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SUMMARY

The approximations used in the standard multigreghod and cross section
condensation procedure introduce several knownsrsach those caused by spectral core
environment effects and the neglect of the enenglyaangular coupling of the flux when
condensing the total cross section. In this diaen, a multigroup formulation is developed
which maintains direct consistency with the continsienergy or fine-group structure,
exhibiting the accuracy of the detailed energy spet within the coarse-group calculation.

Two methods are then developed which seek to irtkertondensation process —
turning the standard one-way condensation (from-§roup to coarse-group) into the first
step of a two-way iterative process. The firsthoetis based on the previously published
Generalized Energy Condensation, which establishifeamework for obtaining the fine-
group flux by preserving the flux energy spectrumoithogonal energy expansion functions,
but did not maintain a consistent coarse-group édation. It is demonstrated that with a
consistent extension of the GEC, a cross sectimonaensation scheme can be used to
correct for the spectral core environment erranisTs then verified numerically in a 1D
VHTR core.

In addition, a more practical and efficient newthoel, termed the “Subgroup
Decomposition (SGD) Method,” is developed whiclmahates the need for expansion
functions altogether, and allows the fine-groupx fla be decomposed from a consistent
coarse-group flux with minimal additional compubatior memory requirements. This
method, as a special case of a more general sgiipeximation for radiation transport, is
shown to be highly effective in a cross sectiororelensation scheme, providing fine-group

results in a fraction of the time generally necessaobtain a fine-group solution.

Xii



In addition, a whole-core BWR benchmark problergaserated based on operating
reactor parameters, in 2D and 3D. This contribtgeke furthering of new methods
development from the proof-of-concept level towWiele-core direct 3D transport level . A
set of 1D benchmarks is also developed for a BWRRPand VHTR core. These provide
significant value both in preliminary testing oethew methods presented in this dissertation

and in the future testing of new transport methods.
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CHAPTER 1

INTRODUCTION

The primary goal of radiation transport method®isbtain the angular flux as a
function of position, angle, and energy. Thiswagflux is described via the integro-

differential Boltzmann radiation transport equatigq. (1.1).

QMW(F,Q,E) +o(f, E)¥(F,Q,E)

1 F ] A7 = [ A7 o~ - A /Y(I_;1E)eo I = ] = ] (1)
=—|dE'|dQo.(F,E' - E,Q" - QW Q E)+4~—~——|dEvo, (r,Ep(r,E
477{ j o ( )W( )+ J . (F,ENg(F ,E")

where w(r,fz, E) is the angular fluxg(r,E )s the scalar flux (the integral of the angular

flux over solid angle#), ando(r, E )represents the total macroscopic reaction cragsse
at positionr for neutrons with lethargy. The functiono (F,E' - EQ - f)) is the

macroscopic scattering cross section at positiomith incoming letharg{’ and anglef)'

and outgoing lethargl and angl@ . The system multiplication constant is represebtekl

andvo, (r,E')and x(r, E ) are the fission production cross section anddisspectrum,

respectively.

This equation can only be solved analyticallydatremely simple problems, and
numerically solving this equation is highly chaligmg, particularly for large-scale problems
such as reactors, which are composed of thousdridsl@ins of varying material
composition, temperature, and exposure. As atragiting an accurate flux solution with a
deterministic method requires such a fine discagitnn of the phase space that these
problems become almost intractable rather quickikewise, stochastic methods such as
Monte Carlo are too computationally expensive f@cpical or timely analysis of full scale

cores.



Neutronics analysis has therefore been traditiptiatited to homogenized nodal
diffusion methods (Smith, 1986 and 1994). Howeiremeases in computational power in
recent years have caused a transition to the dawelot of direct transport methods
specifically for the analysis of such large-scalelgems. This transition is difficult because
the large number of unknowns generated from theediacretization of the phase space
results in significant memory and processing tieguirements. Another difficulty is that
accounting for the steep flux gradients and loc&é@ropies in the angular flux for a fine
discretization requires much higher order approxiong than homogenized methods. Even
within massively parallel computing systems, thi@alilty in scaling transport algorithms to
multiple processors restricts the computationabatkges of parallelization in whole-core
transport.

The research and development of improved whole-ttansport methods has been
characterized by work along several approachegrdwed data handling techniques and
computational acceleration schemes are being deselwithin parallel computing
environments. Adaptive spatial differencing schem@ed more advanced phase-space
decomposition methods are also being researcheshjunction with improved methods for
energy group condensation. These research olgsatierk towards the goal of a robust
framework for whole-core direct transport whichoals for accurate and efficient neutronics
solutions.

In the energy variable, the multigroup method besome widely used in
deterministic transport and diffusion theory beeatiprovides a way of reducing the

complexity of the energy dependence through “csession condensation”. The central



premise of this condensation procedure is thatmsE one can not solve the problem
efficiently with a full energy treatment, an effieet cross section can be generated over an

energy interval (or “group, as in Eq. (1.2).

[dEo(F, E)7, E)
(1) ==

[ dEg(7, E) e
g

The most obvious source of error is in this predsghat introduced by smearing out
the detailed energy dependence into a discretgpgtoucture. While the most important
physical parameters in reactor core calculatioasaergy-integrated quantities (e.g. pin
power, core eigenvalue), in other applicationshsag detection and shielding, the resolution
of the energy dependence is highly important. dditzgon, the spectral dependence of pin-to-
pin and neighboring bundle interactions cannotfbeiently calculated with a large number
of groups, particularly in fast or optically thieactors. As a result, extreme care must be
taken on a case-by-case basis to ensure that egooigihs are used and that their boundaries
are appropriate in order to generate solutions sufficient accuracy.

The reason such care is necessary is that thalbaecuracy of the cross section
condensation process is determined by how welphysics of the continuous energy
spectrum are captured within the multigroup forrtiala The vast majority of multigroup
transport and diffusion codes use the scalar flutha weighting function, as in Eq. (1.2), to
avoid introducing an angularly dependent total srsection. This effectively assumes that
the angular flux is separable in energy and angleinveach group, which is frequently not
the case. This results in a multigroup formulatidrich is inconsistent with the physics of
the continuous energy transport equation. In tst,ghe use of spatial homogenization of

the cross sections introduced other errors whickealéed out or masked the errors



introduced by this inconsistency. As direct tramrsvithout homogenization for large-scale
problems becomes more prevalent, however, it islhiignportant to address it.

Another significant cause of error introducedha standard condensation process is
the use of an incorrect spectrum to condense thes @ections. The angular flux is the
desired solution of the transport equation, andefioee the flux spectrum in Eq. (1.2) is not
knowna priori. Instead, a “guess” spectrum is obtained eitte@nfthe physics of the
problem, or from pin-cell or lattice-cell transpacglculations with approximate boundary
conditions (e.g. specular reflection). As a resfitomplex core heterogeneity, control rod
positions, and core boundary leakage, the exactrsjpe in the problem is often extremely
different than the guess spectrum, which introdtlceso-called “core-environment” error,
where both pin-to-pin and bundle-to-bundle effé@sge been, at best, coarsely
approximated. This error can be highly significemnthe multigroup calculations,
particularly in regions of the problem with shalyxfgradients (e.g. material interfaces,
strong absorbers, core periphery).

In this dissertation, a formulation of the mulagp equation is presented which is
entirely consistent with the continuous energy pds/s This formulation also facilitates a
new class of spectral techniques which allow thaibbel energy spectrum to be “de-
condensed” via orthogonal function expansion ordirfe approximation. This allows the
development of spectral cross section recondemsatethods which address the core
environment error. In particular, a new “Subgr@gromposition Method” is derived as a
special case of the B-Spline approximation whiabvjates a fundamental advancement in

the way whole-core fine-group transport is appreach



In addition to the theoretical development and ercal verification of these
methods, this dissertation also includes the dewedmt of a set of neutron-transport
benchmark problems, provided as tools for the agraent of neutron transport methods. A
GE9-Loaded BWR Benchmark is generated in 2D anavBDa realistic set of burnup and
void distributions based on an operating BWR. Wlhlese benchmarks provide a useful set
of test problems for future transport methods, nesthods benefit from being able to be
tested more rapidly and in a simpler physical eminent than 2D or 3D reactor problems.
This dissertation therefore also includes the dgwakent of 1D core benchmark problems for
a BWR, PWR, and VHTR which maintain the essentimisical characteristics of their 2D

counterparts.



CHAPTER 2

BACKGROUND

2.1 Multigroup Radiation Transport

The steady radiation transport equation, Eq. (1slgnly solvable analytically for a
very restricted class of problems. Outside of gewically simple problems with mostly
uniform material compositions, the equation carydmd solved via a computational
approach. Because there are very few problems@fest which are that simple, the vast
majority of problems are solved via either detelistio computational transport or stochastic
(Monte Carlo) simulation. While increased compytewer has made Monte Carlo methods
more appealing, the increase in computing abildy been paralleled by an increase in the
complexity of the problems of interest. For extrgniarge or complex problems (e.g., large
nuclear reactors and shielding problems), a detestic approach can generally lead to a
solution far more quickly than Monte Carlo method#ie deterministic approach requires a
discretization of the phase space (position, enexggular variables), and the majority of

deterministic methods begin by discretizing thergn@ariable using the multigroup method.

2.1.1 Phase Space Discretization and Reduction Meiths

Deterministic methods establish only an “approxehaolution to the transport
equation and how finely one discretizes the phpaeesdetermines the level of accuracy of
the solution. Spatial discretization schemes brgathe geometry of the problem into either
2D or 3D meshes over which the flux is assumecetodmstant. Angular approximations
treat the angular variable in the transport equatith angular moment expansions (e.g., P

method) or solve it only for specified directioi®), and rely on quadrature techniques to



generate angular integrals of the flux (Bell and<stone, 1970). The energy variable is
typically discretized by generating effective cregsstions which are constant over a set of
discrete energy intervals and assuming the fliworstant over those intervals (multigroup
method).

The difficulty with these approximation schemethist the large scale, complex
spatial heterogeneities, and detailed spectralaot®ns make the needed discretization
prohibitively fine. Even with massively parall@mputing systems, modern reactor
problems are too complex to be solved efficientlyapidly. To address this, the industry
has long taken the approach of reducing the contpglekthe problem by implementing
discretization-coarsening schemes.

The most common of these coarsening schemes i®thegenization of cross
sections — generating “effective” cross sectiongtvlare constant over large subregions of
the problem (lattice-cells). For example, in reaemnalysis, this is accomplished by
performing calculations for a single lattice celtmsome sort of approximate boundary
condition (e.g., specular reflection or white boandconditions) using a fine spatial mesh,
and then computing a flux-weighted average of tleessection for the entire lattice cell.
The whole-core problem can then be solved withageteorder method (e.g., diffusion
theory) to get an approximation of the solution {tBml986).

A large number of advanced methods have beenals@lover the years to make the
cross section homogenization and diffusion calautatnore accurate (McKinley and
Rahnema, 2000, Rahnema and McKinley, 2002, Sm@®4 )L In addition, the increased
availability of high-powered computing has redutieel need for these approximations, and

made whole-core, fine-mesh transport somewhat tnacéable. However, when performing



whole-core transport calculations, most of the lalde computing resources are used to
finely resolve the spatial and angular discret@ati As a result, empirically obtained
continuous energy (point-wise) cross sections remafeasible for use in these whole-core
deterministic transport calculations.
2.1.2 Energy Group Condensation

The most common method to address this issueregdtace the complexity of the
energy dependence by condensing the continuougyeamss section library into a set of
equivalent cross sections which are constant ovigraofew coarse energy intervals
(groups). Before delving too deeply into the dethworkings of new energy methods, it
may be helpful to the reader to provide a briefeevof this method and its shortcomings.

The standard cross section condensation methqaies the energy dependence of
the problem by reducing the cross sections frommdilcuous energy point-wise library into a
condensed macroscopic library which is constant audiscrete set of energy intervals. In
order for the condensed library to be valid, tramspalculations with both libraries must
produce the same results for relevant physicalperars. In most cases, and especially in
reactor analysis, it is the total reaction ratechidefines the relevant parameters of the
problem (eigenvalue, pin powers, control rod woetis,). The cross section condensation
process is therefore based on the concept of foeacdte preservation”.

First, the entire energy range is partitioned m&et ofG intervals (or “groups”) with

G+1 “group boundaries™Ey, Ey, ...Ec.1, Ec. Groupg is defined as the interval froEyto
Eg+1, €quivalent group cross sectioog(r, Q are defined as a flux-weighted average of the

Cross section over each energy group, as in Eb). (2.



Eg+l

[dEo (T, E)W(T,Q,E)
o, (F,Q) ==

@®.1

Eg+l
[dEW(r.Q.E)
E

%)

where W(F,f), E )is the angular flux at positionand energ¥, moving in directionQ . If

the group flux,¥, (F,f) ) is then defined as the integral of the angulax @ver groug (the

denominator in Eq. 1), the total group reactioa,@(?,f)), is then preserved as the product

of group flux and group cross section in Eq. (2.2).

R,(F,Q) = TdEa(r, E)¥(F,Q,E)=0,(F,QW,(,Q) (2.2)

%)

Thus, by defining a set of group cross sectiomsgaoup fluxes, equations (2.1) and
(2.2) represent the fundamental basis of multigrigery and cross section condensation.
However, the central difficulty of the condensatmmocess is also apparent in Eq. (2.1),
because the angular flux at every position, eneagg,angle is required to generate the group
cross sections. This angular flux is the dess@dtion of the transport equation, and
therefore is not knowa priori. A large amount of research in the field has gate
determining approximate energy spectra with whiacgenerate condensed cross sections
that sufficiently reproduce the results of the awnmus energy calculation. Over the years,
the industry has settled on a multi-layered apgrdag@enerate group cross sections for only

a few coarse energy groups, visualized in Figute 2.
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Figure 2.1: Condfensation procedure from continmgy.microscopic
Cross sections to coarse-group macroscopic crotisise

The first layer of approximation is to use a cedeh as NJOY (LANL, 1994), which
uses a set of approximate flux spectra defined fiteenretical considerations to generate
ultra-fine (10,000s of groups) or hyper-fine (1@D® groups) cross sections from
empirically obtained continuous-energy cross sestiol he flux spectra used for these
calculations are typically representative of theegal type of system in which the cross
sections are most likely to be used. For exangpess sections are generated for typical
LWRs by assuming a fission-production spectrumhigh energy neutrons, a 1/v spectrum
in the slowing down range, and a Maxwellian speutm the thermal range. This can
become highly-problem specific, however, as theniad spectrum is dependent on
temperature, and generating cross sections atngatgmperature is highly challenging,
requiring approximations such as thermal-scattecorgections or doppler-broadening

resonance corrections.

10



The next layer of approximation is to use the sections from the ultra- or hyper-
fine library to perform an ultra- or hyper-fine tispport calculation for a highly simplified
problem (typically a 1D cylindrical calculation farsingle fuel pin). This flux is then used
to condense the cross sections further to a fioegy(100s or 1000s of groups) library.

For the next layer of approximation, the fine-gyawoss sections are then used in a
lattice cell (e.g., fuel assemblies, also commaefgrred to as bundles, or blocks) transport
calculation with specular reflective boundary caiodis to obtain a flux with which to
generate coarse-group (usually < 10 groups) cexdfoss. Often, these cross sections are
also spatially homogenized over either the pinscetlmaterial regions. These are then
typically used in a whole-core transport (or nadiffusion) calculation, which introduces an
additional layer of approximation in its anguladaspatial discretization.

This coarsening procedure allows the whole cooblpm to be solved more
efficiently by greatly reducing the number of unlme; however, the approximations
required to obtain these cross sections can styonfijience the accuracy of the core
calculation.

There are two major effects of using this multideapproximation which introduce
errors in the whole core calculation which are weldlerstood, but often neglected in reactor
design and analysis. The first significant ernbroduced is referred to as the “core
environment effect,” which is caused by the usspafcular-reflective boundary conditions in
the lattice-cell calculation to obtain the fine-gpoflux. As mentioned earlier, the cross
section condensation process is theoretically desigo preserve the fine-group neutron
reaction rates in the coarse-group calculationdfinthg the coarse-group cross sections as a

flux-weighted average over the coarse groups. Hewevhen the lattice is placed into the
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core, the environment (neighboring lattices) magigeificantly different than the specular
reflective (zero-current) boundary conditions, gartarly in the case of strong flux gradients
across the lattice boundary (due to control bladasjing burnup, peripheral effects, etc.).
In these cases, the condensed cross sections goesetve the fine-group reaction rates of
the actual core problem.

The second major error in the condensation prasdasg handling of a varying
angular dependence in the flux within a coarseqgenergy interval, which is termed the
“energy-angle coupling effect.” The overall acayaf the condensed cross sections is
determined by how well the physics of the detadadrgy spectrum (continuous energy or
fine group) are captured within the coarse grodputation. However, the condensation
process introduces an angular dependence in tlteensad total cross section because the
angular flux is used as the weighting functionjnegq. (2.1). Because the angular
approximation method used in the core calculatoofien very different than that used for
the lattice-cell calculation, the vast majorityrofiltigroup transport and diffusion codes use
the scalar flux as the weighting function to avieittoducing an angularly dependent total
cross section. This is accomplished by assumiagtkie angular flux is separable in energy
and angle within each condensed group. Consegquémdl coarse-group total cross section
does not consistently preserve the total colliseaction rate, resulting in errors in the
coarse-group solution (e.g. local flux or globa@exivalues in reactor problems). These
errors may be magnified when coarser groups am erserhen the angular dependence of
the flux varies significantly over a coarse-groagerval (common near strong absorbers,

material discontinuities, and external boundaries).
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2.2 Mathematical Background

The new methods developed in this dissertationaelseveral mathematical
principles, and it is beneficial to review the famngental elements of these principles as they
will appear in the forthcoming derivations. Thesfimathematical principle we need to
review is the concept of orthogonal series exparssiand the second is the concept of Basis-
Splines.
2.2.1 Orthogonal Series Expansions

A common technique in approximation theory isppraximate a function with a
truncated expansion of linearly independent fumgjsuch as a taylor series, or with a
complete set of orthogonal functions (known as adggaized Fourier Series) (Challifour,
1939). Itis important to have a basic understagaif the mechanics of these expansion
methods, as they play a large role in radiationgpart (e.g., spherical harmonics).

Assume a set of orthogonal functiorgs (x) , which obey the orthogonality condition
in Eq. (2.3) onx & b &nd form a complete set of eigenfunctions on therval.

5nm
a

m

[ dem(x)€, (9, () = (2.3)

wherew(x) is a weighting functiong,, is the Kronecker Delta, ang is a normalization
constant determined by the choicedgf x .( Any functionf(x) on the interval4, b] can be

then written according to the expansion:
o b
f0)=Ya,f,& (0 where f, = [dw(x)&,()F(X) (2.4)
n=0 a
A variety of expansion functions are commonly udepending on the desired limits

of orthogonality, smoothness, etc. In nuclear eagiing, Legendre polynomials are the
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most commonly used, though recently other expartfsioctions have been used, such as the
discrete Legendre polynomials (Mosher, 2004, Zhdifeorget, 2010).
2.2.2 B-Splines

The use of B-spline approximation in radiatiomsort applications has been slowly
increasing in finite element analysis, particuldrgcause of the computational advantage
they possess due to the local support (Hollig, 2003s helpful to review the definition and
some of the basic properties of B-Splines (deB2001). Define a non-decreasing knot
vector ) = {to, t1, ...t;} on the interval §, b] such thaty= a, t;= b, andt;., < t;for all

jU[L,J] . On the interval frona to b, we then can define the B-spline functiBn, x ¢f)

orderk with the recursion relation:

x—t, £ — X
B« (X) = Bixa(¥)+————— B (X (2.5)
tj+k+1 _tj j+k _tj+1
with
1t <x<t,
B..= i i1 2.6
H {O oW, } (2.6)

The B-Spline function defined by Eq. (2.5) posesdbe following properties:
1. Positivity: B;, () >0, t; <x<t,,,
2.Local Support:B,, (x) =0, xO[t;,t,,)
3. Piecewise PolynomialB, , (x) is a polynomial of degrele1 on the each intervdt, ,t ., )

forj=1, ... \k-1.

It can also be shown (deBoor, 2001) that the fonstB,, (x)are linearly

independent on the knot sequentgeand that the linear combination:$pans the space of

all polynomials of ordek, where

14



$ii = {zﬁl Bis: i B real’} (2.7)

This allows us to construct any piecewise polyndfuiactionf as:

f0= Y BBLK (2.8)

i=j-k+1

which requiredN+k-1 constraints to uniquely determine a piecewisgnmhial of degree
k-1 with N+1 break-points. Through appropriate selectiooanfstraints, such as moment-
conservation (Pounders and Rahnema, 2010), thidomaged to efficiently generate

piecewise polynomial approximations of the angtllar.

2.3 Advanced Energy Treatments

2.3.1 Improved Generation of MG Cross Sections

To date, most of the research that has gonenmpoaving the accuracy of multigroup
transport has been focused on improving the trahspéculations at the pin-cell and lattice-
cell level. Work by M. L. Williams and M. Asgari 995) formulated a combination of multi-
group theory and continuous-energy theory to imeritve calculation of the energy spectrum
in the resonance region. Their work takes adypntd a Legendre “Sub-moment
Expansion” in the scattering transfer function, anelaks the energy spectrum into three
regions, using multi-group theory in the fast amertmal ranges, and a point-wise solution in
the resonance region, all within a one-dimensidisdrete-ordinates framework.

Additionally, M. L. Zerkle has developed methods $olving the neutron transport
equation using a near-continuous energy point-aasetion method which collapses the
energy dependence to a small number of groups fi@nt-wise data (1997, 1999). Work

by M. L. Williams has also provided a solution thermal neutrons in a reactor using
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continuous energy methodology implemented in th&lTEM solution module for the
SCALE code systerf2001). These advancements have improved theaereof fine-
group cross sections for use in lattice cell catahs, but were typically used as part of a
homogenization process for nodal diffusion at tli@M-core level. As a result, these works
have generally neglected both (a) the inconsisteatment of the energy angle coupling in
the condensation process and (b) the core-environeffect on the energy spectrum.

2.4.2 Generalized Energy Condensation Theory

Over the last few years, work has also been peddrio address these issues within
the framework of a generalized energy condensdG&C) theory developed by Rahnema,
Douglass, and Forget (2008). This work allowepproximation of the fine-group flux at
the core level to be generated during the coarsepgcalculation by preserving the detailed
flux shape during the condensation process witlgaraes of orthogonal expansion moments.
This work provides a starting point for the devetmnt of the methods in this work, and so it
is important to review its development in detail.

The GEC theory is a method whereby the energytspa®f the neutron flux is
produced to a reasonable degree of accuracy dariegy-group calculation. This method
begins by generating fine-group cross sectionsjedisas a fine-group transport solution for
the individual lattice cells (e.g., fuel assembliefich make up the system. The fine-group
transport solution within each lattice cell is thesed as the weighting spectrum in the
generation of orthogonal expansion moments foetlergy dependence of the cross sections
and reaction rates for each region of the assefobly set of coarse-groups. The essential

premise of the GEC theory is to expand the eneegpeddence of the flux in a complete set

16



of orthogonal functiong, u( )n lethargy with weighting functiow(u) within each coarse
group, as in Eqg. (2.9).

W(r,Qulg)=> a,W,,(F,Q)&ulg)

. 5 (2.9)
W, (7, Q) = [dudb (7, Q, upw(u)é, (u)

Because the flux is used as the weighting fundtidhe condensation process, this
expansion allows the coarse-group cross sectiomelaode higher-order moments which are
not present in the standard condensation. Eaclsegmoup is scaled to the lethargy interval
of the group, and when this expansion is incorgaratto the transport equation, the

generalized condensed transport equation is thét resesented in Eg. (2.10).

QW (F,Q) + 0, (W, (F,Q) +3,, (N W,, (T, Q)

:iii (Q)J'duv\(u)f (U)IdJUS|(r u' - u)g, (f,u) (2.10)
+g: 4( _[dwaf(r u')g(F,u')

where the following non-standard terms are defined:

[ duw(u)é, (u) j du'o (7, - u)g, (T, u)

a5 ="

Idu @, (F,u) (2.11)

[du(o(F,u) - o, (M)WL)E, LA, u)

3,y (7) = (2.12)

[ dug(7,u)

Xog(F) = [ duy (F, )w(u)&, (u) (2.13)
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This replaces the standard condensation procedtieh uses the ultra-fine or fine-
group transport solution to generate fine or cogrsep cross sections that are constant in
energy within each coarse group. Using the expansioments of the cross sections and
reaction rates, the problem is then solved viauplea set of modified transport equations
for the whole core. The resultant series of fluonments within each coarse-group can then

be used to construct the fine group energy spectrfuime neutron distribution in the entire

core. Of note is that the so-called “variation'hted,, (') defined in Eq. (2.12) was used in

the GEC to remove the higher-order moments frondér@minator of the total cross

section, and in the original implementation of @EC, as in the above equation, the scalar

flux was used to generati, (1) . In this dissertation, this will be shown to beansistent

with Eg. (1.1), and an extension of this method el derived which maintains consistency.
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CHAPTER 3

THEORY

3.1 Group Structure Equivalency

One of the central shortcomings of the standardelpace reduction methods is that
the effort to reduce the complexity of the phasscepiscretization can lead to significant
errors. As mentioned previously, the reductiothefenergy-dependence of the cross
sections from a continuous energy point-wise lipiato a relatively coarse multigroup
structure, results in several approximations. Miest significant is that the standard
multigroup formulation is not consistent with thentinuous energy transport equation.

This inconsistency is related to the manner incwhine group total cross section is
defined. The standard multigroup definition of th&al cross section is as a scalar-flux
weighted average of the cross section over an gmange. This ignores the coupling of the
energy and angle dependency in the angular flux tnat range, and results in a multigroup
formulation that does not exactly preserve thetreacates. This inconsistency has long
been recognized (Bell and Glasstone, 1970), ane seaent work has begun looking at the
energy-angle coupling in more detail (Won and (2d4,1), but it has generally be neglected
by the industry.

This shortcoming has often been overlooked becthgsether approximations made
in the coarsening of the phase space discretizegimhto cancel out the errors introduced by
neglecting the energy-angle coupling of the flidowever, as whole-core direct transport
becomes more common, it is essential that the matps of the energy-angle coupling
effect and spectral core environment error be erachin detail and a method developed

which addresses these effects in a robust wayis dissertation provides a multigroup
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formulation which exactly preserves the energygrdeed flux as a function of position and
angle, preserving the fission rate, scattering atd eigenvalue of the continuous energy
problem, and facilitates a cross section recondEmsacheme to correct the spectral core
environment error.
3.1.1 Source-Driven Multigroup Equivalency

The first effect that we address is the consisterficthe multigroup formulation with
the continuous energy transport equation. Thaxe®mplished by defining an effective
source term which maintains equivalency betweemthkigroup structure and the transport
equation independent of the definition of the tgt@lup cross section. We start with the

transport equation in general geometry in termgtblargy in Eq. (3.1).
QW(F,Q,u) + o(F,u)¥(F,Q,u) - S(F,Q,u) =0 (3.1)

where

i _)((F,u) Tdu'vo*f (r,u)e(r,u’)
S(F,Q,u) = 5 (3.2)
Zz ( )Iduas,(r u - u)g"(F,u)

1=0 m=-1

whereg(r,u’) is the scalar flux at positiohand lethargy’, ando(r,u' - u) and

#"(r,u’) represent angular moments of the scattering kamekngular flux:
1 1
o,(F,u' - u) =§Idyoas(?,u' S U )P, (3.3)
-1
d"(Fu)= Idf)'\(m(f)')W(T,u',f)') (3.4)
4T

WhereYlm(f)) are the normalized spherical harmonics, afe QD' is the cosine of the

scattering angle. It is noted that the methodisdependent on the angular treatment of the
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scattering, but for the sake of demonstrationntiost common treatment (spherical
harmonics) is used. We now define a group streadfiG groups withG+1 boundaries

[Uo, Uy, ... ,Ug-1, Ug, ... ,Ug]. In order to generate a consistent multigroupnigation, we seek

a multigroup sourc®, (F,Q $uch that
QY, (F,Q) +0, (MW, (F,Q)-Q, (F,Q) =0 (3.5)
where

W, (F,Q) = fduw(r,fz,u) &3

Ug-q

for some definition of the total group cross settig, (7). By integrating Eq. (3.1) over the

boundaries of groug, and setting it equal to Eqg. (3.5), we can defm,e(r*,f)) as in Eq.

(3.7).

Q,(r,Q)=S,(,Q)+0,(r)¥,(,Q)- ufdua(?,u)w(r, Q,u) (3.7)

Ug-q

where S, (F,f) )is the standard multigroup source definition,ragg. (3.8).
— jdu;((r u)z jdu vo, (F,u')g(F,u')
—1u

S,(F,Q)= (3.8)

00

+ZZ |m(Q) J’duz Iduas,(r u' - ug"(r,u’)

1=0 m=-1 s} —1u

The multigroup source therefore consists of thadird multigroup equation plus an
additional two terms. These terms may be combimidone term and, by expanding the

angular flux in spherical harmonics, simplifiediagq. (3.9).
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o, (M)W, (F.Q) - ufdua(?,u)w(r,fz,u) = ufdu(ag(r)—a(r,u))tp(f,fz,u)

u u

g-1 g-1

= i leYlm (o) f du(o, () - o(F, )" (7. u) (3.9)

1=0 m=- Ugg

=3 3V, (@)3" (F)g, (F)

1=0 m=-
where g, € )is the group scalar flux ar‘niém(F) is defined in Eqg. (3.10).

Ug

[dulo(.w)-o, @)l v
O(F) == o (3.10)
[ dug(r,u)

Ug-1

This allows the multigroup transport equation ta®eritten as in Eq. (3.11).

QY, (F,Q)+0, (MW, (F,Q) =S, (F,Q) - i ZI:Ylm (Q)o" (P, (F) (3.11)

1=0 m=-1
Equation (3.11) is essentially the standard mudtig equation, but with an extra
source-correction term. The derivation above shibatsa consistent multigroup transport
eqguation can be formulated for any definition af thtal group cross section as long as this
source correction term is included. In orderdlys Eq. (3.11), multigroup coefficients are
defined in the standard manner, with the totalcsetion being defined with the standard

scalar-flux weighting for consistency with commaues:

Jgdua(F,u)qp(F, u)
o, () ="= : . (3.12)
[ dug(F,u)

Ug-q

So far in the derivation, the multigroup formutatiand coefficients are described in a

general sense, in terms of the continuous energyhitweg spectrum and continuous energy
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cross sections. This illustrates the utility afansistent coarse-group formulation, which
would allow a direct continuous energy to coarsaigrcondensation to be performed in
theory. However, in practice, it is far more commto perform lattice cell calculations for a
fine-group structure and then use the fine-group fb condense the cross sections into a
coarse-group structure.

LetH be the number of groups in a fine-group structarevhich the transport
solution is desired. Itis assumed that for thieug structure, the material cross sections are
known. LetC be the number of groups in a coarse-group stred¢arrwhich Eq. (3.11) is
efficiently solvable and define the coarse groupdtire such that every fine grobps
entirely contained within some coarse greauEach fine group is then referred to as a

“sub-group” of the coarse group in which it is ained. Eq. (3.11) can then be written as

”)Zuafc 20 -3 >IN, @)

QWY (F,Q) + 0, (FY,(F,Q) = I=0m=1 (3.13)
(Q)
IR 2T o)
1=0 m=-I
where the coarse-group coefficients are defindgdnims of their sub-groups in Egs. (3.14)—
(3.19).
W.(F,Q) = > W,(.Q) (3.14)
hdc
> VO (F)g (F)
VO (1) =< (3.15)

> ()

h'Oc’

Xo(F) =2 xa(F) (3.16)

hdc

) Z Zaslnhuh(r)(dr?(r)
D=5 a0

hOc'

g

(3)17

sint’' - ¢
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20040
o.(r) :W (3.18)

hOc

2. (0, (7)) —o. (Mg (7)
S (7) =1 (3.19)

D a(r)

The above derivation establishes the conceptr@iufg structure equivalency” within
the framework of cross section condensation. A&stioned earlier, however, there is the
problem of the weighting flux within the condensatiequations not being knovanpriori.

The first step of standard methods is therefor@btain a fine-group spectrum from the
lattice cell calculations. This spectrum is thised to generate the coefficients in Egs.
(3.14)-(3.19), which are used to solve Eq. (3.08)He core problem. Later in this chapter,
two methods are derived which allow the fine-grgppctrum to be obtained from this group

solution, and these can be used to update theideatt in Egs. (3.14)-(3.19).

3.1.2 Consistent Generalized Energy Condensation €bry

In the previous section, we defined the conditienessary to establish consistency
between the multigroup and the continuous energydtations (or between a coarse-group
and fine-group structure). In this section, weraixee the generalized energy condensation
theory and extend the principle of cross-sectigrasstion used in the original derivation of
that method to account physically for the energgl@coupling of the weighting spectrum.
This extension is then shown to satisfy the coadibf consistency presented in the previous

section.
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Within the derivation of the Generalized Energyn@ensation Theory (Rahnema,
Douglass, and Forget, 2008), the total cross seetithin each group was separated into two
terms: the scalar flux-averaged total group crestian and a “variation” cross section,
which is the deviation of the energy dependendb@tross section from the group-average,
as in Eq. (3.20). This was done to eliminateitiséability that would arise from having an
energy-expansion moment near zero in the denonminatbe total cross section.

o(f,u) =0g,(r) +o(r,u) 40)

where

[ duo (7, u)gF, )

o,(F)= T 3.71)

The essential premise of the GEC theory is to edjae energy dependence of the

flux in a complete set of orthogonal functiofsu (vith weighting functionw(u) within
each coarse group, as in Eq. (3).

Wr,Quig)=> a,W,,(F,Q)&ulg)

. ) (3.22)
W, (F,Q) = [dud (7, Q,uw(u)é, (u)

Because the flux is used as the weighting fundtiche condensation process, this
expansion allows the coarse-group cross sectiomgliade higher-order moments which are
not present in the standard condensation. Eaclsegmoup is scaled to the lethargy interval
of the group, and when this expansion is incorgar@ito the transport equation, the

generalized condensed transport equation is thit resesented in Eg. (3.23).
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QY (F,Q) + 0, (F)W,, (F,Q) +3,,(F,QW,, (F,Q)

G o

=22 ZIZY"Z—(HQ) ! duw(u)é, (U)£ Ao (F,u - U)W, (F,U) (3.23)

g'=1l 1=0 m=-1
G

+Z—Xf,: ) ! duva, (F, U@, u)

g=1
In Eq. (3.23), the scattering kernel has beenma@ad in spherical harmonics for
consistency with the group-equivalency above; h@wrehis is not a requirement of the
method. Of note in this equation is that, assalteof the separation of the collision cross
section into two terms, the coupling of the eneaggl angular dependence within each coarse

group has been entirely shifted from the traditiarmdlision rate into the variation

termd,, (F, QW,, (F,Q), which is defined in Eq. (3.24).

8, ([, Q)W,, (7,Q) = [du(a(T,u) ~ g, (M)W (T, Qu)w(u)é, (u) (3.24)

In the original formulation of the GEC theory,ghariation term was addressed by
assuming that the energy and angular dependerthe @tix were separable, just as in
standard multigroup theory. Therefore, within tioatext of the GEC theory, this is the term
that must be addressed by the consistent GEC mefhioel new method begins by
approximating the angular flux in Eqg. (5) by a esréxpansion of the angular variable in
spherical harmonics (Lewis and Miller, 1993), ag&m (3.25). Itis noted that other
expansion bases may be used to treat this angep@ndence (e.g., see Mosher and
Rahnema, 2006). The selection of basis may bede¢stmined by optimizing for the
specific solution method used to solve the resgitransport equations in the system (e.g.,

core).

YEOW=Y Y W, 10X, () (3.25)
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The angular expansion coefficients of the flux@eéned in Eq. (3.26).

B (F,U) = [dQW(F,QU)Y,(Q) 120,00 m=~l,..]. (3.26)
a4

When Egs. (3.25, 3.26) are inserted into the RHSg0 (3.24), an expansion (in

energy and angle) of the variation term resultshdsy. (3.28).

0,y (F QW &)=Yy [du(a(F,u) - o, (MHWU)E, (WY, (Q) [dQW(E, X, WY, (Q) (3:28)

1=0 m=-lg

This is then simplified to Eq. (3.29)

8. (P, (F.O) =3 'Z &N (P (D) (7) (3.29)

1=0 m=-1

by defining the expansion coefficients of the vamia cross section as in Eq. (3.30).

[du(@(7,u) = g, (MWL)E, (U) [ dQW(T, Q' WY, (Q)

m(F) = 9 4 3.30
%5 (®) [dufdQw(r,Q',u) (3:30)

g

Replacing the variation term in Eq. (3.23) with. E2}29), and moving it to the RHS

generates the consistent multigroup equationsepted in Eg. (3.31).

QWY (F,0)+0,()%,F.0) =S 'ZY';(;” T30 (F)ng (F)

g';ll=0 m=(—|) 4 (331)
+ 345 D0, (16, (1)-3 S A5 @a0)

where the multigroup coefficients for the scattgramd fission cross sections, and angular

flux moments have been defined as in Egs. (3.33)3.3
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j duw(u), (u) j du'o, (F,u' - ug. (F,u")

o"9-9(F)=9 g
slm ( ) J‘du,qm (F,U') (332)
g

J'du'l/af (r,u)e(r,u)

Vafg'(r): IdU'(O(F,U') (3)3
Xog(7) = [ duy (F, )w(u)&, (u) 8)3
g (1) = [ di'gg, (7, 11) (3.35)

Equations (3.31-3.35) represent a multigroup fdatnan of the transport equation,
the solution of which is fully consistent with tfiee-group energy and angular dependence.
In comparing Eq. (3.31) with Eqg. (3.13), it is aldlaat this formulation of the generalized
energy condensation theory is consistent with tdmiguous energy transport equation. In
addition, because the consistent method is basdtedBEC theory, the fine-group flux may
be extracted from the coarse-group solution usieghigher-order moments of the flux and
Eq. (3.22). As a result, the consistent GEC theesylts in fine-group flux within the
coarse-group calculation.

As in the standard multigroup method for wholeecproblems, the fine-group (or
continuous energy) flux used as the weighting flamcis computed for a lattice cell (fuel
assembly with specular reflective boundaries), thiglflux is used to condense the cross
sections in Egs. (3.21, 3.30, 3.32, and 3.33). eQhese condensed cross sections and
variation coefficients are computed, the coarsexgrore flux moments may be obtained

from Eq. (3.31) using any solution method (disctdinates, characteristics, etc.).
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It is noted that if one strictly uses discreteioates with the same number of
ordinates for both core and assembly level calmuiat one could treat the variation term as
defined at specific directional values in the sanamner as the angular flux instead of using
spherical harmonics. Using an expansion of thellanglependence in the variation term
(e.q., spherical harmonics), however, provides germgeneral consistent formulation which
is applicable to a wider array of solution methodslso of note is the fact that the variation
term in EqQ. (3.31) does not depend on the highggranoments of the flux (in angle or
energy), and is dependent only on the scalar gilaxp This allows the consistent
multigroup method to provide a significantly impealsolution over the standard multigroup

method without impacting the solution time.

3.1.2.1 Implementation

While the consistent multigroup theory is geneeadi so that any orthogonal set of
functions may be used to expand the energy depeadempractice, Legendre Polynomials
are a logical choice. Because the weighting famati(u) is equal to unity and the non-0th
order moments integrate to zero, the RHS of E§1{3depends only on thé'@nergy
expansion ordemn&0) flux (Rahnema, Douglass, and Forget, 2008) a Assult, the B
energy expansion order equation accounts for thenfagral quantities (eigenvalue, coarse-
group flux, etc.), and the higher order equatiaesamly used to extract the fine-group flux,
as in the GEC theory.

While the consistent multigroup method is sufiintlg general to be applicable in any
dimensions and with any order of scattering or #&rgapproximation, for the sake of clarity,

the method is implemented for testing in this disg®n as 1D with isotropic scattering.
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The 1D form of the consistent multigroup equatisngresented in Eq. (3.36), with isotropic

scattering.

HE 0,044+, (IWy () =5 Za“g ()¢, (¥)

L (3.36)
Z)(Lvafg (99, () =G (IR ()¢, (9

While either a continuous energy or fine-groupiaiure may serve as the weighting
spectrum for the consistent multigroup methodyvfaification, a fine-group weighting
spectrum is used, and the equations are solvenl diisarete ordinatdsamework. The
expansion of the variation term is truncated dftet terms of the angular expansion. The
number of terms does not significantly affect tbkigon time in 1D, and the number of
terms kept is generally determined by the availabtier of angular expansion of the fine-
group flux. For example, if the fine-group fluxabtained with a discrete ordinates
calculation, a maximum df terms [=N-1) may be approximated with the quadrature
methods inherent in discrete ordinates calculations

The consistent generalized energy condensatiamythgesented above provides an
extension of the original GEC theory which is cetemt with the detailed energy spectrum
(continuous energy or fine-group), and thus provide improvement over the original GEC.
Expansion methods often do not provide the bestisaol for functional approximation,
however, because the order of the expansion ardtedlcoarse-group structure can play a
large role. In addition, as the desired resolutibthe weighting spectrum increases, the
complex resonances of the cross sections andirgsillix makes the use of a truncated

series expansion less appealing.
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3.2 B-Spline Energy Approximation for Neutron Trangoort

This section presents an extension of the multignmethod via a B-Spline
approximation of the intra-group spectral dependesfche angular flux. The standard
coarse-group solution is used in conjunction witbcral decomposition cross sections
which are defined in addition to the standard ac@@m®up cross sections. These are then
used in a set of subgroup equations to constreatxpansion coefficients of the spline
approximation.

We begin the derivation with the 1D transport eégumin terms of lethargy, with
isotropic scattering. This is done for simplidamythe derivation, and not as a restriction to
the method.

1% ., ' '
5 —)Ij.duaf (xu" > u)d(u)
,U&LIJ(X,,U,UHU()gu)LP(x,,u,u) =0 (3.37)
+J'du'as(x,u' > u)d(u)
0

We integrate this over the coarse grgufrom ug to ug+1, and define the collision

term as the sum of an energy dependent term ingracip and the deviation from it. This

forms the consistent 1D multigroup equation:

1 c O-fg'ag(x)
L5 (2wt
- Y R (13, (9, (9

+ U%’ag (X)J¢g’ (X)

Ho W, (x,H) + 0, (0, () = 257 (3.38)

where the cross sections have been defined indhdad manner. As demonstrated above,

this represents an exact preservation of the froeqgphysics within the coarse-group

formulation.
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Now, we assume that we have structured our cagoess so that we haw, fine
groups that are entirely contained within the bauia$ of coarse group not necessarily the
same for each coarse group. The fine-group flwiden these groups are those which are
generally used to generate the coarse-group ceasi®iss, as in the previous section and as
in standard methods. We now return to the transggpration, and integrate it over the fine-

grouph within coarse-groug:

Upsq o

1 I I I
aa[du{duaf(x,u - u)P(u’)

,u% .[duw(x"“’“)J’Jg(X) IdUW(X,,U,U) =+ jduj du'o, (xu - u)d(U) (3.39)
Un Up Up, 0

- [Aw(x u)W(x, 1,u)

Where A is the multiplication constant. Now, define theraative cross section as

the integral from the minimum lethargy, wt0 to the lethargy.
W(X, ,u) = j du'y (x, 1, U") 3.40)
0

In addition, we define the following terms:

J'du J'du'af (xu" - u)gu)
o? "(x) = (3.41)

Ugaa

[ du'g(ur)

J'du Idu’as(xu’ - we(u')
o9 "(x) == (3)4

Ugaa

[ du'g(ur)
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These cross section-like terms are called “fraatigroup functions” because they
represent the fractional impact of the coarse-gffaupon the fine-group shape.
With this definition, the fine-group integratednsport equation can be rewritten as

O @ () G g-h
Hog (POt ) =W ) g(af_(x) +J§‘“(x)}og,(x) a9
+T, ()@ (x4 U) - Py, =2l A

The coarse-group scalar flux is the only flux temmthe right hand side of this
equation. Therefore, if the coarse-group flux dreleigenvalue were already known, this
equation now effectively provides a fixed-sourckeglation. This coarse-group flux is the
0™ order energy expansion of the CGEC method in theipus section, and therefore can be
solved quickly. Equation (3.43) is therefore anagpn for the cumulative flux at the fine-

group boundaries. Next, we define the followingdtion:

B, 1) - P (x,4,U,)
WX, Ugy) = WP (%, 4,Ug)

B, (X, 1) = uld [ug u (3.44)

g+l

This function is referred to as the subgroup sh@fiinction, as it dictates the local
spectral shape of the angular flux as a fractiothefcoarse-group integrated flux (difference
between cumulative flux at the coarse-group bouadpar This function has several
important properties: it is everywhere positive,nomnically increasing, and constrained on
the unit interval. Rearranging terms of this défam allows us to reframe the cumulative

flux as:
WX, 14,u) = By (X, U)Wy (X, 1) + P (X, 1,Uy) = By (X, 1, U)W, (X, 1) + Zg: W, (x,u) (3.45)

It is noted here that the summation in the abay&tgon is independent af and
depends only on the coarse-group that the subgloaping function is defined in. By

inserting this equation into equation (3.43), thie hand side can be rewritten as:
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0
1 (W (B, (0, 1. ) = B, (6 1,0,) (3.46)
+0,00(W, 06 LB, (%, 1 U) = By (5, 41,4,))
Now, on the interval frorg to ug+1, we establish a “knot vectorlsj composed of
the subgroup boundaries, with the boundary paigtsidug:1 possessing multiplicity.

