesteps for the depletion
calculation without a loss in accuraffighodes, 2006 This was implemented so that the
user could define number of sulsteps per burnup step. The theory behind this method
is that it is a way to address the fact that the formulation of the governing equation for the
depletion problem does not include a time dependent flux term. So, for practical purposes
to have that assumption hold true, small time steps must be used. Tdesuethod
essentially incorporates a time dependence into the flux normalization factor. This is
shown byEq. @.4) for M substeps then™ flux, representing the flux at timte+ mept, / M

used by the depletion calculation.

P
f =j f . wheref ,= L —
m=—/ulm1 m-1 Y a Nk .é"’J/' ) Eq. 84

J

wherePy is the total power at, /) andk §"' are the eigenvector for regigrand the
energy per fission mufilied by the microscopic fission cross section of regiand

nuclidei at t;, respectively, andN'"/, is the nuclide concentration af-1 substep.If it
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can be correctly assumed that the flux shape does not change between timieesteps t
there is no approximation to this method. It should be noted that it is left to the user to
judiciously choose the main depletion and -stdp time sizes. The algorithm for the

depletion calculation including stdieps is shown ifigurell.
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3.1.2 Thermophysical Properties of Nuclear Fuel

The correlations previously used by DeCART for the thermophysical properties of
fuel were taken from the NEABP 3D LWR Core Transient Benchmark
[Finnemann, 1992While these correlations may be adequate for typical reactors they are
only functions of temperature, and do not account for other important variableasuch
burnup or fuel compositiorAdditionally, since the creation of the NEAP correlations
more experiments have been performed to measure fuel conductivity to extend the range
of temperatures over which data exists. Therefore new correlations were impdme
based on the recommendationg[leink, 200Q and[Carbajo, 200[Lwhich are the most
recent surveys of available data. These correlations also happen to build on those used by
the fuel performance code FRABPGI-3 [Lanning, 1997. Most important to the work
contained here is the fuel conductivity. While heat capacities were also updated for
DeCART this property does not pertain to the analyses performed since this term only
appears in #@nsient heat conduction problems. For cladding materials there is no
evidence to suggest that the correlations currently being used are grossly inaccurate.

Since the correlation for fuel conductivity is the most relevant to the scope of this
work and undewrent the most significant change it is the only property that is discussed
here in further detail. The fuel conductivity, shownHEg. (3.5), is now expressed as a
product of a correlation for the unirradiated fuel conductiviy, which is commonly
what is measured by experimental methods, and several correction f&&pFP, FM,

FR, accounting for different physical phenomena.

k =k, (T,W,, JFD(B, T)FP(B,T)FM (p)FR(T) Eq. B.5)
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The unirradiateduel conductivity uses one of two correlations depending on if the
fuel is uranium dioxide (UOX) or a mixed oxide (MOX), these correlations are based on
those given ifCarbajo, 200Lwith a slight modification described [hanning, 1997 to
account for any initial gadolinium enrichment. The form of this equation, shown by
Eqg. 3.6), is the same for both fuel UOX and MOX, only the coefficieAt®8, C, D, and

D, changeT isthe local temperaturen units of Kelvin.

_ 1 . D
AW, + A+Bt+Ct>  t*

Q
0 0

wheret = T Eq. 3.6)

1exp§e&
27Nt 1000

TheFD andFP are correction factors that account for the effect of dissolved fission
products and precipited fission products that build up over time. They are a function of
temperature and burnupu, given in atom percent; both of these quantities are calculated
and tracked by DeCART for each cross section region. In general, the fission products
alter thefuel conductivity by introducing defects into the UOX or MOX crystal lattice
structure. Theé=M correction factor is the Maxwell correction factor for the porosgty,
for this work the porosity of the fuel was assumed constant at 0.05%. The last correction
factor accounts for the effect of the neutrons on the crystal lattice while the fuel is under
irradiation and its effect is only significant at temperatures below 900 K. The equations

for these correction factors are shown below.

alo 1.09 T
FD = warctarge-0, wherew=—"—--+0.0643| — Eqg. 3.7
cw+ Bu32%® Bu a4 6.7)
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FP=1+ 0;019'3”01200 —
(3- 0.0lgBu)gH expgei-a'a Eq. G8)
1-p
FM =
1+2p Eqg. 3.9)
0.2
FR=1- Eqg. 3.10)

1+ exp(T - 900)/80

Finally, Figure 12 throughFigure 15 show the old and new correlations together.
The new correlations for the unirradidteiel conductivity do not show much difference
from the correlation that was being used previously with the exception of the gadolinium
case. However, once one takes into account the other correction factors that account for
irradiation and burnup thend@hnew correlations generally predict a lower conductivity

which will result in higher fuel temperatures than would have been predicted previously.
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3.1.3 Boron Search
A fairly simple, yet necessary, functionality that was added to DeCART was to
allow for a boron concentration search. To accomplish this, one must be able to define a
target k¢ for the system, and then allow for itéoans on the boron concentration which
then becomes essentially the eigenvalue of the system. The implementation of this ability
does not require much modification to the source code. The approach taken is to add one

final step to the outer iteration algihm of Figure2 where the boron reactivity worth is
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estimated and then the boron concentration is updatede.aisirieset to the target value.