This allows us to define a spline approximationtfa subgroup shape function (deBoor,

2001):

Ng+k-1

By (X, 4, u) = Zﬁ; (%, 4B (u) 43)

At this point, it is helpful to note a few impontafeatures of this approximation. The

number of control pointg3; (also called “deBoor points”) is dictated by theoks chosen

and the order of the expansion. For a spline @édt acrosN intervals with the endpoints
having multiplicityk, N+k-1 control points are required, and thus the sanmeber of
constraints must be satisfied. We can spddifil of these conditions by declaring that the
approximation must be exact at thel boundaries of thW intervals. This is equivalent to

the following interpolation conditions:
Ng+k-1
By () = Ay (B (U;) ] = 1N +1 (3.48)

It is clear from having N+1 interpolation condii®and N+k-1 control points, that for
the problem to be well definedmust be greater than 2. This makes physical sensell,
because a spline of order 2 represents a lineaospmation to the cumulative flux, which is
equivalent to the spectrally flat fine-group fluk.< 2 would represent a non-physical spline.
In addition, fork=2, there are N+1 interpolation conditions and Neftwml points, and thus

enough constraints are provided simply by the batiad. For higher order splines,
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additional constraints must be determined (suan@®ent-conservation), or some knots
must be removed to reduce the dimensionality obfiime. For initial studies, we will allow
k to be equal to 2 and include as future work iteesion to continuous energy problems
with higher-order splines.
By inserting the spline approximation for the sudagp shape function at the group
boundaries in the transport equation, we have:
3 Ng+kd
u&(wg 0 4) 2B 00 ) B - Bi,k(uh))J .

) e
+0, (X)(Wg (X, 1) Z ,Bgl; (X, ,U)(Bi,k (Upa) =By (Uh))J =

Note that the correction term is dropped becdusentegral over the fine-group
makes the correction term equal to zero. The priradvantage of the basis spline
expansion is in local support, which restrictsinenber of basis splines which are non-zero
at the pointsi, andun+;. By reducing the indices of the summation, anaexing the

splines themselves, which depend only on the Igthave can rewrite the equation as:

0
Z(Bi,k (uh+1) - Bi,k (uh) ’uaX :ZE

: (W, (x08, (x 1) Gl(a?*“(w
+0, ()W, (X B (X)) o

+ asg'”“(x)}pg,(x) (3.50)

Now, if we define the following terms:
Q%) = 2 (W, (% 1, (%, 10) + 0, (W, (% DBy ()

. G 1 Jg'*h(x) ) (351)
S, (% 4) =Z_§(fT + 0! *“(x)}og,(x)

the transport equation can be written as a matjysagon:

BQ=S5 (3.52)
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where the elements of the lower triangular maé,;xare defined as:

B,, _{Bi,k(ujﬂ)_Bi,k(uj) j-k<is J} (3.53)

- 0 otherwise

This (Ng+1) X (Ng+1) matrix is guaranteed to be invertible if and orilthe
Schoenburg-Whitney conditions (deBoor, 2001) onkinat sequence are satisfied. Also, if
k=2, this is sufficient to completely define the spliapproximation.

Recall that at this point, given an approximaie flassembly fine-group calculation),
the coarse group solutidi, (x, 4 ahd eigenvalue are already obtainable from a ctemgis
coarse-group calculation{@rder energy expansion), and the fractional gfouaptions
(Egs. (3.41-43)) are already generated from th&lriine-group calculation. In addition, the
Bxmatrix and it's inverse may be pre-computed agjtethds only on the group structure.
The value of the garray are then computed by applying the inversa@B matrix to the

source @

(3.54)

This results ifNg+1 equations for the qux-shape-coefficie\Hg (x, 1) = ﬁé (% L)W, (% 1) :

Ho )+ 0,00, (0,00 = (B35, (3.55)

which can be solved witNg+1 additional transport sweeps, and dividing oetdbarse-

group angular flux solutio®’ (x, & .) The fine group cumulative flux solution for the

angular flux can then be found with the followirguation:
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W00 = 5, 064,00 W, (6, )+ D Wiy (5,10

Ng+k-1

= S (0B ()W, () + Y Wy (0,20 (3.56)

Ng +k-1 9
= D W (B, (u)) + D Wy (X 4)
i=1 g'=1
From this equation, the fine-group flux can be gklted by the spline-differentiation
formula in deBoor. This method allows for the ragetomposition of the detailed flux from
the coarse group solution via the following proaedu
(1) Generate an assembly-level fine-group flux solution
(2) Generate consistent coarse-group cross sectiontharsdibgroup decomposition
functions. Also generate the B-matrix and its nsee
(3) Solve the consistent coarse-group calculation tainlthe eigenvalue and coarse-
group flux for the problem.
(4) Generate the source array by using the decompoditiections with the coarse-
group flux solution
(5) Condition the source array with the inverse of BRmatrix to obtain the equations
for the spline control points
(6) Perform a single transport sweep for each of thes&ol points.

For example, if one usda2, 47 fine groups, and 2 coarse groups, one wahe s
the 2-group consistently, and then require 47 aatdit transport sweeps (not eigenvalue
calculations) to fully extract the 47-group fluXhis linear spline approximatiok € 2), in
fact, represents an extremely practical alternabvihe CGEC theory presented in section

3.1.
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3.3 Subgroup Decomposition Method

Traditionally, the group-collapsing process hasrba one-way activity. The
resulting solution is only obtained for the coagseup structure and the detailed spectrum is
inaccessible. The CGEC presented in sectionx3ehds the GEC in a way that ensures that
the unfolded flux is obtained in a consistent folation of the transport equation. However,
truncation of the expansion means that the unfglgnocess is not a true “inverse” of the
condensation process. The linear spline approiom#=2) from section 3.2, however,
doesmeet the fundamental goal of establishing a thweetse” for the condensation.
Because the group flux is an integral over eachgrthe linear spline approximation
represents the multigroup condensation process {em fine-group to coarse-group), and
does so without the need for orthogonal expansiémshis section, we define the linear
spline approximation as the “subgroup decompositi@thod,” (SGD) which serves as a
highly practical treatment of the energy varialolevhole-core transport problems. The new
method can be broken into 3 distinct steps.

In the first step, a detailed flux spectrum isdusecondense the material cross
sections within each region of the problem, genmyead coarse-group cross section library.
The condensed library is then used within a cogreap transport equation to obtain a
coarse-group flux solution and eigenvalue. ltsisemtial that this coarse-group formulation
be consistent, as described in section 3.1. Ttenskstep is to perform a set of fixed-source
“decomposition sweeps” to obtain the detailed $pectrum. This is equivalent to solving
the Eq. (3.43). For each of these calculatiors sthurce is constructed by decomposing the
coarse-group source into a source corresponditigetdetailed spectrum via a set of

“decomposition cross-sections.” As mentioned presiyp, the detailed spectrum used to
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condense the cross sections in the first steplisapproximate, generally corresponding to

the lattice-cell spectrum.

3.2.1 Subgroup Decomposition Sweeps
In order to decompose the flux spectrum aftercthesistent coarse-group core
calculation, two additional “cross sections” arenputed when the cross sections are initially

condensed:

> V04 (F)g (F)
Re (1) = X (M) - 3)57
O=1OF 5 €

hOc'

) Z’Usmhuh(r)(dr?('?)
Rslm:’-.h(r)_ 2(4?(?)

h'Oc'

(3.58)

These coefficients are known as “sub-group decaitipa cross sections” because
they represent the source in sub-growgther by scattering or fission from coarse-groyp
and therefore, if the coarse-group flux is knowovde a way of decomposing the source
into the fine groups. These are the more pragcticaltigroup alternative to Eq. (3.44) and
Eq. (3.45). It is noted that these cross sectioasgeady computed during the standard
condensation calculation, but discarded in favahefcoarse-group cross sections and not
used by standard coarse-group transport methodsa rAsult, the generation of these terms
adds negligible time or memory constraints to thiedensation procedure and is significantly

more efficient than generating energy-expansion emas) as in the GEC theory. The SGD
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cross sections allow the fixed-source “decompasisiweep” equation to be written for fine-

grouph as a function of the coarse-group flux and eigéressolution.

R A R 47szfcahqoc(r)
QY (r,Q)+o,(NW,(r,Q) = (3.59)

Q
DI MGl
Eq. (3.59) is known as a “decomposition sweep’abse the eigenvalue and source
have already been obtained during the coarse-gralgplation, and therefore Eq. (24)

requires only a single transport sweep to solveeémh subgroup.

3.4 Cross Section Recondensation

In order to generate coarse-group cross sectitimshvaccurately preserve the fine-
group reaction rates, the fine-group flux for thieole-core problem would need to be
known. In the standard multigroup method, thedatcell flux is used as an approximate
weighting function; however, this introduces a #igant source of error. The specular
reflective boundary conditions of the lattice aalculation are generally not an adequate
approximation of the core environment, particulanighe heterogeneous configurations
typical of current operating reactors. Becahgdattice cell spectrum is not generally a
good approximation, improving the coarse-group £8ections requires a different source of
fine-group flux. By making use of either the catent generalized condensation theory or
the subgroup decomposition method presented ipréhgous sections, a new core-level
fine-group flux can be found which is closer to fime-group core spectrum than it is to the
lattice cell spectrum. As demonstrated by DouglRstinema, and Forget (2008), the
expanded fine-group flux for a 1D BWR problem wathigh order expansion (> 10 energy

moments) resulted in less than 3% average RMS, @nroomparison with 15% RMS error
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for the lattice spectrum, even when using an inistest coarse-group formulation and the
expansion based method.

The basis of the recondensation methodology ietbee to treat the lattice spectrum
merely as an initial guess for the weighting fumetiand to use one of the inverse
condensation techniques (either CGEC theory o6tBE method) to generate a new
approximation to core-level fine group flux. Thewspectrum, which is a better
approximation for the core-level flux than theitztcell spectrum, is then used to generate
new cross section moments, and the method is egheat

Thus, the recondensation method is describetidofollowing procedure.
(1) Select an initial fine-group energy spectrum. Ti&ig/pically the spectrum obtained
with lattice cell calculations with specular boundaonditions.
(2) Generate coarse-group cross sections weightedhatimitial spectrum.
a. If using the CGEC, also generate the higher-ordesscsection moments.
b. If using the SGD, generate the subgroup decompositioss sections.
(3) Perform a coarse-group whole-core calculation taiokan approximation of the
eigenvalue and coarse-group flux.
a. This calculation must be performed with a consistermulation, including
the correction term (Eq. (3.19), (3.29)).
(4) Obtain the fine-group flux from the coarse-groupxfand eigenvalue.
a. If using the CGEC, this consists of the higher-oftiexk moment calculations
based on the zeroth-order coarse-group flux saiutio

b. If using the SGD, this consists of the “decompositsweeps” for each fine-

group.
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(5) Use the flux from step (4) to generate updatedsssgroup cross sections and higher
order moments / decomposition cross sections.

(6) Repeat steps (2)-(5) until the coarse-group cdicuia converge.

There are a few important factors which must bedaetith regards to practical
implementation of a recondensation scheme basettloer the CGEC or the SGD method.
The first is that a criteria must be defined ttedmine when the solution is
sufficiently converged. Repeating the recondensgtirocedure until the
decomposed/unfolded fine-group flux in succesgations differ by less than some fixed
parameter is the most natural convergence paramidtefever, in practice, converging the
detailed spectrum to within a very fine parameteganerally less important than converging
the coarse-group cross sections, and therefone#ution rates. For a wide class of
problems, small changes in the fine-group flux sp@e do not dramatically effect the
reaction rate or eigenvalue. For example, contigptihe recondensation procedure until the
fine-group flux at the periphery of a large VHTRoplem (where large reflectors and shields
around the core attenuate the flux to near zeroipisly converged is an inefficient use of
computational power. As a result, for it is gelfigrareferred that recondensation procedure
is performed until the coarse-group cross seciiogsiccessive iterations differ by no more
than some criterion. However, converging 2-groigss sections to a given criterion, for
example, does not result in as accurate a solasaonverging 8-group cross sections to the
same criteria, and therefore it is expected thitaffew groups are used, it may be necessary

to tighten the convergence criteria for some pnoisle In this dissertation, the default
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convergence for the cross sections is 0.1%, andh \felrther convergence is needed, it is
stated.

The second factor is the effect of the coarseqgsitucture chosen on the
recondensation scheme. Using the SGD method watlemnsistent coarse-group
formulation ensures that the coarse-group anddgnoep calculations are entirely consistent
independent of the group structure chosen, becaaefine-group is entirely contained
within a coarse-group. In the CGEC based recoradiems the group structure and order of
expansion would both play a significant role in #ueuracy of the solution. In either case,
when calculating the core-level coarse-group flsing a larger number of coarse-groups or
more spectrally appropriate group boundaries msyltréen fewer recondensation iterations
being necessary. Therefore, there is a complebetodf between using more groups or
higher order expansions to lower the number oattens and the extra time required to solve
the coarse-group calculation with more groups.

In general, the recondensation method allows fmreected flux solution at the
whole-core level which does not contain the eremagated from the use of specular
boundary conditions in the lattice cell calculatiohn interesting property of the
recondensation methodology is that it uses thiedatiell calculation as only an initial guess
for the iterative procedure. As in most iterafprecesses, while the speed of convergence is
strongly affected by the use of a good initial geéke final converged solution of the
iterative process is independent, and will be Hmaesfor any initial guess. This makes the
recondensation methodology essentially indepenafaie lattice cell calculation, and by
iterating between the expanded spectrum and thseggoup core calculations, the core

solution could be obtained without performing tagite calculation. As a result, the
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recondensation solution can be thought of as amant solution of the core, depending only
on the cross section mesh, fine-group structure @ader of expansion in the CGEC), rather
than as a merely a correction to the lattice qecgum.

The implementation of the recondensation methagotesults in the need to balance
the optimization of the initial guess versus theéadaandling and storage requirements.

While the lattice solution does generate a mop&raonvergence, the computational
requirements (solution time and memory requiremenitshe lattice calculation may cause
the solution of the lattice problem to be more egdee than the added iterations from a non-
optimized initial guess. A detailed analysis agtbptimization problem is outside the scope
of this paper, and within the implementation présédnn the next section, the lattice cell flux

is the initial guess.
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CHAPTER 4

BENCHMARK PROBLEM DEVLOPMENT

For much of the history of the nuclear industolysg the neutron transport equation
required numerical methods based on a varietyngpldications (such as homogenization
and diffusion theory) because the computer teclgyoleas not advanced enough to allow
engineers and scientists to use direct neutrospiah for a whole-core problem. In recent
years, there has been a renewed interest in oglthie improvements in computer
technology to develop new methods, such as thasepted in the previous chapter, for
treating more complicated reactor problems witleatitransport. Validating codes which
implement these methods requires testing with eglelsenchmark problems; however, there
is a lack of full-scale, heterogeneous neutroneazschmarks for whole-core transport
problems. Thus, new benchmarks are necessargdbagéss a high degree of heterogeneity
at both the assembly and core levels, and with gégnand materials which are
characteristic of real-world designs. In additiorthe methods developed in the previous
section, this dissertation seeks to address tluwlatge gap by providing a 2D and 3D
benchmark for a BWR core, and 1D benchmarks for LaMB VHTR problems intended for
early methods development.

The benchmark problems presented in this disgantate intended to be somewhat
representative of operational reactors. In ordenake the benchmark specifications useable
by methods developers with a wide variety of alddaomputing power and at different
points in the development process, several sinoplibns have been made while retaining
the significant physics features of the core. @&ample, operational reactor lifetime vastly

exceeds the life of a fuel assembly design, asnergs constantly upgrade the assemblies to
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allow higher burnup, increased stability, and inya@ power-density. As a result, operating
reactors use several different fuel assembly tdoesg a given cycle, but for simplicity, the
specifications in this dissertation are all based@mewhat restricted assembly designs. The
burnups, state parameters, and enrichments maythvanyghout the core (to retain the
physical effects of that trend in operating reagtdout the geometric design is consistent.

In addition, the nodal distribution of void andrbup parameters in the BWR has
been reduced to only three burnups and three vaatiéns. These kinds of simplifications
may introduce unrealistic gradients; however, taedhmark problems are intended to
challenge whole-core transport methods while maiirtg computational simplicity and are

not intended to explicitly model a specific reactor

4.1 GE9-Loaded BWR with Operational State Parametey

4.1.1 Core Description

The core geometry is based on a large BWR congistii 560 fuel bundles laid out in
a 26x26 grid with an assembly pitch of 15.24 cnme Tayout of the core is based on a nodal
state parameter distribution from an operatingtegSutton, 2007). While this distribution
contains radial and axial heterogeneity in botldvfocaction and exposure, the benchmark
specification is simplified to contain an axiallgitorm burnup distribution. Figure 4.1
contains the burnup layout of the core. The bundte numbered according to the figure,
and these numbers will be used later in the settiwaference specific bundles. The core is
surrounded by a row of assembly-width square maderagions and vacuum boundary

conditions.
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Figure 4.1: BWR Radial Core Layout

The burnups for the benchmark problem were catedlay axially averaging the
exposure of the nodal state parameter distribwtr@hsetting each bundle to the batch-
average burnup. The operating reactor uses ach-bgtle, however to reduce the size of
the cross section library, the two highest expobatehes were averaged together to produce
a three-batch layout.

While an operating reactor has a continuouslyingryoid distribution, generating
multigroup cross sections for each explicit voiatstwould make the cross section library
prohibitively large. Therefore, each void statéhe benchmark specification, is binned into
one of three values (0%, 40%, and 70%) as seeahie®.1. The benchmark layout
consists of five axial void zones as seen in Figu2e within which the void distribution is

axially uniform. Each of these zones consists akial nodes 15.24 cm thick.
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Zone 5 (Top) Zone 2

Zone 4 Zone 1 (Bottom)

70%
40%
0%

Figure 4.2: BWR Axial Core Layout

Zone 3

Table 4.1: BWR Void and Burnup State Point Intesval

Operating Reactor Nodal | Benchmark

Distribution Interval Value
Void < 20% 0%
Fraction 20 — 60% 40%
> 60% 70%
Batch 3: 250 — 400 MWdA/T 350 MWdA/T

Burnup Batch 2: 13 GWd/T — 17 GWdA/T 15 GWd/T
Batch 1: 20 GWd/T — 30 GWd/T 25 GWd/T

The benchmark problem consists of 25 axial nodethiokness 15.24 cm, 23 of
which are active fuel nodes and 2 of which aredng bottom blankets of natural Uranium

fuel nodes. Three different control rod configurations are exaad in this paper:
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1. ARO - All Rods Out

2. ARI - All Rods In — control blades are inserted thik 48 notches (first 24 nodes)

3. SRI - Some Rods In — Operating condition: conttatibs are inserted according to
the control rod insertion map obtained for the afing reactor near the beginning of
cycle.

Figure 4.3 contains the control blade insertiottgua for this configuration. The
insertion values represent the number of notcheasx{g nodes) that the control blades are

inserted

12 12

12

Figure 4.3: SRI Configuration Control Blade InsentiMap

4.1.2 Bundle Configuration

The bundle used in the core is a GE9 BWR bundeiipation from work on BWR
bundle depletion using RACER (Kelley, 1995). Th@metric and state parameters of the
GE9 bundle are presented in Table 4.2. The moda usthis benchmark is simplified by

squaring the corners of the bundle casing.
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Table 4.2. GE9 Bundle Parameters

Bundle Specification (Kelley, 1995)

Control BladgeSification (Solis et. al., 2001)

N

N—r

Number of Fuel Pins 60 Sheath Half-Span 12.3825 cn
Fuel Pin Radius 0.53213 cm  Sheath Center-Crossi&ian 1.98501 cm
Fuel Pin Clad Radius 0.61341 cmm  Sheath Thickness 792@8 cm
Central Water Tube Radius 1.6002 cth ~ Sheath Material 55304
Central Water Tube Clad Radius 1.7018 cim  ContrbleTMaterial B4C (70% density
Fuel Pin Pitch 1.6256 cm| Control Tube Radius 0.538%
Large Water Gap Thickness 0.9525cm  Control TubshPi 0.57764 cm
Small Water Gap Thickness 0.47498 cm

Zr Assembly Casing Thickness 0.2032 cm

Fuel Temperature 833 K

Clad / Mod Temperature 600 K

The GE9 bundle consists of 10 different fuel dmments, and 2 enrichments of

gadded fuel rods, laid out as in Figure 4.4. Trkeel material compositions are located in

Appendix A.
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Figure 4.4: GE9 Bundle Layout

4.1.3 Dimensional Reduction to 2D

When developing and testing new transport metlandscodes, it is often impractical

to begin with a fully heterogeneous, whole-corel®&bchmark problem. This results in

preliminary tests of new methods being done in & problems, and then moving up to

simple 2D problems. It is still desirable, howevier these problems to possess the physics
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and geometries characteristic of operating reaet®rdosely as possible. To facilitate this, a
2D benchmark problem has been generated by redtie@@D problem and maintaining the
relevant physics and geometry.

The 2D void distribution is generated by axiaMeeaging the nodal void distribution
of the operating reactor, and then binning eacldleuimto the same intervals as in the 3D
problem (see Table 4.1). This results in each leufadling within the 40% void interval;
therefore, the 2D benchmark model possesses anmifoid of 40%. The burnup map for
the 2D benchmark is the same as the 3D model (geeeF4.1). The same three control
configurations are chosen for the 2D benchmarklpm{ARO, ARI, SRI). Because of the
difficulty in modeling partially inserted controldzles in a two-dimensional problem, the 2D
SRI configuration contains control blades in eamtation used for partial control blades in

the 3D problem.

4.1.4 Cross Section Generation

The GE9 bundle was modeled with diagonal symmeatd/fully specular reflective
boundary conditions using the lattice depletionecBEELIOS v1.10 (Simenov, 2003The
47-group unadjusted production library was usedefaete the bundle to 25 GWd/T in 50
burnup steps. A specific power level of 24.324%\Vébtained from the real-world BWR
state parameters, was used to deplete the bubdlgleted fuel isotopics were dumped for
each of the burnup points in the benchmark prolfgso MWd/T, 15 GWd/T, and
25GWd/T), and branch calculations were performegetaerate 2-group cross sections for
each void state (0%, 40%, and 70% void), with aitdout a 1/8-slice of the control blade.
Voiding is only performed for the coolant in theeflattice; the bypass coolant and the

central water column remain un-voided. A secona&depletion and branch-off
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calculations was performed for the natural Uranlumdles present in the top and bottom
blankets of the core. Natural Uranium bundlesi@eatical to the active fuel bundles, but all
fuel pins are replaced with natural LI’he HELIOS model, including the computational

mesh, is presented in Figure 4.5.

Figure 4.5: GE9 Fuel Bundle HELIOS Model

The fuel pins were meshed with 5 annular regionsdazimuthal regions. In order
to correctly model pin fission rates, gadded foelswere meshed with 10 annular regions.
Cross sections were output for each material tyeel in the bundle (10 fuels, 2 gadded
fuels, Zr structure, voided coolant, unvoided catla The 2-group thermal boundary used
for the cross section generation was 0.62506 e4 standard for LWR analysis.

The bundle eigenvalues for each state (burnupl, wointrol) obtained in the HELIOS
calculations are presented in Table 4.3. The 2ygroacroscopic cross sections for each

material region of the bundles are presented inefAdp< A.
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Table 4.3: HELIOS k-infinity values for each BWRrlle type.

Burnup 0% 40% 70%
(GWdIT) Void Void Void
GE9 Bundle
0.350 1.05712 1.04269 1.02220
15 1.15211 1.12788 1.09605%
25 1.04030 1.01705 0.9869%

Controlled GE9 Bundle
0.350 0.95287 0.93104 0.90523
15 1.05704 1.01901 0.97289
25 0.95139 0.91467 0.87064
Natural Uranium Bundle
0.350 0.84095 0.85796 0.86223

15 0.79422 0.79196 0.78034
25 0.75524 0.74988 0.73627
Controlled Natural Uranium Bundlée

0.350 0.72977 0.72741 0.7124y
15 0.70691 0.69132 0.66612
25 0.67393 0.65636 0.63026

4.1.5 MCNP Core Models

Each configuration was modeled in MCNP5 (LANL, 2D@sing 1/8th symmetry,
with specular boundary conditions on the diagondl\&est faces, laid out radially as in
Figure 4.6. The top, bottom, and north faces ardetedl with vacuum boundary conditions.
A 15.24 cm thick layer of additional moderator suimds the core (same cross section as
bypass coolant in the periphery bundles). Notetthia model does not treat reentrant
particles in the MCNP simulation. The 2D configioas were modeled in the same manner
as the 3D cores in the radial direction, but wiibaular reflective boundary conditions on

the top and bottom faces and axially uniform spat@meters.
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Figure 4.6: 1/8 Core Layout for MCNP Model of BWR

4.1.6. MCNP Core Simulation

Calculations were performed for each core conéigan (ARO, ARI, SRI) with
MCNP5 using a 128 node cluster. An initial caltiola was performed with 1.05 billion
histories (250,000 histories per cycle for 4200 leyk to obtain a converged source
distribution. For each configuration, the solutiwas obtained with an additional 1.05 billion
histories were simulated (250,000 histories for@t@6tive and 200 inactive cycles). Tallies
were made for the average energy-integrated fisgersity in all fission producing pins in
each mesh

In order to ensure that the benchmark is usealleafwide variety of transport
methods, the MCNP calculation was performed with fultigroup option, as opposed to

continuous energy.
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Table 4.4: MCNP Eigenvalue for all three configioas

ARO ARI SRI
3D Eigenvalue 1.03953 0.94557 1.03396
Std. Deviation | 0.00001 0.00001 0.00001
2D Eigenvalue 1.04230 0.93955 1.03344
Std. Deviation | 0.00001 0.00001 0.00001

Figure 4.7 contains the axial relative fission dignetegrated over the each axial core layer

for all three configurations of the 3D problem.
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Figure 4.7: Layer-Averaged Relative Fission Density
for SRI, ARO, and ARI Configurations

For each control configuration, bundle-integrdisdion densities for every axial
layer are presented in Appendix A. These are mediby normalizing the tally resditfor
every axial layer of each pin to the total numbieiuel assemblies in the core (560), as in

Eq. (4.1).
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_ f, %60
R - Z 1?' (4-1)

Axially-integrated pin fission densities are péatt along with axially-integrated
bundle fission densities, for each configuratiod #rese are presented in the following
sections. In addition, while providing individuaggion densities for each pin is impractical
due to the large number of fuel pins in the cordetailed description of pin fission densities
(PFD) is desirable to fully test new codes’ abitityaccurately model local transport effects.
To satisfy this need, four bundles were chosen kvhighlight the more challenging regions
of the benchmark for methods: a high-power fresidbeiwhich is controlled in the SRI
configuration (bundle 14), a medium burnup bundl@eent to a controlled bundle in the
SRI configuration (bundle 30), a peripheral burtendle 70), and the peak bundle in the
ARO configuration (bundle 21). The axially-intetga fission densities are presented in the
following sections for each pin in the bundles,malized to the total number of fuel pins in
the bundle (60), as in Eq. (4.2).

60

ol
> fo

P, = (4.2)

Pin Fission Density results as well as an analystee uncertainty in the results are

presented in sections 4.2.5.1 — 4.2.5.6 for theouarconfigurations.
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4.2.5.1 BWR Pin Fission Density Results — 3D ARO

LT,
=]

|||||||||

i

HH
T

TR
i
im
im

T

m1.80-2.10
01.50-1.80
m1.20-1.50
m(.90-1.20
00.60-0.90
m0.30-0.60

m0.00-0.30
T

R

043
(0.50)

0.42
(0.50)

0.40
{0.51)

0.37
(0.53)

0.34
(0.58)

0.82
(0.39)

0.79
(0.39)

0.78
{0.40)

0.74
(0.41)

0.67
(0.43)

0.47
(0.47)

0.97
(0.35)

0.92
(0.35)

0.95
{0.35)

0.92
(0.36)

0.94
(0.36)

0.83
(0.38)

0.58
(0.42)

0.45
(0.48)

0.35
(0.57)

0.97
(0.35)

0.88
(0.34)

0.99
{0.34)

0.92
(0.33)

1.05
(0.33)

1.04
(0.33)

0.98
(0.35)

0.91
(0.38)

0.72
(0.43)

0.42
(0.56)

0.92
(0.34)

1.05
(0.33)

0.96
{0.32)

116
(0.31)

124
(0.31)

117
{0.31)

0.99
(0.32)

1.09
(0.34)

0.83
{0.39)

1.09
(0.33)

1.18
(0.32)

1.20
{0.31)

132
(0.30)

1.32
(0.29)

1.34
(0.29)

1.21
(0.31)

119
(0.34)

1.00
(0.32)

1.21
(0.31)

113
{0.30)

137
(0.29)

126
(0.28)

142
{0.28)

118
(0.31)

116
(0.32)

1.28
(0.30)

1.33
{0.29)

150
(0.28)

1.64
(0.27)

163
(0.28)

1.02
(0.32)

123
(0.31)

116
{0.29)

147
(0.28)

143
(0.28)

111
(0.32)

1.22
(0.31)

127
{0.30)

145
(0.31)

0.91
(0.34)

1.09
(0.33)

1.04
{0.33)

0.95
(0.35)

0.90
(0.36)

0.79
(0.38)

Figure 4.8: 3D ARO Configuration: PFD distributiand

bundle fission density with statistical uncertai(f)
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Table 4.5: Selected pin fission density results
and % uncertainty (in parentheses) for BWR — 3D AR@figuration

Bundle 14 Bundle 30

110] 1.18] 110 111 118 126 126 13 086 0920 092| 094 0.89 0.84 0.4

(0.28)](0.29)] (0.30)[ (0.30)| (0.30)| (0.28)| (0.27)| (0.25)| (0.30)[ (0.30)| (0.31)| (0.31)| (0.30)| (0.30)| (0.28)| (0.28)

117] 093] 036 087 03f 099 126 1p5 093 10051 1.06] 1.09 1.03 094 0.§

(0.30)[(0.32) (0.22)[ (0.32)[ (0.22)| (0.30)| (0.28)| (0.26)| (0.31)[ (0.32)| (0.32)| (0.32)| (0.31)| (0.31)| (0.29)| (0.28)

1.06| 035 082 096 092 038 115 1p4 102 0903 1.08] 1.06 1.08 1.04 0.9

(0.31)/(0.22)] (0.33)| (0.32)| (0.33)| (0.22)| (0.29)| (0.26)| (0.32)| (0.33)| (0.33)| (0.32)| (0.32)| (0.32)| (0.31) (0.29)

1.05| 0.84] 0.94 099 115 142 1.03 olos 103 071.1.12] 0.98
(0.31)[(0.33)[(0.33) (0.32)(0.29)] (0.26)| (0.33)[ (0.33)[ (0.33) (0.32)(0.31)[ (0.30)
1.06 | 0.35] 0.9 036 115 143 1.p1 093 102 10 1.1.10] 0.97
(0.31)[(0.23)[(0.33) (0.22)(0.29)] (0.26) (0.33)[ (0.33)[ (0.33) (0.32)(0.31)[ (0.30)

1.16| 093] 0.3 09 03p 102 121 1jx7 103 09040 1.03] 1.05 104 11p 09

(0.29)(0.32) (0.22)| (0.32)| (0.22)| (0.30)| (0.28)| (0.26)| (0.33)| (0.34)| (0.33)| (0.33)| (0.33)| (0.32)| (0.31)| (0.29)

115| 116 108 110 1.1p 119 118 113 103 09080 095 1.020 1.03 1.09 0.9
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111 1.14] 115 11% 118 114 1.12 1jJ0 091 104061105 1.08 109 101 0.9

(0.26)](0.27)] (0.27)| (0.27)| (0.27)| (0.26)| (0.25)| (0.24)| (0.31)| (0.32)| (0.33)| (0.33)| (0.32)| (0.31)| (0.30)| (0.28)

Bundle 21 Bundle 70

093] 0.96] 097 096 097 090 0.84 OPB1L 081 0.8x8B3p00.79] 0.77] 0.68 0.62 0.5

(0.25)[ (0.25)[ (0.26)[ (0.26)| (0.26)| (0.26)| (0.27)| (0.34)[ (0.46)| (0.47)| (0.48)| (0.49)| (0.50)| (0.50)| (0.50)| (0.48)
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4.2.5.2 BWR Pin Fission Density Results — 3D ARI
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Figure 4.9: 3D ARI Configuration: PFD distributiand
bundle fission density with statistical uncertai(f)

59




Table 4.6: Selected pin fission density results
and % uncertainty (in parentheses) for BWR — 3D ERhfiguration

Bundle 14 Bundle 30
1.31| 145| 133 133 133 144 1387 1pP9 085 0.82Z780 0.74| 0.73] 0.64 0.5V 04
(0.26)((0.27)((0.27)|(0.27)| (0.27)| (0.26)| (0.25)| (0.24)] (0.29)| (0.30)| (0.31)| (0.32)| (0.32)| (0.32)| (0.32)| (0.32)
142| 1.13| 042 103 043 111 183 1j9 097 1.0021 1.00| 0.99) 0.86 0.72 0.4
(0.27)((0.29)| (0.20)| (0.30)| (0.20)| (0.29)| (0.27)| (0.26)] (0.30)| (0.31)| (0.32)| (0.32)| (0.32)| (0.32)| (0.32)| (0.32)
1.27| 0.41| 097 112 10 042 1.16 108 111 1.0%091 1.11| 1.05 1.01 0.8Y 0.6
(0.28)((0.20)| (0.31)| (0.30)| (0.30)| (0.20)| (0.28)| (0.27)] (0.31)| (0.31)| (0.31)| (0.31)| (0.31)| (0.32)| (0.32)| (0.32)
1.24| 0.98| 1.10 1.05 1.1p 1.0 1.16 1/]10 114 071.1.01| 0.76
(0.29)((0.30)| (0.30) (0.30)[ (0.29)| (0.28)] (0.31)| (0.31)| (0.31) (0.31)[(0.32)|(0.32)
1.21| 0.40| 1.01 038 10 096 1..7 1J07 115 141.1.04| 0.78
(0.29)((0.20)|(0.31) (0.20)| (0.30)| (0.28)] (0.30)| (0.31)| (0.31) (0.31)[(0.31)[(0.31)
1.28| 1.01] 039 100 03¢ 095 101 085 120 1.13081 1.17| 1.16/ 1.13 1.0f 0.9
(0.28)((0.30)((0.21)| (0.31)| (0.21)| (0.31)| (0.29)| (0.28)] (0.30)| (0.31)| (0.31)| (0.30)| (0.30)| (0.31)| (0.31)| (0.30)
1.20| 1.18| 1.05 104 100 099 090 O0J/5 121 11441 1.09| 1.14 1.10 1.09 0.9
(0.27)((0.29)| (0.30)| (0.30)| (0.30)| (0.30)| (0.29)| (0.28)] (0.30)| (0.30)| (0.31)| (0.31)| (0.31)| (0.31)| (0.30)| (0.29)
1.10| 1.04| 096 091 090 081 0.4 05 106 12231 1.21| 1.21] 1.18 1.056 0.9
(0.26)(0.28)|(0.29)| (0.29)| (0.29)| (0.29)| (0.28)| (0.28)] (0.29)| (0.29)| (0.30)| (0.30)| (0.30)| (0.30)| (0.29)| (0.28)
Bundle 21 Bundle 70
091| 0.87| 0.82 0.7t 074 0.4 056 048 0,78 0.81830 0.79| 0.77, 0.68 0.62 0.5
(0.23)|(0.24)| (0.25)| (0.26)| (0.27)| (0.27)| (0.28)| (0.75) (0.37)| (0.38)| (0.39)| (0.40)| (0.40)| (0.40)| (0.40)| (0.39)
1.06| 1.10/ 1.08 104 101 0.87 0.1 056 087 098700 0.94| 093 0.80 0.70 0.6
(0.24)|(0.24)| (0.25)| (0.26)| (0.27)| (0.28)| (0.75)| (0.28)] (0.39)| (0.40)| (0.41)| (0.42)| (0.42)| (0.42)| (0.41)| (0.39)
1.22| 1.14| 115 1.16¢ 109 103 087 0J4 102 090011 0.98| 0.91] 0.91 0.84 0.7
(0.24)|(0.25)| (0.25)| (0.25)| (0.27)| (0.73)| (0.28)| (0.27)] (0.39)| (0.41)| (0.42)| (0.42)| (0.42)| (0.42)| (0.41)| (0.39)
1.29| 1.20| 1.21 1.09 101 044 1.13 1)06 103 94 (.0.99| 0.86
(0.24)|(0.25)| (0.25) (0.27)|(0.27)[(0.27) (0.39)| (0.40)| (0.41) (0.42)|(0.41)| (0.38)
1.31| 1.17| 1.24 1.16 104 0.47 1.19 1)04 108 041.1.04| 0.91
(0.24)|(0.25)| (0.26) (0.25)|(0.26)| (0.26)] (0.38)| (0.39)| (0.39) (0.41)|(0.40)| (0.37)
1.36| 1.24| 117 124 121 115 108 082 129 118061 1.10| 1.08 1.09 1.10 0.9
(0.24)| (0.25)| (0.69)| (0.26)| (0.25)| (0.25)| (0.25)| (0.25)] (0.36)| (0.38)| (0.39)| (0.39)| (0.39)| (0.40)| (0.39)| (0.36)
1.36| 1.26| 124 117 120 1.14 1.10 07 132 1211 1.09| 1.14, 1.09 1.10 0.9
(0.24)|(0.67)| (0.25)| (0.25)| (0.25)| (0.25)| (0.24)| (0.24)] (0.35)| (0.36)| (0.37)| (0.38)| (0.39)| (0.39)| (0.37)| (0.35)
1.19| 1.36| 136 131 120 122 106 0pP1 120 1335101 1.28| 1.25 1.1 1.08 0.9
(0.62)| (0.24)| (0.24)| (0.24)| (0.24)| (0.24)| (0.24)| (0.23)] (0.33)| (0.34)| (0.36)| (0.36)| (0.37)| (0.37)| (0.36)| (0.34)
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4.2.5.3 BWR Pin Fission Density Results — 3D SRI
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Figure 4.10: 3D SRI Configuration: PFD distributiand
bundle fission density with statistical uncertai(f)
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Table 4.7. Selected pin fission density results
and % uncertainty (in parentheses) for BWR — 3D S&ifiguration

Bundle 14 Bundle 30

128| 1.39| 128 128 120 140 136 19 085 0.8L20092| 095 090 0.86 0.4

(0.31)](0.32) (0.33)[ (0.34)| (0.33)| (0.32)| (0.31)| (0.29) (0.31)[ (0.31)| (0.31)| (0.31)| (0.31)| (0.30)| (0.29)[ (0.28)

137] 1.09] 042 099 04p 108 131 11 092 1.010411.06] 1.100 1.04 095 0.§

(0.33)[(0.35) (0.25)[ (0.36)| (0.25)| (0.35)| (0.33)| (0.31)] (0.32)[ (0.33)| (0.33)| (0.32)| (0.32)|(0.31)| (0.30)[ (0.29)

123| 041 093 107 10p 041 114 1j)1 101 09M0311.08] 1.07 109 105 0.9

(0.34)[(0.25)| (0.37)| (0.36)| (0.37)| (0.25)| (0.35)| (0.33)| (0.33)| (0.34)| (0.34)| (0.33)| (0.32)| (0.32)| (0.31)| (0.29)

1.21] 0.95] 1.09 1.02 11p 144 1.02 oles o2 081.1.13] 0.99
(0.35)[(0.37)[(0.37) (0.37)[(0.36)[ (0.34)[ (0.34)[ (0.34)[ (0.34) (0.32)(0.31)[ (0.30)
1.19| 0.40| 0.99 038 1.06 1.41 1.p1 o093 102 101.1.11] 0.98
(0.35)[(0.26)[ (0.38) (0.26) (0.36)[ (0.35)[ (0.34)[ (0.34)[ (0.34) (0.32)[(0.32)[ (0.30)

1.28| 1.00] 0.39 098 03¢ 095 104 0OpP1 103 09040 1.03] 1.05 104 11p 09

(0.34)[ (0.36)| (0.26)| (0.38)| (0.26)| (0.38)| (0.36)| (0.35)| (0.34)| (0.34)| (0.34)| (0.33)| (0.33)| (0.33)|(0.32)| (0.30)

122] 1.19| 106 104 10p 102 095 0§83 103 09A70095 1.02 1.02 108 0.9

(0.33)|(0.35)| (0.36)| (0.37)| (0.37)| (0.36)| (0.35)| (0.34)| (0.33)| (0.33)| (0.34)| (0.34)| (0.33)| (0.33)| (0.31) (0.30)

114] 108 101 097 09 088 082 0y/6 090 104051104 107 1.08 1081 0.9

(0.31)/(0.33)| (0.35)| (0.35)| (0.36)| (0.35)| (0.35)| (0.34)| (0.32)| (0.33)| (0.33)| (0.33)| (0.33)| (0.32)| (0.30)| (0.29)

Bundle 21 Bundle 70

094] 0.97] 099 097 099 0.92 0.87 0pB4 082 0.848400.80| 0.78 0.68 0.62 0.5

(0.26)[ (0.27)[ (0.27)[ (0.27)[ (0.27)[ (0.27)| (0.28)| (0.35)| (0.44)| (0.45)| (0.46)| (0.47)| (0.48)| (0.48)| (0.48)| (0.47)

1.02| 1.10] 112 112 114 106 096 0B7 090 0.9M0800.94] 092 0.80 0.70 0.6

(0.27)](0.28)](0.29)[ (0.29)[ (0.29)| (0.29)| (0.38)| (0.28)] (0.45)[ (0.47)| (0.49)| (0.50)| (0.50)| (0.50)] (0.49)[ (0.46)

1.12| 1.06] 110 113 111 1132 1.06 0pP2 104 09890 0.97] 090 0.90 0.88 0.1

(0.28)](0.29) (0.29)[ (0.29)] (0.31)| (0.40)| (0.29)| (0.27)] (0.46)[ (0.48)| (0.50)| (0.50)| (0.50)| (0.51)] (0.49)[ (0.46)

1.14 | 1.06] 1.1 111 114 o099 1.14 1los o1 930.0.99] 0.87
(0.29)[ (0.30)[ (0.30) (0.31)(0.29)[ (0.27)[ (0.46)[ (0.48)[ (0.49) (0.50)| (0.48)| (0.45)
1.12| 1.00| 1.0 113 112 o097 1.8 103 105 021.1.04| 0.92
(0.29)[(0.30)[ (0.31) (0.29)(0.29)[ (0.27)[ (0.45)[ (0.47)[ (0.48) (0.49)(0.47)[ (0.44)

1.14| 105 100 108 1.1p 130 1.12 09 128 1.1604)11.08] 1.06f 1.08 1.11p 0.9

(0.30)](0.31)] (0.42)[ (0.31)[ (0.30)| (0.29)| (0.29)| (0.27)] (0.43)[ (0.45)| (0.46)| (0.47)| (0.47)| (0.47)] (0.46)[ (0.42)

1.12| 1.05] 105 100 106 106 110 Op7 131 12291 1.08] 1.13 1.09 112 1.0

(0.30)](0.41)] (0.31)[ (0.30)| (0.30)| (0.29)| (0.28)| (0.27)] (0.41)[ (0.43)| (0.45)| (0.45)| (0.46)| (0.45)] (0.44)[ (0.41)

099] 1.12] 114 112 114 1132 1.02 0pP4 1119 134331 1.27] 1.25 1.18§ 1.06 1.0

(0.39)[(0.30)] (0.30)[ (0.29)[ (0.29)| (0.28)| (0.27)| (0.26)] (0.39)| (0.41)| (0.42)| (0.43)| (0.44)| (0.43)] (0.42)| (0.40)
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4.2.5.4 BWR Pin Fission Density Results — 2D ARO
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Figure 4.11: 2D ARO Configuration: PFD distributiand

bundle fission density with statistical uncertai(f)
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Table 4.8: Selected pin fission density results
and % uncertainty (in parentheses) for BWR — 2D AR@figuration

Bundle 14 Bundle 30

110] 1.18] 110 111 118 126 126 13 086 0920 092| 094 0.89 0.84 0.4

(0.07)](0.07)[ (0.30)[ (0.30)| (0.30)| (0.28)| (0.27)| (0.25)| (0.30)[ (0.30)| (0.31)| (0.31)| (0.30)| (0.30)| (0.28)| (0.28)

117] 093] 036 087 03f 099 126 1p5 093 10051 1.06] 1.09 1.03 094 0.§

(0.07)/(0.07)[(0.22)[ (0.32)[ (0.22)| (0.30)| (0.28)| (0.26)| (0.31)[ (0.32)| (0.32)| (0.32)| (0.31)| (0.31)| (0.29)| (0.28)

1.07| 0.36] 082 096 092 038 115 1p4 102 0903 1.08] 1.06) 1.08 1.04 0.9

(0.07)/(0.05)| (0.33)| (0.32)| (0.33)| (0.22)| (0.29)| (0.26)| (0.32)| (0.33)| (0.33)| (0.32)| (0.32)| (0.32)| (0.31) (0.29)

1.06 | 0.84] 0.94 099 115 142 1.03 olos 103 071.1.12] 0.98
(0.07)[(0.08)[ (0.33) (0.32)(0.29)] (0.26)| (0.33)[ (0.33)[ (0.33) (0.32)(0.31)[ (0.30)
1.07 | 0.37] 0.9 036 115 143 1.p1 093 102 10 1.1.10] 0.97
(0.07)[(0.05)[ (0.33) (0.22)(0.29)] (0.26) (0.33)[ (0.33)[ (0.33) (0.32)(0.31)[ (0.30)

1.18| 095 0.3 096 03p 102 121 1x7 103 09040 1.03] 1.05 1.0¢ 11p 09

(0.07)[(0.07)[(0.22)| (0.32)| (0.22)| (0.30)| (0.28)| (0.26)| (0.33)| (0.34)| (0.33)| (0.33)| (0.33)| (0.32)| (0.31)| (0.29)

116| 1.18] 108 110 1.1p 119 118 113 103 09080 095 1.020 1.03 1.09 0.9

(0.07)/(0.07)| (0.30)| (0.30)| (0.29)| (0.28)| (0.26)| (0.25)| (0.32)| (0.33)| (0.33)| (0.33)| (0.33)| (0.32)| (0.31)| (0.29)

113 1.15] 115 11% 118 114 112 1jJ0 091 104061105 1.08 109 101 0.9

(0.06)| (0.06)| (0.27)| (0.27)| (0.27)| (0.26)| (0.25)| (0.24)| (0.31)| (0.32)| (0.33)| (0.33)| (0.32)| (0.31)| (0.30)| (0.28)

Bundle 21 Bundle 70

0.82] 0.85| 097 096 097 090 0.84 OPB1L 081 0.88B3p00.79] 0.77] 0.68 0.62 0.5

(0.11)[(0.12)[ (0.26)[ (0.26)| (0.26)| (0.26)| (0.27)[ (0.34)[ (0.46)| (0.47)| (0.48)| (0.49)| (0.50)| (0.50)| (0.50)| (0.48)

0.89] 0.97] 1113 111 1.1 104 094 0pB4 089 0.93700.93] 0920 0.80 0.70 0.6

(0.12)](0.12)](0.27)[(0.27) (0.27)[ (0.28)| (0.36)| (0.27)| (0-47)[ (0.49)| (0.51)| (0.52)| (0.52)| (0.52)] (0.51)| (0.48)

1.01| 096 1.09 113 1.1p 130 1.04 OO 103 09080 0.96| 090 0.90 0.88 0.1

(0.12)](0.13)](0.28)[ (0.28)] (0.29)| (0.38)| (0.28)| (0.26)| (0.48)[ (0.50)| (0.52)| (0.52)| (0.53)| (0.53)] (0.51)| (0.48)

1.10 | 1.02] 1.19 110 1.1 o097 112 1loa qo1 0.93] 0.99] 0.87
(0.12)[(0.13)[ (0.28) (0.29)(0.27)[ (0.26) (0.48)[ (0.50)| (0.50) (0.51)[(0.50)[ (0.47)
1.14 | 1.00] 1.1 113 111 ode 1.8 103 105 1.03| 1.05| 0.93
(0.12)[(0.12)[ (0.29) (0.28)(0.27)[ (0.26)[ (0.47)[ (0.48)[ (0.49) (0.50)| (0.49)[ (0.45)

123 112 102 110 1.1p 109 111 Of7 127 116041108 107, 1.09 112 1

(0.12)](0.12) (0.39)[ (0.29)[ (0.28)| (0.28)| (0.27)| (0.26)| (0.45)[ (0.47)| (0.48)| (0.48)| (0.49)| (0.49)] (0.47)[ (0.44)

1.26| 1.17] 1.07, 102 108 106 109 O0p6 131 12291 1.08] 1.14 110 1.14 1.0

(0.10)](0.12)] (0.29)[ (0.28)[ (0.28)| (0.27)| (0.26)| (0.25)| (0.43)[ (0.45)| (0.46)| (0.47)| (0.47)| (0.47)] (0.45)| (0.42)

1.14] 1.29] 117 114 11p 113 1.02 03 1119 134341 1.28] 1.26] 1.20 1.08 1.0

(0.10)|(0.11) (0.27)[ (0.27) (0.27)| (0.27)| (0.26)| (0.25)| (0.41)[ (0.42)| (0.44)| (0.45)| (0.45)| (0.44)] (0.43)[ (0.41)
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4.2.5.5 BWR Pin Fission Density Results — 2D ARI
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Figure 4.12: 2D ARI Configuration: PFD distributiand
bundle fission density with statistical uncertai(f)
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Table 4.9: Selected pin fission density results
and % uncertainty (in parentheses) for BWR — 2D ERhfiguration

Bundle 14 Bundle 30
1.30| 1.43| 131 129 120 139 1383 1p4 086 083790 0.74| 0.73 0.64 057 0.H0
(0.07)((0.07)|(0.07)| (0.07)| (0.07)| (0.07)| (0.07)| (0.06)] (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)
141| 1.13| 045 102 04p 110 129 1j16 098 1.0021 1.00| 0.98 0.86 0.72 0.98
(0.07)((0.07)| (0.05)| (0.08)| (0.05)| (0.07)| (0.07)| (0.07)] (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)
1.27| 0.44| 097 110 10 044 1.13 105 111 109081 1.10| 1.04 1.01 0.8Y 0.46
(0.07)((0.05)|(0.08)| (0.08)| (0.08)| (0.05)| (0.07)| (0.07)] (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)
1.24| 0.99| 1.09 1.04 109 098 1.16 1jJ20 113 061.1.01| 0.76
(0.07)((0.08)| (0.08) (0.08)[ (0.07)| (0.07)] (0.08)| (0.08)| (0.08) (0.08)| (0.08)| (0.08)
1.22| 0.43| 1.02 041 104 095 1.17 1j06 115 131.1.04| 0.79
(0.07)((0.05)| (0.08) (0.05)[ (0.07)| (0.07)} (0.08)| (0.08)| (0.08) (0.08)| (0.08)| (0.08)
1.30| 1.03| 042 102 040 096 100 084 1212 112081 1.16| 1.16/ 1.13 1.08 0.944
(0.07)((0.08)| (0.05)| (0.08)| (0.05)| (0.08)| (0.07)| (0.07)] (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)
1.23| 1.21| 1.07 1.0% 101 099 090 O0J/5 122 11441 1.09| 1.14 1.10 1.10 090
(0.07)((0.07)|(0.07)| (0.08)| (0.08)| (0.07)| (0.07)| (0.07)] (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)
1.13| 1.07| 099 093 091 082 0.4 0J6 106 1231 1.21| 1.21] 1.18 105 094
(0.07)((0.07)|(0.07)| (0.07)| (0.07)| (0.07)| (0.07)| (0.07)] (0.07)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.07)| (0.07)
Bundle 21 Bundle 70
0.93| 0.88) 0.83 0.78 0.7p 0.5 057 049 079 0.8486 0 0.83| 0.82] 0.73 0.6f 0.4
(0.06)|(0.07)| (0.07)|(0.07)| (0.07)| (0.07)| (0.08)| (0.20)] (0.11)| (0.11)| (0.11)| (0.11)|(0.11)| (0.11)| (0.11) (0.11)
1.06| 1.11| 1.08 104 101 0.87 0.2 057 087 098001 0.97| 0.97] 0.8 0.76 0.49
(0.07)|(0.07)| (0.07)|(0.07)| (0.07)| (0.08)| (0.20)| (0.08)] (0.11)| (0.11)| (0.11)| (0.12)| (0.12)| (0.11)| (0.11) (0.11)
1.22| 1.13| 1.15 1.16¢ 108 1.03 0.87 0JK5 100 090011 0.99| 0.93 0.9 0.89 0.78
(0.07)|(0.07)| (0.07)|(0.07)| (0.08)| (0.20)| (0.08)| (0.07)] (0.11)| (0.11)| (0.12)| (0.12)| (0.12)| (0.12)| (0.11) (0.11)
1.29| 1.19| 1.21 1.08 101 0.45 1.p9 1/03 101 960.1.04| 0.91
(0.07)|(0.07)| (0.07) (0.08)|(0.07)[(0.07)] (0.11)| (0.11) (0.12) (0.12)[(0.11)| (0.10)
1.30| 1.16| 1.23 1.16 104 048 1.14 101 104 051.1.07| 0.95
(0.07)|(0.07)| (0.07) (0.07)[(0.07)[(0.07)] (0.11)| (0.11) (0.11) (0.11)[(0.11)| (0.10)
1.34| 1.23| 116 123 121 1.15 1.08 083 1(22 1.130211.07| 1.06f 1.09 1.13 1.1
(0.07)|(0.07)| (0.20)| (0.07)| (0.07)| (0.07)| (0.07)| (0.07)] (0.11)| (0.11)| (0.11)| (0.11)| (0.11)| (0.11)| (0.11)| (0.10)
1.35| 1.25| 123 116 119 1143 1.11 088 125 117151 1.05| 1.11] 1.08 1.11 1.d4O
(0.07)|(0.18)| (0.07)|(0.07)| (0.07)| (0.07)| (0.07)| (0.07)] (0.10)| (0.10)| (0.11)| (0.11)| (0.11)| (0.11)| (0.10)| (0.10)
1.18| 1.35| 134 130 120 122 106 0p3 113 1281 1.22| 1.21] 1.14 1.08 0.96
(0.18)|(0.07)| (0.07)| (0.07)| (0.07)| (0.07)| (0.07)| (0.06)] (0.10)| (0.10)| (0.10)| (0.11)|(0.11)| (0.10)| (0.10)| (0.10)
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4.2.5.6 BWR Pin Fission Density Results — 2D SRI

048 [ 047 ] 045 | 041 [ 0.35
012 012 0012 0.13)
086 | 0.84 ] 083 | 077 [ 068 | 0.48
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(0.08) | (0.08)] (0.08)] (0.09){ ¢0.09)] (0.09) | (0. 11)| 0.13)] (0.15)

099 [ 091] 108|097 |110] 103|085 063]044]028
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ﬁfi i 089 [ 121128 [ 139 [ 137 ] 132 111 081
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H .07 | 0.0n] (0.0n] .07 {(0.0n] 0.07)
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m0.00-0.30|= | (0.08)

Figure 4.13: 2D SRI Configuration: PFD distributiand
bundle fission density with statistical uncertai(f)
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Table 4.10. Selected pin fission density results
and % uncertainty (in parentheses) for BWR — 2D S&ifiguration

Bundle 14 Bundle 30

134| 146] 133 131 132 143 137 1p9 080 0.8000 091 095 090 o0.8f 0.4

(0.07)/(0.07) (0.08)[ (0.08)| (0.08)| (0.07)| (0.07)| (0.07)] (0.08)[ (0.08)| (0.08)| (0.08)| (0.07)| (0.07)| (0.07)[ (0.07)

145 1.15| 045 102 04p 130 180 1ji7 088 098021105 110 1.04 09 0.§

(0.08)](0.08)] (0.05)[ (0.08)| (0.05)| (0.08)| (0.08)| (0.07)] (0.08)[ (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.07)[ (0.07)

130| 044 097 109 1083 043 112 104 096 09411107 107 110 1.0f 0.9

(0.08)|(0.05)| (0.08)| (0.08)| (0.08)| (0.05)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.07)| (0.07)

1.27 | 1.00| 1.04 1.02 1.06 096 0.8 o0los o1 091.1.15] 1.01
(0.08)[ (0.08)[ (0.08) (0.09)] (0.08)[ (0.08) (0.08)| (0.08)| (0.08) (0.08) (0.08)[ (0.07)
1.26 | 0.43] 1.01 039 1.00 0941 068 o0lo1 100 121.1.13] 1.00
(0.08)[ (0.05)[ (0.09) (0.06)| (0.08)[ (0.08)[ (0.08)| (0.08)[ (0.08) (0.08) (0.08)[ (0.07)

1.35| 1.05| 042 100 03P 093 096 0O 100 093N 1.03] 1.06f 1.09 118 1

(0.08)[ (0.08)[ (0.06)[ (0.09)| (0.06)] (0.09)] (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)] (0.08)| (0.07)

128| 1.23] 107 103 098 095 0.86 0y/2 102 09070095 1.03 1.0 112 1d

(0.07)](0.08)| (0.08)[ (0.08)| (0.08)| (0.08)| (0.08)| (0.08)] (0.08)[ (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.07)[ (0.07)

119] 1.09] 099 091 08p 0749 0OJ1 O3 090 104051106 1.09 111 1.04 0.9

(0.07)/(0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.08)| (0.07)| (0.07)

Bundle 21 Bundle 70

094] 097 099 098 099 0.92 0.87 0pB4 083 0.868700.83] 0.81] 0.72 0.6b 0.6

(0.06)[ (0.06)[ (0.07)[ (0.07)[ (0.07)[ (0.07)[ (0.07)[ (0.18)[ (0.11)[ (0.11)] (0.11)[ (0.11)[ (0.12)[ (0.12)[ (0.11)[ (0.11)

1.03| 1.10] 112 112 114 106 0.96 07 090 0.9801 0.97] 096 0.84 0.74 0.6

(0.07)/(0.07)[(0.07)[(0.07)[ (0.07)| (0.07)| (0.18)| (0.07)| (0-11)[ (0.12)[ (0.12)| (0.12)| (0.12)| (0.12)] (0.12)[ (0.11)

1.12| 1.06] 110 113 111 1132 106 0p2 103 09001 098] 091 0.93 0.8y 0.1

(0.07)/(0.07)[(0.07)[(0.07)[ (0.07)] (0.20)| (0.07)| (0.07)| (0-12)[ (0.12)[ (0.12)| (0.12)| (0.12)| (0.12)] (0.12)[ (0.11)

1.13] 1.06] 1.09 111 114 o099 111 103 oo 940.1.02] 0.89
(0.07)[(0.07)[(0.07) (0.07)[(0.07)[ (0.07)[ (0.12)[ (0.12)[ (0.12) (0.12)[(0.12) (0.11)
1.12| 1.00| 1.0 113 112 0948 1.5 1joo 103 031.1.06]| 0.94
(0.07)[(0.07)[ (0.08) (0.07)[(0.07)[ (0.07)[ (0.11)[ (0.12)[ (0.12) (0.12)[(0.12)[ (0.11)

1.13| 1.04] 100 108 100 130 1.12 09 1124 1.130211.06] 1.05 108 112 1

(0.07)](0.08) (0.20)[ (0.08)[ (0.07)| (0.07)| (0.07)| (0.07) (0-11)[ (0.11)| (0.12)| (0.12)| (0.12)| (0.12)] (0.11)[ (0.10)

1.12| 1.05] 1.04 100 106 106 110 Op7 127 11851 1.05] 1.11] 1.08 1183 1.0

(0.07)/(0.20) (0.08)[ (0.07)[ (0.07)| (0.07)| (0.07)| (0.06)] (0-11)[ (0.11)| (0.11)| (0.11)| (0.12)| (0.11)] (0.11)[ (0.10)

098] 1.12] 113 112 113 1.32 1.03 0pP4 114 12991 1.23] 1.22] 1.16 106 1.0

(0.20)[(0.07) (0.07)[ (0.07)[ (0.07)| (0.07)| (0.07)| (0.06)] (0.10)[ (0.10)| (0.11)| (0.11)| (0.11)| (0.11)] (0.10)| (0.10)
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4.4 BWR Pin Fission Density Uncertainty Analysis

Due to the large number of fuel pins in the cpreyiding individual fission densities
for each pin is impractical, so in order to provadgood understanding of the statistical
uncertainty present in the pin fission densityrdisition, three statistical data types (Smith et
al., 2005) are used to analyze the pin fissiorritigtion in each assembly as in Eqg. (4.3), Eq.
(4.4) and Eq. (4.5).

el

AVG=iZ (4.3)
N

(4.4)

> |t
avg

Whereenis the statistical uncertainty (relative error)toé fission densityn. These data

types are presented in Tables 4.11-4.16 for thalgntegrated fuel pins (fuel and blanket

layers) within each bundle of the BWR problem.
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Table 4.11: Axially integrated pin fission density
uncertainty analysis for the 3D ARO configuration

AVG

0.5034

0.5067

0.5164

0.5389

0.5884

RMS

0.505¢

0.508§

0.38840.3934

0.5197

0.39640.4094

0.5419

0.5931]

0.43630.4774

0.39710.4094

0.43730.4783

0.42040.48690.5783

0.4897

0.37670.4325

0.37640.4339

0.3349

0.337¢

AVG

0.317d0.

0.3108

0.30330.28840.27840.

RMS

AVG

0.3126

0.30340.29030.279¢

0.31540.30140.292d0.280d

0.26540.292

0.291

RMS

AVG

0.319710.31190.2977

0.31540.30340.292§0.2818

0.316

RMS

AVG

0.33530.3219

0.32140.31240.299(¢

0.3393

RMS

AVG

0.33530.32371

0.34810.3723

RMS

AVG

0.395

0.35040.3764

RMS 0.3991

0.3426

0.320

0.293
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Table 4.12: Axially integrated pin fission density
uncertainty analysis for the 3D ARI configuration

AVG

0.4704

0.47240.4801

0.49540.5341

RMS]0.4715

0.3499

0.473740.4814

0.35340.355

0.49740.5364

0.36330.3814

0.3879

0.3504

0.354790.

0.340710.3775

0.43840.5131

0.34130.3779

0.4399

0.370(0.4449

0.37130.4509

0.31440.

0.3147

0.31640.

0.299(0.289(

0.272730.263140.

0.314¢

AVG|0.309¢

0.30040.2894

0.30130.282(

0.27340.26390.

0.26890.24910.

RMS|0.3120

0.30140.2840

AVG

0.31840.30140.29040.27340.2794

RMS

AVG

0.325(0.31640.296¢

0.31840.30390.29040.27530.2824

0.316

RMS

AVG

0.32740.316710.298§

0.34590.329730.343¢

RMS

AVG|0.3621

0.34640.33130.3479

0.391

RMS]0.365(

AVG
RMS]0.420(

0.41572

0.395

0.319

0.26840.25040.
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Table 4.13: Axially integrated pin fission density
uncertainty analysis for the 3D SRI configuration

AVG

0.47280.47540.48640.50840.5569

RMS

AVG

0.47530.47740.48840.51090.5614

0.368(00.372§0.37610.389(¢

0.41740.4604

0.36830.37310.37660.38930.418

0.33590.33440.33790.34090.3499

0.4619

0.3764

0.41840.493(00.5926

0.33590.33640.33840.34340.3504

0.33640.335§0.326(0.32540.318(

0.37771

0.3317

0.42040.4951

0.35730.38910.454(

0.33840.33640.32790.325§0.3199

0.35340.32730.31940.30690.

0.3319

0.357§0.38930.4554

0.33130.3625

0.35390.32940.32030.30840.

0.341130.32040.30630.30040.

0.331§0.3645

0.31340.3796

0.342(0.32090.308(0.3014O0.

0.31540.3834

0.31940.31540.30690.30330.28840.

AVG

0.32640.31740.32090.33530.3493

RMS

AVG

0.32730.31970.32130.33730.3534

0.33170.32940.32710.385

RMS

AVG

0.33340.32990.32910.389

0.34640.33710.364

RMS

AVG

0.34730.33910.368

0.35730.384

RMS

AVG

0.35940.389

0.403

RMS O.407i

0.32140.31540.30840.30340.288740.

72




Table 4.14: Axially integrated pin fission density
uncertainty analysis for the 2D ARO configuration

AVG|0.12340.12440.1273

0.13340.143§

RMS]0.12440.12530.1279

0.09840.09810.1007

0.13430.1447

0.1057

0.11140.1209

0.09840.098710.100¢

0.08790.08690.0895

0.105§

0.08930.0927

0.11140.1205

0.12690.1484

0.08740.08740.0898

0.08330.08490.0827

0.09030.0929

0.083740.08240.

0.1269

0.10440.11971

0.08410.08410.0834

0.08140.079(0.0785

0.083§40.08270.

0.07640.07640.

0.10430.120d

0.08971

0.08140.07940.0787

0.07640.07640.0728

0.07730.07610.

0.07340.071d0.

0.0904

0.07730.07640.0736

0.075490.07140.072(

0.07440.07140.

0.06940.06890.0690

0.07540.07240.0727

0.072(40.07240.068

0.06940.06840.0694

0.06740.0661

0.07240.072710.069

AVG|0.074(40.07040.069

0.06740.066§

0.06630.0714

RMS]|0.0742

AVG|0.07340.07340.0691

0.07040.06910.06690.0720

0.075

RMS|0.073§40.07370.0703

AVG|0.07640.073740.0791
RMS|0.07640.07430.0809

AVG|0.07840.0836

RMS]|0.07840.0847%

AVG 0.0891
RMS 0.089i

0.076
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Table 4.15: Axially integrated pin fission density
uncertainty analysis for the 2D ARI configuration

AVG|0.12640.12640.13090.134§0.1435
RMS]0.12690.127(0.130740.13530.144(

AVG|0.099(00.10040.10170.10400.10840.1094
RMS]0.09940.10040.10140.10430.108§0.1093

AVG|0.08971
0.0897

0.0879
0.0883

0.089¢§
0.0898§

0.088§
0.089¢4

0.09240.0979
0.092340.098d

0.10940.127(00.1485
0.10940.1274

0.085(¢
0.08571

0.088(0.0843
0.08830.0850

0.0864
0.0864

0.08240.0861
0.08340.0869

0.09371
0.093§

0.103(¢
0.1039

0.1179
0.117§

0.086(0.0811
0.08610.0827

0.08030.079d
0.08040.0795

0.0799
0.0799

0.0793
0.0799

0.08730.090d
0.08740.0909

0.080490.0795
0.08130.0795

0.07540.0771
0.07640.0779

0.073%
0.0739

0.07740.07840.093(
0.07730.07940.0947

0.07930.0748
0.07940.0755

0.077(¢0.07040.0699
0.07710.07140.0699

AVG
RMS

0.075490.07840.07240.06940.06970.0755
0.07630.07830.07240.06940.06970.0762

AVG
RMS

0.0788
0.0789

0.074(0.07340.06930.074
0.0747410.07390.06990.075

AVG
RMS

0.0777
0.0783

0.07840.07390.079
0.07890.07440.080

AVG
RMS

0.08230.07840.084
0.08240.07840.085

AVG
RMS

0.08371
0.0843

0.091
0.092

AVG|0.09671
RMS]|0.0976

74



Table 4.16: Axially integrated pin fission density
uncertainty analysis for the 2D SRI configuration

AVG|0.1157

0.11640.1184

0.12430.134(¢

RMS]0.1162

AVG|0.0927

0.116740.11871

0.09440.0950

0.12490.134§

0.098(0.10440.

0.092§

0.0847

0.094340.0954

0.08340.0841

0.09830.10440.

0.084qo0.

0.10640.1271

0.1559

0.084§

0.084(0.0849

0.079

0.08440.

0.07840.

0.1281]

0.108

0.1283

0.07640.

0.08030.07890.

0.108

0.128§

0.10140.

0.077(O0.

0.07230.

0.0783

0.073(O0.

0.079(¢

0.07340.07000.07171

0.073(

AVG|0.0737

0.07340.07040.0719

0.07030.07340.0759

0.0684

RMS|0.0738§

AVG

0.071§0.07330.07140.0874

0.07170.07340.0764

RMS

AVG|0.075(

0.07240.07390.07240.0886

0.07240.080

RMS]|0.0752

AVG|0.0763

0.07340.080

0.082

RMS]0.0768

AVG
RMS]0.0863

0.0859

0.083

0.10240.
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4.2 Generation of 1D Benchmarks

When developing new computational methods, iftsrobeneficial to have a set of
simple problems which are significantly smallesgope than a 2D core and which can be
used to establish proof-of-concept implementatidag: these problems, it is desirable to
have full control over the problem, easily obtaimefitrence solutions, and enough flexibility
in the specification that one can rapidly obtailusons and highlight specific effects. In
addition to being extremely time-consuming, impletmgy a new spectral method within a
full, 2 or 3-dimensional, fine-mesh transport cedeld mask some of the specific effects
that new spectral methods are intended to addesisthe same time, it is important for these
simpler problems to possess, as much as posgiel@htysical characteristics of the larger,
more complicated problems for which the methodtisnately intended.

Therefore, in addition to the benchmark problgmesented in the previous section,
this dissertation includes the development of at&D benchmark problems which are
representative of some of the various reactor tygeshich new transport methods might be
applied. The intention of this work is to provideet of tools for the industry to use in
benchmarking new methods, and to use some of theketo test the new methods
presented in this dissertation.

It is not possible to fully represent a 2D or 3idlgem within a 1D framework, but it
is possible to select some important physical festwhich we most care about, and work to
preserve them as best as possible within the 1blgmo There are two substantively
different ways to reduce a benchmark problem tatdd are generally relevant for radiation

transport methods. The first type is by dividihng 2D model into columns, and performing
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a flux-weighted transverse-integration over eadhroa of the 2D problem to produce 1D

cross sections, shown visually in Figure 4.14 fooatrolled GE9 Lattice.

o
o
0
O
()
o
O

Figure 4.14: Transverse Integration of a GE9 Lattic

For this type of 1D cross section generationfteci&calculation (with specular
reflective boundary conditions) is performed focle&undle type, just as one would to
generate core level cross sections in a 2D or 8Dblem, and for each columna
homogenized cross section is generated for eaclyyegeoupg according to Eq. (4.6).

Tduj dF o (F,u)e(F, u)
g, = ugi (4.6)
[ dufdrexr,u)

g

This method of homogenizing over each columnfiscéize at capturing the overall
reaction rates by distributing the effect of cohtomls or gadolinium pins over the column,
and weighting it by the local reaction rates desghe fact that the actual path a particle
(such as a neutron) sees moving through the 1DIbumdot the same as the 2D problem.

Much of the current and future research in theigty, however, is focused on more
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advanced reactor types, such as optically-thin,cgated, graphite-moderated prismatic

cores. These reactors have a hexagonal lattigetste, such as that presented in figure 4.15.

Figure 4.15: Hexagonal-Lattice Core Structure
The difficulty in generating a 1D benchmark praoblasing the transverse-integration
method presented above is that there is no obwiamner for establishing a division of this
problem into column-wise segments. As a resudea@nd method is used to reduce the
problem into 1D. In this method, the hexagondidas are converted into equivalent-area
circles, a volume-fraction preservation of theagac number densities in each annular
region of the lattice to obtain an equivalent “centric lattice,” demonstrated for an HTTR

control block in Figure 4.16.

Figure 4.16: Reduction to 1D of HTTR Control Block
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Each annular region of the concentric lattice ia®of a uniform material
constructed by volume-averaging the number dessiti@ach isotope in the region. This
method of 1D reduction is not as effective at captulocal 2D effects (such as pin-to-pin
interaction) as the transverse integration. Faicafby thin problems, however, it does a
good job of capturing the longer mean free patigeased streaming effects, and bundle-to-
bundle effects, and therefore represents a reaomadthod for 1D reduction.

In the following sections, these methods are wgepknerate 1D benchmark problems

for a BWR, PWR, and HTTR core.

4.2.1 Transverse-Integrated GE9-Loaded 1D BWR Prokim

This benchmark is generated by starting with a @& &ssembly problem with full
heterogeneity and performing a transport calcutatboobtain the neutron flux distribution in
a fine-group structure. This distribution is usedenerate 1D region-wise cross sections by
performing a flux-weighted transverse integratiéthe cross sections over slab regions of
the 2D model, as described above.

In order to generate a BWR benchmark problem thegpresentative of realistic
reactors, fuel assemblies must be included thagsssseveral burn-up and coolant void
parameters, and possess a large number of differelnypes. A GE9 BWR lattice (Kelley,
1995) was chosen as representative of BWR asseanidiech consists of 12 fuel types,
including four pins which possess 5.84 at% Gdwads modeled in %2 symmetry with full
heterogeneity and a 47-group calculation was perédrto deplete the assembly to 17
MWd/t for three void parameters (0, 40, 70%). Tdigce depletion code HELIOS
(Simeonov, 2003) was used to perform transporugations in this work. In this calculation,

control blades were modeled with full detail (steand rods).
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For each unique state (burn-up, coolant voidtima¢ presence of control blades), cross
sections are generated in 47 groups for each foethe averaged control blade, the
structure, the coolant, center channel, and moaierdto ensure consistent solutions for each
condensed group structure, the 47-group crosossogienerated at each burn up point are
then used in full bundle calculations to generate-tveighted, transversely integrated 1D

cross sections. An illustration of this processhewn in Figure 4.17.
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Figure 4.17: Generation of the 1D GE9 layout fritve 2D Heterogeneous Assembly.

In order to determine a core layout that is someéwdfaresentative of BWR problems, a
whole core layout was determined by generating &divalent of a modified HAFAS
benchmark specification (Forget and Rahnema, 2006¢ burn-up and void distributions of

the HAFAS problem were retained to include higlesrels of heterogeneity in the core than
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in typical reactors in order to present a morelehging problem for new methods and
codes. For each unique set of state parametef9,(00% void; fresh, depleted to 17
GWd/T; controlled and uncontrolled), cross sectiaese generated for each column in 47
groups.

The 1D cross sections were verified by comparimgeilgenvalue of 2D, single assembly
calculations in 47 groups with the same assembbutzed with 47 groups in 1D. The
results of this comparison are presented for eadhfvaction in Table 4.17 (fresh assemblies
are labeled A, depleted assemblies are labeledd+a&pecifies a controlled assembly).

Table 4.17: Single BWR Assembly Comparison: 1D 2bd

Assembly|  Keg K eff Error?
Type | 2D, 47G| 1D, 47G| (pcm)
0% A 1.05012| 1.05388 -376

40% A | 1.03692] 1.03978 -286
70% A 1.01677] 1.01918 -241
0% B 1.13419| 1.13127 292
40% B | 111702 1.11444 258
70% B | 1.08886) 1.08624 262
0% A+ | 0.94801| 0.94853  -52
40% A + | 0.92639 0.92578 61
70% A+ | 0.89941) 0.89805 136
0% B+ | 1.04658 1.04381 277
40% B + | 1.02044 1.01696 348
70% B + | 0.98257 0.9784F 410

a(KZD - KlD)*:I-05

4.2.1.1 Benchmark Core Description

The 1D benchmark problem is laid out in slab geoyn&vith specular reflective
boundary conditions on the left and vacuum condgion the right. Generation of 1D
controlled assemblies via transverse-integratiagsduwt accurately represent the physics of

control assemblies in a 2D core, as it represefull @olumn of control assemblies in the
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core. Despite this drawback, a controlled confagjon is included as it possesses increased
flux heterogeneity and serves to additionally sttesnsport methods.

The 1D core is composed of 20 assemblies of wi8tB4 cm, modeled with 2
symmetry. The benchmark is specified at operdengperature, wherein all non-fuel
materials are evaluated at a temperature of 6GH fuel materials are evaluated at a
temperature of 833 K. A power level of 25.6 W/gswesed to generate all cross sections.

The transverse-integration method was used tergéscross sections for the lattice
at varying void fraction (0%, 40%, and 70%) andasyre (0 GWd/t, 17GWd/t). These
lattices were then laid end to end for two contatfigurations: All-Rods-Out (ARO) and
Some-Rods-In (SRI), with the burnup and void disttion presented in Figure 4.18. In the
latter case, the rods were used to make the SRigcoation near critical. In the figure, the
void fraction of each lattice is given, latticebdded “A” are fresh, lattices labeled “B” are
depleted to 17 GWd/T, and lattices that include’adre controlled. The outer lattice is a
uniform reflector lattice composed of unvoided mmader with 47-group cross sections from

the fresh lattice, labeled “MOD” in the figure.

0%

70% 70% 40% 40% 0% 0% 0% 0% 0% A
A B A B A B A B A
mod
(a)
0%
70% 70% 40% 40% 0% 0% 0% 0% 0% A
A + B A B + A+ B + A + B A mod

(b)

Figure 4.18: BWR 1D Core layout for
the (a) ARO and (b) SRI configuration.
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4.2.1.2 Benchmark Calculation

The whole core 1D benchmark problem was modeldétBEhIOS in 47 groups and a
solution was generated for the average neutronifiach material slab and the effective
core eigenvalue. Solutions were for both the AR® &RI configurations. The eigenvalue
for the ARO configuration was 1.06825 and for tbateolled state was 1.00579. The 2-
group flux for both core configurations is presenie Figure 4.19. Note that for this paper,
the solution is not intended as a reference, liberdo highlight the heterogeneity of the

problem via the neutron flux solution.

Uncontrolled Configuration
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(a)
Figure 4.19: 2-group neutron flux distribution tbe
(a) ARO and (b) SRI BWR configurations.
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Controlled Configuration
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Figure 4.19 (continued)

4.2.2 Transverse-Integrated C5G7-Loaded 1D PWR Prdém

In order to generate a PWR benchmark problemishapresentative of realistic

reactors, fuel assemblies must include a large eumiclosely spaced fuel pins, burnable-

absorber in the moderator, and control pins sp#uedighout the assembly. To make the

problem more relevant for future reactor work, both2 and MOX assemblies should be

included in the core. Assemblies from the C5Gichenark specification (Kozlowski and

Downar, 2003, and Cathalau et. al., 1996) were fedda 1/8” symmetry with full

heterogeneity. A 47-group calculation was pertdrito deplete both MOX and UO2

assemblies to generate cross sections at burntuesvef 0, 17, and 28 MWd/T. As before,

the lattice depletion code HELIOS (Simeonov, 2008% used to perform 2D transport

calculations in this work.
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For each unique state (MOX/UO2, burn-up, presef@®ntrol pins), cross sections
were generated in 47 groups for each unique mategen (fuel, clad, moderator, control
pins, fission chamber). To ensure consistent solstfor each condensed group structure,
the 47-group cross sections generated at eachupypoint are then used in /4ssembly

calculations to generate flux-weighted, transvgrsgkgrated 1D cross sections. An

illustration of this process is shown in figure@.2

Fuel 1
Fuel 2
Fuel 3
Fuel 4
Fuel 5
Fuel 6
Fuel 7
Fuel 8
Fuel 9
Fuel 10
Fuel 11
Fuel 12
Fuel 13
Fuel 14
Fuel 15
Fuel 16
Fuel 17

21.42 —

R e

Figure 4.20: Generation of the 1D PWR assemblguafrom the 2D Heterogeneous
Assembly. In controlled assemblies, the shadeidmegf the assembly contain the control
material.

In order to determine a core layout that is repmétive of PWR problems, a whole

core layout was determined by generating a 1D edgnm of a modified 2-loop
Westinghouse reactor design (Nath, 1971) with eeérgr UO2 assembly replaced by MOX

assemblies. For each unique set of state paresibten-up, presence of control pins), 1D

cross sections were generated in 47 groups.
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The 1D cross sections were verified by compategeigenvalue of 2D, single
assembly calculations in 47 groups with the sarserably calculated with 47 groups in 1D.
The results of this comparison are presented fcin earn-up in Table 4.18 (+ specify a
controlled assembly).

Table 4.18: Single PWR Assembly Comparison: 1D 2iDd

Assembly| Burnup ] ] Erro”
Type | (MwDft | Ket 20 | Ker-1D | )

0 1.06998 1.07 -2

uo, 17 1.11665 1.11657, 8

28 1.01821 1.01811] 10
0 0.60743 0.60417| 326
UO,+ 17 0.63361] 0.63069] 292
28 0.60801 0.60532| 269
0 1.08359 1.08346] 13
MOX 17 1.07039 1.0702 19
28 1.03593 1.03574| 19
0 0.72732 0.72561] 171
MOX + 17 0.70947 0.70789 158

28 0.69058 0.68905| 153
a(KZD - KlD)*:I-05

4.2.2.1 Benchmark Core Description

The 1D benchmark problem is laid out in slab geometith specular reflective
boundary conditions on the left and vacuum condgion the right. As in the BWR problem,
1D controlled assemblies do not accurately repteberphysics of control assemblies in a
2D core, as it represents a full column of conigdemblies in the core. It is nonetheless
included due to the increased flux heterogeneitg,ifserves to additionally stress transport
methods.

The 1D core is composed of 17 assemblies of width2cm, modeled with %2
symmetry. The benchmark is specified at operagngperature, wherein the moderator

region on the right side of the core is evaluateal temperature of 600 K, and all fuel
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materials are evaluated at a temperature of 908 Kower level of 34.8 W/g was used to
generate all cross sections. Each assembly is@sedpf 17 macroscopic cross section

regions, laid out with the All-Rods-Out (ARO) andre-Rods-In (SRI) configurations in

Figure 4.21.
(o7 MOX-17 | UO2-28 | MOX-28 | UO2-28 | MOX-0 | UO2-0 .
17 mod
(@)
Hou MOX-17 | UO2-28 | MOX-28 | U02-28 | MOX-0 uo2-0 iorey
17 mod
(b)

Figure 4.21: 1D Core layout for the (a) ARO andARI PWR configuration. The number
indicates the burn-up value. Shaded assembliesoateolled. The mod regions are
composed entirely of moderator.

4.2.2.2 Benchmark Calculation

The whole core 1D benchmark problem was modelétBEhIOS and a solution was
generated for the average neutron flux in eachmahttab and the effective core
eigenvalue. Solutions were obtained for both grotled and uncontrolled configuration.
The eigenvalue for the uncontrolled state was 6%#d for the controlled state was

0.98961. The 2-group flux for both core configioas is presented in Figure 4.22.
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Figure 4.22: 2-group neutron flux distribution toe
(a) ARO and (b) SRI PWR configurations.
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4.2.3 Volume-Fraction Preserved 1D HTTR Problem

In order to construct a 1D benchmark problem wisatepresentative of the physics
of VHTRSs, a 3D model of the HTTR (Zhang et. al.12Pwas chosen as the starting point
for this work. The following method was used to gexte the 1D geometry, illustrated in
Figure 4.23.

1. The width of the 1D blocks (fuel, control, amflectors) was set as 37.8027 cm, which
is the diameter of a circle with the same areha®D hexagonal blocks in the HTTR
specification.

2. The 1D fuel block geometry was obtained by presg the volume of the fuel

elements, helium regions, and burnable poisons.(BP)

M0N0

Figure 4.23: lllustration of 1D HTTR Block Genemati
The control rod block (CRB) geometry was obtaibgdlividing the 2D CRB into
annular regions and preserving the volume of theg®ns to generate the 1D CRB (as was
illustrated in Figure 4.16. Each block in the 1We&model represents a hexagonal “ring” in
the core. The number densities within each 1D bieeke obtained by performing a volume-

weighted homogenization over the hexagonal ringe®PD HTTR core layout seen in
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Figure 4.24. The fuel material in each of tHeel zones was obtained by a volume-
weighted axial averaging of the fuel material BRAHTTR specification (Zhang et. al.,

2011).

Figure 4.24: Layout of 2D HTTR Model

For the &' core ring, where control rod blocks and fuel bleke present, the number
densities were obtained as follows. First, the mitiock number densities were volume-
smeared over the whole block. Second, this mateea then smeared into the graphite
moderator regions of the fuel 2 blocks, resultim@icontrolled and uncontrolled 1D block.

The 2D fuel blocks in the HTTR specification inctu@ BP holes (2 filled). In order to
represent this in the 1D problem, the BP matesiahneared into the outer graphite regions
of the 1D fuel block. When going from 2D to 1Deperving the volume fraction of
burnable poison in the block overestimates ther@itism in the 1D model. To compensate

for this, the amount of BP in the block is redubgdb0%.
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4.2.3.1 Benchmark Core Description

The 1D core consists of 15 blocks of width 37.80&v of 6 different types: Center
Control, Fuel 1, Fuel 2 + Control, Fuel 3, Outem@ol, and Reflector. Each fuel block (2,
3, and 4) consists of 6 fuel pins, a center grapt@gion, and outer graphite regions. Control
Rod Blocks (1 and 5) consists of 2 control rodsrainded by tube regions, with center and
outer graphite slabs. In the uncontrolled casetube material (graphite + helium gas) fills
the control regions. As mentioned in the previsestion, the number densities of the
control blocks of ring 3 have been smeared intagtia@hite of fuel 2, resulting in a
controlled and uncontrolled state for that blo8urrounding the core are 3 blocks of pure
graphite reflector. The geometric parametersHergroblem and number densities for all

materials are presented in Appendix B. The colaidsout (with ¥2 symmetry) as in Figure

(28] L o) [=r] [ ] Ty ]

[ 5 5 1

= @ < o S = g 2
— T3] &h - -— (] ('] o

Center Fuel Block 1 Fuel Block 2 Fuel Block 3 Duter Refl Refl Refl
Control + Control Control

Figure 4.25: HTTR 1D Core Layout
An All-Rods-Out (ARO) and All-Rods-In (ARI) configation was generated for this
problem. The ARI configuration has control rodseited in the outer control regions and in
fuel block 2. The center control block is only dder loading the HTTR, and is dismantled
after core loading is completed, and is not consdl@hen computing controllable reactivity

(Kim et. al., 1996).

4.2.3.2 Benchmark Calculation

91



One difficulty in using HELIOS is that the nativeoss section library is designed with
LWR problems in mind, and thus the cross sectioasat optimized for VHTR problems.
As a result, it is more appropriate to calculategblution with MCNP. The 1D core was
modeled for both configurations (ARO and ARI) in ME5 (LANL, 2003), using the
ENDF-VII continuous energy library at 293.6K, wiiifu,3) cross sections used for all
graphite in the problem. A converged source distron was obtained using 10,000
particles per cycle for 500 cycles (5 million his¢s). The problem was solved with 500
million histories (250,000 per cycle for 2000 aetisycles). The spatial flux distribution was
tallied in 6 groups and is presented in Figure 4. 26e eigenvalue of the uncontrolled
configuration was found to be 1.09310 + 0.00003 thedeigenvalue of the controlled case

was found to be 0.81298 + 0.00003.