The equation for calculating the boron concentration for the next iteration is slebown.

oot = pprr) + o 11 8pond? - ppr)
gfk O a1 1% Eq. B.11)

target

3.1.4 Fission Spectrum Calculation

Previously DeCART would use a specified fission spectrum provided by its cross

section library independent of isotope or material teaipiee. This fission spectrum was

calculated based on several assumptions not necessarily valid for all applications of the

code, but certainly for what was assumed to be the primary application of the code at the

time the library was generated. It is alsell known by nuclear engineers or scientists

that the fission spectrum does vary nontrivially between isotopes, and since the nuclide

composition and local temperatures vary over a wide range throughout the reactor the

accuracy of the solution will be ineased if the fission spectrum is calculated locally,

instead of assuming that one fission spectrum will apply to all regions in the core.

Therefore, DeCART now calculates the fission spectrum for each cross section region

containing fissionable materiah ithe core by taking the nuclid@ise fission source
weighted average of the fission spectranr his is shown b¥eqg. 3.12) wherel, j andg

are the region, nuclide and group index respectively.

ig — niso Eq- (3-12)
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Yii =N ﬁi (E)ﬂ #(E’T)dE

AT -T, 0 aT,-T. 0 Eg. B.13)
_Nll?-_lflgl%- _ 87‘?( +£— T87‘?(gl( )

The definition of the nuclidevise fission sourcey, is shown inEq. 3.13) in both the
mathematical and discretized forms. Note that since the cross sections from the library
are tabularizedby temperature they must be interpolated, and this interpolation is done
linearly. The interpolation used here is determined by how the data in the library is

tabularized.

3.1.5 Convergence Stability

Two issues regarding the ability of DeCART to converge aetigies of problems
were identified during this work and subsequently resolved. The nature of the issues was
specific to 3D problems and was identified by oscillations of the axial power distribution
from iteration to iteration during the calculation. Toecillations are best shown by the
CMFD balance residual versus iteration as-igure 16. The CMFD balance residual is
calculated byEq. @3.20) and represents afp norm characterizing the amount of
imbdance in the neutron balance of the CMFD problbetween successive outer

iterations in DeCART
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Figure 167 CMFD Error Residual for an Oscillatory problem

When the solution begins to oscillate this residual essentially stagamtdse flux
distribution fluctuates between two differesplutions This problem only arose when
using options to include T/H feedback or calculate the equilibrium xenon concentration,

and when the axi al power shape became fAdoult

To establish covergence of these problems an unddaxation method was
applied to the solution vectors of the T/H and equilibrium xenon calculations. To insure a
consistent solution for the T/H calculation the same relaxation factor must be applied to
both the coolantlensity and temperatures for all materials, otherwise the T/H solution
becomes noiphysical. This technique is essentially the same as any successive over

relaxation method, but with a relaxation factwr, of less than 1, then the problem is
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underrelaxel. The following equations show how the relaxation factor was applied to the

T/H and equilibrium xenon calculations.

T4 =y, 04 +(1- M/th)T(i) Eq. 8.14)
£ (4) =M/thr(i+1) +(1_ Wm)f(i) Eq. 3.15)
NG = NED 4+ (1- g NY) Eqg. 3.16)

The undefrelaxed solution was verified against a reference solution generated with a
relaxation factor of 1 (no relaxation). The convergence Ipmbmentioned previously

could be successfully overcome by using a relaxation factor of 0.5.

3.2 Fuel Shuffling

Since the scope of the analyses that were performed involved tracking fuel
compositions for different assemblies, as those assemblies are relotatesl core
between cycles, it became necessary to devise and implement a simpteierded
approach to supplying this information to DeCART in order to avoid requiring the user to
explicitly define the concentrations of hundreds of nuclides for husdséthousands of
regions within the core.

The approach used is similar to how fuel assemblies are tracked by an actual plant.

I n the input the user supplies a map of as
also supplies DeCART with a file that edesito a database containing information about

each assembly ID. These databases are written by DeCART at the end of each calculation.
Their contents include the initial heavy metal mass, the estimated exposure of the

assembly, any post irradiation coolitigie the assembly has undergone, and the nuclide
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concentrations and burnups of each depletable region of the assembly model. This
capability all ows the user to | oad an asse
core model accounting for the rttamn of that assembly, and the possibility that the
assembly may have a symmetry boundary passing through it. Note that one assembly
composition can be placed in multiple locations (i.e. to approximate the compositions of

an entire batch) within the cor@cthat each ID used to read in the compositions can be
changed when DeCART updates the database at the end of the calculation. This

functionality is shown graphically byigurel7.

Figure 177 Shuffling Management Technique

3.3 Reducing Computational Requirements

In anticipation of pushing the limit of available computational resources a few
features were added to DeCART to help alleviate the computational burden of
performing core calculations. This is dometwo ways; the first approach was to allow
one to reduce the total size of the problem modeled, and thus the associated

computational burden. The other feature looks at reducing problem run time by relying
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