0.0012

0.001 4
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0.0006 - 0
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Figure 4.26: 6-group flux for (a) ARO and (b) ARiIrfigurations.
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Figure 4.26 (Continued)

The sharp flux gradients induced by control rods/jates a challenging problem for
methods developers. It is therefore desirablerfereffect of control rods in the 1D problem
to be similar to the effect in a full 3D model. erbontrollable reactivity margin of the 3D
HTTR problem (Kim et. al., 1996) was specified 48%. The 1D model results in an
estimated 24% controllable reactivity margin. imdicates that the worth of control rods is

captured reasonably well in the 1D model, givenapperoximations made in the dimensional

reduction.

4.2.4 Pin-Cell Homogenized GE9 Test Cores
In addition to the 1D benchmark cores developeténprevious three sections, it is
often convenient to have a versatile set of cresians and easily constructed cores without

the rigor associated with preserving the physibakacteristics of a 2D bundle. Preliminary
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tests of new methods benefit from having a hightypte mechanism for generating
challenging transport problems in order to prowa the methods are robust and accurate.

In order to accomplish this, a new set of 1D bematk problems at both the lattice
and core level has been developed in this paperb&hchmark problems are composed of
the different pin cells used in the GE9 BWR bun#lelly, 1995), but without a specific
lattice structure. The pin cell was modeled inldtgce cell depletion code HELIOS
(Simeonov, 2003), with 1}'8$ymmetry and full specular reflection on all sidg&s seen in
Figure 4.27. For each of the fuel enrichmentheGE9 lattice, 47-group homogenized
cross sections (flux-weighted) were generatedHerentire pin cell from a 47-group

transport calculation with the HELIOS 47-group &asction library.

Cell Pitch 1.62560 cm
Fuel Radius| 0.53213 cm
Incremental | 0.37627 cm

Fuel 0.47595 cm
Radii 0.50482 cm
Clad Radius| 0.61341 cm

Figure 4.27: GE9 Pin Cell Geometry
Twelve different fuel types (10 enrichments + Adgd) were used to generate cross
sections, corresponding to the 12 fuel pin typesius the GE9 bundle. The number
densities of the fuel materials are presented ipefplix A. Fuels 11 and 12 contain Gd with
the number densities labeled “Gad” in the Tableorder to add heterogeneity to the 1D
problems, an additional cross section set was ge&stefor the moderator region of the pin

cell for fuel type 1.
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These calculations result in 13 cross section(d@t$uel types and 1 moderator) and
allow the buildup of a variety of 1D benchmark gesbs. By varying the amount and
location of Gd and moderator slabs, strong fluxdgmats representing the more challenging
aspects of 2D and 3D core models can be simulatadgiraightforward and flexible way.

In order to provide an example of the utility ofstimethod for generating challenging
problems, the homogenized cell cross sections pextitrom the GE9 pins were used to
generate three simple 1D Core Benchmark problemmposed of 4 different 1D assembly
types.

Each assembly is composed of 10 material regi®mise(-pin regions + moderator
region on both sides). The fuel regions are ea@B5b cm in width, and the outside
moderator regions are 1.1176 cm in width, accogrftn 15.24 cm total bundle width
(typical of BWR bundles). Table 4.19 contains ldygout of each bundle type by fuel type,
with moderator regions shaded and labeled with eanilgadded pins striped. The bundle
problems were modeled with specular reflective lolauies on both sides using a 1D discrete
ordinates code gpwith isotropic scattering, and the eigenvaluaiitsg47-group &
calculation) are presented in the table.

Table 4.19: 1D BWR Test Bundle Layouts

Bundle # Bundle Layout in
1 M| 3| 3| 8| 8/ 8| 8 3 3 M| 1.32802
2 M|3]| 3| 3| 3| 3| 3] 3] 3 M| 1.27464
3 M| 3] 3 %;% 3] 3[M] 0.73029
4 [MU W8 AEFE M| 031612

The 1D core geometries are composed of seven Asepwith vacuum boundaries
on both sides. Table 4.20 contains the core lagbtitree cores of increasing complexity, as

well as the effective eigenvalue for each core, mated with a 47-groups&pproximation.
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Table 4.20. 1D BWR Test Core Layouts by Bundle Type

3

~

Core # Core Layout K
1 1|2 1| 2| 1] 2| 1 1.2652¢
2 1| 3| 1| 3| 1| 3] 1] 1.0342]
3 1| 4] 1| 4| 1| 4| 1 0.8585]

1

Core 1 represents a relatively simple reactor lprabwithout sharp flux gradients

due to the lack of highly absorbing regions andtre¢é homogeneity. Core 2 includes 4

gadded fuel pins in 3 of the assemblies, introdysimarper thermal flux gradients and

creating a more challenging problem for metho@ore 3 is a highly challenging

configuration, as it includes 3 bundles made upawgtof gadded pins, and contains very

sharp thermal flux gradients at the boundary iatm$. The cores were modeled with 2

symmetry (specular boundary condition on the rgitié, vacuum on the right), and the 2-

group flux of each core, computed by integrating 4 -group solution over the standard 2-

group range (thermal boundary 0.62506 eV), is prteskin Figure 4.28.
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Figure 4.28: 2-Group Flux (47-group calculatiorm) BWR Test Cores

The figure demonstrates the effectiveness of tathad at generating flux gradients
of varying strength with a characteristic BWR flspeectrum. These cores, generated from a

small set of cross sections, provide an extreniéigient mechanism to test new benchmark

methods.
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CHAPTER 5

NUMERICAL VERIFICATION

5.1 Consistent Generalized Energy Condensation ThgoVerification

The primary objective of the consistent multigronpthod, within the framework of
GEC theory, is to allow for the generation of tleagded spectrum of the angular flux within
an arbitrarily coarse multigroup energy structurehere are two orders of expansion
contained within the CGEC equation (Eq. 3.31). fitst, N, is the number of higher order
energy moments that are preserved to allow unfglthe detailed energy dependence during
the coarse-group calculation. The secands the order of the coupling correction included
in the source term of the coarse-group calculatids a resultl. dictates the accuracy of the
coarse-group calculation, ahbdictates the degree of detailed flux spectrum iy be
unfolded from it. The ability to vary is important as it allows the consistent formulatio
maintain the angular accuracy of the fine-grougspen, even if the coarse-group
calculation uses a different angular method (it ¢he detailed spectrum is only determined
for first order angular flux, such as with CPM, ttirdormation can be preserved in the
correction term for angalculation, even though thg &lculation has angular order 7).

The first phase of verification is to examine #oeuracy of the coarse-group
calculation without unfoldingN=0). This is presented in section 5.1.1 for sdvHDa
transport problems by comparing the accuracy ottase-group transport solution
(eigenvalue, flux) using the consistent multigrangthod with that obtained using the
standard method. This verifies that the coarseqgformulation is equivalent to the fine-

group structure. The second phase of verificagdo determine the accuracy of the
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unfolded flux spectrum obtained from the higheresriiux momentsN>0) for varying

orders of coupling correction. This is presentedantion 5.1.2 for one of the problems of
section 5.1.1.  Section 5.1.3 extends sectibr? fy examining the unfolded flux spectrum
in the 1D HTTR Benchmark problem. Finally, sectiof.4 examines the use of the CGEC
method in a cross section recondensation schecwitect for the spectral core environment

error.

5.1.1 CGEC Test Problems (N=0)

In order to examine the CGEC in the kind of envment in which it would be
applied, the first test of the method uses 1D beipdbblems with boundary conditions taken
from the interface flux in a core calculation. Thievides small, simple problems which
isolate the consistent condensation method fronetfeet of core environment error and
increases the anisotropy of the flux distributiorgating a more challenging problem and
highlighting the influence of the energy-angle dngeffect.

For this first test, two of the bundle types akested from the Pin-Cell
Homogenized GE9 Test Cores in section 4.2.4. [Badkle is composed of 10 material
regions (8 fuel-pin regions + moderator region othtsides). The fuel regions are each
1.6256 cm in width, and the outside moderator megere 1.1176 cm in width, accounting
for 15.24 cm total bundle width (typical of BWR Miles). The two bundle types are laid out
in Figure 5.1. Bundle A is composed of low-enrghpéns (“L”), high-enriched pins (“H”),
and moderator (“M”). Bundle B is composed of blmv-enriched fuel pins and gadded fuel

pins (“G”).

99



IMILJLIH[H[H[H[L[L[M]
(a) Bundle A

(b) Bundle B

Figure 5.1: Single Bundle Layout for Bundles A @d

In order to obtain boundary conditions for the dles which are representative of a
core environment, Test Core 2 from section 4.2ubed. This core possesses steep flux
gradients and highly anisotropic flux across theeatbly interfaces due to alternating fuel
bundles and partially gadded fuel bundles. Alsaait is that this benchmark problem,
which was constructed by layering pin-cell homogedicross sections, does not represent a
1D core directly, but can more accurately reprekmal transport effects (e.g., flux at a
gadded pin-cell interface). The core is compodestwen bundles, with vacuum boundaries
on both sides, shown with the 2-group flux, caltedawith an $s calculation, in Figure 5.2.
The 47-group reference eigenvalue, computed wit§ gapproximation and transport-
corrected scattering, was 1.05595.

The core calculation was used only to provide disg core-level boundary
conditions for the bundles. Because the boundamgitions vary by bundle position in the
core, there are four unique bundles labeled inréi§R2: (B1) Periphery, (B2) Outer Gadded,

(B3) Inner Fuel, and (B4) Center Gadded.
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Figure 5.2: 1D Test Core Layout and 2g Flux. \Gaitlines on the flux graph represent
bundle interfaces. Center line is the symmetrg bhthe core.

For each bundle, the following method is used tafywéhe consistent multigroup method.

1. A 47-group transport calculation is performed vathSe approximation and
albedo boundary conditions from the core calcutati®his flux is the reference
solution for the bundle.

2. The 47-group reference angular flux is used to gEae-group cross sections
using both the standard method (assuming sepagablgy and angle) and the
consistent condensation theory (with energy-anglgling correction).

3. These cross sections are then used to solve tlidebproblem in a 2-group &
calculation with boundary conditions obtained biggrating the 47-group
boundary conditions into the 2-group structure.

4. The 2-group solution is compared to the 47-grodgremce solution (eigenvalue,

scalar and angular flux integrated into the 2-grsuipcture).
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Because the accuracy of the new method is detedhog how well the 2-group

corresponds to thé"@rder energy-angle correctiob=0).

solution matches the 47-group solution, an initeification of the method is obtained by
comparing the eigenvalue of the 2-group calculatienwith the 47-group reference
eigenvaluels7). The eigenvalue results of the calculationspaesented in Table 5.1.
Because the 47-group solution was computed witg; acalculation, the variation term is

limited to 18" order, and is therefore truncated_afl5. The standard multigroup method

Table 5.1. Eigenvalue results for Bundles 1-4 maréasing angular expansion order.

Bundle 1 Bundle 2 Bundle 3 Bundle 4
kqrref 1.05597 _ 1.05599 _ 1.05599 _ 1.05599 _
ok ok ok ok
“ lem)| ® J@em| ¢ [@Eem)| % | pem)
Standard A i
Method 1.10384| 4787 | 1.17632 12034| 1.07804| 2205 | 1.08593 2994
L=1 1.05565 -33 | 1.05135 -464 | 1.05526 -73 | 1.05163 -436
L=2 1.05653 56 | 1.05564 -35 | 1.05618 19 | 1.05572 -27
L=3 1.05608 11 | 1.05560 -39 | 1.05608 9 1.05565 -34
L=4 1.05594 -3 | 1.05609 10 | 1.05595 -4 | 1.05607 7
L=5 1.05599 1 1.05593 -5 1.05600 1 1.05594 -5
L=6 1.05594 -3 | 1.05604{ 6 1.05597, -2 | 1.05604{ 5
L=7 1.05597, -1 | 1.05598 -1 1.05599 O 1.05598 -1
L=8 1.05596 -1 | 1.05600 2 1.05598 -1 | 1.05600 1
L=9 1.05597 -1 | 1.05598 O 1.05599 O 1.05599 O
L=10 1.05596 -1 | 1.05599 O 1.05598/ -1 | 1.05599 O
L=11 1.05597 O 1.05598 O 1.05599 O 1.05599 O
L=12 1.05597 O 1.05598 0 1.05599 O 1.05599 O
L=13 1.05597 O 1.05598 O 1.05599 O 1.05599 O
L=14 1.05597 O 1.05598 0 1.05599 O 1.05599 O
L=15 1.05597 O 1.05599 0 1.05599 O 1.05599 O

8k* = :I.O'5 (kz-k47ref)
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Table 5.1 clearly demonstrates both the magnitdi@eror introduced by assuming
the energy and angular dependence are separabtkeaeffectiveness of the consistent
method to correct this error. Particularly in geelded bundles (2 and 4), the anisotropy
introduced by the strong absorber resulted in Sagmit errors. As seen in the table,a 3
order correction is sufficient to account for mokthe effect of the energy-angle coupling,
and a ¥ order correction is sufficient to fully account fa

In addition to the eigenvalues, verification o€ ttonsistent multigroup method
requires an examination of the accuracy of the $lotation, both with the standard and
consistent multigroup methods. For each bundie2tigroup flux (angular and scalar) is
compared with the 2-group flux obtained by inteiqigithe 47-group reference into the 2-

group structure.

5.1.1.1 Bundle 1 Flux Comparison

Because the consistent method is designed tar laetteunt for flux anisotropy in the
coarse-group calculation, both the scalar and anduix accuracy must be examined.
Figure 5.3 contains the 2-group reference scalardb a function of position in the bundle
and the 2-group reference angular flux, averaged the bundle, for each discrete direction.
The angular flux is normalized such that the magtatof each arrow in the figure represents
the fraction of the angular flux in that directiore. the sum of the magnitude for all

directions is 100 for each group).
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Figure 5.3: Bundle 1 - Reference Scalar Flux aratiSlty Averaged Angular Flux (29)
The anisotropy of the flux in this bundle is clgageen in Figure 5.3, particularly in

the fast group, wherein neutrons are streamingrisvidie vacuum boundary on the left hand
side. In order to examine the accuracy of thesmgroup calculation using both the
standard method and the consistent multigroup ndethe 2g flux error is presented in
Figure 5.4. The scalar flux error is presentedlierstandard method, a first-order coupling
correction [(=1), and the full coupling correctioh£15). For the angular flux, only the
standard method and thel case are presented because the error of tiyectuliected

(L=15) solution is too small to be visible on theufig.

104



—
o

—————

o
H
#
L
'

)
(=]

Fast Scalar Flux Error (%)
P

Thermal Scalar Flux Error (%)
S o

20 5 10 15 177182708
Position (cm) Thermal Angular Flux Error (%)
—StandardMG| [ Standard MG
""" L= —L=1
.......... L=15

Figure 5.4: 2g Scalar and Average Angular Flux ¥@Efor Bundle 1.

As seen in Figure 5.4, the standard multigrouphotetesults in significant errors in
both the scalar and angular flux distributions tHe scalar flux, it is clearly seen that this
error increases towards the vacuum boundary wher#ux is more anisotropic. In addition,
the angular distribution shows that the error mfidst group is, as expected, highly
dependent on the direction. Figure 5.4 also detraes that even thé'brder corrected
solution generates significant improvement overstiaadard multigroup method in both the
scalar and angular fluxes and that th® afder correction was able to reproduce the
reference solution exactly. Note that in ordealtow for easy viewing of the angular flux
errors, it was necessary to use a different scalthé fast and the thermal flux errors.

In order to gain a more thorough understandintheferror present in the scalar flux

distribution, the 2-group scalar flux from the cended calculatiorgag X( yvas compared
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with the reference 2-group scalar flgg x (wjthin each group using the spatial average

error AVG&y), the root-mean-square spatial erf@MS), and the flux-weighted spatial
average errolHWE), defined in Egs. (5.1)-(5.3). Table 5.2 pres¢iése errors for

increasing order of coupling correction in Bundle 1

AVG, = M (5.1)

_[ dx
[ dxe (%)

RMS, = |——— 52
S Tox (5.2)
[ dXe, ()|, (x)
FWE, = (5.3)
S [ dp, ()
Where
e,(X) =1OOM (5.4)
(%)

As is seen in Table 5.2, the flux results areegpdor for the standard multigroup
method, resulting in an spatial average error graaan 2%. When using even®dkder
coupling correction, this is reduced to less th#h and by the 3 order the consistent
multigroup method has reproduced the referencdisolwith high accuracy. Itis also
evident from the results in Table 5.2 that the gp@ngle coupling of the total cross section
can be fully accounted for with accuracy sufficiéartthe vast majority of purposes by & 4
or 5" order correction. This is true of Bundle 1, prese here, as well as for the other

bundles, which are shown in the next sections.
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Table 5.2: Scalar Flux Error Analysis — Bundle 1

AVG, RMS, MRE,

L Fast Thermal Fast Thermal Fast Thern
o* 2.92 2.15 4.58 3.15 1.83 1.34
1 0.67 0.40 0.90 0.50 0.56 0.42
2 0.13 0.07 0.21 0.10 0.13 0.12
3 0.06 0.03 0.10 0.04 0.05 0.03
4 0.04 0.01 0.07 0.02 0.04 0.02
5 0.02 0.00 0.04 0.01 0.02 0.00
6 0.02 0.00 0.04 0.01 0.02 0.01
7 0.01 0.00 0.03 0.00 0.01 0.00
8 0.02 0.00 0.03 0.00 0.02 0.00
9 0.01 0.00 0.02 0.00 0.01 0.00
10 0.01 0.00 0.02 0.00 0.01 0.00
11 0.01 0.00 0.01 0.00 0.01 0.00
12 0.01 0.00 0.01 0.00 0.01 0.00
13 0.00 0.00 0.01 0.00 0.00 0.00
14 0.00 0.00 0.01 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00

nal

* L =0 is the Standard Multigroup Method

5.1.1.2 Bundle 2 Flux Comparison

Figure 5.5 contains the 2-group reference schlards a function of position in

bundle 2 and the 2-group reference angular flugrayed over the bundle, for each discrete

direction.

107



— Thermal e

Rel. Flux

0 5 10 15
Position (cm)

Thermal Angular Flux

Scalar Flux

Figure 5.5: Bundle 2 - Reference Scalar Flux arati8lty Averaged Angular Flux (29)

In this bundle, there is a significantly high artrepy in the angular flux because of
the presence of the gadolinium. (This anisotrgayat evident in Figure 5.5 because the
strong gradients on both sides of the bundle reésathighly anisotropic flux in opposite
directions.) This results in much larger flux esrthan in Bundle 1. The scalar flux error is
presented for the standard method, a first-ordeplaog correction (L = 1), and the full

coupling correction (L=15) in Figure 5.6.
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Figure 5.6: 2g Scalar and Average Angular Flux Y@Efor Bundle 2.

As seen in Figure 5.6, the standard multigrouphogktesults in much larger errors in
the flux than in Bundle 1. This is due to the @ased effect of local anisotropies generated
by the strong flux gradient across the bundlés #iso evident that in this bundle, thHé 1
order coupling correction results in significanpiravement. It is noted that th& arder
error in the thermal angular flux is too small ]\bsible on the graph. Table 5.3 presents

the AVG,, RMS, andFWE; errors for increasing order of coupling correctioBundle 2.
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Table 5.3: Scalar Flux Error Analysis — Bundle 2

nal

AVG, RMS, MRE,

L Fast Thermal Fast Thermal Fast Thern
o* 13.42 14.71 15.25 16.28 12.11 16.94
1 0.42 0.27 0.50 0.31 0.44 0.18
2 0.17 0.09 0.21 0.10 0.18 0.09
3 0.07 0.03 0.09 0.03 0.08 0.03
4 0.05 0.02 0.09 0.02 0.06 0.02
5 0.03 0.00 0.04 0.01 0.03 0.00
6 0.03 0.01 0.05 0.01 0.03 0.01
7 0.02 0.00 0.03 0.00 0.02 0.00
8 0.02 0.00 0.04 0.01 0.02 0.00
9 0.01 0.00 0.02 0.00 0.01 0.00
10 0.01 0.00 0.02 0.00 0.01 0.00
11 0.01 0.00 0.01 0.00 0.01 0.00
12 0.01 0.00 0.02 0.00 0.01 0.00
13 0.00 0.00 0.01 0.00 0.00 0.00
14 0.00 0.00 0.01 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00

* L =0 is the Standard Multigroup Method

It is clear from Table 5.3 that Bundle 2 is mucbrengreatly affected by neglecting

the energy angle coupling using the standard metimdever, a ¥ order coupling

correction is sufficient to reproduce the fine-graesults very well.

5.1.1.3 Bundle 3 Flux Comparison

Figure 5.7 contains the 2-group reference schlards a function of position in

bundle 3 and the 2-group reference angular flugragyed over the bundle, for each discrete

direction.
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Figure 5.7: Bundle 3 - Reference Scalar Flux aratiSlty Averaged Angular Flux (29)

Because the position of Bundle 3 in the core tesala roughly symmetric flux

distribution, and because the bundle does not pessgy gadded pins, Bundle 3 is the least

anisotropic. This is clearly seen in the angulax §raphs in Figure 5.7. The scalar and

angular flux errors are presented in Figure 5.8.
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Figure 5.8: 2g Scalar and Average Angular Flux %@Efor Bundle 3.
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As seen in Figure 8, while the flux error in thisndle is less significant than in
bundles 1 and 2, the error is still significanboth the scalar and angular flux distributions
using the standard method. As in bundles 1 aite2f" order coupling correction provides
a significant improvement over the standard metfiatble 5.4 presents theVG,, RMS, and
FWE,; errors for Bundle 3, demonstrating similar beha®i® previous bundles.

Table 5.4: Scalar Flux Error Analysis — Bundle 3

AVG, RMS, MRE,

L Fast Thermal Fast Thermal Fast Thermal
o* 2.65 2.07 3.36 2.52 2.49 2.34
1 0.49 0.32 0.61 0.39 0.46 0.38
2 0.14 0.06 0.21 0.09 0.12 0.08
3 0.06 0.02 0.09 0.03 0.05 0.03
4 0.04 0.01 0.08 0.02 0.04 0.01
5 0.02 0.00 0.04 0.00 0.02 0.00
6 0.03 0.00 0.05 0.01 0.02 0.01
7 0.02 0.00 0.03 0.00 0.02 0.00
8 0.02 0.00 0.04 0.00 0.02 0.00
9 0.01 0.00 0.02 0.00 0.01 0.00
10 0.01 0.00 0.02 0.00 0.01 0.00
11 0.01 0.00 0.01 0.00 0.01 0.00
12 0.01 0.00 0.02 0.00 0.01 0.00
13 0.00 0.00 0.01 0.00 0.00 0.00
14 0.00 0.00 0.01 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00

* L =0 is the Standard Multigroup Method

5.1.1.4 Bundle 4 Flux Comparison

Figure 5.9 contains the 2-group reference schlaras a function of position in
bundle 4 and the 2-group reference angular flugragyed over the bundle, for each discrete
direction. Whereas the previous bundles have dsdithe full bundle, due to the symmetry
of Bundle 4, only half of the bundle was modeldthis allows the local anisotropies present

in the bundle to be apparent, as seen in Figure 5.9
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Figure 5.9: Bundle 4 - Reference Scalar Flux aratiSlty Averaged Angular Flux (29)
As seen in Figure 5.9, the angular flux (partidyléhermal), is highly directed due to
the presence of strong absorbers (gadded pingurdle 2, this effect was averaged out

over the whole bundle, but because only the ldftdfahe bundle is used here, the local

anisotropy is more apparent.
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Figure 5.10: 2g Scalar and Average Angular Flux &eEfor Bundle 4.
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This indicates that even in the case of speculantary conditions, local
anisotropies may still introduce energy-angle cmgpéffects that must be considered. The
flux errors for Bundle 4 are presented in FigurE05.

As in previous bundles, thé brder coupling correction greatly improved the
solution, and the T5order coupling correction reproduced the referarateulation exactly.
Table 5.5 presents teVG;, RMS;, andFWE; errors for increasing order of coupling
correction in Bundle 4.

Table 5.5: Scalar Flux Error Analysis — Bundle 4

AVG, RMS, MRE,

L Fast Thermal Fast Thermal Fast Thermal
o* 1.47 1.17 2.40 1.87 2.79 2.77
1 0.21 0.08 0.33 0.16 0.42 0.12
2 0.09 0.03 0.14 0.05 0.18 0.05
3 0.04 0.01 0.06 0.02 0.08 0.03
4 0.03 0.01 0.06 0.01 0.06 0.02
5 0.01 0.00 0.03 0.00 0.03 0.00
6 0.01 0.00 0.04 0.01 0.03 0.01
7 0.01 0.00 0.02 0.00 0.02 0.00
8 0.01 0.00 0.03 0.00 0.02 0.00
9 0.01 0.00 0.02 0.00 0.01 0.00
10 0.01 0.00 0.02 0.00 0.01 0.00
11 0.00 0.00 0.01 0.00 0.01 0.00
12 0.00 0.00 0.01 0.00 0.01 0.00
13 0.00 0.00 0.01 0.00 0.00 0.00
14 0.00 0.00 0.01 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00

* L =0 is the Standard Multigroup Method

5.1.2 CGEC Test Problems with Fine-Group UnfoldindN > 0)

By incorporating the energy-angle coupling witthie GEC framework, the
consistent method provides the means to fully uhfioé energy dependence of the angular
flux. In order to verify the accuracy of the uldfed angular flux, Bundle 3 was chosen as an

example problem. For this bundle, the 47-groyys8lution was used to condense the cross
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sections, and the consistent multigroup methodwsas to solve the 2-group problem with a
50" order energy expansion. From the coarse-grougrestpn moments, the 47-group flux
was then expanded and compared with the 47-grdaperee solution. If the condensation
and unfolding method is fully consistent, the udéa flux and the reference flux (used to

condense the cross sections) should be identica the expansion order chosen.

Table 5.6 presents an error analysis of the uatbfthe-group quxlTJgp X )in group
g for discrete ordinate (directiop) in comparison with the 47-group reference fix x .( )

The ordinates are indexed pyecause the more standard discrete ordinates mdexsed

to describe the energy expansion moment index. gbaein this comparison is to determine
how well the angular dependence of the fine-grqagzsum is unfolded by the expansion by
averaging over the spatial and energy variabldse analysis is presentedBavg, Erms,
andEfwe, errors for each discrete ordingtedefined in Egs. (5.5)-(5.7), for both the
uncorrected (L=0) and fully corrected (L=15) cas@&ke fully corrected case (i.e. L=K-1) is
chosen here to highlight the full effect of enesgygle coupling even though as will be
demonstrated later, & ®rder coupling correction is generally sufficiémt the level of
anisotropy present in this bundle.

47
_[ dx> e, (XAU,
Eavg, =—= (5.5)

47
J' dx>_Auy
g=1

_[ dxﬁ el (X)Au,
g=1

47
jdxz Au,
g=1

Erms, = (5.6)
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47 -
[dx" ey, (x)Duy BV, (%)
- =1
MRE, = — = (5.7)
IdeAug W, (X)
g=1

where

‘q)gp(x) B ng(x)‘
Wgp (X)

e, (X) =100 (5.8)

Table 5.6. Unfolded Fine-Group Flux Error for Buad, 50" order Energy Expansion as a

Function of Discrete Directiop

Discrete Eavg Erms, Efweg

d'reg“o” L=0 | L=15| L=0| L=15| L=0| L=15
1 617 | 3.4 | 1231 593 580  1.45
2 6.08 | 315 | 1196 593 567  1.46
3 592 | 3.47 | 1136 593] 543  1.48
4 570 | 3.20 | 1054 592] 511 1.5
5 544 | 322 | 958| 591 472 153
6 513 | 3.26 | 852 588 4.27 15
7 484 | 328 | 7.68| 584 389  1.60
8 493 | 330 | 943| 583 404 162
9 493 | 330 | 9.42| 583 417 1.6
10 | 475 | 330 | 7.42| 584 39§  1.62
11 | 490 | 329 | 7.84| 586 419  1.59
12 | 503 | 326| 825 586 443 157
13 | 514 | 324| 856 585 459 155
14 | 538 | 322| 887 584 471 153
15 | 525 | 321 | 883 583 475 152
16 | 526 | 321 | 888 582 4771 151

As seen in Table 5.6, the uncorrected case (Lk®yed significant errors in the
unfolded angular flux as a result of the inconsisteeatment of the energy-angle coupling.
This was significantly improved in the fully corted case. Of note is that tBéwvg, error in

the table is the most effective indicator of theuaacy of the unfolded flux because small
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absolute errors in groups and spatial meshes ity lew magnitude fluxes introduce large
relative errors which do not accurately reflect ¢tiwerall accuracy.

The improvement in the flux spectrum in Table &eBnonstrates the effect of fully
accounting for the energy angle coupling, and émeaining error in the corrected case is a
direct result of the truncation of the energy-e>gsan order. In order to confirm this, the
bundle problem was solved again with varying exmamerder and the 47-group angular
flux was compared with the reference solution. &arh order, the angular-average of the
Efwe, values was calculated, resulting in one numberrdesg the average “error” in the
unfolded spectrum for both the uncorrected (stahdsethod, L=0) and fully corrected

(L=15) cases, and these are presented in Figuiefér I/arying energy expansion ordér
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Figure 5.11: AveragEfweas a function of energy expansion order
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As demonstrated in Figure 5.11, the standard géned energy condensation theory
without coupling correction (L=0) is not able topmve the averagéfwebeyond ~4.1%.
When the energy-angle coupling is fully corrected1(’), the consistent method is able to
reproduce the flux with arbitrary accuracy, depagdinly on the truncation order of the
energy expansion. This result is summarized ile€r'aly, which contains thefwe, error for
both the uncorrected and fully corrected unfoldea &t several expansion orders for each
directionp.

Table 5.7: Unfolded Angular Flux ErroEfwe,) for Selected Energy Expansion Orders

Discrete N =50 N =100 N =200 N =400

direction| L= | L= L= L= | L=| L=
p 0 15 L=0 15 L=0 15 0 15
1 5.80| 1.45| 550| 0.69] 5.43 0.34 5.410.16
2 5.67| 1.46 | 537| 0.69] 5.29 0.34 5.270.17
3 5.43| 1.48 | 5.13| 0.70| 5.0 0.34 5.030.17
4 5.11| 1.50| 4.80| 0.71 4.72 0.3%5 4.700.17
5 4,721 1.53| 4.40| 0.73] 4.32 0.36 4.300.17
6 427| 1.57 | 3.93| 0.74 384 0.3¢ 3.820.18
7 3.89| 1.60| 3.46| 0.76] 3.33 0.3 3.310.18
8 4.04| 1.62 | 3.55| 0.77] 3.38 0.38 3.340.18
9 4.17| 1.63| 3.69| 0.77] 3.52 0.38 3.480.18
10 3.96| 1.62 | 3.54| 0.76] 3.41 0.37 3.380.18
11 419| 1.59 | 3.85| 0.75 3.75 0.37 3.720.18
12 443 157 | 4.11| 0.74, 4.02 0.36 4.000.18
13 459 155 4.29| 0.73] 4.21 0.36 4.190.17
14 471| 1.53| 4.42| 0.73| 434 0.36 4.320.17
15 475 1.52 | 4.46| 0.72] 438 0.3% 4.360.17
16 477 1.51| 4.48| 0.72| 4.4 0.3% 4.390.17

As expected, Table 5.7 suggests that as one exteadnergy expansion to high
order, the unfolded flux is obtained to arbitracg@aracy, dependent only on the truncation
order. In order to confirm that the remaining eirothe unfolded flux is a consequence of

truncation, the 47-group reference solution wasdated to various expansion orders. This

118



was done by computing the energy expansion monoéile reference flux and unfolding

them to ordeN via Eqg. (5.9).

Gnp

Wi (x) = ZN: (2n +1) j duP (u) [WEEF (x)
NO ’ (5.9)
=Y (2n+1) j duP (u) EEZ WREF(x) j duﬁn(u)]

In order for the new method to be considered ateuit must be able to exactly
reproduce the reference solution up to the ordexpansion. Thus, the truncated reference
solution of Eg. 5.9 represents the best possiblEC&olution for ordeN and is exact aN
— oo, It is therefore this solution that the consistaethod should reproduce. This was
verified by comparing the 80order unfolded flux with the 3Dorder truncated reference
flux for Bundle 3. This is presented in Table &sEfws,, obtained with Eq. (5.7) for both
the uncorrected (L=0) case and several ordersuglow correction, using the truncated flux
of Eq. (5.9) as the reference solution.

As seen in Table 5.8, the fully corrected flux I5F exactly reproduces the truncated
fine-group flux. Itis also clear that, as in g@lar flux, one does not necessarily need to use
the full correction order because et 5" order coupling correction is sufficient to account
for the coupling of the energy and angular depeceleecause of the decoupling of the
higher-order energy expansion moments from thetlzemaler, consistent coarse-group
calculation, the energy expansion truncation onday be increased with minimal impact on
the overall solution time (Rahnema, Douglass, amdét, 2008). As a result, the new
consistent generalized energy condensation theomydes a robust method for generating

the a good approximation fine-group flux within@acse-group calculation.
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Table 5.8. ComparisortEfwe,) of 50" order unfolded angular flux
with 53" order truncated reference 47-group flux.

Discrete
Direction| L=0 | L=1 | L=2 | L=3 | L=4 | L=5 | L=10| L=15

5.06/1.81| 0.86] 0.53] 0.35| 0.23| 0.08 | 0.00
4.96|1.64|0.69|0.34| 0.17]| 0.06| 0.07 | 0.00
4.79]1.34|0.43| 0.12] 0.09]| 0.12] 0.02 | 0.00
4.54]1 0.96| 0.23] 0.24| 0.20| 0.13] 0.05| 0.00
4.23]0.59| 0.40| 0.35| 0.18] 0.08| 0.07 | 0.00
3.84| 0.83| 0.64] 0.34]| 0.17| 0.20| 0.05| 0.00
3.35]1.40| 0.77]0.32] 0.36| 0.25| 0.15| 0.00
3.23|2.18| 0.94]| 0.86] 0.65| 0.57| 0.28 | 0.00
3.35]2.23|0.97]0.89] 0.67| 0.59| 0.28 | 0.00
10 3.44|1.44| 0.78] 0.33] 0.37| 0.26| 0.15| 0.00
11 3.79/ 0.86| 0.66| 0.34] 0.18] 0.20| 0.05 | 0.00
12 4.03| 0.62| 0.42| 0.35] 0.18] 0.08| 0.07 | 0.00
13 4.16| 0.96| 0.24] 0.24| 0.20| 0.14| 0.05 | 0.00
14 4.27]1.3210.42| 0.12] 0.09]| 0.12| 0.02 | 0.00
15 4.2711.59|0.69]0.35]/0.16| 0.06| 0.06 | 0.00
16 4.2811.75]0.86] 0.53] 0.33| 0.23| 0.07| 0.00

O [(N|O|OA[WIN|FL|T

5.1.2.1 Additional Verification

In order to verify that the consistent multigraupthod is a fully robust method, it is
important that the method provides accurate cdicula independent of the solution method
(e.g., discretization of the phase space). Inraleerify this, the Bundle 3 problem in
section was solved again, starting from the whole cusing a varying number of discrete
ordinates. For each number of discrete ordingibesgigenvalue of the 2g calculation, both
with the standard and the consistent method, igoemed with the 479 reference. The
consistent method in each case is implementechéoeasing coupling correction order, and

the results are presented in Table 5.9.
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Table 5.9. Eigenvalue Results for Varying AngulasBlution

S2 sS4 S8 S16

kq7ref 1.05017 1.05559 1.05589 1.05599

ko 5K ko 5K ko 5K ko 5K

Standard

Method 1.07559 2542 | 1.07746| 2187 | 1.07782 2192 | 1.07804| 2205
L=1 1.05017 0 | 1.05451 -108 | 1.05487 -102 | 1.05526 -73
L=2 1.05563 4 [1.05600 11 | 1.05618 19
L=3 1.05559 0 |[1.055900 1 | 1.05608 9
L=4 1.05581] -8 | 1.05595 -4
L=5 1.05587| -2 | 1.05600 1
L=6 1.05586| -4 | 1.05597 -2
L=7 1.05589] 0 | 1.05599 O
L=8 1.05598| -1
L=9 1.05599 0
L=10 1.05598| -1
L=11 1.05599] 0
L=12 1.05599 0
L=13 1.05599 0
L=14 1.05599] 0
L=15 1.05599 0

As seen in the table, the consistent multigroughogkresults in the same behavior,

Bk* = 105 (kz-k47ref)

5.1.3 Application to an Optically Thin Benchmark problem

unaffected by the refinement of the spatial meshuonber of coarse groups.

independent of the number of ordinates used. @f isahat, in each case, the use of the full
coupling correction with the maximum valuelothat is accessible for that number of
ordinates, the 47g solution is reproduced exacllyis is because the 479 reference solution
can only vary with energy up to that order, andstha additional terms are neglected by the

truncation of the coupling correction order. Iaiso noted that the consistent method is

One of the most challenging aspects of opticdliy teactors is that the increased
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the condensed cross sections. As a result, arlauyeber of coarse groups are generally
required to generate accurate core solutions. l&/this requires more than 20 coarse groups
in some systems (e.g., high temperature gas coeéatiors), as few as 6 groups are often
used to obtain more rapid solutions; however, tgea2ip structure generally used in LWR
problems is unable to accurately represent thealptithin spectrum with the standard
method. One of the advantages of the consisterftades that, because the condensed
solution exactly reproduces the fine-group reactaigs, the accuracy of the solution
becomes much less dependent on the coarse-growpuss.

In order to demonstrate the effectiveness of tmsistent method to accurately treat
an optically thin problem with a coarse-group stwue that is not optimal for the problem,
the 1D HTTR benchmark problem in section 4.2.3. tihgghis method requires a fine-
group cross section set, rather than the MCNP isoluand so 47-group cross sections were
generated for each unique material by modelingttige ARO configuration of the core
with HELIOS (Simeonov, 2003).

As in the previous example, these cross secti@mne used to generate a 47-group S
reference solution for the core, and 47-group fater fluxes were used to obtain albedo
boundary conditions for each of the 3 fuel blockshie HTTR core. The eigenvalue of this
discrete ordinates fine-group reference core catmr was 1.10826.

The same process used in the BWR problem wastasedamine the consistent
method in each block. The core interface fluxeseevwised to establish the boundary
conditions for a 47-group;Sassembly calculation, which is considered theregfee flux for
the blocks. As before, the cross sections werd@osed with increasing order of angular

correction fromL=0 (no correction) ta=15 (full correction). The same coarse-group
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structure was used as in the BWR problem (0.62%e¥mnal boundary), which is known to
be insufficient for standard multigroup calculagdn gas cooled reactors. Table 5.10
presents the eigenvalue results of the calculatemaslogous to the Table 5.1 results for the
BWR case.

Table 5.10: Eigenvalue results for Blocks 1-3 fareasing angular expansion order.

Block 1 Block 2 Block 3
keref |1.10828 1.10827 1.10826
5K 5K

ke (pcm ke (pcm ke
Standart; 11737 908 | 1.10948 122 | 1.119881156
Method

L=1 |1.10809 -20 {1.10821 -5 |1.1080% -22
1.10786 -43 |1.10789 -37 |1.10788 -39
1.10816¢ -13 |1.10814 -12 |1.10815 -12
1.10800 -29 |1.10801 -25 |1.10801 -26
1.1081% -14 |/1.10814 -12 |1.10814 -13
1.10808 -21 |1.10808 -18 |1.10808 -19
1.10817 -12 /1.10816 -10 |1.10816 -11
1.10814 -15 |{1.10813 -13 | 1.10813 -14
1.10820 -9 |1.10819 -7 |1.10818 -9
1.10818 -11 |1.10817 -9 |1.10817
1.10828 -6 [1.10822 -4 |1.10821
1.1082! 1.10821 -5 [1.10820
1.1082¢ 1.10824 -2 (1.10823 -4

} 3

[ >

3K
(pcm

RlR| Rk
mlolRlEBo|o N oo hw|N

L4
1
\l

A2
1
w

LN L L L L el I el I ol el el el el

1.10821 1.10824 -2 |1.10823
L=15]1.10829 0 |1.10827 1 |1.10826
k* = 105 (kz-k47ref)

\"Al
1
N

on O

As seen in the table, the degree of anisotroplgerboundary flux influences the
accuracy of the standard condensation method. kBlb@nd 3 both border a control block
without rods inserted (which are thus effectivelgdarator blocks). This results in fluxes
which at high energy are directed outward towanescbntrol block (neutrons generated
from fission) and at low energy are directed inmandards the fuel block (thermalized in
the moderator). Block 2, on the other hand, bardelditional fuel blocks on either side,

which is most similar to a zero-current (specuddlective) boundary condition, leading to a
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more isotropic flux and more accurate result whié $standard method. However,
independent of the boundary conditions and isotadiie flux, the consistent method was
able to exactly match the reference solution.

In order to examine the accuracy of the flux sohyta flux analysis analogous to that
performed for the BWR problem was performed fordRI8, as it exhibits the largest error
using the standard method. Figure 5.12 contamsdference flux for fuel block 3. Included
in the figure are (a) the 2-group scalar flux, aled by summing the 47-group reference into
the 2-group structure and (b) the fast and theemgular flux for each discrete direction at

the block boundaries and the center region of khekb

0.025 , . | |
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« | e
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Figure 5.12: Block 3 - Reference Scalar (a) an@&etl Angular Flux (b)
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As is evident in Figure 5.12, the left side of thel block, which borders an

uncontrolled CRB (moderator), causes a flux gradsthat boundary and introduces

anisotropy in both the thermal and fast angulat.flrhis results in errors in the coarse-

group cross sections and the coarse-group solfrtbomneglecting the angular effect. The

error in the 2-group scalar flux and angular flug presented in Figure 5.13.

Fast Flux Error (%)

Thermal Flux Error (%)

Thermal Flux Error (%) Fast Flux Error (%)

10 15 20
Position (cm)

25

_____ L=

— L =0 (Standard MG)

(b)
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Figure 5.13: 2g Scalar and Selected Angular Fluk®6+r for Block 3.



As seen in Figure 5.13, the standard multigrouthoteresults errors in the angular
and scalar flux of up to 5%, particularly in thetfgroup and near the boundary. This is due
to the effect of local anisotropy generated byrtbghboring CRB. It is also evident that in
this block, the T order coupling correction results in significamiprovement. It is noted
that the ¥ order error in the thermal angular flux is too #rtwmbe visible on the graph of the
left boundary cell angular flux error. Table 5dresents th&VG,, RMS, andFWE; errors
for increasing order of coupling correction in Btag.

Table 5.11: Scalar Flux Error Analysis — Block 3

AVG, RMS, MRE,

L Fast Thermal Fast Thermal Fast Thermal
0* 1.18 0.35 1.54 0.51 1.10 0.38
1 0.23 0.07 0.27 0.09 0.23 0.07
2 0.10 0.02 0.14 0.02 0.10 0.02
3 0.06 0.01 0.07 0.01 0.06 0.01
4 0.06 0.01 0.09 0.01 0.06 0.01
5 0.04 0.00 0.05 0.00 0.04 0.00
6 0.05 0.00 0.07 0.00 0.05 0.00
7 0.03 0.00 0.04 0.00 0.03 0.00
8 0.04 0.00 0.05 0.00 0.04 0.00
9 0.02 0.00 0.03 0.00 0.02 0.00
10 0.03 0.00 0.04 0.00 0.03 0.00
11 0.02 0.00 0.02 0.00 0.02 0.00
12 0.02 0.00 0.02 0.00 0.02 0.00
13 0.01 0.00 0.01 0.00 0.01 0.00
14 0.01 0.00 0.01 0.00 0.01 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00

* L = 0 is the Standard Multigroup Method
Table 5.11 clearly demonstrates that the congistethod is able to explicitly correct
for the coupling effects, and reproduce the refegesolution exactly, despite flux anisotropy
and a highly non-optimal group structure. The Itssa Table 5.11 would seem to indicate
that the standard method has not done as poodgasight have expected for these

problems. This is because gas cooled reactoreg®semplicated geometries (e.g.,
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asymmetric burnable absorber pins, control rodsm-fissionable assemblies) which cannot
be accurately modeled in a 1D system. While theddblem adequately accounts for the
global physics parameters of the HTTR, the effésneearing the number densities
eliminates the local transport effects that weensa the BWR problem.

Consequently, the results in Table 5.11 underesérthe errors that result from using
the standard condensation method in higher-dimaatmodels (2D or 3D), where explicit
modeling of the burnable absorber pins and contrdd introduce local effects that are not
captured in the 1D model. However, as shown@BWR problem and in the optically thin
problem, the consistent method can accurately atdouthese effects, and the analysis of
this method in higher-dimensional optically thimmplems is considered in future work.

In addition, it is known that the spectrum of fbel block is greatly affected by the
type of blocks surrounding it, resulting in a lagpectral core environment error. The new
CGEC method provides a framework for consistertlydensing the cross sections, despite
group structure or anisotropy in the weighting fumrt, and provides a way of approximately
inverting the condensation process by unfoldingdi@iled spectrum to within the accuracy

of the expansion order.

5.1.4 Cross Section Recondensation via CGEC Theory

5.1.4.1 Flux Update Procedure

The results in the previous section indicate thatunfolded flux is able to reproduce
the solution up to the order of truncation. Howewae of the consequences of using an
orthogonal expansion to approximate the flux isitheduction of random computational
noise in the fine-group flux. Because the finetgrélux used to condense the next iteration

of the recondensation procedure is the integrét@icoarse expansion over the fine-group,
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negative fluxes can result for some fine groupscivlaire non-physical and can introduce
errors in the condensed cross sections. (Zhu argeE®011) In addition, the unconverged
portion of the coarse-group flux can introduce va&mnall non-physical errors in the unfolded
flux. These errors and the flux negativity catmaduce instabilities in a recondensation
scheme, and must be corrected for the re-condensstheme to converge.

A flux update procedure was initially introducegZhu and Forget (2011) to address
flux negativity issues from truncation in a diseréegendre Polynomial application of the
GEC, and additionally serves to filter out the nuce noise from the unconverged portion
of the coarse-group flux, even when there is np flagativity. The procedure consists of
using the unfolded multigroup flux to generate atren-balance eigenvalue (ratio of fission
to absorption and leakage) and a multigroup souftes source is then used in a fixed-
source transport sweep through the core for eaminpgio provide an updated flux. It is then
this flux which is used to re-condense the crosti@es. Performing this update during each
iteration helps to reduce the noise and stabiheer¢condensation procedure and eliminates
flux negativity. In some situations, it may be esgary to perform this flux update several

times during an iteration to eliminate the flux aggty (Zhu and Forget, 2011).

5.1.4.2 CGEC Recondensation for 1D HTTR

The previous sections have demonstrated that @eCGCtheory is able to reproduce
the fine-group spectrum to a good approximationmithe exact flux spectrum is used to
generate the cross sections and expansion momastsientioned earlier, however, this flux
is not known before hand, and so a guess of tixe(dllg., lattice cell flux) is used to produce
the cross sections for the coarse-group calculatidre unfolded flux from this coarse-group

calculation has been shown (Rahnema, Douglass;amyet, 2008) to be a significantly
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improved approximation to the core-level flux triae lattice cell flux is. As a result, using
the unfolded flux as a new weighting flux to updéte coarse-group cross sections and re-
calculate the core solution would provide an imgayesult. In order to verify this method,
the 1D HTTR problem is used as a benchmark probhdmch is of significant interest for
this type of method.

Optically thin systems like the HTTR typically m&in reactor control via separate
“control blocks” which contain graphite moderatadacontrol rods, but no fuel. In addition,
the longer neutron mean free paths in these systgu#e several rings of reflector and/or
shield blocks to reduce leakage and preserve meattonomy.

The absence of fuel in these blocks makes gengratiarse-group cross sections
highly challenging for the materials contained #uerbecause lattice cell calculations with
specular boundary conditions cannot be performethse assemblies. This is typically
addressed by either performing an “extended” lattiglculation, which includes part of a
control block in a fuel block calculation (Zhang &k, 2011), or by assuming an “average”
spectrum from the fuel lattice calculations. Neitbf these provide a good approximation
for the actual spectrum in these lattices whenqalan the core environment, particularly for
shield or reflector blocks located far from theecoil herefore, the CGEC recondensation
described in section 3.4 will provide a core-lesqgéctral correction to the collapsed cross
sections in the core, thereby providing a dramatgrovement to the cross sections in the
non-fissionable lattice cells.

The HTTR 1D benchmark problem consists of thregidnable lattices (Fuel Blocks
1, 2, and 3) and five non-fissionable lattices ({€eontrol, Outer Control, and three

reflector blocks). This problem therefore presenssgnificant challenge in generating a
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good weighting spectrum with lattice-cell calcubas, particularly in the outer reflector
blocks. For these lattices, the attenuation ofltneresults in a spectrum which is
dramatically different than that of the fissionalalttices. In the case that the outer control
rods are inserted, this becomes an even more isigmifeffect.

In this section, the group structure chosen asitieegroup structure is the HELIOS
47-group structure. All calculations are perfornme&s, and all cross sections are condensed
for each spatial mesh (i.e., no spatial homogeioizat While spatial homogenization is
commonly used in core analysis, this dissertasdiocused on the spectral effects and
intended primarily for whole-core fine-mesh tranggaoblems. A 6-group structure was
chosen from VHTR literature (Zhang et. al., 20111d aligned as closely as possible to the
47-group boundaries to provide a condensed grauptate. This is provided in Table 5.12.

Table 5.12: VHTR 6-Group Structure

Lower
Groups Bound Upper\l;%ound
V) (eV)
1 1.8316E+05 2.0000E+07
2 2.0347E+03 1.8316E+05
3 2.3824E+0Q 2.0347E+03
4 6.2506E-01] 2.3824E+0
5 1.1157E-01] 6.2506E-01
6 1.0000E-04 1.1157E-01

In order to examine the effectiveness of the &iast recondensation methodology,
the accuracy of the coarse-group calculation isnexed both before recondensation
(standard method) and after enough recondensa#i@tions to converge the cross sections
to within 0.1%. Both the ARO and ARI configurat®are examined. Figure 5.15 presents

the 6-group scalar flux reference for both confegioms as well as the spatial relative error,
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Reference Scalar Flux

1

Eg(x), Std Method (%)
Egix), 10th Order (%)

Eg(x), 40th Order (%)

Ey(X) defined in Eq. (5.10), for both the standard rdtfno recondensation, lattice-cell flux

for condensation), and the consistent recondemsatitution (1&' and 48 order).
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Figure 5.14: Spatial relative error for the staddaethod,
10" order, and 40 order CGEC Recondensation
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The results in Figure 5.14 clearly demonstrateetiners introduced in the flux
solution by use of an average moderator spectrurnridense the cross sections in the
reflector regions. In group 5, this resulted ilatige errors over 100% in the uncontrolled
case and approaching 200% in the controlled cAseexpected the flux errors were largest
in the reflector regions where the energy specisunot well represented by the spectrum in
the moderator of the lattice-cell calculations.

Figure 5.14 also clearly demonstrates the effec@gs of the recondensation
methodology to improve the solutions. With &'4fder energy expansion, the largest
relative errors in the 6-group flux were on theasrdf 2%. Even with a fborder expansion,
the largest relative flux error in the uncontrollsake was under 4% and under 8% for the
controlled case. This highlights the value of tbasistent recondensation method for
optically thin problems, as even a low-order enexgyansion can dramatically improve the
flux distribution.

As is demonstrated in Tables 5.13 and 5.14, thsistamt recondensation method is also
able to dramatically improve the eigenvalue andtiea rates of the core solution. The
Table presents the results for the eigenvaluekifission density, and block absorption
density as compared to the 47-group referenceisnlat well as the standard method. Both
the absorption and fission densities are normaliae¢tie average block fission density in the
core.

As expected, the standard method was very po@pabvducing the absorption rate in the
non-fissionable lattices. The consistent reconaliéms method was able to dramatically
improve the solution. For example, the error | ¢tenter control block was lowered from

14.3% to 1.1% with a border expansion, and to 0.0% with &'4f¥der expansion. The
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method improved the coarse-group eigenvalue eroan 702 pcm to 53 pcm with a 40

order calculation. This was also demonstratedenctintrolled cases, where the absorption

rate in the outer control block, which has a lamggctivity effect, was reduced from 4.8% to

0.3% with a 18 order expansion, and to 0.0% with d4nder expansion. The eigenvalue

in the controlled case was improved from an erfdr3®1 pcm to 68 pcm.

Table 5.13: Reaction Rate Results of CGEC Recomtiensfor 1D HTTR

Table 5.14: Eigenvalue Results of CGEC Recondemsé&ir 1D HTTR

ARO ARI
dk dk
“ L em | % | (pem)
1.1079 - 0.8369 -
1.1157 702 0.8478 1301
1.1070 -88 0.8378 112
1.1074 -53 0.8374 68
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Center | tog | pg2| FB3| QU | Refl | Refl | Refl
Cont. Cont.
479 Ref | FISS 1.011| 0929 1.060
Abs | 0038 | 2277/ 1.866 2186 0081 0072 0083 0.010
6g s | FISS 27%| 0.4%| 2.29
o Abs | -14.3% | -3.1%| 02% 15% -11.8%  -9.1% -2.1%  3.1%
® 69 | Fiss 0.1%| 0.0%| 0.1%
10"0Ord | Abs | 1.1% | -0.1%| -0.19% 0.1%  2.3%| 3.1%  4.0%  4.9%
69 | Fiss 20.2%| 0.0%| 029
40"Ord | Abs | 0.0% | -03%| -019% 0.2%  1.3%|  2.0%  3.3%  4.4%
Center | tp1 | pB2| FB3| OU€ | Refl | Refl | Refl
Cont. Cont.
47g Ref | F1SS 2.025| 0461 0514
Abs | 0095 | 4587| 2530 1.072 0.444 0004 0002 0.001
6g s | FISS 09% | -2.8% -1.09
= Abs | -11.4% | 01%| -2.8% -1.1%  -4.8%  -254% -22.5% .520
<[ 69 | Fiss 0.1%]| -0.4% 0.6%
10"0Ord | Abs | 1.2% | -0.1%| -05% 05%  0.3%| 47%  3.4%  1.50
69 | Fiss 00%| -0.1% 0.2%
40"Ord | Abs | 0.4% | 0.0%| -0204 01%  0.0%| 07%  -09% -2.7%



The consistent recondensation method has been shadwis paper to be highly effective
at correcting the errors associated with the usgppfoximate spectra in non-fissionable
assemblies in optically thin reactor systems IhkeHTTR. As one would expect, increasing
the order of the energy expansion improves thetiisoluHowever in many, if not most, cases,
it is not necessarily practical to perform higherdalculations, and one will often trade off
some degree of accuracy for speed. The resultsmonstrate that even for relatively low
order calculations, a dramatic improvement maydsa sn the eigenvalue, reaction rates, and
flux solution in a coarse-group core calculatidtfowever, the necessity of performing a flux
update at every iteration to ensure positivity rhagome prohibitively time consuming in
addition to the calculation of higher-order crosst®n moments and higher-order flux
moment calculations. Also, the reader will notattihe entirety of the SGD method presented
in section 3.3 requires only a fixed source transpweep for each fine group, and therefore is
computationally equivalent to the flux update, Without the need for any expansion moment

calculations.
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5.2 Subgroup Decomposition Method Verification

It is noted that the condensed formulation of kbthSGD and CGEC methods is
essentially the same as long as the correctionigemcluded. Therefore, in order to
verify the accuracy of the SGD method, we begirhie recondensation procedure in
section 3.4, applied to both the 1D Transverseghated BWR Core and 1D HTTR core
problems. As normally done, the coarse group csessons are initially obtained from
the lattice cell calculations for the fissionaldétices with specular reflective boundary
conditions on both sides. For the outer modetdattice in the BWR problem, the
spectrum used to generate the initial cross sext®that of the small channel of the
fresh, unvoided lattice. For the non-fissionabkices in the HTTR problem (reflectors
and control lattices), the corresponding cross@egtare obtained using the average
moderator spectrum of the nearest fissionablecé@ttAll transport calculations in this
section are performed iy @ith linear diamond differencing with negativexltix-up,
flux convergence of 1) eigenvalue convergence of 3.@Gnd Gauss-Legendre angular
quadrature. All calculations in this section aegfprmed with transport-corrected

isotropic scattering (Bell and Glasstone, 1970).

5.2.1 BWR Discrete Ordinates Reference Solution

The benchmark solution in section 4.3 for thishpea consisted of a HELIOS
calculation, and in order to maintain consistemcthie coarse-group and fine-group
methods, a discrete-ordinates reference calcul&ibrst calculated for both
configurations of the BWR core. The reference sotufor both configurations was
generated using a 47-group&lculation with linear diamond differencing. €rh

calculated eigenvalue of the ARO configuration W&668 and of the SRI configuration



was 1.0034. The 47-group reference scalar fluwbéth configurations is presented as a
function of position and lethargy in Figure 5.15mwihe specular reflective boundary at

position 0 cm.

10

Position {cm) Lethargy

(@)

10

Position {cm) Lethargy

(b)
Figure 5.15: Reference 47-group scalar flux for BBA#Rchmark problem
for the (a) ARO and (b) SRI configurations.
In Figure 5.16, the reference pin fission den@#lyD) is presented in addition to

the 2-group flux for both configurations. The Zxgp reference is computed by

integrating the 47-group reference solution in® standard thermal 2-group structure
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(0.625 eV thermal boundary). The PFD is normalizethe number of fissionable pins

(i.e. the average PFD = 1).
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Figure 5.16: Reference 2-group flux and pin fisslensity
for the (a) ARO and (b) SRI configurations.

5.2.2 SGD Verification with Transverse Integrated BVR Core
In order to compare the SGD method with standardiensation method, the

SGD method for the BWR core was applied using thedard 2-group structure (0.625
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eV thermal boundary) for the coarse-group calcoiteti The results of these calculations

are presented in Table 5.15 (shaded cells represatrolled lattices). In the table, the

bundle-averaged fission density (“fd”), capture sign(“cd”), and eigenvalues are

compared to the reference for both the ARO andc®Riiguration. In the table, the

bundle-averaged fission and capture densities@raalized to the average fission

density in the core.

Table 5.15. BWR Core SGD Results

VF 70% 70% 40% 40% 0% 0% 0% 0% 0% 0%
BU 0 17 0 17 0 17 0 17 0 0 mod
ARO CONFIGURATION
479 Reference
fd* 0.75 0.81 1.03 1.14/ 139 137 114 086 050
cd* 1.07 1.13 1.42 1.52 1.86 1.78 1.51 1141 0/64 0.16
2g Standard Method
fd %-err* | -15.04 | -12.12| -9.00 -3.46 010 6.18 8.14 12.41.34
cd %-err* | -15.08 | -11.80| -9.18 -324 0.08 6.21 8.17 12.42.19| -13.31
2g SGD Recondensation Method (30 Itns)
fd %-err* | 0.26 0.23 0.17 0.09 0.00 -0.09 -0.15 -022 -0.35
cd %-err* | 0.26 0.22 0.17 0.09) 0.01 -0.09 -0.15 -021 -0.34 .860
Reference 2g Std Meth K (pcm) 2g SGD Rec kdpcm)
1.0668 1.0704 336 1.0669 5
SRI CONFIGURATION
479 Reference
fd 0.74 1.02 124 | 101 | 1.10| 1.10| 0.98 | 1.09| 0.73
cd 1.29 1.43 1.71| 158 | 1.75| 164 | 156 | 1.41| 0.93 0.24
2g Standard Method
fd %-err* | -19.04 | -14.24| -12.63 -11.62| -8.98 | -0.12| 12.09 | 28.45 31.95
cd %-err* | -19.22 | -13.92| -12.85 -11.43| -9.30| 0.34 | 11.52| 28.52 33.11| 3.05
2g SGD Recondensation Method (30 Itns)
fd %-err* | -0.42 -0.40 -0.35| -0.25 | -0.05| 0.13 | 0.36 | 0.50| 0.57
cd %-err* | -0.42 -0.39 -0.35| -0.24 | -0.06| 0.14 | 0.36 | 0.51| 0.57 0.61
Reference 2g Std Meth K (pcm) 2g SGD Rec kdpcm)
1.0034 1.0088 531 1.0034 -5

* fd = bundle averaged fission densitg,= bundle averaged non-fission capture density
fd %-err= % difference between fission density and refeeddc
cd %-err= % difference between non-fission capture derssity referenced

13
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In Table 5.15, the “2g Standard Method” refertte initial calculation of the
core-level coarse group flux, prior to any recors#dion iterations. For this calculation,
the cross sections were condensed with the latBiespectrum and the whole-core
calculation is then performed in 2 groups. As ex@@, the spectral core environment
effect results in large errors in the bundle fissiiensity, particularly when the flux
spectrum in the core is different than the latted-spectrum.

In the ARO configuration, this effect is seen todgthe center of the core and
towards the outer periphery, where the fission tigesror was greater than 10%, but
lower towards the higher-power regions of the cettggre the flux is not as strongly
varying. Inthe SRI configuration, the errottie standard method is even more
apparent, as the spectral difference between di@drand uncontrolled lattices is
significant, particularly towards the peripheryhigresults in errors which are much
larger than in the ARO configuration, staying o¥8f6 for most of the lattices, and
reaching over 28% for uncontrolled lattices neigigpcontrolled lattices near the
periphery.

As demonstrated in the Table 5.15, after convergie cross sections to within
0.1%, the SGD method was shown to be highly aceurbt the ARO configuration, the
maximum bundle-averaged fission density error veasiced from 15.04% to 0.35%, and
in the SRI configuration, it was reduced from 32®f 0.57%. The average capture
density showed similar improvement, going from 850 0.86% error in the ARO
configuration and from 33.11% to 0.61% in the S&ifeguration.

Also as seen in the table, because of error clatiosl, integral quantities such as

the eigenvalue may exhibit smaller errors thanetfos local quantities such as the flux
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when using the standard method. Using the SGDhomawsation method, these errors are
significantly reduced. As one would expect, thexsers can be completely eliminated if
a tight enough convergence on the flux and crostsoses is employed.

One challenge of BWR analysis is adequately cagjuocal spectral effects in
condensation, such as absorption rate in Gd piherefore, in addition to the bundle-
averaged quantities presented above, it is beakfachave an understanding of more
spatially detailed results. Figure 5.17 presdmespin-fission density error and the %-
error in the 2-group scalar flux distribution ftvetstandard method and the 2-group SGD
recondensation method. In both configurations 36® recondensation provides a

dramatic improvement in the solution.
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Figure 5.17: Pin fission density error and 2-grélug error of the standard and SGD
recondensation methods for the (a) ARO and (b)c®Rligurations
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Figure 5.17 (continued)
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A summary of the error in the pin fission densitier both the standard and SGD

recondensation method is presented in Table 5.hérenthe~avg Frms Ffwe and

Fmaxerror are defined in Egs. (5.11)-(5.15). In thaaiions,ﬂ is the calculated fission

density andf; is the reference fission density of pin

e :100—fi f_ f

> el

Favg=-—'—

>lel

Frms=1———
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Ffwe =

> Jel

2.1

Fmax =max(g|)

Table 5.16: BWR pin fission density error analysis

(5.14)

(5.15)

Favg Frms Ffwe Fmax
ARO — 2g Std Method 8.80 9.84 7.78 15.68
ARO - 2g SGD Recond 0.18 0.21 0.1% 0.5b
SRI — 2g Std Method 15.71 18.18 15.92 34.79
SRI - 2g SGD Recond 0.34 0.37 0.33 0.59

As demonstrated in Table 5.16, the SGD methodigesva dramatic
improvement in the accuracy of the pin fission d#ss reducing the maximum error in
the pin fission density from over 15% in the AROhfiguration and over 34% in the SRI
configuration to under 0.6%. Théweis a PFD-weighted error and is the most
physically relevant assessment of the average.ehnahe ARO configuration, théfwe
is reduced from 7.8% to 0.15%, and in the SRI gumAtion, it is reduced from 15.9% to

0.33%.

5.2.3 HTTR Discrete Ordinates Reference Solution

As in the BWR problem, amSeference solution is required to compare the
results of the method. A 47-group cross sectionvas therefore obtained by modeling
the HTTR core in HELIOS for both configurations (®Rand ARI) and generating cross
sections for each material. The reference soldtoboth configurations was generated
using a 47-groupgXalculation with linear diamond differencing. €lbalculated
eigenvalue of the ARO configuration was 1.1080 afithe ARI configuration was

0.8370. The 47-group reference scalar flux for mathfigurations is presented as a
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function of position and lethargy in Figure 5.18mwihe specular reflective boundary at

position 283.51935 cm.

Position {cmy) Lethargy

15

10

Position {cm) Lethargy

(b)

Figure 5.18. Reference 47-group scalar flux fofMfRTenchmark problem
for the (a) ARO and (b) ARI configurations.

In Figure 5.19, the reference pin fission den@#yD) is presented along with the
3-group reference flux. This flux consists of thermal flux E < 0.625 eV), the
resonance region flux (0.625 eVe=x< 2.0347 keV) and the fission regida ¥ 2.0347

keV). These boundaries correspond to the apptegr@undaries in the 6-group
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structure commonly used in VHTR analysis (Zhan@gkt.2011). As before, the PFD is

normalized to the number of fissionable pins (he.average PFD = 1).
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Figure 5.19. Reference 3-group flux and pin fisgdensity
for the (a) ARO and (b) SRI configurations.
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5.2.4 SGD Verification with Transverse Integrated HTR Core

In order to compare the SGD method with standardlensation method for the

HTTR problem, the 2-group structure used in the Bgvéblem is insufficient. Instead,

a common 6-group structure from VHTR literatureised for the coarse-group

calculations (Zhang et. al, 2011). The resultdhee calculations are presented in Table

5.17. Asin Table 5.15, the bundle-averaged frssiensity, capture density, and

eigenvalue solutions are compared for both the AR®ARI configuration.

Table 5.17. HTTR Core SGD Results

Center Fuel Fuel Fuel Outer
Cont | I Il Cont Refl | Refl Refl
ARO CONFIGURATION
479 Reference
fd 1.01 0.93 1.06
cd 0.08 1.27 0.94 1.13 0.08 0.07 0.03 0.01
6g Standard Method
fd %-err* -2.65 0.31 2.26
cd %-err* | -14.50 -3.40| -0.04 0.87 -11.92 -9.50 -2.52 2.68
6g SGD Recondensation Method (59 Itns)
fd %-err* -0.27 0.02 0.24
cd %-err* -0.44 -0.24 0.07 0.27 0.40 0.80 1.80 2.81
Reference k 6g Std Method  dk (pcm) 6g SGD Recpnd (pdcik)
1.1080 1.1160 725 1.1074 -51
ARI CONFIGURATION
479 Reference
fd 2.03 0.46 0.51
cd 0.19 2.56 | 0.75 0.56 0.44 0.004 | 0.002 0.001
6g Standard Method
fd %-err* 0.98 | -2.92 | -1.23
cd %-err* | -11.60 -0.46| -2.64 | -1.51| -491 -27.78 | -25.26 -23.32
6g SGD Recondensation Method
fd %-err* 0.05 | -0.05 | -0.15
cd %-err* 0.10 0.04 | -0.05 | -0.15| -0.20 -0.93 -2.25 -3.74
Reference k 6g Std Method dk (pcm) 6g SGD Recpnd (pcm)
0.8370 0.8483 1354 0.8371 21

fd %-err= % difference between fission density and refeeddc
cd %-err= % difference between non-fission capture derssity referenced
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As expected, the standard method results in kanges in the bundle fission
density for the HTTR core particularly when thextgpectrum is most different from the
lattice-cell spectrum. This was significant instiproblem towards the periphery, where
the large amount of reflector has attenuated thgoaug flux. In the ARI configuration,
this is even more apparent, resulting in 27% drrdne capture density within the
reflectors.

As seen in the table, the errors in the captunsitieusing the SGD method were
larger (3%) than in the BWR problem (< 1%). It viasnd that this was because a
convergence criteria of 0.1% for the cross sectwas not tight enough for this type of
problem, which exhibits a harder thermal spectrbamtthe BWR. As will be seen in the
next section, this can be corrected by tighteniregcdonvergence criteria of the cross
sections. However, it is noted that the flux ia tuter two reflector blocks of the
problem is negligibly small, and thus the 3% einothe capture density has a negligible
effect on the overall core solution. Improving g@ution in that region by tightening the
convergence criteria, while possible, is not corapanally efficient.

As in BWR analysis, effectively capturing the Ibtansport results is important
in VHTR analysis, particularly for reactivity effescof burnable poisons. Figure 5.20
presents the pin-fission density error and the Béren the 3-group scalar flux
distribution for the standard method and the 6-gr8GD recondensation method. For
the sake of clarity, both the 47-group referenathe results of the 6-group standard
method and SGD recondensation are integratedhet8-group structure (thermal,

resonance, fast) described in the previous section.
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Figure 5.20: Pin fission density error and 3-grélug error of the standard and SGD
recondensation methods for the (a) ARO and (b) édrfigurations

As in the BWR case, an error analysis of the gisidn density is presented in

Table 5.18.
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Table 5.18: HTTR pin fission density error analysis

Favg Frms Ffwe Fmax

ARO - 6g Std Method 1.81 2.43 1.89 6.1¢
ARO — 6g SGD Recond 0.19 0.22 0.19 0.3
ARI — 6g Std Method 2.34 2.66 2.29 4.51
ARI — 6g SGD Recond 0.09 0.10 0.07 0.1

As demonstrated in the table, the SGD method desva dramatic improvement

in the accuracy of the pin fission densities, réggithe maximum error in the pin fission

density from over 6% in the ARO configuration anei04% in the ARI configuration to

under 0.4% and 0.2% respectively.

5.2.5 Decomposed Spectrum Error

In the previous sections, the recondensed coamg golution with the SGD

method was compared for the BWR and HTTR problemghis section, the

decomposed fine-group flux obtained with the SGE&dnelensation procedure is

compared to the reference fine-group solution.is Thdone with a “decomposed flux

error” function, DFE(X, p ), defined in Egs. (5.16) and (5.17).

W, (% 4,) = W (x, 44,

& (X 1,) =

DFE(x, p) =100

where LTJh (%, 4, )is the decomposed angular flux in directiop and fine-grouph

W (% )

>l % ), (. 41,)

H

z LIJhREF (Xl /'Ip)
h=1

(5.16)

(1.17)

produced with the SGD methot,**" (x, 11,) is the fine-group reference solution for the
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problem, ands, (x, 4, Js the relative error of the decomposed solutibkE is therefore

a flux-weighted relative error function, and ifpletted in Figure 5.21 for the controlled

configurations of the BWR (SRI) and HTTR (ARI) ptein.
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Figure 5.21: Plot oDFE(X, p for each directiom for the
(a) BWR — SRI configuration and the (b) HTTR — A®hfiguration

As seen in the figure, the SGD decomposed spedatimghly accurate for both

cores. Inthe BWR, the decomposed flux errorss an 0.8% for all directions
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throughout the core. For the HTTR, the spectrumghkly accurate and within 0.5%
error for the fissionable and control regions, &pproaches 4% error towards the
periphery. As discussed previously, this doessigtificantly affect the coarse-group
cross sections, which are converged to within 0.484, further convergence is possible,
but not generally necessary.
5.2.6. SGD Group Structure Dependence

The major benefit of the SGD method is that, iadtef solving the fine-group
transport equation, which is overly time consuntegause one must converge a fine-
group source and eigenvalue, the coarse-grouppinainsguation can be solved, the fine-
group flux decomposed, and the coarse-group cexdas recondensed more rapidly.
As mentioned earlier, because the condensatiorepsan the SGD method consistently
treats the energy angle coupling in the coarsegsolution and decomposes the flux
from that solution, the final solution of the SG2timod is independent of the coarse
group structure chosen. As a result, if the refeeesolution is used to condense the cross
sections, the coarse group structure is irrelevahts is demonstrated by calculating the
lattice-cell spectrum for the fresh, unvoided benolfl the BWR problem with specular
boundary conditions and using this exact spectauoohdense the cross sections into
five different group structures presented in Figh2?2. The 2, 4, and 8 group structures
are commonly used in LWR analysis (Douglass anchBata, 2010b), and the 6-group

structure is common in VHTR analysis (Zhang et2@fl1).
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1-Grroup
2-Grroup
4-Group
6-Crroup
B-Grroup

Energy (eV)
---|---| 2.0000E+07
---| 2.2313E+06
---| 8.2085E+05
--- 1.8316E+05
--- ---| 9.1188E+03
--- 2.0347E+03
---| 1.3007E+02
---| 3.9279E+00
--- 2.3824E+00
--[---{---| 6.2506E-01
---| 1.4572E-01
--- 1.1157E-01
---|---] 1.0000E-04

Figure 5.22. Coarse-group Structures
The SGD method is then used for only this lattsteno core-environment effects
are present, and the fine-group flux is decomposedhis case, the SGD method is
expected to exactly reproduce the fine-group lattiell flux to within the convergence
criteria of the coarse-group calculation. In orttedetermine the accuracy of the
decomposed flux for each group structure, the deosed flux error functiorDFE was

averaged over the discrete directions, and thdtseste presented in Figure 5.23.
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Figure 5.23: Directional Average BIFE(x,p)for the SGD spectrum
using various coarse-group structures

It is clear from Figure 5.24 that the group stmuetchosen does not have a
significant effect on the accuracy of the decomdasgeectrum. For all group structures
except the 1-group, the error function had a mariwalue of 0.02%, which is within
convergence. As was mentioned in section 3.4eny ¥ew groups are used, convergence
to a specified convergence criteria does not predscaccurate a solution as converging
several groups to the same convergence critemighig problem, this results in the 1-
group decomposed spectrum having slightly morer evh@n the flux convergence of the
transport calculation was 0 To demonstrate that this can be eliminated ddyteir
convergence, Table 5.19 contains the results o5@®P calculation for the bundle for
each group structure using the®Higenvalue convergence criteria and' 10
convergence criteria that is used for all othecwalions in this paper, as well as the

result of a 1-group SGD calculation with the fltoneerged further to a criterion of 10
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Table 5.19: GE9 1D lattice-cell SGD results varygngup structure.

kint | dkinf (pcm) | maxDFE(x,p) | avgOFE(x,p) | Time (s)
Reference 1.0533 - - - 111.8
1G + Decomp| 1.0533 -1 0.0469 0.0145 1.4
2G + Decomp| 1.0533 -1 0.0131 0.0065 2.0
4G + Decomp| 1.0533 -1 0.0153 0.0071 2.5
6G + Decomp| 1.0533 -1 0.0174 0.0076 2.9
8G + Decomp| 1.0533 -2 0.0224 0.0092 3.1

1G + Decomp*l 1.0533 0 0.0125 0.0067 1.5

* flux convergence of 10

As demonstrated in the table, the SGD methodgklyieffective in reproducing
the reference spectrum from a coarse-group caiocolatdependent of the coarse-group
structure chosen. Even for a 1-group calculatidh standard convergence criteria, the
maximum mean relative error was less than 0.05%wiih a tighter convergence, this
was reduced to 0.0125%.

As described in section 3.4, the SGD recondensatiethod will eventually
result in the same solution independent of growyaire if a tight enough convergence
is used, though the number of coarse-groups caifisantly impact the number of
iterations required to converge the coarse-groapscsections and the length of time
needed for each coarse-group calculation. In dalekamine this effect for each
problem, the SGD recondensation procedure waswiledhe 5 different group
structures in Figure 5.22 to solve the BWR and HTdres.

It is noted that the 6-group structure would galtgmnot result in good solutions
for the LWR problem and vice-versa, however, onthefbenefits of the SGD method is
that the converged solution is independent of tese-group structure, and it is desired
to determine how the method performs when an irgpate coarse-group structure is

used. Therefore, every coarse-group structuread tor both of the problems to
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demonstrate the effect on the convergence rat®mlde accuracy of the final converged
solution. In order to examine the effect of tharse-group structure on the convergence
rate, Figure 5.24 presents the maximum %-differdoete/een successive iterations of the
coarse-group cross sections is plotted as a funofigderation and computation time for

both configurations of the BWR core.
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Figure 5.24: Cross section convergence vs. iteratra computation time
for the (a) ARO and (b) SRI configurations of th&/R core.
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As seen in the figure, the group structure ch@senhave a very significant effect
on the convergence of the cross sections. Th@@pgstructure is known to be a poor
structure for LWR analysis, which necessitated nranye iterations to successfully
converge the cross sections. The other grouptates; which were designed for LWRS,
performed better in terms of iterations, but ass@ethe right side of the graphs, did not
necessarily perform as well in computation timethe ARO configuration, using an 8-
group structure required almost as much time t@gea the solution as the 47-group
reference. However, using a 1-group or 2-groujctiire produced a converged set of
coarse-group cross sections much more rapidly.

In order to examine the effect of group structumethe final converged solution,
the directional average of the decomposed fluxrdwmaction,DFE, was calculated for
the final decomposed flux spectrum for each cogrsep structure. These are presented

in Figure 5.25 for both configurations of the BW&e.
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Figure 5.25: Directional Average DIFE(x,p)for each coarse-group structure of the
(a) ARO and (b) SRI configuration of the BWR core.
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Figure 5.25 (continued)

As seen in the figure, and as expected, whil&SBB® recondensation results in
the correct solution independent of group strucgiiven a tight enough convergence
criteria, when that criteria is fixed, using moregps generally results in more accurate
results for the final solution. The results foe thRO core also indicate that the
appropriateness of the group boundaries can psgnéficant role in the accuracy of the
converged solution. The 6-group structure is motegally appropriate for LWR
problems, and in the ARO configuration, it resulte@ marginally less accurate solution
than the 2, 4, and 8-group structures. Table pt8ents the SGD recondensation
eigenvalue for the BWR core for both configuratio$e table highlights the benefit of
the SGD recondensation method as a design tookxpscted, the standard method
performs better with increasing coarse group stimegtand the eigenvalue converges
more rapidly as the number of coarse groups inesealf one does not possess the time
or capacity to generate a fine-group solution, évéerations of the SGD method can

provide a dramatically improved eigenvalue witHeas as 2 groups.
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Table 5.20: BWR SGD eigenvalue results for varigugip structures.

ARO CONFIGURATION

1g 29 49 69 89
. dk dk dk dk dk
kK Teem| % leem)| % J@em) K |@Eem| K | (pem)
1* 11.0744| 712 | 1.0704 336 | 1.0690 208 | 1.0681 119 | 1.0674 53
2 1.0686| 165 | 1.0674 51 1.0670| 16 1.0669] 8 1.0669] 6
3 1.0678] 94 1.0670| 16 1.0667| -10 1.0667 -7 1.0668| -1
4 1.0677] 83 1.0671 25 1.0667| -14 1.0667| -6 1.0668| -1
5 1.0677] 80 1.0670 20 1.0667| -13 1.0667| -9 1.0668 1
10 1.0673 43 1.0667| -14 1.0668 -4 1.0668, -5 1.0668 3
15 1.0670, 21 1.0668 O 1.0668 1 1.0668| -1 1.0068 3
20 1.0669 11 1.0668 3 1.0668 4 1.0668 2 1.0668 3
Final | 1.0669 8 1.0669] 5 1.0669| 7 1.0669] 9 1.0668 3
itns: 23 30 32 83 33
SRI CONFIGURATION
1g 29 49 69 89
. dk dk dk dk dk
kK Teem| X leem)| % J@em) K |@em)| K | (pem)
1* 11.0188| 1537| 1.0088 531| 1.0061 2691 1.0047 131 1.0042 76
2 1.0062] 274| 1.0044 98| 1.0036 211 1.0034 -811.0034 2
3 1.0050, 160] 1.0039 44| 1.0033 -11|1.0032 -24 1 1.0033 -10
4 1.0048 137 1.0039 46| 1.0032 -191] 1.0032 -20| 1.0034 -5
5 1.0048, 132| 1.0038 32| 1.0032 -21|1.0032 -24 1 1.0034 -3
10 1.0040 61| 1.0032 -2111.0033 -1511.0032 -20| 1.0034 -3
15 1.0036 221 1.0034 -711.0033 -11| 1.0033 -16 | 1.0034 -2
20 1.0034 -411.0034 -6 | 1.0033 -8 1 1.0033 -1311.0034 -1
Final | 1.0033 -10| 1.0034 -511.0034 -4 1 1.0034 1|1.0034 0
itns: 23 30 32 83 33

*the 1™ iteration represents the standard coarse-grougermsation method

Another important conclusion which can be dravamfithe table is that for this

problem, converging the cross sections to withi®®resulted in an eigenvalue error of

<10 pcm in the final solution, independent of gratructure. In addition, noting the

computation time in Figure 5.24, performing thertegp SGD calculation can be done

more quickly and result in a more accurate solutiam performing a standard 8-group

calculation.
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Because the HTTR core presents a different sehalfenges than the BWR core,
it is important to examine the effects of the ceagsoup structure on the convergence
rate and final solution for that problem as weRigure 5.26 presents the cross section
convergence rate, Figure 5.27 presents the diredteverage dDFE(x,p) and Table
5.21 presents the eigenvalue results for each gwupture in the ARO and ARI

configuration of the HTTR problem.
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Figure 5.26: Cross section convergence vs. iterata computation time
for the (a) ARO and (b) ARI configurations of th&@ FR core.
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Of note in Figure 5.26 is that the 1-group crassisns were converged beyond
the 0.1% that the other coarse-group cross secotens converged to. As mentioned in
section 3.4, using a very small number of groupg require a tighter convergence of the
cross sections to obtain a converged flux spectrbmthis problem, with the 1-group
structure, the eigenvalue and flux distributiofi garied significantly after the cross
sections had converged to 0.1% and so the convezgeas tightened in this case to
0.01% for the cross sections. Also of note in Feght26 is that, except for the 2-group
structure, the computation time is roughly indepaTiaf the group structure chosen. For
the 4, 6, and 8-group structures, increasing tmelau of groups necessitates fewer SGD
iterations, but each iteration takes longer. Rerl-group case, the need to perform
additional iterations compensated for the fasteutation of each iteration, resulting in a

similar computational time as the 4, 6, and 8-grstpctures.
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Figure 5.27: Directional Average BDIFE(x,p)for each coarse-group structure of the
(a) ARO and (b) ARI configuration of the HTTR core.
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Figure 5.27 (continued)

As seen in Figure 5.27, the decomposed flux spectf the converged SGD
calculation is essentially independent of the grstupcture chosen. Even the 2-group
structure, which took the longest to converge, poed a final result with similar
accuracy as the other group structures.

Unlike in the BWR problem, the long mean free patidluced capture rate, and
large quantity of non-fissionable regions in theTHRTproblem result in a much slower
convergence. As is seen in Table 5.21, the HTTd®Ipm required significantly more
iterations than the BWR problem to converge, amditial iterations did not approach
the final solution as rapidly. Nonetheless, thddSGethod with an appropriately chosen
group structure is a more efficient method thanfithe-group calculation, and converges

to the correct solution independent of the coarseqgstructure chosen.
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Table 5.21: HTTR SGD eigenvalue results for varigi@gip structures.

ARO CONFIGURATION

+

1g 29 49 69 89
. dk dk dk dk dk
kK Teem| % Jeem)| K Jeem)| K J@Eem| ¥ |(em)
1* 1.1296| 1954 1.1229| 1344| 1.1205| 1124\ 1.1160 725 1.1148 612
2 1.1268| 1697| 1.1211| 1180| 1.1185 051(1.1134 485| 1.1122 378
3 1.1257 1599| 1.1200| 1081| 1.1172 82711.1118 341 1.1110 267
4 1.1246| 1499| 1.1189 986| 1.1161 729 1.1107 244 1.1100 183
5 1.1235| 1404| 1.1179 898 1.1151 643 1.1100 180| 1.1093 117
10 1.1190, 993 1.1142 558 1.1116 3251 1.1085 48| 1.1075 -44
20 1.1125 411 1.1117 332 1.1081 13| 1.1075 41| 1.1072 -71
30 1.1104 216 1.11087| 259 1.1073 -66|1.1073 -60| 1.1075 47
40 1.1097| 154 1.1100 176| 1.1073 -60| 1.1075 48| 1.1075 47
Final | 1.1073 -61 1.1077 29| 1.1076 -3511.1074 51| 1.1075 -46
itns: 197 250 70 59 45
ARI CONFIGURATION
19 29 49 69 8¢
. dk dk dk dk dk
ok Teem| % Jeem| X leem| ¥ [@em| X | (pem)
1* 10.8791| 5034| 0.8628| 3092| 0.8550| 2163| 0.8483| 1354| 0.8462| 1106
2 0.8654| 3407| 0.8574| 2446| 0.8498| 1534| 0.8441 857 0.8434 172
3 0.8602| 2774| 0.8557| 2242| 0.8481| 1329 0.8426 679| 0.8419 590
4 0.8563| 2311| 0.8539] 2030| 0.8467| 1161 0.8415 550 0.8408 462
5 0.8532| 1945| 0.8523| 1835| 0.8454| 1015|0.8407| 451| 0.8400| 362
10 | 0.8435 783| 0.8466| 1153| 0.8412 5121 0.8388 223| 0.8378 105
20 | 0.8342 -325| 0.8431 742 0.8380 131 0.8376 741 0.8370 7
30 | 0.8303 -795| 0.8421| 622| 0.8372 31| 0.8371 18| 0.8371 19
40 | 0.8305 -774| 0.8408 459| 0.8370 121 0.8370 5] 0.8371 17
Final | 0.8364 -70| 0.8371 23| 0.8372 26| 0.8371 21| 0.8371 15
itns: 188 249 70 58 45

“the 1-group SGD recondensation was converged id®dloss section difference

*the 1™ iteration represents the standard coarse-grougermsation method
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CHAPTER 6

CONCLUSIONS

This dissertation has presented the developmemtahew methods for treating
the energy variable in radiation transport appice. Both of these methods operate
within the context of “consistent” group condensati This would be more generally
referred to as a concept of “group structure edeney,” as it describes the multigroup
formulation which exactly preserves the detailegictum of the equation. The standard
practice in radiation transport has been to somewbglect this equivalency, preferring
the ease of implementation from ignoring the enenggle coupling of the angular flux
in the definition of the total cross section.

This lack of consistency in the multigroup / ceagsoup formulation is not a new
revelation, and has been at least acknowledged #ec1970s. It is only now, however,
that computational power has increased to the ploattother approximations, which
have traditionally masked or cancelled out theatéiehave been, or are on the way to
being eliminated. It is therefore now, that theustry must begin to examine the manner
in which the multigroup method is applied, and ta&ee to ensure consistency at every
level of group condensation. The results in thesertation have indicated that the error
introduced when the energy variable is treatednetently in coarse-group whole-core
transport, can be very large, but that by implemngrd consistent multigroup
formulation, the detailed spectral effects can tes@rved, independent of the group
structure.

The two multigroup methods that have been predantthis dissertation, the

CGEC theory and the SGD method, are primarily desigas an “inverse” of the group
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condensation process. The CGEC method, by expgutinflux in orthogonal

functions, can result in an approximate “unfoldéd% spectrum, and due to the
decoupling of the higher-order terms, can do satikedly quickly, but is only accurate up
to the order of expansion. The SGD method provadsignificant improvement over the
CGEC method because, unlike expansion-based methaaccurate up to the
convergence criteria of the transport equation,does not require the generation of any
expansion moments. In fact, the fundamental detarhust be stored for the SGD
method, the “Subgroup Decomposition Cross Secti@me,already computed by the vast
majority of transport codes.

The utility of both of these methods has been énadas a way of approaching
the spectral core environment error caused by dattige cell (with specular boundary
conditions) spectra to condense the cross sectionsoth, a recondensation scheme has
been developed which can correct for this erroujpgating the cross sections,
recondensing with core-level fine-group spectrawiver, the flux update procedure
that is necessary to ensure positivity and convergéor expansion based methods like
the CGEC (continuous or discrete expansions), reguine same number of operations as
the entirety of the SGD method, not including ta&alation of cross section expansion
moments or higher-order flux moment calculations.

The primary conclusion that can be drawn from tligsertation is that, while
expansion based methods may be used for rapidotdes correction of the spectral core
environment error, the SGD method provides a mucterefficient and accurate

solution. In fact, a very-coarse-group (1 or 2ups) SGD recondensation calculation
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has been shown in a BWR to be able to produceuwti@olas accurate as a 47-group
solution in less time than it would take to genemastandard 8-group solution.

The SGD method also has the advantage of havielgy teerived from a B-Spline
formulation of the transport equation, and is ictféhe lowest-order B-Spline
approximation that has physical meaning. Thisadtasion has presented the theoretical
framework to examine a consistent continuous-enerdye-group formulation as well
through higher-order B-Splines. This is not asveht to the practical application of the
multigroup method, but the further examinationhad B-Spline formulation has the
potential to lead to a deterministic, coarse-grvapsport formulation with fully
continuous-energy accuracy. This would be hightgresting to explore as future work.

In order to facilitate future examination of thés well as other methods
development, this dissertation has also presehteddvelopment of a highly simplified,
yet physically realistic 2D and 3D BWR Benchmarkt&u By basing the core geometry
and state parameters on an operating reactor, adwetlevelopers may use these problems
to benchmark their own whole-core transport codea system which possesses the
same neutron physics as the types of problemetigaheers will need the codes to solve.
In addition, the development of three 1D benchnpadblems for LWR and VHTR
reactor types provides the tools necessary for ogstdevelopers to test their codes in
the early stages, long before they are developedginto make use of large 2D and 3D
benchmark problems. The development of good beadksns an ongoing task in the
industry, and the problems presented in this digBen are intended to contribute

towards that effort.
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APPENDIX A

SUPPLEMENTAL INFORMATION - 2D/3D BWR BENCHMARK

Table A.1: Fresh Material Composition — GE9 Lattice

165

Number Densities (10"24 at/cm”3)

Nuclide Fuel 0L Fuel 02 Fuel 03 Fue| 04 Fuel 05
U-234 3.1503E6 4.0177B-6  4.4514E-6  4.8851E-6 5.3189E-6
U-235 3.6369E-4  4.5461E-4  5.0007E-4  5.4553E-4 5.9099E-4
U-238 2.2081E2  2.1991E-2  2.1945E-2  2.1900E-2 2.18%4E-2
0] 4.4896E-2  4.4898E-2  4.4899E-2  4.4900E-2 4.4901E-2

Fuel 06 Fuel Q7 Fuel 08 Fuel 09 Fuel 10
U-234 5.7526E6  6.1863E-6  7.4874E-6  7.9211F-6 8.2406E-6
U-235 6.3645E4  6.8190E-4  8.1828E-4  8.6374E-4 8.9783E-4
U-238 21809E2 2.1764E-2  2.1628E-2  2.1582E-2 2.1548E-2
@] 4.4902E-2  4.4903E-2  4.4907E-2  4.4908E-2 4.4908E-2

Fuel 11 Fuel 12 H | 0-16
U-234 7.8127E6  7.0985E-6 Water at 600 K, No Void
U-235 8.5120E-4  7.7578E-4 4.9316E-2 2.4658E-2
U-238 2.0429E2  2.0504E-2 Water at 600 K, 40% Void
@] 4.4558E-2  4.4556H-2 3.0588E—2 1.5294E-2
Gd-154 2.8746E:5  2.8746E-5 Water at 600 K, 70% Vpid
Gd-155 1.9550E:4  1.9550E-4 1.65421E-2 8.2712E-3
Gd-156 2.7045E14  2.7045E-4 Zirconium Cladding
Gd-157 2.0677E:4  2.0677E-4 Nat Zr \ 4.3239E-2
Gd-158 3.2819E:4  3.2819E-4
Gd-160 29121E:4  2.9121E-4



A.1. 2-Group Cross Sections — 2D / 3D BWR BenchmaProblem

The cross sections presented in this appendixrakeded for use in testing transport
codes for whole-core calculations. They are predioh the following format.

{U cg }(;:1 ’ {Ufg }jzl ) {Vg }(;:1 , {X g }(;:1 ’ {{{Usgnﬂ ? }§'=1}j=1}?=1

where, forG energy groupsg,, is the grou capture cross sectiow;, is the groum
fission cross section, is the grou fission yield (i.evo, =v g,), x, is the fission
spectrum corresponding to grogpand g2 ~ ¢ is then™ (of N) Legendre moment of the
scattering cross section from grogipto groupg.

GE9 Bundle - Void Fraction: 0% Burnup: 0.350 GM/T, Uncontrolled
Region # 1 - Fuel 01

2.5721E-02 1.7250E-01 5.9040E-03 1.0989E-01 2.6080E+00 2.4457E+00
1. 0O0O00E+00 0. 0000E+00 3.7734E-01 9.4965E-04 6.7848E-04 3.9213E-01
4.3978E-02 -2.2306E-04 -6.4236E-05 8.4560E-03

Region # 2 - Fuel 02

2.5479E-02 2.0178E-01 6.5563E-03 1.3427E-01 2.5941E+00 2.4426E+00
1. 0O0O00E+00 0. 0000E+00 3.7544E-01 8.8662E-04 7.9457E-04 3.9226E-01
4. 4710E-02 -2.0830E-04 -7.4292E-05 8.4777E-03

Region # 3 - Fuel 03

2.6959E-02 2.1754E-01 6.9697E-03 1.4715E-01 2.5821E+00 2.4419E+00
1. 0000E+00 0. 0000E+00 3.7720E-01 9.0545E-04 8.4530E-04 3.9242E-01
4.4179E-02 -2.1279E-04 -7.8480E-05 8.4840E-03

Region # 4 - Fuel 04

2.6181E-02 2.3090E-01 7.2134E-03 1.5843E-01 2.5803E+00 2.4409E+00
1. 0O000E+00 0. 0000E+00 3.7522E-01 8.5566E-04 9.0313E-04 3.9246E-01
4. 4906E- 02 -2.0108E-04 -8.3581E-05 8.4960E-03

Region # 5 - Fuel 05

2.6863E-02 2.4569E-01 7.5945E-03 1.7061E-01 2.5733E+00 2.4403E+00
1. 0O000E+00 0. 0000E+00 3.7532E-01 8.5960E-04 9.4483E-04 3.9259E-01
4. 4825E- 02 -2.0204E-04 -8.7097E-05 8.5030E-03

Region # 6 - Fuel 06

2.7128E-02 2.5935E-01 7.8951E-03 1.8208E-01 2.5678E+00 2.4397E+00
1. 0000E+00 0. 0000E+00 3.7538E-01 8.4249E-04 1.0107E-03 3.9267E-01
4. 4885E- 02 -1.9804E-04 -9.2730E-05 8.5133E-03

Region # 7 - Fuel 07

2. 7584E-02 2.7346E-01 8.2459E-03 1.9377E-01 2.5630E+00 2.4392E+00
1. 0O000E+00 0. 0000E+00 3.7523E-01 8.3731E-04 1.0577E-03 3.9280E-01
4.4928E-02 -1.9683E-04 -9.6732E-05 8.5211E-03

Region # 8 - Fuel 08

2. 7584E-02 3.1183E-01 9.0658E-03 2.2610E-01 2.5543E+00 2.4380E+00
1. 0O000E+00 0. 0000E+00 3.7315E-01 7.8637E-04 1.2123E-03 3.9307E-01
4.5650E-02 -1.8486E-04 -1.1015E-04 8.5494E-03

Region # 9 - Fuel 09

2.9100E-02 3.2636E-01 9.5341E-03 2.3816E-01 2.5464E+00 2.4378E+00
1. 0000E+00 0. 0000E+00 3.7506E-01 8.0809E-04 1.2843E-03 3.9322E-01
4.5028E-02 -1.9003E-04 -1.1601E-04 8.5565E-03

Regi on #10 - Fuel 10

2.9356E-02 3.2853E-01 9.7477E-03 2.4134E-01 2.5423E+00 2.4375E+00
1. 0O000E+00 0. 0000E+00 3.7615E-01 7.9580E-04 1.5474E-03 3.9287E-01
4.4737E-02 -1.8724E-04 -1.3820E-04 8.5868E-03

Regi on #11 - Fuel 11

4.0202E-02 2.9556E+00 9.2394E-03 1.4226E-01 2.5360E+00 2.4402E+00
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1. 0000E+00 0. 0O000E+00 3.7919E-01 7.8144E-04 5.0115E-03 3.
4.3577E-02 -1.8332E-04 -4.1881E-04 9.0079E-03
Regi on #12 - Fuel 12
4.0336E-02 3.0860E+00 8.7745E-03 1.3301E-01 2.5405E+00 2.
1. 0000E+00 0. 0O000E+00 3.7999E-01 8.0637E-04 4.6395E-03 4.
4.3346E-02 -1.8913E-04 -3.9027E-04 8.9785E-03
Regi on #13 - Zirconium C ad
1. 7326E-03 4.4617E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. O00OE+00 0. 0O000E+00 3.1255E-01 3.2590E-04 4.9390E-04 2.
3. 8496E-02 -7.6534E-05 -6.1191E-05 2.5069E-03
Regi on #14 - Moder at or
3.2088E-04 9.0287E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OOOOE+00 0. O000E+00 6.2620E-01 2.9994E-02 1.6607E-03 1
3. 7310E-01 8.8930E-03 1.0297E-03 5.4633E-01
Regi on #15 - Bypass/Central Water Rod
3. 4505E-04 9.4577E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. O00OOE+00 0. O000E+00 6.5128E-01 3.4639E-02 1.2007E-03 1
3.9004E-01 1.0272E-02 7.4128E-04 5.4380E-01

GE9 Bundle - Void Fraction: 0% Burnup: 0.350 GMI/T, Controlled
Region # 1 - Fuel 01
2.6842E-02 1.6442E-01 5.7497E-03 1.0473E-01 2.5896E+00 2.
1. 0000E+00 0. O0O00E+00 3.8481E-01 9.6799E-04 1.1823E-03 3.
4.1689E-02 -2.2779E-04 -1.0700E-04 8.5127E-03
Region # 2 - Fuel 02
2.6693E-02 1.9315E-01 6.4976E-03 1.2854E-01 2.5779E+00 2.
1. 0000E+00 0. 0000E+00 3.8214E-01 9.2115E-04 1.2631E-03 3.
4.2563E-02 -2.1673E-04 -1.1393E-04 8.5291E-03
Region # 3 - Fuel 03
2. 7410E-02 2.1537E-01 6.9861E-03 1.4568E-01 2.5778E+00 2.
1. 0000E+00 0. O000E+00 3.7897E-01 9.2548E-04 9.5785E-04 3.
4.3562E-02 -2.1757E-04 -8. 7996E-05 8.4962E-03
Region # 4 - Fuel 04
2.7297E-02 2.2139E-01 7.2131E-03 1.5195E-01 2.5671E+00 2.
1. 0000E+00 0. O0O00OE+00 3.8085E-01 8.8767E-04 1.3497E-03 3.
4.3079E-02 -2.0886E-04 -1.2132E-04 8.5446E-03
Region # 5 - Fuel 05
2.7387E-02 2.4111E-01 7.6086E-03 1.6745E-01 2.5676E+00 2.
1. 0000E+00 0. 0000E+00 3.7782E-01 8.7598E-04 1.1407E-03 3.
4.4007E-02 -2.0600E-04 -1.0367E-04 8.5245E-03
Region # 6 - Fuel 06
2.7911E-02 2.5186E-01 7.9229E-03 1.7687E-01 2.5594E+00 2.
1. 0000E+00 0. 0000E+00 3.7912E-01 8.6400E-04 1.3232E-03 3.
4.3675E-02 -2.0326E-04 -1.1912E-04 8.5471E-03
Region # 7 - Fuel 07
2.7972E-02 2.7150E-01 8.2915E-03 1.9241E-01 2.5600E+00 2.
1. 0000E+00 0. O0O00E+00 3.7645E-01 8.5559E-04 1.1465E-03 3.
4.4484E-02 -2.0116E-04 -1.0419E-04 8.5302E-03
Region # 8 - Fuel 08
2.8796E-02 3.0234E-01 9.2231E-03 2.1934E-01 2.5444E+00 2.
1. 0000E+00 0. 0000E+00 3.7753E-01 8.2951E-04 1.5827E-03 3.
4.4138E-02 -1.9514E-04 -1.4121E-04 8.5868E-03
Region # 9 - Fuel 09
2.9357E-02 3.2468E-01 9.5792E-03 2.3695E-01 2.5448E+00 2.
1. 0000E+00 0. 0000E+00 3.7575E-01 8.1966E-04 1.3509E-03 3.
4.4772E-02 -1.9277E-04 -1.2158E-04 8.5631E-03
Regi on #10 - Fuel 10
2.9732E-02 3.2580E-01 9.8136E-03 2.3939E-01 2.5398E+00 2.
1. 0000E+00 0. 0O000E+00 3.7723E-01 8.1140E-04 1.6543E-03 3.
4.4343E-02 -1.9094E-04 -1.4712E-04 8.5972E-03
Regi on #11 - Fuel 11
4.0594E-02 2.9128E+00 9.2855E-03 1.4157E-01 2.5344E+00 2.
1. 0000E+00 0. 0O000E+00 3.7986E-01 7.9345E-04 5.1037E-03 3.
4.3326E-02 -1.8614E-04 -4.2579E-04 9.0139E-03

Regi on #12 - Fuel 12
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9269E- 01

4402E+00
9928E- 01



N O

0.
1

4. 1478E-02 2.9446E+00 8.8875E-03 1.3089E-01 2.5356E+00
1. 0000E+00 0. 0000E+00 3.8209E-01 8.3638E-04 4.9485E-03
4.2577E-02 -1.9622E-04 -4.1364E-04 8.9985E-03
Regi on #13 - Zirconium C ad
1. 7614E-03 4.3634E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O0OE+00 3.1378E-01 3.2930E-04 6.0751E-04
3. 7949E-02 -7.7334E-05 -7.5177E-05 2.5244E-03
Regi on #14 - Bl ade Sheath
5.3568E-03 1.3932E-01 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 5.9825E-01 1.5280E-03 2.2586E-03
3. 6109E-02 0. 0000E+00 0. 0000E+00 1.1872E-02
Regi on #15 - Control Rod
8. 2516E-03 3.0261E-01 0. 0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O00E+00 3.3836E-03 2.4535E-05 1.2331E-05
2.8057E-04 -1.2488E-06 1.4692E-08 2.6276E-04
Regi on #16 - Moder at or
3.2153E-04 8.8575E-03 0.0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. OO0OE+00 6.3369E-01 3.0632E-02 1.9681E-03
3. 7793E-01 9.0768E-03 1.2229E-03 5.4718E-01
Regi on #17 - Bypass/Central Water Rod
3. 4064E-04 9.2315E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 6.5669E-01 3.4534E-02 1.5229E-03
3.9337E-01 1.0223E-02 9.4348E-04 5.4502E-01

GE9 Bundle - Void Fraction: 0% Burnup: 15 GM/T, Uncontrolled
Region # 1 - Fuel 01
3. 0750E-02 1.7838E-01 4.4845E-03 8.7764E-02 2.7353E+00
1. 0O000E+00 0. 0000E+00 3.7872E-01 9.1494E-04 6.4764E-04
4.3236E-02 -2.1076E-04 -6.0401E-05 8.4227E-03
Region # 2 - Fuel 02
2.9421E-02 2.0209E-01 4.9698E-03 1.0708E-01 2.7070E+00
1. 0O0O00E+00 0. 0000E+00 3.7678E-01 8.5085E-04 7.4685E-04
4.3914E-02 -1.9608E-04 -6.8722E-05 8.4401E-03
Region # 3 - Fuel 03
3.1013E-02 2.1461E-01 5.1865E-03 1.1612E-01 2.6954E+00
1. 0000E+00 0. 0000E+00 3.7860E-01 8.7451E-04 7.9342E-04
4.3368E-02 -2.0188E-04 -7.2563E-05 8.4449E-03
Region # 4 - Fuel 04
2.9530E-02 2.2734E-01 5.4640E-03 1.2720E-01 2.6829E+00
1. 0O000E+00 0. 0000E+00 3.7632E-01 8.2075E-04 8.3661E-04
4.4139E-02 -1.8939E-04 -7.6227E-05 8.4549E-03
Region # 5 - Fuel 05
3.0112E-02 2.3842E-01 5.6908E-03 1.3566E-01 2.6734E+00
1. 0O0O00E+00 0. 0000E+00 3.7663E-01 8.2732E-04 8.7403E-04
4.3985E-02 -1.9101E-04 -7.9323E-05 8.4602E-03
Region # 6 - Fuel 06
3. 0006E-02 2.5281E-01 5.9797E-03 1.4741E-01 2.6624E+00
1. 0O000E+00 0. 0000E+00 3.7620E-01 8.0620E-04 9.2601E-04
4.4195E-02 -1.8624E-04 -8.3679E-05 8.4690E-03
Region # 7 - Fuel 07
3. 0276E-02 2.6520E-01 6.2398E-03 1.5718E-01 2.6540E+00
1. 0000E+00 0. 0000E+00 3.7604E-01 8.0109E-04 9.6818E-04
4.4226E-02 -1.8512E-04 -8. 7184E-05 8.4755E-03
Region # 8 - Fuel 08
2.9392E-02 3.0180E-01 6.9909E-03 1.8786E-01 2.6311E+00
1. 0O0O00E+00 0. 0000E+00 3.7344E-01 7.4552E-04 1.0578E-03
4.5060E-02 -1.7222E-04 -9.4772E-05 8. 4958E-03
Region # 9 - Fuel 09
3.0898E-02 3.1776E-01 7.3312E-03 1.9978E-01 2.6223E+00
1. 0000E+00 0. 0000E+00 3.7515E-01 7.6637E-04 1.1351E-03
4.4532E-02 -1.7735E-04 -1.0111E-04 8.5039E-03
Regi on #10 - Fuel 10
3.0587E-02 3.3729E-01 7.7560E-03 2.1670E-01 2.6125E+00
1. 0000E+00 0. 0000E+00 3.7466E-01 7.4154E-04 1.2575E-03
4.4813E-02 -1.7179E-04 -1.1134E-04 8.5228E-03
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2.
3.

W N

w N wW N

W N

w N

w N

. 4411E+00
. 9914E-01

. 0000E+00
. 7632E-01

. 0000E+00
. 7596E- 01

. 0000E+00
. 3440E- 03

. 0000E+00
. 8982E+00

0000E+00
9462E+00

7015E+00
8980E- 01

. 6578E+00
. 8993E-01

. 6493E+00
. 8992E-01

. 6281E+00
. 9007E-01

. 6190E+00
. 9009E-01

. 6062E+00
. 9020E-01

. 5974E+00
. 9027E-01

. 5678E+00
. 9066E- 01

. 5659E+00
. 9070E-01

. 5570E+00
. 9088E-01



Regi on #11 - Fuel 11
3.1270E-02 3.5997E-01 8.0141E-03 2.3021E-01 2.5977E+00
1. 0000E+00 0. 0000E+00 3.7322E-01 7.2035E-04 1.3717E-03
4.4981E-02 -1.6627E-04 -1.1802E-04 8.4719E-03
Regi on #12 - Fuel 12
3. 1500E-02 3.2924E-01 7.4066E-03 2.0645E-01 2.6113E+00
1. 0000E+00 0. 0O000E+00 3.7363E-01 7.4500E-04 1.1720E-03
4.4806E-02 -1.7185E-04 -1.0188E-04 8.4431E-03
Regi on #13 - Zirconium C ad
1.7213E-03 4.5261E-03 0.0000E+00 0.0000E+00 0. 0000E+00
0. O0OOOE+00 0. O000E+00 3.1206E-01 3. 1252E-04 4.4950E-04
3. 8800E-02 -7.3380E-05 -5.5694E-05 2.4993E-03
Regi on #14 - Moder at or
3.1746E-04 9.2015E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. O00OOE+00 0. O000E+00 6.2245E-01 2.8630E-02 1.4696E-03
3. 7059E-01 8.4385E-03 9.1060E-04 5.4535E-01
Regi on #15 - Bypass/Central Water Rod
3.4320E-04 9.5102E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 6.4836E-01 3.3744E-02 1.1365E-03
3.8810E-01 9.9765E-03 7.0120E-04 5.4351E-01

GE9 Bundle - Void Fraction: 0% Burnup: 15 GM/T, Controlled
Region # 1 - Fuel 01
3.1758E-02 1.7647E-01 4.2537E-03 8.7207E-02 2.7250E+00
1. 0000E+00 0. 0O000E+00 3.8574E-01 9.1637E-04 1.1411E-03
4.1190E-02 -2.1140E-04 -1.0166E-04 8.4779E-03
Region # 2 - Fuel 02
3. 0601E-02 1.9953E-01 4.8111E-03 1.0590E-01 2.6963E+00
1. 0000E+00 0. 0O000E+00 3.8312E-01 8.7087E-04 1.1971E-03
4.1972E-02 -2.0094E-04 -1.0625E-04 8.4895E-03
Region # 3 - Fuel 03
3.1543E-02 2.1395E-01 5.1604E-03 1.1579E-01 2.6921E+00
1. 0000E+00 0. 0O000E+00 3.8044E-01 8.9211E-04 9.0100E-04
4.2755E-02 -2.0599E- 04 -8.1532E-05 8. 4565E-03
Region # 4 - Fuel 04
3. 0602E-02 2.2413E-01 5.3625E-03 1.2545E-01 2.6732E+00
1. 0000E+00 0. 0000E+00 3.8169E-01 8.4065E-04 1.2536E-03
4.2484E-02 -1.9417E-04 -1.1091E-04 8.5004E-03
Region # 5 - Fuel 05
3. 0655E-02 2.3680E-01 5.6529E-03 1.3474E-01 2.6689E+00
1. 0000E+00 0. O000E+00 3.7914E-01 8.3946E-04 1.0571E-03
4.3203E-02 -1.9389E-04 -9.4579E-05 8.4803E-03
Region # 6 - Fuel 06
3. 0755E-02 2.5048E-01 5.9324E-03 1.4606E-01 2.6557E+00
1. 0000E+00 0. 0O000E+00 3.7975E-01 8.2025E-04 1.2098E-03
4.3094E-02 -1.8961E-04 -1.0727E-04 8.4998E-03
Region # 7 - Fuel 07
3.0742E-02 2.6443E-01 6.2458E-03 1.5671E-01 2.6512E+00
1. 0000E+00 0. 0000E+00 3.7741E-01 8.1853E-04 1.0510E-03
4.3757E-02 -1.8918E-04 -9.4048E-05 8.4840E-03
Region # 8 - Fuel 08
3. 0608E-02 2.9780E-01 7.0212E-03 1.8524E-01 2.6222E+00
1. 0000E+00 0. 0000E+00 3.7770E-01 7.8051E-04 1.3723E-03
4.3660E-02 -1.8043E-04 -1.2076E-04 8.5279E-03
Region # 9 - Fuel 09
3.1209E-02 3.1708E-01 7.3505E-03 1.9931E-01 2.6205E+00
1. 0000E+00 0. 0000E+00 3.7597E-01 7.7779E-04 1.1938E-03
4.4248E-02 -1.8001E-04 -1.0597E-04 8.5097E-03
Regi on #10 - Fuel 10
3.0991E-02 3.3654E-01 7.7873E-03 2.1624E-01 2.6100E+00
1. 0000E+00 0. 0000E+00 3.7579E-01 7.5551E-04 1.3436E-03
4.4427E-02 -1.7505E-04 -1.1845E-04 8.5315E-03
Regi on #11 - Fuel 11
3.1527E-02 3.5934E-01 8.0436E-03 2.2980E-01 2.5964E+00
1. 0000E+00 0. 0O000E+00 3.7378E-01 7.3033E-04 1.4182E-03
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. 5435E+00
. 8465E-01

. 5539E+00
. 8448E-01

. 0000E+00
. 7656E-01

. 0000E+00
. 9424E+00

. 0000E+00
. 9820E+00

. 7077E+00
. 8879E-01

. 6637E+00
. 8904E-01

. 6508E+00
. 8971E-01

. 6335E+00
. 8924E-01

. 6215E+00
. 8972E-01

. 6099E+00
. 8964E-01

. 5984E+00
. 9012E-01

. 5711E+00
. 9008E-01

. 5666E+00
. 9059E-01

. 5578E+00
. 9074E-01

. 5439E+00
. 8457E-01



4.4772E-02 -1.6858E-04 -1.2176E-04 8.4763E-03
Regi on #12 - Fuel 12
3.2331E-02 3.2744E-01 7.4682E-03 2.0531E-01 2.6066E+00
1. 0O0O00E+00 0. 0000E+00 3.7577E-01 7.7200E-04 1.3009E-03
4.4059E-02 -1.7813E-04 -1.1224E-04 8.4552E-03
Regi on #13 - Zirconium C ad
1. 7482E-03 4.4437E-03 0.0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00OE+00 3. 1326E-01 3.1479E-04 5.4449E-04
3. 8306E-02 -7.3914E-05 -6.7384E-05 2.5140E-03
Regi on #14 - Bl ade Sheath
5.3082E-03 1.4007E-01 0. 0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O00OE+00 5.9738E-01 1.4820E-03 2.2055E-03
3.6311E-02 0. 0000E+00 0. 0000E+00 1.1871E-02
Regi on #15 - Control Rod
8. 1226E-03 3.0446E-01 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O0OOOE+00 3.3780E-03 2.3650E-05 1.1980E-05
2. 8060E-04 -1.1997E-06 1.4915E-08 2.6272E-04
Regi on #16 - Moder at or
3.1735E-04 9.0622E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O0OE+00 6.2940E-01 2.9165E-02 1.7174E-03
3. 7506E-01 8.5900E-03 1.0663E-03 5.4604E-01
Regi on #17 - Bypass/Central Water Rod
3.3817E-04 9.3106E-03 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. OO0OE+00 6.5346E-01 3.3551E-02 1.4215E-03
3.9122E-01 9. 8998E-03 8.8012E-04 5.4459E-01

GE9 Bundle - Void Fraction: 0% Burnup: 25 GM/T, Uncontrolled
Region # 1 - Fuel 01
3.2855E-02 1.6804E-01 4.0158E-03 7.2563E-02 2.7852E+00
1. 0000E+00 0. 0000E+00 3.7907E-01 9.1942E-04 6.0580E-04
4.2739E-02 -2.1057E-04 -5. 6688E-05 8.4064E-03
Region # 2 - Fuel 02
3.1194E-02 1.8583E-01 4.3452E-03 8.6336E-02 2.7608E+00
1. 0O000E+00 0. 0000E+00 3.7724E-01 8.5293E-04 6.8813E-04
4.3378E-02 -1.9524E-04 -6.3546E-05 8.4201E-03
Region # 3 - Fuel 03
3. 2906E-02 1.9565E-01 4.4672E-03 9.2803E-02 2.7528E+00
1. 0O0O00E+00 0. 0000E+00 3.7913E-01 8.7985E-04 7.3250E-04
4.2792E-02 -2.0179E-04 -6.7170E-05 8.4236E-03
Region # 4 - Fuel 04
3.1134E-02 2.0599E-01 4.6972E-03 1.0161E-01 2.7382E+00
1. 0O000E+00 0. 0000E+00 3.7678E-01 8.2244E-04 7.6321E-04
4.3580E-02 -1.8844E-04 -6.9769E-05 8.4315E-03
Region # 5 - Fuel 05
3.1697E-02 2.1436E-01 4.8407E-03 1.0755E-01 2.7301E+00
1. 0O000E+00 0. 0000E+00 3.7718E-01 8.3014E-04 7.9721E-04
4.3395E-02 -1.9028E-04 -7.2553E-05 8.4355E-03
Region # 6 - Fuel 06
3.1477E-02 2.2703E-01 5.0770E-03 1.1749E-01 2.7177E+00
1. 0O0O00E+00 0. 0000E+00 3.7665E-01 8.0767E-04 8.4075E-04
4.3618E-02 -1.8521E-04 -7.6171E-05 8.4429E-03
Region # 7 - Fuel 07
3.1681E-02 2.3730E-01 5.2700E-03 1.2518E-01 2.7091E+00
1. 0O000E+00 0. 0000E+00 3.7647E-01 8.0250E-04 8.7794E-04
4.3637E-02 -1.8406E-04 -7.9230E-05 8.4481E-03
Region # 8 - Fuel 08
3. 0398E-02 2.6825E-01 5.8889E-03 1.5053E-01 2.6809E+00
1. 0O000E+00 0. 0000E+00 3.7374E-01 7.4324E-04 9.4081E-04
4.4483E-02 -1.7028E-04 -8.4522E-05 8.4637E-03
Region # 9 - Fuel 09
3.1985E-02 2.8360E-01 6.1513E-03 1.6131E-01 2.6725E+00
1. 0O000E+00 0. 0000E+00 3.7545E-01 7.6522E-04 1.0214E-03
4.3952E-02 -1.7567E-04 -9.1081E-05 8.4717E-03
Regi on #10 - Fuel 10
3.1577E-02 3.0625E-01 6.6010E-03 1.8010E-01 2.6584E+00
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. 5551E+00
. 8426E-01

. 0000E+00
. 7642E-01

. 0000E+00
. 7606E- 01

. 0000E+00
. 3457E- 03

. 0000E+00
. 9244E+00

. 0000E+00
. 9564E+00

. 7906E+00
. 8849E-01

. 7457E+00
. 8860E- 01

. 7380E+00
. 8849E- 01

. 7112E+00
. 8867E-01

. 7T015E+00
. 8861E-01

. 6842E+00
. 8872E-01

. 6733E+00
. 8874E-01

. 6322E+00
. 8909E-01

. 6302E+00
. 8904E-01

. 6157E+00



1. 0O0O00E+00 0. 0000E+00 3.7478E-01 7.3717E-04 1.1287E-03
4.4308E-02 -1.6935E-04 -9.9987E-05 8.4893E-03
Regi on #11 - Fuel 11
3.2341E-02 3.3010E-01 6.8582E-03 1.9554E-01 2.6404E+00
1. 0000E+00 0. 0000E+00 3.7326E-01 7.1351E-04 1.2282E-03
4.4522E-02 -1.6321E-04 -1.0567E-04 8.4369E-03
Regi on #12 - Fuel 12
3.2733E-02 2.9583E-01 6.2315E-03 1.6883E-01 2.6595E+00
1. 0000E+00 0. 0000E+00 3.7387E-01 7.4285E-04 1.0473E-03
4.4262E-02 -1.6991E-04 -9. 1165E-05 8. 4099E-03
Regi on #13 - Zirconium C ad
1. 7329E-03 4.5608E-03 0.0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O0OOOE+00 3.1207E-01 3.1528E-04 4.1804E-04
3.8479E-02 -7.4021E-05 -5.1822E-05 2.4941E-03
Regi on #14 - Moder at or
3. 2096E-04 9.2839E-03 0. 0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O0OE+00 6.2544E-01 2.8805E-02 1.3611E-03
3. 7261E-01 8.4718E-03 8.4248E-04 5.4489E-01
Regi on #15 - Bypass/Central Water Rod
3. 4805E-04 9.5450E-03 0. 0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O00OE+00 6.5144E-01 3.4257E-02 1.0809E-03
3.9021E-01 1.0122E-02 6.6629E-04 5.4333E-01

GE9 Bundle - Void Fraction: 0% Burnup: 25 GM/T, Controlled
Region # 1 - Fuel 01
3.3890E-02 1.6714E-01 3.7659E-03 7.2820E-02 2.7792E+00
1. 0O000E+00 0. 0000E+00 3.8609E-01 9.1826E-04 1.0758E-03
4.0714E-02 -2.1060E-04 -9.5913E-05 8.4593E-03
Region # 2 - Fuel 02
3.2422E-02 1.8457E-01 4.1556E-03 8.6182E-02 2.7538E+00
1. 0O000E+00 0. 0000E+00 3.8356E-01 8.7088E-04 1.1132E-03
4. 1456E-02 -1.9959E-04 -9.8894E-05 8.4670E-03
Region # 3 - Fuel 03
3.3479E-02 1.9533E-01 4.4266E-03 9.2743E-02 2.7508E+00
1. 0O0O00E+00 0. 0000E+00 3.8101E-01 8.9722E-04 8.3715E-04
4.2177E-02 -2.0583E-04 -7.5872E-05 8.4350E-03
Region # 4 - Fuel 04
3.2246E-02 2.0432E-01 4.5609E-03 1.0108E-01 2.7311E+00
1. 0000E+00 0. 0000E+00 3.8217E-01 8.4063E-04 1.1541E-03
4.1938E-02 -1.9278E-04 -1.0221E-04 8.4745E-03
Region # 5 - Fuel 05
3.2263E-02 2.1351E-01 4.7837E-03 1.0723E-01 2.7268E+00
1. 0O000E+00 0. 0000E+00 3.7967E-01 8.4151E-04 9.7021E-04
4.2616E-02 -1.9296E-04 -8.6928E-05 8.4547E-03
Region # 6 - Fuel 06
3. 2250E-02 2.2606E-01 5.0018E-03 1.1718E-01 2.7125E+00
1. 0O0O00E+00 0. 0000E+00 3.8021E-01 8.2060E-04 1.1065E-03
4.2526E-02 -1.8829E-04 -9.8205E-05 8.4720E-03
Region # 7 - Fuel 07
3.2188E-02 2.3687E-01 5.2585E-03 1.2498E-01 2.7070E+00
1. 0000E+00 0. 0000E+00 3.7788E-01 8.2001E-04 9.5957E-04
4.3162E-02 -1.8811E-04 -8.5978E-05 8.4565E-03
Region # 8 - Fuel 08
3.1688E-02 2.6587E-01 5.8648E-03 1.4917E-01 2.6730E+00
1. 0000E+00 0. 0000E+00 3.7811E-01 7.7806E-04 1.2370E-03
4.3071E-02 -1.7839E-04 -1.0893E-04 8.4942E-03
Region # 9 - Fuel 09
3.2320E-02 2.8321E-01 6.1571E-03 1.6108E-01 2.6710E+00
1. 0O0O00E+00 0. 0000E+00 3.7629E-01 7.7665E-04 1.0804E-03
4.3664E-02 -1.7831E-04 -9.5944E-05 8.4776E-03
Regi on #10 - Fuel 10
3.2011E-02 3.0612E-01 6.6150E-03 1.8011E-01 2.6562E+00
1. 0000E+00 0. 0000E+00 3.7594E-01 7.5109E-04 1.2152E-03
4.3917E-02 -1.7258E-04 -1.0710E-04 8.4981E-03

Regi on #11 - Fuel 11
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. 8931E-01

. 5975E+00
. 8318E-01

. 6147E+00
. 8292E-01

. 0000E+00
. 7661E-01

. 0000E+00
. 9530E+00

. 0000E+00
. 9865E+00

. 7938E+00
. 8752E-01

. 7498E+00
. 8775E-01

. 7391E+00
. 8828E-01

. 7155E+00
. 8789E-01

. 7T036E+00
. 8826E-01

. 6876E+00
. 8819E- 01

. 6742E+00
. 8859E-01

. 6356E+00
. 8854E-01

. 6311E+00
. 8893E-01

. 6166E+00
. 8917E-01



3.2621E-02 3.2970E-01 6.8771E-03 1.9534E-01 2.6392E+00 2.5980E+00
1. 0000E+00 0. O00O0OE+00 3.7384E-01 7.2342E-04 1.2777E-03 3.8310E-01
4.4311E-02 -1.6549E-04 -1. 0963E-04 8.4416E-03
Regi on #12 - Fuel 12
3.3647E-02 2.9458E-01 6.2582E-03 1.6813E-01 2.6551E+00 2.6162E+00
1. 0000E+00 0. 0000E+00 3.7612E-01 7.7047E-04 1.1775E-03 3.8269E-01
4.3491E-02 -1.7628E-04 -1.0159E-04 8.4223E-03
Regi on #13 - Zirconium C ad
1. 7599E- 03 4. 4822E-03 0. 0000E+00 0. 0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O000E+00 3.1327E-01 3.1738E-04 5.0869E-04 2.7648E-01
3. 7982E-02 -7.4517E-05 -6.2979E-05 2.5082E-03
Regi on #14 - Bl ade Sheath
5.3786E-03 1.4068E-01 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. O00OOE+00 0. O0O00OE+00 6.0061E-01 1.5034E-03 2.1144E-03 8.7620E-01
3.6143E-02 0. 0000E+00 0. 0000E+00 1.1870E-02
Regi on #15 - Control Rod
8. 2502E-03 3. 0593E-01 0. 0000E+00 0. 0000E+00 0.0000E+00 0. 0000E+00
0. O00OOE+00 0. O0O00E+00 3.3851E-03 2.3946E-05 1.1459E-05 4.3473E-03
2.8049E-04 -1.2133E-06 1.2332E-08 2.6269E-04
Regi on #16 - Moder at or
3.2091E-04 9. 1497E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 6.3244E-01 2.9337E-02 1.5992E-03 1.9357E+00
3. 7710E-01 8.6220E-03 9.9219E-04 5.4556E-01
Regi on #17 - Bypass/Central Water Rod
3. 4300E-04 9.3511E-03 0. 0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. O0OOE+00 0. OO00OE+00 6.5658E-01 3.4046E-02 1.3562E-03 1.9616E+00
3.9336E-01 1.0039E-02 8.3913E-04 5.4438E-01

GE9 Bundle - Void Fraction: 40% Burnup: 0.350 GM/T, Uncontrolled
Region # 1 - Fuel 01
2.5359E-02 1.6985E-01 5.7451E-03 1.0819E-01 2.6012E+00 2.4460E+00
1. 0000E+00 0. 0O000OE+00 3.8016E-01 9.2688E-04 8.2673E-04 3.9179E-01
4.3215E-02 -2.1786E-04 -7.6787E-05 8.4741E-03
Region # 2 - Fuel 02
2.4859E-02 1.9772E-01 6.3854E-03 1.3154E-01 2.5881E+00 2.4429E+00
1. 0000E+00 0. 0O000E+00 3.7789E-01 8.6309E-04 9.6935E-04 3.9184E-01
4.4024E-02 -2.0289E-04 -8.9077E-05 8.4999E-03
Region # 3 - Fuel 03
2. 6505E-02 2.1309E-01 6.7843E-03 1.4413E-01 2.5756E+00 2.4421E+00
1. 0000E+00 0. O000OE+00 3.8032E-01 8.7380E-04 1.0476E-03 3.9197E-01
4.3380E-02 -2.0551E-04 -9.5538E-05 8.5077E-03
Region # 4 - Fuel 04
2.5471E-02 2.2551E-01 7.0278E-03 1.5471E-01 2.5750E+00 2.4411E+00
1. 0000E+00 0. 0O000E+00 3.7753E-01 8.2874E-04 1.1041E-03 3.9198E-01
4.4269E-02 -1.9487E-04 -1.0055E-04 8.5212E-03
Region # 5 - Fuel 05
2.6200E-02 2.3972E-01 7.3953E-03 1.6645E-01 2.5674E+00 2.4405E+00
1. 0000E+00 0. 0O000E+00 3.7807E-01 8.2955E-04 1.1673E-03 3.9208E-01
4.4081E-02 -1.9511E-04 -1.0583E-04 8.5299E-03
Region # 6 - Fuel 06
2.6353E-02 2.5251E-01 7.6837E-03 1.7727E-01 2.5626E+00 2.4399E+00
1. 0000E+00 0. 0O000E+00 3.7785E-01 8.1046E-04 1.2449E-03 3.9213E-01
4.4230E-02 -1.9063E-04 -1.1245E-04 8.5419E-03
Region # 7 - Fuel 07
2. 6804E-02 2.6591E-01 8.0235E-03 1.8843E-01 2.5576E+00 2.4394E+00
1. 0000E+00 0. 0O000E+00 3.7789E-01 8.0297E-04 1.3105E-03 3.9223E-01
4.4224E-02 -1.8889E-04 -1.1798E-04 8.5514E-03
Region # 8 - Fuel 08
2.6473E-02 3.0200E-01 8.8255E-03 2.1897E-01 2.5505E+00 2.4382E+00
1. 0000E+00 0. 0O000E+00 3.7490E-01 7.5819E-04 1.4585E-03 3.9246E-01
4.5152E-02 -1.7832E-04 -1.3085E-04 8.5810E-03
Region # 9 - Fuel 09
2.8111E-02 3.1524E-01 9.2616E-03 2.3008E-01 2.5419E+00 2.4380E+00
1. 0000E+00 0. 0O000E+00 3.7763E-01 7.6846E-04 1.5983E-03 3.9253E-01
4.4367E-02 -1.8084E-04 -1.4228E-04 8.5932E-03
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Regi on #10 - Fuel 10
2.8023E-02 3.1582E-01 9.4165E-03 2.3204E-01 2.5393E+00 2.4378E+00
1. 0000E+00 0. 0O000E+00 3.7799E-01 7.4854E-04 1.8964E-03 3.9211E-01
4.4325E-02 -1.7624E-04 -1.6725E-04 8.6275E-03
Regi on #11 - Fuel 11
3. 7939E-02 2.6581E+00 8.8658E-03 1.3799E-01 2.5352E+00 2.4403E+00
1. 0000E+00 0. 0O000E+00 3.7983E-01 7.2301E-04 5.5335E-03 3.9729E-01
4.3545E-02 -1.6971E-04 -4.5773E-04 9. 0408E-03
Regi on #12 - Fuel 12
3.8253E-02 2.8388E+00 8.4504E-03 1.2972E-01 2.5399E+00 2.4411E+00
1. 0000E+00 0. 0O0O0OE+00 3.8042E-01 7.5290E-04 5.0590E-03 3.9848E-01
4.3376E-02 -1.7668E-04 -4.2179E-04 9.0051E-03
Regi on #13 - Zirconium C ad
1. 7539E- 03 4. 3523E-03 0. 0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. O00OOE+00 0. O000E+00 3.1535E-01 3.0624E-04 6.1589E-04 2.7631E-01
3. 8580E-02 -7.1919E-05 -7.6197E-05 2.5259E-03
Regi on #14 - Moder at or
1. 8801E-04 5.4385E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 3.8959E-01 1.7509E-02 1.2715E-03 1.1702E+00
2. 3180E-01 5.1819E-03 7.9047E-04 3.3974E-01
Regi on #15 - Bypass/Central Water Rod
3.2879E-04 9.2896E-03 0. 0000E+00 0. 0000E+00 0.0000E+00 0. 0000E+00
0. O00OOE+00 0. O0O00E+00 6.5536E-01 3.2973E-02 1.4758E-03 1.9536E+00
3.9212E-01 9.7520E-03 9.1407E-04 5.4466E-01

GE9 Bundle - Void Fraction: 40% Burnup: 0.350 GM/T, Controlled
Region # 1 - Fuel 01
2.6175E-02 1.5909E-01 5.5319E-03 1.0131E-01 2.5822E+00 2.4473E+00
1. 0000E+00 0. 0O000E+00 3.8791E-01 9.1322E-04 1.4968E-03 3.9037E-01
4.0980E-02 -2.1512E-04 -1.3344E-04 8.5498E-03
Region # 2 - Fuel 02
2.5832E-02 1.8589E-01 6.2620E-03 1.2369E-01 2.5710E+00 2.4438E+00
1. 0000E+00 0. 0O0O0OE+00 3.8505E-01 8.6950E-04 1.6146E-03 3.9052E-01
4.1840E-02 -2.0477E-04 -1.4344E-04 8.5707E-03
Region # 3 - Fuel 03
2.6990E-02 2.1031E-01 6.7884E-03 1.4226E-01 2.5701E+00 2.4423E+00
1. 0000E+00 0. 0O000OE+00 3.8254E-01 8.9156E-04 1.1959E-03 3.9168E-01
4.2634E-02 -2.0977E-04 -1.0801E-04 8.5235E-03
Region # 4 - Fuel 04
2. 6402E-02 2.1248E-01 6.9639E-03 1.4583E-01 2.5606E+00 2.4418E+00
1. 0000E+00 0. O000OE+00 3.8379E-01 8.3842E-04 1.7238E-03 3.9072E-01
4.2336E-02 -1.9745E-04 -1.5267E-04 8.5885E-03
Region # 5 - Fuel 05
2.6691E-02 2.3377E-01 7.3878E-03 1.6235E-01 2.5608E+00 2.4408E+00
1. 0000E+00 0. O000OE+00 3.8097E-01 8.3949E-04 1.4262E-03 3.9155E-01
4.3167E-02 -1.9758E-04 -1.2762E-04 8.5583E-03
Region # 6 - Fuel 06
2.7035E-02 2.4230E-01 7.6683E-03 1.7017E-01 2.5532E+00 2.4403E+00
1. 0000E+00 0. O0O0OE+00 3.8210E-01 8.1906E-04 1.6786E-03 3.9126E-01
4.2907E-02 -1.9285E-04 -1.4888E-04 8.5885E-03
Region # 7 - Fuel 07
2.7279E-02 2.6308E-01 8.0663E-03 1.8646E-01 2.5532E+00 2.4395E+00
1. 0000E+00 0. 0O000E+00 3.7971E-01 8.2143E-04 1.4437E-03 3.9198E-01
4.3593E-02 -1.9329E-04 -1.2910E-04 8.5647E-03
Region # 8 - Fuel 08
2. 7635E-02 2.8764E-01 8.9286E-03 2.0873E-01 2.5389E+00 2.4385E+00
1. 0000E+00 0. 0O000OE+00 3.8032E-01 7.8537E-04 2.0262E-03 3.9142E-01
4.3378E-02 -1.8492E-04 -1.7821E-04 8.6381E-03
Region # 9 - Fuel 09
2.8477E-02 3.1263E-01 9.3164E-03 2.2822E-01 2.5390E+00 2.4381E+00
1. 0000E+00 0. 0O000OE+00 3.7886E-01 7.8212E-04 1.7055E-03 3.9234E-01
4.3934E-02 -1.8409E-04 -1.5119E-04 8.6036E-03
Regi on #10 - Fuel 10
2.8509E-02 3.1142E-01 9.4878E-03 2.2890E-01 2.5353E+00 2.4378E+00
1. 0000E+00 0. O00O0E+00 3.7975E-01 7.6446E-04 2.0762E-03 3.9180E-01
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4.3720E-02 -1.8004E-04 -1.8213E-04 8.6448E-03
Regi on #11 - Fuel 11
3.8510E-02 2.5903E+00 8.9242E-03 1.3686E-01 2.5323E+00 2
1. 0000E+00 0. O000E+00 3.8104E-01 7.3723E-04 5.6911E-03 3
4.3113E-02 -1.7308E-04 -4.6950E-04 9.0510E-03
Regi on #12 - Fuel 12
3.9492E-02 2.6307E+00 8.5454E-03 1.2657E-01 2.5331E+00 2
1. 0000E+00 0. O000E+00 3.8346E-01 7.7599E-04 5.5294E-03 3
4.2340E-02 -1.8220E-04 -4.5712E-04 9.0354E-03
Regi on #13 - Zirconium C ad
1. 7923E-03 4.2276E-03 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. O00OOE+00 0. O000E+00 3.1709E-01 3.0833E-04 7.7086E-04 2
3. 7895E-02 -7.2413E-05 -9.5261E-05 2.5495E-03
Regi on #14 - Bl ade Sheath
5.2142E-03 1.3597E-01 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. OOOOE+00 0. O0O00E+00 6.0057E-01 1.4373E-03 2.7727E-03 8
3.5289E-02 0. 0O000E+00 0. 0000E+00 1.1878E-02
Regi on #15 - Control Rod
7.9505E-03 2.9507E-01 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. O00OOE+00 0. O000E+00 3.4087E-03 2.3116E-05 1.5126E-05 4
2.8071E-04 -1.1776E-06 2.9146E-08 2.6292E-04
Regi on #16 - Moder at or
1.8741E-04 5.2949E-03 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. O00OOE+00 0. O000E+00 3.9561E-01 1.7860E-02 1.5439E-03 1
2.3564E-01 5.2793E-03 9.6184E-04 3.4043E-01
Regi on #17 - Bypass/Central Water Rod
3.2318E-04 9.0178E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OOOOE+00 0. O000E+00 6.6268E-01 3.2846E-02 1.8898E-03 1
3.9664E-01 9.6941E-03 1.1741E-03 5.4610E-01

GE9 Bundle - Void Fraction: 40% Burnup: 15 GM/T, Uncontrolled
Region # 1 - Fuel 01
3. 0058E-02 1.7761E-01 4.3243E-03 8.7470E-02 2.7310E+00 2.
1. 0000E+00 0. 0000E+00 3.8134E-01 8.8234E-04 7.8793E-04 3.
4.2570E-02 -2.0317E-04 -7.2051E-05 8.4395E-03
Region # 2 - Fuel 02
2.8419E-02 2.0063E-01 4.8041E-03 1.0633E-01 2.7026E+00 2
1. 0000E+00 0. O000E+00 3.7894E-01 8.1636E-04 9.0822E-04 3
4.3338E-02 -1.8793E-04 -8.2068E-05 8.4603E-03
Region # 3 - Fuel 03
3.0163E-02 2.1306E-01 5.0087E-03 1.1530E-01 2.6907E+00 2
1. 0000E+00 0. 0O000E+00 3.8132E-01 8.3245E-04 9.8026E-04 3
4.2720E-02 -1.9209E-04 -8.8013E-05 8.4666E-03
Region # 4 - Fuel 04
2.8451E-02 2.2523E-01 5.2907E-03 1.2598E-01 2.6788E+00 2
1. 0000E+00 0. 0O000E+00 3.7837E-01 7.8354E-04 1.0182E-03 3
4.3607E-02 -1.8059E-04 -9.1200E-05 8.4775E-03
Region # 5 - Fuel 05
2.9054E-02 2.3602E-01 5.5032E-03 1.3423E-01 2.6688E+00 2
1. 0000E+00 0. 0O0O00E+00 3.7900E-01 7.8707E-04 1.0759E-03 3
4.3380E-02 -1.8154E-04 -9.5955E-05 8. 4845E-03
Region # 6 - Fuel 06
2.8854E-02 2.4987E-01 5.7868E-03 1.4559E-01 2.6583E+00 2
1. 0000E+00 0. 0O000E+00 3.7833E-01 7.6479E-04 1.1352E-03 3
4.3660E-02 -1.7647E-04 -1.0088E-04 8.4944E-03
Region # 7 - Fuel 07
2.9096E-02 2.6192E-01 6.0357E-03 1.5512E-01 2.6497E+00 2
1. 0000E+00 0. 0000E+00 3.7831E-01 7.5732E-04 1.1937E-03 3
4.3660E-02 -1.7481E-04 -1.0571E-04 8.5024E-03
Region # 8 - Fuel 08
2.7952E-02 2.9708E-01 6.7796E-03 1.8471E-01 2.6277E+00 2
1. 0000E+00 0. O0O00OE+00 3. 7500E-01 7.0885E-04 1.2689E-03 3
4.4620E-02 -1.6337E-04 -1.1202E-04 8.5229E-03
Region # 9 - Fuel 09
2.9563E-02 3.1232E-01 7.0927E-03 1.9612E-01 2.6184E+00 2
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. 4403E+00
. 9666E- 01

. 4412E+00
. 9657E-01

. 0000E+00
. 7609E- 01

. 0000E+00
. 7521E-01

. 0000E+00
. 3357E-03

. 0000E+00
. 1517E+00

0000E+00
9187E+00

7033E+00
8949E- 01

. 6600E+00
. 8956E- 01

. 6518E+00
. 8952E-01

. 6306E+00
. 8965E-01

. 6217E+00
. 8964E- 01

. 6088E+00
. 8973E-01

. 6002E+00
. 8978E-01

. 5702E+00
. 9016E- 01

. 5688E+00



1. 0000E+00 0. 0O000E+00 3.7738E-01 7.2001E-04 1.4052E-03
4.3982E-02 -1.6639E-04 -1.2319E-04 8.5357E-03
Regi on #10 - Fuel 10
2.9072E-02 3.3065E-01 7.4925E-03 2.1212E-01 2.6095E+00
1. 0000E+00 0. 0O000E+00 3.7646E-01 6.9348E-04 1.5411E-03
4.4380E-02 -1.6037E-04 -1.3444E-04 8.5565E-03
Regi on #11 - Fuel 11
2.9702E-02 3.5120E-01 7.7344E-03 2.2456E-01 2.5950E+00
1. 0000E+00 0. 0O000E+00 3.7496E-01 6.7136E-04 1.6826E-03
4.4563E-02 -1.5464E-04 -1.4261E-04 8.5080E-03
Regi on #12 - Fuel 12
3. 0079E-02 3.2344E-01 7.1692E-03 2.0275E-01 2. 6086E+00
1. 0000E+00 0. 0O000E+00 3.7527E-01 7.0027E-04 1.4107E-03
4.4421E-02 -1.6122E-04 -1.2085E-04 8.4712E-03
Regi on #13 - Zirconium C ad
1. 7428E-03 4.4339E-03 0.0000E+00 0. 0000E+00 0. 0000E+00
0. O0OOE+00 0. O000E+00 3.1483E-01 2.9198E-04 5.5739E-04
3. 8878E-02 -6.8558E-05 -6.8956E-05 2.5160E-03
Regi on #14 - Moder at or
1.8579E-04 5.5735E-03 0.0000E+00 0. 0000E+00 0. 0000E+00
0. O0OOE+00 0. O000E+00 3.8742E-01 1.6599E-02 1.1196E-03
2. 3034E-01 4.8746E-03 6.9583E-04 3.3897E-01
Regi on #15 - Bypass/Central Water Rod
3.2686E-04 9.3612E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O000E+00 6.5246E-01 3.2020E-02 1.3885E-03
3.9019E-01 9.4336E-03 8.5968E-04 5.4426E-01

GE9 Bundle - Void Fraction: 40% Burnup: 15 GM/T, Controlled
Region # 1 - Fuel 01
3. 0615E-02 1.7489E-01 4.0581E-03 8.6611E-02 2.7199E+00
1. 0000E+00 0. 0O000E+00 3.8854E-01 8.5307E-04 1.4420E-03
4.0574E-02 -1.9674E-04 -1.2650E-04 8.5130E-03
Region # 2 - Fuel 02
2.9248E-02 1.9695E-01 4.6019E-03 1.0459E-01 2.6910E+00
1. 0000E+00 0. 0O000E+00 3.8573E-01 8.0933E-04 1.5265E-03
4.1365E-02 -1.8657E-04 -1.3333E-04 8.5281E-03
Region # 3 - Fuel 03
3.0721E-02 2.1218E-01 4.9685E-03 1.1486E-01 2.6866E+00
1. 0000E+00 0. 0O000OE+00 3.8360E-01 8.4795E-04 1.1241E-03
4.1979E-02 -1.9573E-04 -9.9947E-05 8. 4820E-03
Region # 4 - Fuel 04
2.9262E-02 2.2063E-01 5.1429E-03 1.2344E-01 2.6679E+00
1. 0000E+00 0. 0O000E+00 3.8433E-01 7.8204E-04 1.5959E-03
4.1849E-02 -1.8045E-04 -1.3899E-04 8.5403E-03
Region # 5 - Fuel 05
2.9541E-02 2.3381E-01 5.4472E-03 1.3297E-01 2.6634E+00
1. 0000E+00 0. O0O00E+00 3.8189E-01 7.9301E-04 1.3199E-03
4.2502E-02 -1.8300E-04 -1.1615E-04 8.5112E-03
Region # 6 - Fuel 06
2.9470E-02 2.4638E-01 5.7059E-03 1.4354E-01 2.6505E+00
1. 0000E+00 0. 0O000E+00 3.8243E-01 7.6677E-04 1.5312E-03
4.2439E-02 -1.7706E-04 -1.3359E-04 8.5372E-03
Region # 7 - Fuel 07
2.9649E-02 2.6074E-01 6.0324E-03 1.5439E-01 2.6457E+00
1. 0000E+00 0. O000E+00 3.8026E-01 7.7482E-04 1.3211E-03
4.3015E-02 -1.7890E-04 -1.1621E-04 8.5153E-03
Region # 8 - Fuel 08
2.9085E-02 2.9079E-01 6.7639E-03 1.8058E-01 2.6171E+00
1. 0000E+00 0. 0O000E+00 3.8027E-01 7.2875E-04 1.7549E-03
4.2964E-02 -1.6814E-04 -1.5196E-04 8.5723E-03
Region # 9 - Fuel 09
2.9993E-02 3.1114E-01 7.1128E-03 1.9532E-01 2.6154E+00
1. 0000E+00 0. 0000E+00 3.7873E-01 7.3361E-04 1.5047E-03
4.3523E-02 -1.6956E-04 -1.3136E-04 8.5454E-03

Regi on #10 - Fuel 10
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W N

. 9011E-01

. 5600E+00
. 9026E-01

. 5466E+00
. 8397E-01

. 5564E+00
. 8395E-01

. 0000E+00
. 7641E-01

. 0000E+00
. 1876E+00

. 0000E+00
. 9628E+00

. 7115E+00
. 8815E-01

. 6681E+00
. 8833E-01

. 6537E+00
. 8924E-01

. 6380E+00
. 8851E-01

. 6249E+00
. 8915E- 01

. 6140E+00
. 8896E-01

. 6017E+00
. 8955E-01

. 5753E+00
. 8927E-01

. 5699E+00
. 8994E-01



2. 9603E-02 3.2904E-01 7.5230E-03 2.1108E-01 2.6055E+00 2
1. 0000E+00 0. 0000E+00 3.7829E-01 7.0849E-04 1.6944E-03 3
4.3775E-02 -1.6389E-04 -1.4701E-04 8.5716E-03
Regi on #11 - Fuel 11
3. 0130E-02 3.4976E-01 7.7747E-03 2.2364E-01 2.5923E+00 2
1. 0000E+00 0. 0000E+00 3.7617E-01 6.8495E-04 1.7797E-03 3
4.4142E-02 -1.5780E-04 -1.5034E-04 8.5171E-03
Regi on #12 - Fuel 12
3.1060E-02 3.2014E-01 7.2163E-03 2.0067E-01 2.6017E+00 2
1. 0O0O00E+00 0. 0000E+00 3.7854E-01 7.2352E-04 1.6446E-03 3
4.3338E-02 -1.6668E-04 -1.3953E-04 8.4930E-03
Regi on #13 - Zirconium C ad
1. 7799E-03 4.3267E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O
0. OO0OOE+00 0. O0O00E+00 3.1653E-01 2.9323E-04 6.9062E-04 2
3. 8225E-02 -6.8853E-05 -8.5340E-05 2.5364E-03
Regi on #14 - Bl ade Sheath
5.1548E-03 1.3699E-01 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. OOOOE+00 0. O0O0OE+00 5.9959E-01 1.3823E-03 2.6988E-03 8
3.5488E-02 0. 0O000E+00 0. 0O000E+00 1.1876E-02
Regi on #15 - Control Rod
7.7962E-03 2.9763E-01 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. OOOOE+00 0. O0OOOE+00 3.4028E-03 2.2052E-05 1.4640E-05 4
2.8074E-04 -1.1181E-06 2.9523E-08 2.6285E-04
Regi on #16 - Moder at or
1. 8489E-04 5.4524E-03 0.0000E+00 0. 0000E+00 0.0000E+00 O
0. OOOOE+00 0. O0O00E+00 3.9324E-01 1.6908E-02 1.3469E-03 1
2. 3405E-01 4.9586E-03 8.3886E-04 3.3956E-01
Regi on #17 - Bypass/Central Water Rod
3.2079E-04 9.1173E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OO0OOE+00 0. O0O0OE+00 6.5960E-01 3.1822E-02 1.7623E-03 1
3. 9459E-01 9.3514E-03 1.0945E-03 5.4556E-01

GE9 Bundle - Void Fraction: 40% Burnup: 25 GM/T, Uncontrolled
Region # 1 - Fuel 01
3.2091E-02 1.6759E-01 3.8540E-03 7.2521E-02 2.7819E+00 2.
1. 0000E+00 0. 0000E+00 3.8181E-01 8.8566E-04 7.3841E-04 3.
4.2042E-02 -2.0271E-04 -6.7681E-05 8.4223E-03
Region # 2 - Fuel 02
3.0072E-02 1.8493E-01 4.1821E-03 8.6032E-02 2.7570E+00 2
1. 0000E+00 0. 0000E+00 3.7946E-01 8.1653E-04 8.3825E-04 3
4.2776E-02 -1.8664E-04 -7.5943E-05 8.4390E-03
Region # 3 - Fuel 03
3.1942E-02 1.9476E-01 4.2938E-03 9.2506E-02 2.7488E+00 2
1. 0O000E+00 0. 0000E+00 3.8186E-01 8.3566E-04 9.0708E-04 3
4.2126E-02 -1.9153E-04 -8.1575E-05 8. 4441E-03
Region # 4 - Fuel 04
2.9922E-02 2.0467E-01 4.5308E-03 1.0104E-01 2.7343E+00 2
1. 0000E+00 0. 0000E+00 3.7888E-01 7.8293E-04 9.3025E-04 3
4.3023E-02 -1.7909E-04 -8.3524E-05 8.4525E-03
Region # 5 - Fuel 05
3. 0501E-02 2.1290E-01 4.6613E-03 1.0688E-01 2.7258E+00 2
1. 0000E+00 0. 0000E+00 3.7957E-01 7.8757E-04 9.8364E-04 3
4.2770E-02 -1.8028E-04 -8.7876E-05 8.4582E-03
Region # 6 - Fuel 06
3.0181E-02 2.2515E-01 4.8958E-03 1.1653E-01 2.7137E+00 2
1. 0O000E+00 0. 0000E+00 3.7881E-01 7.6382E-04 1.0323E-03 3
4.3060E-02 -1.7487E-04 -9. 1889E-05 8. 4664E-03
Region # 7 - Fuel 07
3.0347E-02 2.3525E-01 5.0796E-03 1.2411E-01 2.7049E+00 2
1. 0000E+00 0. 0000E+00 3.7880E-01 7.5620E-04 1.0844E-03 3
4.3052E-02 -1.7317E-04 -9. 6152E-05 8.4729E-03
Region # 8 - Fuel 08
2.8786E-02 2.6514E-01 5.6973E-03 1.4867E-01 2.6772E+00 2
1. 0000E+00 0. 0000E+00 3.7539E-01 7.0400E-04 1.1304E-03 3
4.4011E-02 -1.6081E-04 -9.9983E-05 8.4884E-03

176

. 5614E+00
. 9000E- 01

. 5474E+00
. 8381E-01

. 5587E+00
. 8355E-01

. 0000E+00
. 7622E-01

. 0000E+00
. 7536E-01

. 0000E+00
. 3381E- 03

. 0000E+00
. 1720E+00

0000E+00
9314E+00

7915E+00
8820E- 01

. 7473E+00
. 8825E-01

. 7398E+00
. 8811E-01

. 7132E+00
. 8828E-01

. 7T038E+00
. 8819E-01

. 6865E+00
. 8828E-01

. 6758E+00
. 8828E-01

. 6346E+00
. 8864E-01



Region # 9 - Fuel 09
3. 0486E-02 2.8003E-01 5.9357E-03 1.5917E-01 2.6684E+00
1. 0O000E+00 0. 0000E+00 3.7772E-01 7.1639E-04 1.2663E-03
4.3377E-02 -1.6414E-04 -1.1104E-04 8.5009E-03
Regi on #10 - Fuel 10
2.9899E-02 3.0166E-01 6.3677E-03 1.7718E-01 2.6550E+00
1. 0O0O00E+00 0. 0000E+00 3.7667E-01 6.8696E-04 1.3829E-03
4.3838E-02 -1.5743E-04 -1.2063E-04 8.5199E-03
Regi on #11 - Fuel 11
3. 0604E-02 3.2394E-01 6.6142E-03 1.9182E-01 2.6372E+00
1. 0000E+00 0. 0000E+00 3.7510E-01 6.6269E-04 1.5058E-03
4.4060E-02 -1.5116E-04 -1.2754E-04 8.4697E-03
Regi on #12 - Fuel 12
3.1149E-02 2.9193E-01 6.0237E-03 1.6659E-01 2.6563E+00
1. 0O000E+00 0. 0000E+00 3.7560E-01 6.9567E-04 1.2602E-03
4.3842E-02 -1.5871E-04 -1. 0804E-04 8.4354E-03
Regi on #13 - Zirconium C ad
1. 7566E-03 4. 4754E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 3.1491E-01 2.9394E-04 5.1837E-04
3. 8526E-02 -6.9010E-05 -6.4157E-05 2.5097E-03
Regi on #14 - Moder at or
1.8754E-04 5.6358E-03 0.0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O0OE+00 3.8956E-01 1.6659E-02 1.0360E-03
2.3177E-01 4.8783E-03 6.4333E-04 3.3863E-01
Regi on #15 - Bypass/Central Water Rod
3.3130E-04 9.4036E-03 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00OE+00 6.5597E-01 3.2505E-02 1.3216E-03
3.9257E-01 9.5670E-03 8.1763E-04 5.4405E-01

GE9 Bundle - Void Fraction: 40% Burnup: 25 GM/T, Controlled
Region # 1 - Fuel 01
3.2620E-02 1.6621E-01 3.5744E-03 7.2744E-02 2.7750E+00
1. 0000E+00 0. 0000E+00 3.8901E-01 8.5324E-04 1.3615E-03
4.0064E-02 -1.9557E-04 -1.1945E-04 8.4928E-03
Region # 2 - Fuel 02
3. 0905E-02 1.8301E-01 3.9551E-03 8.5691E-02 2.7491E+00
1. 0O000E+00 0. 0000E+00 3.8623E-01 8.0697E-04 1.4218E-03
4.0819E-02 -1.8469E-04 -1.2424E-04 8.5034E-03
Region # 3 - Fuel 03
3.2549E-02 1.9430E-01 4.2371E-03 9.2406E-02 2.7461E+00
1. 0O0O00E+00 0. 0000E+00 3.8421E-01 8.5115E-04 1.0481E-03
4.1376E-02 -1.9514E-04 -9. 3242E-05 8.4593E-03
Region # 4 - Fuel 04
3.0737E-02 2.0217E-01 4.3532E-03 1.0016E-01 2.7262E+00
1. 0000E+00 0. 0000E+00 3.8488E-01 7.7933E-04 1.4721E-03
4.1274E-02 -1.7845E-04 -1.2826E-04 8.5120E-03
Region # 5 - Fuel 05
3.1006E-02 2.1167E-01 4.5861E-03 1.0639E-01 2.7217E+00
1. 0000E+00 0. 0000E+00 3.8248E-01 7.9280E-04 1.2153E-03
4.1888E-02 -1.8155E-04 -1.0701E-04 8.4838E-03
Region # 6 - Fuel 06
3. 0804E-02 2.2349E-01 4.7891E-03 1.1589E-01 2.7074E+00
1. 0O0O00E+00 0. 0000E+00 3.8296E-01 7.6452E-04 1.4039E-03
4.1841E-02 -1.7514E-04 -1.2251E-04 8.5069E-03
Region # 7 - Fuel 07
3. 0950E-02 2.3456E-01 5.0544E-03 1.2377E-01 2.7016E+00
1. 0000E+00 0. 0000E+00 3.8082E-01 7.7400E-04 1.2103E-03
4.2392E-02 -1.7729E-04 -1. 0650E-04 8.4858E-03
Region # 8 - Fuel 08
2.9970E-02 2.6130E-01 5.6279E-03 1.4647E-01 2.6675E+00
1. 0O000E+00 0. 0000E+00 3.8077E-01 7.2336E-04 1.5863E-03
4.2341E-02 -1.6542E-04 -1.3736E-04 8.5353E-03
Region # 9 - Fuel 09
3. 0952E-02 2.7932E-01 5.9361E-03 1.5873E-01 2.6657E+00
1. 0O000E+00 0. 0000E+00 3.7915E-01 7.3025E-04 1.3660E-03
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. 6331E+00
. 8850E-01

. 6186E+00
. 8875E-01

. 6007E+00
. 8257E-01

. 6172E+00
. 8244E-01

. 0000E+00
. 7647E-01

. 0000E+00
. 1956E+00

. 0000E+00
. 9683E+00

. 7958E+00
. 8691E-01

. 7529E+00
. 8708E-01

. 7412E+00
. 8783E-01

. 7191E+00
. 8720E-01

. 7T064E+00
.8772E-01

. 6912E+00
. 8755E-01

. 6772E+00
. 8805E-01

. 6398E+00
. 8779E-01

. 6344E+00
. 8832E-01



4.2906E-02 -1.6735E-04 -1.1920E-04 8.5108E-03

Regi on #10 - Fuel 10
3.0471E-02 3.0100E-01 6.3743E-03 1.7687E-01 2.6513E+00 2.6202E+00
1. 0000E+00 0. 0O000E+00 3.7857E-01 7.0215E-04 1.5355E-03 3.8849E-01
4.3219E-02 -1.6096E-04 -1.3309E-04 8.5352E-03

Regi on #11 - Fuel 11
3.1072E-02 3.2296E-01 6.6364E-03 1.9129E-01 2.6345E+00 2.6016E+00
1. 0000E+00 0. 0O000E+00 3.7637E-01 6.7650E-04 1.6062E-03 3.8240E-01
4.3626E-02 -1.5433E-04 -1.3551E-04 8.4792E-03

Regi on #12 - Fuel 12
3.2212E-02 2.8965E-01 6.0287E-03 1.6532E-01 2.6498E+00 2.6198E+00
1. 0000E+00 0. O000E+00 3.7901E-01 7.1954E-04 1.4926E-03 3.8204E-01
4.2728E-02 -1.6426E-04 -1.2655E-04 8.4574E-03

Regi on #13 - Zirconium C ad
1. 7943E-03 4.3721E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 3.1662E-01 2.9508E-04 6.4617E-04 2.7629E-01
3. 7861E-02 -6.9278E-05 -7.9877E-05 2.5292E-03

Regi on #14 - Bl ade Sheath
5.2258E-03 1.3771E-01 0. 0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. O00OOE+00 0. O0O00E+00 6.0321E-01 1.4006E-03 2.5920E-03 8.7552E-01
3.5273E-02 0. 0000E+00 0. 0000E+00 1.1875E-02

Regi on #15 - Control Rod
7.9232E-03 2.9936E-01 0. 0000E+00 0. 0000E+00 0.0000E+00 0. 0000E+00
0. 0O00OE+00 0. O0O00E+00 3.4113E-03 2.2285E-05 1.4025E-05 4.3400E-03
2. 8059E-04 -1.1282E-06 2.6356E-08 2.6282E-04

Regi on #16 - Moder at or
1. 8666E-04 5.5183E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 3.9548E-01 1.6973E-02 1.2551E-03 1.1804E+00
2. 3555E-01 4.9628E-03 7.8118E-04 3.3920E-01

Regi on #17 - Bypass/Central Water Rod
3.2518E-04 9. 1655E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. O0OOOE+00 0. OO00OE+00 6.6326E-01 3.2295E-02 1.6849E-03 1.9376E+00
3.9708E-01 9.4796E-03 1.0459E-03 5.4531E-01

GE9 Bundle - Void Fraction: 70% Burnup: 0.350 GM/ T, Uncontrolled
Region # 1 - Fuel 01
2.4730E-02 1.6659E-01 5.5501E-03 1.0609E-01 2.5943E+00 2.4464E+00
1. 0000E+00 0. O000E+00 3.8296E-01 8.9098E-04 1.0131E-03 3.9137E-01
4.2523E-02 -2.0957E-04 -9.2467E-05 8. 4966E-03

Region # 2 - Fuel 02
2.3938E-02 1.9289E-01 6.1691E-03 1.2830E-01 2.5821E+00 2.4432E+00
1. 0000E+00 0. O0O0OE+00 3.8026E-01 8.2776E-04 1.1856E-03 3.9132E-01
4.3402E-02 -1.9473E-04 -1.0720E-04 8.5271E-03

Region # 3 - Fuel 03
2.5665E-02 2.0771E-01 6.5339E-03 1.4048E-01 2.5696E+00 2.4425E+00
1. 0000E+00 0. O000OE+00 3.8324E-01 8.2491E-04 1.2991E-03 3.9143E-01
4.2710E-02 -1.9417E-04 -1.1659E-04 8.5368E-03

Region # 4 - Fuel 04
2.4433E-02 2.1913E-01 6.7841E-03 1.5031E-01 2.5696E+00 2.4414E+00
1. 0000E+00 0. 0O000E+00 3.7979E-01 7.9160E-04 1.3499E-03 3.9139E-01
4.3693E-02 -1.8626E-04 -1.2110E-04 8.5519E-03

Region # 5 - Fuel 05
2.5144E-02 2.3269E-01 7.1242E-03 1.6157E-01 2.5620E+00 2.4408E+00
1. 0000E+00 0. O0O0OE+00 3.8068E-01 7.8420E-04 1.4417E-03 3.9147E-01
4.3451E-02 -1.8459E-04 -1.2869E-04 8.5626E-03

Region # 6 - Fuel 06
2.5178E-02 2.4453E-01 7.3983E-03 1.7166E-01 2.5579E+00 2.4402E+00
1. 0000E+00 0. O000OE+00 3.8013E-01 7.6555E-04 1.5289E-03 3.9148E-01
4.3694E-02 -1.8020E-04 -1.3609E-04 8.5761E-03

Region # 7 - Fuel 07
2.5567E-02 2.5723E-01 7.7134E-03 1.8229E-01 2.5531E+00 2.4397E+00
1. 0000E+00 0. 0O000E+00 3.8032E-01 7.5298E-04 1.6171E-03 3.9155E-01
4.3678E-02 -1.7728E-04 -1.4345E-04 8.5873E-03

Region # 8 - Fuel 08
2.4988E-02 2.9137E-01 8.5139E-03 2.1124E-01 2.5469E+00 2.4384E+00
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1. 0000E+00 0. 0O000E+00 3.7652E-01 7.2247E-04 1.7392E-03 3.9178E-01
4.4730E-02 -1.7002E-04 -1.5406E-04 8.6168E-03
Region # 9 - Fuel 09
2.6589E-02 3.0270E-01 8.8732E-03 2.2097E-01 2.5383E+00 2.4383E+00
1. 0000E+00 0. O000E+00 3.7984E-01 7.1347E-04 1.9730E-03 3.9173E-01
4.3900E-02 -1.6804E-04 -1.7321E-04 8.6362E-03
Regi on #10 - Fuel 10
2. 6208E-02 3.0229E-01 8.9837E-03 2.2213E-01 2.5370E+00 2.4380E+00
1. 0000E+00 0. O000E+00 3.7947E-01 6.9187E-04 2.2897E-03 3.9126E-01
4.4076E-02 -1.6303E-04 -1.9944E-04 8.6727E-03
Regi on #11 - Fuel 11
3.5187E-02 2.3988E+00 8.4097E-03 1.3401E-01 2.5346E+00 2.4404E+00
1. 0000E+00 0. O000OE+00 3.8037E-01 6.5956E-04 6.0679E-03 3.9512E-01
4.3580E-02 -1.5494E-04 -4.9653E-04 9.0747E-03
Regi on #12 - Fuel 12
3.5837E-02 2.6230E+00 8.0721E-03 1.2670E-01 2.5389E+00 2.4412E+00
1. 0000E+00 0. O0O0OE+00 3.8082E-01 6.9883E-04 5.4749E-03 3.9673E-01
4.3403E-02 -1.6409E-04 -4.5224E-04 9.0317E-03
Regi on #13 - Zirconium C ad
1.7717E-03 4.2196E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. 0O00OE+00 0. O000E+00 3.1871E-01 2.8310E-04 7.6613E-04 2.7609E-01
3. 8804E-02 -6.6488E-05 -9.4658E-05 2.5492E-03
Regi on #14 - Moder at or
9. 4757E-05 2. 8405E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O000E+00 2.1122E-01 8.7903E-03 8.4438E-04 6.1994E-01
1.2545E-01 2.5971E-03 5.2622E-04 1.8427E-01
Regi on #15 - Bypass/Central Water Rod
3. 0960E-04 9. 0884E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. O0OOE+00 0. O0O00E+00 6.5957E-01 3.0976E-02 1.8062E-03 1.9277E+00
3.9416E-01 9. 1345E-03 1.1218E-03 5.4570E-01

GE9 Bundle - Void Fraction: 70% Burnup: 0.350 GM/T, Controlled
Region # 1 - Fuel 01
2.5105E-02 1.5284E-01 5.2601E-03 9.7297E-02 2.5755E+00 2.4482E+00
1. 0000E+00 0. O000E+00 3.9087E-01 8.3714E-04 1.8838E-03 3.8954E-01
4.0404E-02 -1.9742E-04 -1.6562E-04 8.5945E-03
Region # 2 - Fuel 02
2.4517E-02 1.7737E-01 5.9532E-03 1.1800E-01 2.5647E+00 2.4445E+00
1. 0000E+00 0. O0O0OE+00 3.8789E-01 7.9658E-04 2.0490E-03 3.8958E-01
4.1251E-02 -1.8783E-04 -1.7946E-04 8.6212E-03
Region # 3 - Fuel 03
2.6178E-02 2.0425E-01 6.5146E-03 1.3816E-01 2.5624E+00 2.4427E+00
1. 0000E+00 0. O00O0OE+00 3.8618E-01 8.3669E-04 1.4947E-03 3.9105E-01
4.1773E-02 -1.9706E-04 -1.3291E-04 8.5572E-03
Region # 4 - Fuel 04
2.5021E-02 2.0204E-01 6.6256E-03 1.3866E-01 2.5546E+00 2.4423E+00
1. 0000E+00 0. O000OE+00 3.8662E-01 7.6908E-04 2.1881E-03 3.8973E-01
4.1731E-02 -1.8133E-04 -1.9106E-04 8.6419E-03
Region # 5 - Fuel 05
2.5570E-02 2.2526E-01 7.0785E-03 1.5644E-01 2.5540E+00 2.4411E+00
1. 0000E+00 0. O0O0OE+00 3.8420E-01 7.8367E-04 1.7806E-03 3.9079E-01
4.2386E-02 -1.8463E-04 -1.5697E-04 8.5990E-03
Region # 6 - Fuel 06
2.5668E-02 2.3116E-01 7.3154E-03 1.6236E-01 2.5475E+00 2.4407E+00
1. 0000E+00 0. 0O000E+00 3.8501E-01 7.5466E-04 2.1187E-03 3.9033E-01
4.2270E-02 -1.7789E-04 -1.8521E-04 8.6386E-03
Region # 7 - Fuel 07
2.6112E-02 2.5325E-01 7.7385E-03 1.7951E-01 2.5468E+00 2.4398E+00
1. 0000E+00 0. 0O000E+00 3.8301E-01 7.6690E-04 1.8150E-03 3.9120E-01
4.2799E-02 -1.8065E-04 -1.5984E-04 8.6067E-03
Region # 8 - Fuel 08
2.5899E-02 2.7098E-01 8.5102E-03 1.9670E-01 2.5340E+00 2.4389E+00
1. 0000E+00 0. O000OE+00 3.8289E-01 7.2173E-04 2.5628E-03 3.9029E-01
4.2788E-02 -1.7014E-04 -2.2226E-04 8.6989E-03

Region # 9 - Fuel 09
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2. 7068E-02 2.9877E-01 8.9270E-03 2.1817E-01 2.5336E+00 2
1. 0000E+00 0. 0000E+00 3.8194E-01 7.2592E-04 2.1450E-03 3
4.3206E-02 -1.7104E-04 -1.8736E-04 8.6526E-03
Regi on #10 - Fuel 10
2.6759E-02 2.9556E-01 9.0393E-03 2.1732E-01 2.5312E+00 2
1. 0000E+00 0. 0000E+00 3.8214E-01 7.0257E-04 2.5800E-03 3
4.3209E-02 -1.6564E-04 -2.2323E-04 8.7001E-03
Regi on #11 - Fuel 11
3.5909E-02 2.2973E+00 8.4662E-03 1.3226E-01 2.5299E+00 2
1. 0O000E+00 0. 0000E+00 3.8242E-01 6.7152E-04 6.3215E-03 3
4.2895E-02 -1.5781E-04 -5.1522E-04 9.0910E-03
Regi on #12 - Fuel 12
3. 6968E-02 2.3392E+00 8.1113E-03 1.2235E-01 2.5305E+00 2
1. 0000E+00 0. 0000E+00 3.8489E-01 7.0531E-04 6.1404E-03 3
4.2122E-02 -1.6579E-04 -5.0177E-04 9.0744E-03
Regi on #13 - Zirconium C ad
1. 8229E-03 4. 0640E-03 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. OO0OOE+00 0. 0O000E+00 3.2117E-01 2.8187E-04 9.7681E-04 2
3. 7949E-02 -6.6202E-05 -1. 2055E-04 2.5808E-03
Regi on #14 - Bl ade Sheath
5.0201E-03 1.3203E-01 0.0000E+00 0.0000E+00 0.0000E+00 O
0. OOOOE+00 0. O0O0OE+00 6.0256E-01 1.3209E-03 3.3961E-03 8
3.4369E-02 0. O000E+00 0. O000E+00 1.1885E-02
Regi on #15 - Control Rod
7.5346E-03 2.8618E-01 0.0000E+00 0. 0000E+00 0.0000E+00 O
0. OO0OOE+00 0. O0O00OE+00 3.4372E-03 2.1281E-05 1.8527E-05 4
2.8113E-04 -1.0854E-06 4.7861E-08 2.6310E-04
Regi on #16 - Moder at or
9. 3470E-05 2.7389E-03 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. OO0OOE+00 0. O0O00E+00 2.1536E-01 8.8955E-03 1.0522E-03 6
1.2806E-01 2.6220E-03 6.5707E-04 1.8474E-01
Regi on #17 - Bypass/Central Water Rod
3.0188E-04 8. 7665E-03 0.0000E+00 0.0000E+00 0. 0000E+00 O.
0. OOOOE+00 0. O0OOOE+00 6.6943E-01 3.0700E-02 2.3339E-03 1
4.0024E-01 9.0265E-03 1.4535E-03 5.4736E-01

GE9 Bundle - Void Fraction: 70% Burnup: 15 GM/T, Uncontrolled
Region # 1 - Fuel 01
2.9031E-02 1.7660E-01 4.1447E-03 8.7067E-02 2.7264E+00 2.
1. 0000E+00 0. 0000E+00 3.8383E-01 8.3843E-04 9.6257E-04 3.
4.1981E-02 -1.9290E-04 -8.6454E-05 8.4604E-03
Region # 2 - Fuel 02
2. 7065E-02 1.9875E-01 4.6107E-03 1.0534E-01 2.6981E+00 2
1. 0O000E+00 0. 0000E+00 3.8104E-01 7.7263E-04 1.1068E-03 3
4.2822E-02 -1.7756E-04 -9.8321E-05 8.4850E-03
Region # 3 - Fuel 03
2.8882E-02 2.1108E-01 4.7948E-03 1.1424E-01 2.6862E+00 2
1. 0000E+00 0. 0000E+00 3.8377E-01 7.7647E-04 1.2101E-03 3
4.2183E-02 -1.7902E-04 -1.0686E-04 8.4934E-03
Region # 4 - Fuel 04
2.7002E-02 2.2251E-01 5.0788E-03 1.2441E-01 2.6745E+00 2
1. 0000E+00 0. 0000E+00 3.8035E-01 7.3814E-04 1.2390E-03 3
4.3126E-02 -1.6979E-04 -1.0920E-04 8.5051E-03
Region # 5 - Fuel 05
2. 7565E-02 2.3300E-01 5.2735E-03 1.3244E-01 2.6645E+00 2
1. 0O000E+00 0. 0000E+00 3.8125E-01 7.3449E-04 1.3229E-03 3
4.2875E-02 -1.6915E-04 -1.1606E-04 8.5140E-03
Region # 6 - Fuel 06
2.7274E-02 2.4619E-01 5.5479E-03 1.4332E-01 2.6543E+00 2
1. 0000E+00 0. 0000E+00 3.8030E-01 7.1310E-04 1.3879E-03 3
4.3215E-02 -1.6422E-04 -1.2140E-04 8.5251E-03
Region # 7 - Fuel 07
2. 7439E-02 2.5789E-01 5.7794E-03 1.5259E-01 2.6458E+00 2
1. 0000E+00 0. 0000E+00 3.8037E-01 7.0139E-04 1.4647E-03 3
4.3219E-02 -1.6160E-04 -1.2770E-04 8.5345E-03

180

. 4384E+00
. 9143E-01

. 4381E+00
. 9078E-01

. 4404E+00
. 9416E- 01

. 4413E+00
. 9410E-01

. 0000E+00
. 7581E-01

. 0000E+00
. 7432E-01

. 0000E+00
. 3258E-03

. 0000E+00
. 0682E-01

0000E+00
8863E+00

7055E+00
8911E-01

. 6626E+00
. 8911E-01

. 6548E+00
. 8904E-01

. 6334E+00
. 8915E-01

. 6247E+00
. 8910E- 01

. 6118E+00
. 8917E-01

. 6033E+00
. 8920E-01



Region # 8 - Fuel 08
2.6097E-02 2.9152E-01 6.5171E-03 1.8100E-01 2.6244E+00
1. 0000E+00 0. 0O000E+00 3.7642E-01 6.6624E-04 1.5131E-03
4.4239E-02 -1.5302E-04 -1.3162E-04 8.5542E-03
Region # 9 - Fuel 09
2. 7689E-02 3.0578E-01 6.7816E-03 1.9174E-01 2.6151E+00
1. 0000E+00 0. O000E+00 3.7928E-01 6.6134E-04 1.7263E-03
4.3577E-02 -1.5248E-04 -1.4905E-04 8.5732E-03
Regi on #10 - Fuel 10
2.7039E-02 3.2285E-01 7.1544E-03 2.0677E-01 2.6069E+00
1. 0000E+00 0. 0O000E+00 3.7798E-01 6.3639E-04 1.8680E-03
4.4073E-02 -1.4673E-04 -1. 6058E-04 8.5952E-03
Regi on #11 - Fuel 11
2.7592E-02 3.4119E-01 7.3720E-03 2.1810E-01 2.5928E+00
1. 0000E+00 0. 0O000E+00 3.7639E-01 6.1356E-04 2.0365E-03
4.4275E-02 -1.4085E-04 -1.6999E-04 8.5489E-03
Regi on #12 - Fuel 12
2.8200E-02 3.1658E-01 6.8723E-03 1.9836E-01 2.6059E+00
1. 0000E+00 0. 0O000E+00 3.7665E-01 6.5014E-04 1.6781E-03
4.4111E-02 -1.4919E-04 -1.4172E-04 8.5032E-03
Regi on #13 - Zirconium C ad
1. 7616E-03 4.3219E-03 0.0000E+00 0. 0000E+00 0. 0000E+00
0. O0OOE+00 0. O000E+00 3.1815E-01 2.6841E-04 6.8969E-04
3. 9081E-02 -6.3020E-05 -8.5199E-05 2.5364E-03
Regi on #14 - Moder at or
9. 3470E-05 2.9302E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. O0OOE+00 0. O000E+00 2.1020E-01 8.2612E-03 7.4072E-04
1.2476E-01 2.4161E-03 4.6164E-04 1.8377E-01
Regi on #15 - Bypass/Central Water Rod
3.0775E-04 9.1836E-03 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 6.5684E-01 2.9994E-02 1.6893E-03
3.9235E-01 8.8008E-03 1.0489E-03 5.4517E-01

GE9 Bundle - Void Fraction: 70% Burnup: 15 GM/T, Controlled
Region # 1 - Fuel 01
2.8999E-02 1.7285E-01 3.8334E-03 8.5785E-02 2.7150E+00
1. 0000E+00 0. 0000E+00 3.9127E-01 7.7259E-04 1.8063E-03
4.0065E-02 -1.7804E-04 -1.5620E-04 8.5550E-03
Region # 2 - Fuel 02
2.7390E-02 1.9361E-01 4.3497E-03 1.0286E-01 2.6859E+00
1. 0000E+00 0. O000E+00 3.8825E-01 7.3122E-04 1.9287E-03
4.0853E-02 -1.6830E-04 -1.6595E-04 8.5747E-03
Region # 3 - Fuel 03
2.9467E-02 2.0991E-01 4.7310E-03 1.1364E-01 2.6807E+00
1. 0000E+00 0. 0O000E+00 3.8679E-01 7.8716E-04 1.4029E-03
4.1242E-02 -1.8157E-04 -1.2274E-04 8.5135E-03
Region # 4 - Fuel 04
2.7388E-02 2.1615E-01 4.8683E-03 1.2086E-01 2.6627E+00
1. 0000E+00 0. 0O000E+00 3.8688E-01 7.0723E-04 2.0159E-03
4.1314E-02 -1.6289E-04 -1.7293E-04 8.5888E-03
Region # 5 - Fuel 05
2.7971E-02 2.3008E-01 5.1862E-03 1.3075E-01 2.6578E+00
1. 0000E+00 0. O000E+00 3.8476E-01 7.3133E-04 1.6453E-03
4.1831E-02 -1.6851E-04 -1.4252E-04 8.5488E-03
Region # 6 - Fuel 06
2. 7665E-02 2.4123E-01 5.4189E-03 1.4037E-01 2.6454E+00
1. 0000E+00 0. 0O000E+00 3.8504E-01 6.9770E-04 1.9293E-03
4.1867E-02 -1.6081E-04 -1.6572E-04 8.5828E-03
Region # 7 - Fuel 07
2.8066E-02 2.5611E-01 5.7548E-03 1.5149E-01 2.6400E+00
1. 0000E+00 0. 0O000E+00 3.8318E-01 7.1525E-04 1.6590E-03
4.2320E-02 -1.6488E-04 -1.4358E-04 8.5538E-03
Region # 8 - Fuel 08
2.6943E-02 2.8216E-01 6.4252E-03 1.7486E-01 2.6122E+00
1. 0000E+00 0. O0OO0OE+00 3.8265E-01 6.6055E-04 2.2227E-03

181

W N

. 5727E+00
. 8959E-01

. 5720E+00
. 8943E-01

. 5630E+00
. 8956E-01

. 5495E+00
. 8321E-01

. 5590E+00
. 8336E-01

. 0000E+00
. 7621E-01

. 0000E+00
. 3144E-01

. 0000E+00
. 9399E+00

. 7157E+00
. 8738E-01

. 6730E+00
. 8748E-01

. 6572E+00
. 8867E-01

. 6431E+00
. 8763E-01

. 6287E+00
. 8847E-01

. 6186E+00
. 8813E-01

. 6054E+00
. 8885E-01

. 5800E+00
. 8831E-01



4.2396E-02 -1.5194E-04 -1.8942E-04 8.6258E-03
Region # 9 - Fuel 09
2.8248E-02 3.0379E-01 6.7936E-03 1.9040E-01 2.6103E+00 2
1. 0O000E+00 0. 0000E+00 3.8153E-01 6.7458E-04 1.8944E-03 3
4.2849E-02 -1.5559E-04 -1.6273E-04 8.5893E-03
Regi on #10 - Fuel 10
2. 7657E-02 3.1984E-01 7.1691E-03 2.0480E-01 2.6010E+00 2
1. 0000E+00 0. 0000E+00 3.8078E-01 6.4769E-04 2.1289E-03 3
4.3180E-02 -1.4942E-04 -1.8176E-04 8.6205E-03
Regi on #11 - Fuel 11
2.8184E-02 3.3837E-01 7.4123E-03 2.1631E-01 2.5881E+00 2
1. 0O000E+00 0. 0000E+00 3.7856E-01 6.2688E-04 2.2236E-03 3
4.3551E-02 -1.4397E-04 -1.8473E-04 8.5660E-03
Regi on #12 - Fuel 12
2.9172E-02 3.1109E-01 6.8759E-03 1.9491E-01 2.5970E+00 2
1. 0O000E+00 0. 0000E+00 3.8114E-01 6.5980E-04 2.0682E-03 3
4.2709E-02 -1.5159E-04 -1.7259E-04 8.5391E-03
Regi on #13 - Zirconium C ad
1. 8127E-03 4.1844E-03 0.0000E+00 0. 0000E+00 0.0000E+00 O
0. OO0OOE+00 0. O0O00OE+00 3.2059E-01 2.6695E-04 8.7584E-04 2
3. 8224E-02 -6.2680E-05 -1.0807E-04 2.5645E-03
Regi on #14 - Bl ade Sheath
4.9576E-03 1.3343E-01 0.0000E+00 0.0000E+00 0.0000E+00 O
0. OOOOE+00 0. O0O0OE+00 6.0164E-01 1.2613E-03 3.2877E-03 8
3.4561E-02 0. O0O0O0OE+00 0. O0O00OE+00 1.1883E-02
Regi on #15 - Control Rod
7.3779E-03 2.8967E-01 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. OOOOE+00 0. O0O0OE+00 3.4321E-03 2.0116E-05 1.7829E-05 4
2.8115E-04 -1.0193E-06 4.8164E-08 2.6301E-04
Regi on #16 - Moder at or
9.2158E-05 2.8414E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O
0. OO0OOE+00 0. O000E+00 2.1435E-01 8.3675E-03 9.1996E-04 6
1.2738E-01 2.4406E-03 5.7456E-04 1.8418E-01
Regi on #17 - Bypass/Central Water Rod
2.9990E-04 8.8890E-03 0.0000E+00 0.0000E+00 0.0000E+00 O
0. OO0OOE+00 0. OO00OE+00 6.6681E-01 2.9702E-02 2.1755E-03 1
3. 9850E-01 8.6845E-03 1.3547E-03 5.4669E-01

GE9 Bundle - Void Fraction: 70% Burnup: 25 GM/T, Uncontrolled
Region # 1 - Fuel 01
3. 0965E-02 1.6695E-01 3.6760E-03 7.2429E-02 2.7782E+00 2
1. 0000E+00 0. 0000E+00 3.8438E-01 8.4048E-04 9.0385E-04 3
4.1417E-02 -1.9216E-04 -8.1310E-05 8.4423E-03
Region # 2 - Fuel 02
2.8572E-02 1.8370E-01 3.9958E-03 8.5579E-02 2.7530E+00 2
1. 0000E+00 0. 0000E+00 3.8163E-01 7.7105E-04 1.0237E-03 3
4.2228E-02 -1.7585E-04 -9.1121E-05 8.4623E-03
Region # 3 - Fuel 03
3.0517E-02 1.9355E-01 4.0921E-03 9.2070E-02 2.7448E+00 2
1. 0O000E+00 0. 0000E+00 3.8440E-01 7.7753E-04 1.1226E-03 3
4.1564E-02 -1.7798E-04 -9.9223E-05 8. 4694E-03
Region # 4 - Fuel 04
2.8315E-02 2.0289E-01 4.3320E-03 1.0022E-01 2.7302E+00 2
1. 0000E+00 0. 0000E+00 3.8097E-01 7.3544E-04 1.1345E-03 3
4.2510E-02 -1.6780E-04 -1.0016E-04 8.4784E-03
Region # 5 - Fuel 05
2.8845E-02 2.1096E-01 4.4492E-03 1.0595E-01 2.7216E+00 2
1. 0000E+00 0. 0000E+00 3.8184E-01 7.3280E-04 1.2128E-03 3
4.2238E-02 -1.6739E-04 -1.0652E-04 8.4860E-03
Region # 6 - Fuel 06
2.8429E-02 2.2269E-01 4.6781E-03 1.1525E-01 2.7095E+00 2
1. 0O0O00E+00 0. 0000E+00 3.8085E-01 7.0986E-04 1.2649E-03 3
4.2585E-02 -1.6209E-04 -1.1076E-04 8.4950E-03
Region # 7 - Fuel 07
2.8508E-02 2.3261E-01 4.8489E-03 1.2269E-01 2.7008E+00 2

182

. 5737E+00
. 8915E- 01

. 5654E+00
. 8912E-01

. 5510E+00
. 8291E-01

. 5626E+00
. 8270E-01

. 0000E+00
. 7596E-01

. 0000E+00
. 7452E-01

. 0000E+00
. 3291E- 03

. 0000E+00
. 1998E-01

. 0000E+00
. 9020E+00

. 7927E+00
. 8783E-01

. 7491E+00
. 8783E-01

. 7420E+00
. 8765E- 01

. 7154E+00
. 8781E-01

. 7T063E+00
. 8769E-01

. 6891E+00
. 8776E-01

. 6786E+00



1. 0O0O00E+00 0. 0000E+00 3.8091E-01 6.9793E-04 1.3336E-03
4.2582E-02 -1.5942E-04 -1.1633E-04 8.5029E-03
Region # 8 - Fuel 08
2.6731E-02 2.6125E-01 5.4644E-03 1.4634E-01 2.6734E+00
1. 0000E+00 0. 0000E+00 3.7689E-01 6.5931E-04 1.3522E-03
4.3591E-02 -1.4994E-04 -1.1778E-04 8.5174E-03
Region # 9 - Fuel 09
2.8419E-02 2.7556E-01 5.6644E-03 1.5645E-01 2.6645E+00
1. 0O000E+00 0. 0000E+00 3.7969E-01 6.5546E-04 1.5582E-03
4.2939E-02 -1.4971E-04 -1.3449E-04 8.5356E-03
Regi on #10 - Fuel 10
2.7673E-02 2.9603E-01 6.0748E-03 1.7360E-01 2.6518E+00
1. 0O000E+00 0. 0000E+00 3.7826E-01 6.2788E-04 1.6768E-03
4.3485E-02 -1.4332E-04 -1.4407E-04 8.5555E-03
Regi on #11 - Fuel 11
2.8291E-02 3.1659E-01 6.3029E-03 1.8736E-01 2.6343E+00
1. 0O000E+00 0. 0000E+00 3.7662E-01 6.0323E-04 1.8222E-03
4.3720E-02 -1.3697E-04 -1.5197E-04 8.5071E-03
Regi on #12 - Fuel 12
2.9074E-02 2.8708E-01 5.7679E-03 1.6378E-01 2.6530E+00
1. 0000E+00 0. 0000E+00 3.7706E-01 6.4333E-04 1.5001E-03
4.3487E-02 -1.4615E-04 -1.2673E-04 8.4648E-03
Regi on #13 - Zirconium C ad
1. 7782E-03 4.3709E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 3.1831E-01 2.6957E-04 6.4139E-04
3. 8693E-02 -6.3283E-05 -7.9266E-05 2.5287E-03
Regi on #14 - Moder at or
9. 4157E-05 2.9703E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 2.1154E-01 8.2643E-03 6.8510E-04
1. 2564E-01 2.4077E-03 4.2666E-04 1.8355E-01
Regi on #15 - Bypass/Central Water Rod
3.1170E-04 9.2342E-03 0. 0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O0OE+00 6.6087E-01 3.0441E-02 1.6093E-03
3. 9506E-01 8.9191E-03 9.9869E-04 5.4491E-01

GE9 Bundle - Void Fraction: 70% Burnup: 25 GM/T, Controlled
Region # 1 - Fuel 01
3.0841E-02 1.6490E-01 3.3590E-03 7.2519E-02 2.7708E+00
1. 0000E+00 0. 0000E+00 3.9180E-01 7.7091E-04 1.7071E-03
3. 9510E-02 -1.7650E-04 -1.4760E-04 8.5329E-03
Region # 2 - Fuel 02
2.8846E-02 1.8085E-01 3.7195E-03 8.4910E-02 2.7444E+00
1. 0O000E+00 0. 0000E+00 3.8884E-01 7.2662E-04 1.7988E-03
4.0268E-02 -1.6594E-04 -1.5480E-04 8.5477E-03
Region # 3 - Fuel 03
3.1156E-02 1.9292E-01 4.0092E-03 9.1909E-02 2.7409E+00
1. 0O0O00E+00 0. 0000E+00 3.8751E-01 7.8848E-04 1.3132E-03
4.0601E-02 -1.8057E-04 -1.1489E-04 8.4895E-03
Region # 4 - Fuel 04
2.8660E-02 1.9925E-01 4.1010E-03 9.8827E-02 2.7210E+00
1. 0000E+00 0. 0000E+00 3.8750E-01 7.0201E-04 1.8629E-03
4.0700E-02 -1.6035E-04 -1.5982E-04 8.5577E-03
Region # 5 - Fuel 05
2.9263E-02 2.0925E-01 4.3426E-03 1.0524E-01 2.7163E+00
1. 0000E+00 0. 0000E+00 3.8544E-01 7.2902E-04 1.5208E-03
4.1176E-02 -1.6660E-04 -1.3175E-04 8.5195E-03
Region # 6 - Fuel 06
2.8806E-02 2.2008E-01 4.5279E-03 1.1413E-01 2.7021E+00
1. 0O0O00E+00 0. 0000E+00 3.8565E-01 6.9302E-04 1.7737E-03
4.1227E-02 -1.5835E-04 -1.5233E-04 8.5499E-03
Region # 7 - Fuel 07
2.9191E-02 2.3154E-01 4.7979E-03 1.2216E-01 2.6959E+00
1. 0000E+00 0. 0000E+00 3.8385E-01 7.1231E-04 1.5262E-03
4.1656E-02 -1.6279E-04 -1.3205E-04 8.5222E-03

Region # 8 - Fuel 08

183

. 8774E-01

. 6369E+00
. 8811E-01

. 6361E+00
. 8788E-01

. 6216E+00
. 8810E-01

. 6036E+00
. 8188E-01

. 6198E+00
. 8190E-01

. 0000E+00
. 7629E- 01

. 0000E+00
. 3660E- 01

. 0000E+00
. 9465E+00

. 7981E+00
. 8618E-01

. 7563E+00
. 8627E-01

. 7438E+00
. 8728E-01

. 7231E+00
. 8637E-01

. 7T097E+00
. 8708E-01

. 6951E+00
. 8677E-01

. 6807E+00
. 8739E-01



2. 7594E-02 2.5539E-01 5.3280E-03 1.4295E-01 2.6621E+00 2.6443E+00
1. 0000E+00 0. 0O000E+00 3.8321E-01 6.5262E-04 2.0153E-03 3.8689E-01
4.1731E-02 -1.4863E-04 -1.7171E-04 8.5853E-03

Region # 9 - Fuel 09

2.9026E-02 2.7429E-01 5.6496E-03 1.5568E-01 2.6600E+00 2.6381E+00
1. 0000E+00 0. 0O00O0OE+00 3.8205E-01 6.6925E-04 1.7265E-03 3.8758E-01
4.2185E-02 -1.5292E-04 -1.4816E-04 8.5520E-03

Regi on #10 - Fuel 10

2.8337E-02 2.9445E-01 6.0602E-03 1.7273E-01 2.6461E+00 2.6241E+00
1. 0000E+00 0. O000OE+00 3.8118E-01 6.3958E-04 1.9345E-03 3.8767E-01
4.2565E-02 -1.4608E-04 -1.6494E-04 8.5808E-03

Regi on #11 - Fuel 11

2.8935E-02 3.1459E-01 6.3178E-03 1.8622E-01 2.6296E+00 2.6054E+00
1. 0000E+00 0. 0O000E+00 3.7892E-01 6.1709E-04 2.0123E-03 3.8157E-01
4.2969E-02 -1.4018E-04 -1.6691E-04 8.5248E-03

Regi on #12 - Fuel 12

3.0116E-02 2.8326E-01 5.7286E-03 1.6164E-01 2.6444E+00 2.6239E+00
1. 0000E+00 0. 0O000E+00 3.8172E-01 6.5343E-04 1.8828E-03 3.8124E-01
4.2047E-02 -1.4862E-04 -1.5697E-04 8.5008E-03

Regi on #13 - Zirconium C ad

1. 8307E-03 4.2372E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O000E+00 3.2078E-01 2.6803E-04 8.2083E-04 2.7604E-01
3. 7810E-02 -6.2925E-05 -1.0132E-04 2.5558E-03

Regi on #14 - Bl ade Sheath

5.0292E-03 1.3426E-01 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. O00OOE+00 0. O0O00E+00 6.0572E-01 1.2759E-03 3.1629E-03 8.7471E-01
3.4293E-02 0. 0000E+00 0. 0000E+00 1.1882E-02

Regi on #15 - Control Rod

7.5039E-03 2.9168E-01 0. 0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. 0O00OE+00 0. OO00E+00 3. 4424E-03 2.0280E-05 1.7107E-05 4.3313E-03
2. 8096E-04 -1.0256E-06 4.4190E-08 2.6297E-04

Regi on #16 - Moder at or

9. 2843E-05 2.8834E-03 0.0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. O0OOOE+00 0. O000E+00 2.1581E-01 8.3763E-03 8.5826E-04 6.2539E-01
1.2834E-01 2.4333E-03 5.3573E-04 1.8396E-01

Regi on #17 - Bypass/Central Water Rod
3. 0380E-04 8.9446E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O00OE+00 6.7115E-01 3.0148E-02 2.0849E-03 1.9092E+00
4.0142E-01 8.8001E-03 1.2978E-03 5.4641E-01

GE9 Bl anket - Void Fraction: 0% Burnup: 0.350 GM/T, Uncontrolled
Region # 1 - Natural U2

2.2480E-02 1.0270E-01 4.1150E-03 5.2172E-02 2.6778E+00 2.4721E+00
1. 0O0O00E+00 0. 0000E+00 3.7846E-01 9.7320E-04 4.9446E-04 3.9173E-01
4.3588E-02 -2.2828E-04 -4.8590E-05 8.4242E-03

Region # 2 - Zirconium C ad

1. 7563E- 03 4. 6968E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O000E+00 3.1231E-01 3.7733E-04 2.2977E-04 2.7687E-01
3. 7295E- 02 -8.8598E-05 -2.8680E-05 2.4658E-03

Regi on # 3 - Moderat or

3.4385E-04 9. 6105E-03 0.0000E+00 0.0000E+00 0. 0000E+00 0. 0000E+00
0. 0O00OOE+00 0. O000E+00 6.3618E-01 3.3923E-02 7.4709E-04 1.9951E+00
3.8017E-01 1.0118E-02 4.5574E-04 5.4329E-01

Regi on # 4 - Bypass/Central Water Rod
3. 6499E-04 9. 7596E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. O0OOOE+00 0. O0O00E+00 6.6026E-01 3.8044E-02 6.6821E-04 2.0142E+00
3.9637E-01 1.1333E-02 4.0673E-04 5.4230E-01

GE9 Bl anket - Void Fraction: 0% Burnup: 0.350 GMI/T, Controlled

Region # 1 - Natural U
2.2896E-02 1.0196E-01 4. 0684E-03
1. 0000E+00 0. 0000E+00 3.8044E-01
4.2869E-02 -2.3460E-04 -5.6120E-05

Region # 2 - Zirconium d ad
1. 7856E-03 4. 6480E-03 0. 0000E+00
0. OOOOE+00 0. O0O00OE+00 3. 1344E-01

. 1802E-02 2.6739E+00 2.4725E+00
. 9964E-04 5.8295E-04 3.9154E-01
. 4342E- 03

. O000OE+00 0. O0O0OOE+00 0. 0000E+00
.8370E-04 2.8033E-04 2.7679E-01

w o o © U1
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3.6676E-02 -9. 0097E-05 -3.4911E-05 2.4738E-03
Region # 3 - Bl ade Sheath
5.6947E-03 1.4445E-01 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. OOOOE+00 0. O0O0OE+00 6.0846E-01 1.7124E-03 1.4319E-03 8
3.5429E-02 0. 0O000E+00 0. 0000E+00 1.1863E-02
Region # 4 - Control Rod
8. 9825E-03 3. 1451E-01 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. OO0OOE+00 0. O0O00E+00 3.4081E-03 2.7614E-05 7.6858E-06 4
2.8021E-04 -1.4027E-06 -8.8118E-09 2.6255E-04
Regi on # 5 - Moderat or
3.4687E-04 9.5291E-03 0. 0000E+00 0. 0000E+00 0.0000E+00 O
0. OOOOE+00 0. O0O00E+00 6.4407E-01 3.4820E-02 8.8176E-04 1
3.8531E-01 1.0382E-02 5.4028E-04 5.4370E-01
Region # 6 - Bypass/Central Water Rod
3.6302E-04 9.6203E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OOOOE+00 0. OOOOE+00 6.6629E-01 3.8212E-02 8.3722E-04 1
4.0017E-01 1.1369E-02 5.1264E-04 5.4309E-01

GE9 Bl anket - Void Fraction: 0% Burnup: 15 GM/T, Uncontrolled
Region # 1 - Natural U
2.8993E-02 1.5180E-01 3.7817E-03 6.3235E-02 2.8079E+00 2.
1. 0000E+00 0. 0000E+00 3.7791E-01 8.5372E-04 6.2252E-04 3.
4.3583E-02 -1.9509E-04 -5.8187E-05 8.4161E-03
Region # 2 - Zirconium C ad
1. 7538E-03 4. 6814E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OOOOE+00 0. O0O0OE+00 3.1172E-01 3.4665E-04 2.8859E-04 2.
3. 7483E-02 -8. 1379E-05 -3.5896E-05 2.4738E-03
Regi on # 3 - Moderat or
3.4092E-04 9.5693E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OOOOE+00 0. O0O00E+00 6.3411E-01 3.1405E-02 9.2668E-04 1
3.7871E-01 9.2582E-03 5.6940E-04 5.4338E-01
Regi on # 4 - Bypass/Central Water Rod
3.6663E-04 9.6969E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OOOOE+00 0. OO00OE+00 6.5839E-01 3.6712E-02 8.1463E-04 2.
3.9516E-01 1.0875E-02 4.9900E-04 5.4257E-01

GE9 Bl anket - Void Fraction: 0% Burnup: 15 GM/T, Controlled
Region # 1 - Natural U2
2.9519E-02 1.5226E-01 3.7229E-03 6.3771E-02 2.8082E+00 2.
1. 0000E+00 0. 0000E+00 3.7988E-01 8.7144E-04 7.3176E-04 3.
4.2919E-02 -1.9921E-04 -6.7314E-05 8.4283E-03

Region # 2 - Zirconium C ad
1. 7817E-03 4. 6256E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OO0OOE+00 0. O0O00E+00 3.1291E-01 3.5002E-04 3.5118E-04 2.
3. 6936E-02 -8.2173E-05 -4. 3604E-05 2.4836E-03

Region # 3 - Bl ade Sheath
5.5932E-03 1.4315E-01 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OOOOE+00 0. OOOOE+00 6.0676E-01 1.6093E-03 1.7108E-03 8.
3.5881E-02 0. 0000E+00 0. 0000E+00 1.1865E-02

Region # 4 - Control Rod
8.7072E-03 3.1170E-01 0. 0000E+00 0.0000E+00 0. 0000E+00 O.
0. OO0OOE+00 0. O0O0OE+00 3.3989E-03 2.5717E-05 9.1787E-06 4
2. 8034E-04 -1.3011E-06 4.8665E-10 2.6258E-04

Region # 5 - Moderat or
3.4228E-04 9.4746E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OO0OOE+00 0. O0O00E+00 6.4154E-01 3.2070E-02 1.0917E-03 1
3.8351E-01 9.4476E-03 6.7311E-04 5.4385E-01

Region # 6 - Bypass/Central Water Rod
3.6279E-04 9.5421E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 O.
0. OOOOE+00 0. O0OOOE+00 6.6396E-01 3.6610E-02 1.0197E-03 1
3.9861E-01 1.0823E-02 6.2767E-04 5.4343E-01

GE9 Bl anket - Void Fraction: 0% Burnup: 25 GM/T, Uncontrolled
Region # 1 - Natural U
3.1001E-02 1.6020E-01 3.7297E-03 6.2974E-02 2.8296E+00 2.
1. 0000E+00 0. 0000E+00 3.7735E-01 8.2916E-04 6.3480E-04 3.
4.3325E-02 -1.8871E-04 -5.9025E-05 8.4086E-03

. 0000E+00
. 7713E-01

. 0000E+00
. 3571E-03

. 0000E+00
. 9846E+00

0000E+00
9963E+00

8313E+00
8921E-01

0000E+00
7680E-01

0000E+00
9897E+00

0000E+00
0061E+00

8309E+00
8901E- 01

0000E+00
7671E-01

0000E+00
7677E-01

0000E+00

. 3537E-03

0000E+00
9775E+00

0000E+00
9862E+00

8725E+00
8772E-01



Region # 2 - Zirconium d ad
1. 7575E-03 4. 6758E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00OE+00 3.1172E-01 3.4076E-04 2.9544E-04 2.7679E-01
3. 7458E-02 -7.9993E-05 -3.6742E-05 2.4748E-03
Regi on # 3 - Moderat or
3.4062E-04 9.5567E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 6.3440E-01 3.0916E-02 9.4850E-04 1.9881E+00
3. 7887E-01 9.0955E-03 5.8310E-04 5.4344E-01
Region # 4 - Bypass/Central Water Rod
3.6763E-04 9.6864E-03 0. 0000E+00 0. 0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0OOOE+00 6.5888E-01 3.6512E-02 8.3396E-04 2.0047E+00
3.9549E-01 1.0804E-02 5.1114E-04 5.4262E-01

GE9 Blanket - Void Fraction: 0% Burnup: 25 GM/T, Controlled
Region # 1 - Natural U2
3.1557E-02 1.6078E-01 3.6714E-03 6.3581E-02 2.8308E+00 2.8719E+00
1. 0O000E+00 0. 0000E+00 3.7931E-01 8.4492E-04 7.4644E-04 3.8752E-01
4.2681E-02 -1.9236E-04 -6.8315E-05 8.4211E-03
Region # 2 - Zirconium C ad
1. 7849E- 03 4. 6188E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00OE+00 3. 1290E-01 3.4340E-04 3.5970E-04 2.7670E-01
3. 6929E-02 -8.0616E-05 -4.4656E-05 2.4848E-03
Region # 3 - Bl ade Sheath
5.5817E-03 1.4294E-01 0. 0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O0OE+00 6.0711E-01 1.5916E-03 1.7458E-03 8.7672E-01
3.5932E-02 0. 0O000E+00 0. O000E+00 1.1866E-02
Region # 4 - Control Rod
8. 6608E-03 3.1123E-01 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 3. 3985E-03 2.5394E-05 9.3655E-06 4.3532E-03
2. 8038E-04 -1.2845E-06 1.3761E-09 2.6259E-04
Region # 5 - Moderat or
3.4183E-04 9.4599E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O00OE+00 6.4168E-01 3.1526E-02 1.1179E-03 1.9756E+00
3.8357E-01 9.2678E-03 6.8957E-04 5.4392E-01
Region # 6 - Bypass/Central Water Rod
3. 6353E-04 9.5288E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 6.6429E-01 3.6340E-02 1.0444E-03 1.9845E+00
3.9883E-01 1.0730E-02 6.4316E-04 5.4350E-01

GE9 Bl anket - Void Fraction: 40% Burnup: 0.350 GMI/T, Uncontrolled
Region # 1 - Natural U2
2.1594E-02 1.0131E-01 3.9427E-03 5.1453E-02 2.6702E+00 2.4730E+00
1. 0000E+00 0. 0000E+00 3.8064E-01 9.5090E-04 6.0216E-04 3.9142E-01
4.2969E-02 -2.2312E-04 -5. 7895E-05 8. 4402E-03
Region # 2 - Zirconium d ad
1. 7787E-03 4.6351E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O0OE+00 3. 1508E-01 3.6433E-04 2.8255E-04 2.7678E-01
3. 7273E-02 -8.5547E-05 -3.5190E-05 2.4745E-03
Regi on # 3 - Moderat or
2.0336E-04 5.8727E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 3.9659E-01 2.0297E-02 5.6300E-04 1.2262E+00
2.3675E-01 6.0506E-03 3.4508E-04 3.3749E-01
Regi on # 4 - Bypass/Central Water Rod
3.4988E-04 9.6633E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O0OE+00 6.6509E-01 3.6822E-02 8.0612E-04 2.0018E+00
3.9898E-01 1.0953E-02 4.9321E-04 5.4282E-01

GE9 Bl anket - Void Fraction: 40% Burnup: 0.350 GMI/T, Controlled
Region # 1 - Natural U2
2.2080E-02 1.0018E-01 3.8687E-03 5.0886E-02 2.6637E+00 2.4736E+00
1. 0O000E+00 0. 0000E+00 3.8339E-01 9.7978E-04 7.3655E-04 3.9113E-01
4.1998E-02 -2.3004E-04 -6.9310E-05 8.4554E-03
Region # 2 - Zirconium C ad
1. 8199E- 03 4.5686E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O00OE+00 3.1674E-01 3.7175E-04 3.5521E-04 2.7668E-01
3. 6441E-02 -8.7294E-05 -4.4143E-05 2.4859E-03

Region # 3 - Bl ade Sheath
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5.5959E-03 1.4228E-01 0.0000E+00 0. 0000E+00 . 0O000OE+00 0. 0000E+00
0. OO0OOE+00 0. OO00OE+00 6.1181E-01 1.6505E-03 . 7327E-03 8. 7668E-01
3. 4454E-02 0. O000E+00 0. O0O00E+00 1.1867E-02
Region # 4 - Control Rod
8. 7859E-03 3.0976E-01 0.0000E+00 0. 0000E+00 . 0O000OE+00 0. 0000E+00
0. OO0OOE+00 0. OO0OE+00 3. 4364E-03 2.6667E-05 . 2764E-06 4. 3520E-03
2.8027E-04 -1.3553E-06 -1.5798E-09 2.6265E-04
Regi on # 5 - Moderat or
2. 0463E-04 5.7986E-03 0.0000E+00 0.0000E+00 . 0O000OE+00 0. 0000E+00
0. OOOOE+00 0. O0OOOE+00 4.0335E-01 2.0933E-02 . 8817E-04 1.2166E+00
2.4112E-01 6.2360E-03 4.2368E-04 3.3786E-01
Region # 6 - Bypass/Central Water Rod
3.4734E-04 9.4898E-03 0.0000E+00 0. 0000E+00 . O000OE+00 0. O000E+00
0. OOOOE+00 0. OO0OE+00 6.7375E-01 3.7164E-02 . 0343E-03 1. 9795E+00
4.0446E-01 1.1038E-02 6.3630E-04 5.4378E-01

GE9 Bl anket - Void Fraction: 40% Burnup: 15 GM/T, Uncontrolled
Region # 1 - Natural U2
2.7627E-02 1.5119E-01 3.6013E-03 6.3148E-02 . 8041E+00 2. 8319E+00
1. 0O0O00E+00 0. 0000E+00 3.8026E-01 8.1241E-04 . 6439E- 04 3.8888E-01
4.2927E-02 -1.8520E-04 -6.9968E-05 8.4345E-03
Region # 2 - Zirconium C ad
1.7814E-03 4.6189E-03 0.0000E+00 0. 0000E+00 . O000OE+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 3.1467E-01 3.2770E-04 .5819E-04 2.7670E-01
3. 7420E-02 -7.6926E-05 -4.4462E-05 2.4847E-03
Regi on # 3 - Moderat or
1.9971E-04 5.8485E-03 0.0000E+00 0. 0000E+00 . O000OE+00 0. 0000E+00
0. OOOOE+00 0. OO0OE+00 3.9585E-01 1.8404E-02 . 0464E-04 1. 2230E+00
2. 3616E-01 5.4024E-03 4.3486E-04 3.3750E-01
Regi on # 4 - Bypass/Central Water Rod
3. 4985E-04 9.5888E-03 0.0000E+00 0.0000E+00 . 0O000OE+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 6.6419E-01 3.5223E-02 . 9482E-04 1. 9921E+00
3.9837E-01 1.0396E-02 6.1223E-04 5.4312E-01

GE9 Bl anket - Void Fraction: 40% Burnup: 15 GM/T, Controlled
Region # 1 - Natural U
2.8215E-02 1.5157E-01 3.5120E-03 6.3734E-02 . 8037E+00 2. 8317E+00
1. 0000E+00 0. 0000E+00 3.8300E-01 8.2900E-04 . 3154E- 04 3.8856E-01
4.2029E-02 -1.8906E-04 -8.3874E-05 8.4531E-03
Region # 2 - Zirconium C ad
1. 8209E-03 4.5432E-03 0.0000E+00 0. 0000E+00 . 0O000OE+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 3. 1640E-01 3. 3085E-04 . 4834E-04 2. 7657E-01
3. 6679E-02 -7.7668E-05 -5.5558E-05 2.4986E-03
Region # 3 - Bl ade Sheath
5.4729E-03 1.4074E-01 0.0000E+00 0.0000E+00 . 0O000OE+00 0. 0000E+00
0. OO0OOE+00 0. O0O00OE+00 6.1053E-01 1.5219E-03 .0914E- 03 8.7622E-01
3.4857E-02 0. 0O000E+00 0. O000E+00 1.1870E-02
Region # 4 - Control Rod
8. 4557E-03 3.0646E-01 0.0000E+00 0.0000E+00 . 0O000E+00 0. 0000E+00
0. OO0OOE+00 0. OO00OE+00 3. 4291E-03 2. 4288E-05 .1195E- 05 4. 3479E-03
2.8034E-04 -1.2276E-06 1.1096E-08 2.6269E-04
Region # 5 - Moderat or
1. 9965E-04 5.7630E-03 0.0000E+00 0.0000E+00 . 0O000OE+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 4. 0225E-01 1.8841E-02 . 5886E-04 1.2119E+00
2.4026E-01 5.5234E-03 5.3183E-04 3.3792E-01
Region # 6 - Bypass/Central Water Rod
3. 4495E-04 9.3962E-03 0.0000E+00 0. 0000E+00 . 0O000OE+00 0. O000E+00
0. OO0OOE+00 0. OO00E+00 6.7224E-01 3.5198E-02 .2716E-03 1. 9674E+00
4.0339E-01 1.0363E-02 7.8601E-04 5.4417E-01

GE9 Bl anket - Void Fraction: 40% Burnup: 25 GM/T, Uncontrolled
Region # 1 - Natural U2
2.9490E-02 1.5959E-01 3.5466E-03 6.2930E-02 . 8263E+00 2. 8725E+00
1. 0O000E+00 0. 0000E+00 3.7974E-01 7.8385E-04 . 7832E-04 3.8738E-01
4.2662E-02 -1.7793E-04 -7.0907E-05 8.4272E-03
Region # 2 - Zirconium C ad
1. 7868E-03 4.6124E-03 0.0000E+00 0. 0000E+00 . O000OE+00 0. 0000E+00
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0. OOOOE+00 0. O0O00E+00 3.1474E-01
3. 7388E-02 -7.5187E-05 -4.5463E-05
Regi on # 3 - Moderat or
1. 9886E- 04 5.8396E-03 0.0000E+00
0. OO0OOE+00 0. O0O00E+00 3.9615E-01
2.3632E-01 5.2748E-03 4.4472E-04
Regi on # 4 - Bypass/Central Water Rod
3.5007E-04 9.5760E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O0OE+00 6.6493E-01 3.4934E-02 1.0187E-03 1.9905E+00
3.9884E-01 1.0296E-02 6.2723E-04 5.4319E-01

GE9 Bl anket - Void Fraction: 40% Burnup: 25 GM/T, Controlled
Region # 1 - Natural U2

. 2030E-04 3.6629E-04 2.7669E-01
. 4859E- 03

. O000OE+00 0. O000E+00
.8017E-02 7.2035E-04
. 3755E-01

. 0000E+00
. 2218E+00

WEFr o N W
= O

3.0109E-02 1.6012E-01 3.4569E-03 . 3607E-02 2.8270E+00 2.8718E+00
1. 0000E+00 0. 0000E+00 3.8248E-01 .9788E-04 9.4871E-04 3.8706E-01
4.1784E-02 -1.8119E-04 -8.5029E-05 . 4460E- 03

Region # 2 - Zirconium d ad

1.8261E-03 4.5352E-03 0. 0000E+00 . 0O000E+00 0. O000E+00 0. 0000E+00
0. 0000OE+00 0. 0000E+00 3.1647E-01 . 2249E-04 4.5860E-04 2.7656E-01
3. 6665E-02 -7.5703E-05 -5. 6826E-05 . 5001E- 03

Region # 3 - Bl ade Sheath
5. 4538E-03 1.4048E-01
0. O00O0OE+00 0. 0000E+00
3.4884E-02 0. 0000E+00

Region # 4 - Control Rod

0. O0O00E+00
6
0
8.3936E-03 3.0590E-01 0. 0000E+00
3
1
0
4

. 1100E-01
. 0000E+00

. O00OOE+00 0. O0O0OOE+00 0. 0000E+00
.4977E-03 2.1337E-03 8.7616E-01
. 1870E- 02

. 0O000OE+00 0. O0O0OOE+00 0. O000E+00
.3863E-05 1.1421E-05 4.3473E-03
. 6270E- 04

0. 0O0O00E+00 0. 0000E+00 . 4298E- 03
2. 8033E-04 -1.2057E-06 . 2179E- 08
Region # 5 - Moderat or
1. 9859E-04 5. 7523E-03 . 0000E+00
0. O0O00E+00 0. 0000E+00 . 0247E-01
2.4036E-01 5.3819E-03 5.4402E-04
Region # 6 - Bypass/Central Water Rod
3.4472E-04 9. 3801E-03 0. 0000E+00 0. O000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 6.7284E-01 3.4820E-02 1.3021E-03 1.9653E+00
4.0376E-01 1.0235E-02 8.0519E-04 5.4424E-01

GE9 Blanket - Void Fraction: 70% Burnup: 0.350 GM/T, Uncontrolled
Region # 1 - Natural U

. 0O000E+00 0. 0000E+00
. 8410E-02 8. 7828E-04
. 3798E-01

. 0000E+00
. 2106E+00

wWEFk o NN O PR, O NWO 00~NO
= O

2.0382E-02 9.9485E-02 3.7509E-03 5.0506E-02 2.6626E+00 2.4741E+00
1. 0000E+00 0. 0O00O0OE+00 3.8259E-01 9.2290E-04 7.3742E-04 3.9101E-01
4.2445E-02 -2.1660E-04 -6.9551E-05 8.4610E-03

Region # 2 - Zirconium C ad

1. 7989E-03 4.5515E-03 0.0000E+00 0. 0000E+00 0.0000E+00 0. 0000E+00
0. OO0OOE+00 0. O0O00E+00 3.1832E-01 3.4997E-04 3.4958E-04 2.7667E-01
3. 7335E-02 -8.2177E-05 -4.3457E-05 2.4858E-03

Regi on # 3 - Moderat or

1.0407E-04 3.1128E-03 0.0000E+00 0.0000E+00 0. 0000E+00 0. 0000E+00
0. O00OOE+00 0. O000E+00 2.1561E-01 1.0537E-02 3.7269E-04 6.5501E-01
1.2854E-01 3.1411E-03 2.2937E-04 1.8289E-01

Regi on # 4 - Bypass/Central Water Rod
3.3316E-04 9.5378E-03 0. 0000E+00 0. 0000E+00 0. 0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O0OE+00 6.7039E-01 3.5432E-02 9.7757E-04 1.9856E+00
4.0181E-01 1.0524E-02 6.0071E-04 5.4350E-01

GE9 Bl anket - Void Fraction: 70% Burnup: 0.350 GM/T, Controlled

Region # 1 - Natural U2
2.0919E-02 9.7783E-02 3.6391E-03
1. 0000E+00 0. 0000E+00 3.8637E-01
4. 1156E- 02 -2.2333E-04 -8.6795E-05

Region # 2 - Zirconium d ad

. 9648E-02 2.6528E+00 2.4751E+00
. 5076E-04 9.4110E-04 3.9058E-01
. 4841E- 03

- O NWO 0 O A~

1.8567E-03 4.4598E-03 0. 0000E+00 . 0O000OE+00 0. O0O00E+00 0. 0000E+00
0. O00OOE+00 0. 0000E+00 3. 2075E-01 .5736E-04 4.5542E-04 2.7652E-01
3.6217E-02 -8.3917E-05 -5. 6492E-05 . 5022E- 03

Region # 3 - Bl ade Sheath

5.4718E-03 1.3961E-01 0. 0000E+00 . 0O000OE+00 0. O0O00E+00 0. 0000E+00
0. OOOOE+00 0. O000E+00 6. 1546E-01 . 5766E-03 2.0990E-03 8.7612E-01

188



189

3.3361E-02 0. 0000E+00 0. 0000E+00 1.1872E-02
Region # 4 - Control Rod
8.5371E-03 3.0383E-01 0.0000E+00 0. 0000E+00 . 0O000OE+00 0. 0000E+00
0. OOOOE+00 0. OOOOE+00 3. 4694E-03 2.5553E-05 . 1241E- 05 4. 3456E-03
2. 8058E-04 -1.2993E-06 7.5093E-09 2.6279E-04
Regi on # 5 - Moderat or
1. 0421E- 04 3.0542E-03 0.0000E+00 0. 0000E+00 . 0O000OE+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 2.2053E-01 1.0893E-02 . 7451E-04 6. 4746E-01
1.3171E-01 3.2427E-03 2.9333E-04 1.8318E-01
Region # 6 - Bypass/Central Water Rod
3.2979E-04 9. 3179E-03 0. 0000E+00 0. 0000E+00 . O000OE+00 0. 0000E+00
0. OO0OOE+00 0. OO0OE+00 6.8267E-01 3.5916E-02 . 2898E-03 1. 9573E+00
4.0958E-01 1.0649E-02 7.9664E-04 5.4469E-01

GE9 Bl anket - Void Fraction: 70% Burnup: 15 GM/T, Uncontrolled
Region # 1 - Natural U2
2.5792E-02 1.5027E-01 3.3999E-03 6.2942E-02 . 8003E+00 2. 8325E+00
1. 0000E+00 0. 0000E+00 3.8240E-01 7.6136E-04 . 3889E- 04 3. 8846E-01
4. 2358E-02 -1.7289E-04 -8.4317E-05 8.4576E-03
Region # 2 - Zirconium C ad
1. 8080E- 03 4.5394E-03 0. 0000E+00 0. 0000E+00 . 0O000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 3.1817E-01 3.0583E-04 .4524E-04 2. 7657E-01
3. 7444E-02 -7.1786E-05 -5.5170E-05 2. 4983E-03
Regi on # 3 - Moderat or
1. 0075E-04 3.1049E-03 0. 0000E+00 0. 0000E+00 . 0O000E+00 0. 0000E+00
0. OOOOE+00 0. O0OOOE+00 2. 1555E-01 9.2806E-03 . 6812E-04 6.5393E-01
1.2841E-01 2.7105E-03 2.9000E-04 1.8284E-01
Region # 4 - Bypass/Central Water Rod
3.3072E-04 9. 4549E-03 0. O000E+00 0. 0000E+00 . 0O000OE+00 0. O000E+00
0. OO0OOE+00 0. OO00E+00 6.7062E-01 3. 3455E-02 . 2153E-03 1. 9749E+00
4.0188E-01 9.8332E-03 7.5088E-04 5.4382E-01

GE9 Blanket - Void Fraction: 70% Burnup: 15 GM/T, Controlled
Region # 1 - Natural U2
2. 6400E-02 1.5049E-01 3.2691E-03 6.3559E-02 . 7989E+00 2. 8326E+00
1. 0O0O00E+00 0. 0000E+00 3.8618E-01 7.7237E-04 .1924E-03 3.8797E-01
4. 1156E-02 -1.7550E-04 -1.0528E-04 8.4854E-03
Region # 2 - Zirconium C ad
1. 8640E- 03 4.4363E-03 0.0000E+00 0. 0000E+00 . O000OE+00 0. 0000E+00
0. OOOOE+00 0. O0O0OE+00 3.2068E-01 3.0734E-04 . 7612E-04 2.7639E-01
3.6436E-02 -7.2143E-05 -7.1268E-05 2.5183E-03
Region # 3 - Bl ade Sheath
5.3199E-03 1.3787E-01 0.0000E+00 0. 0000E+00 . 0O000OE+00 0. 0000E+00
0. OO0OOE+00 0. OO0OE+00 6.1467E-01 1.4156E-03 . 5520E- 03 8. 7556E-01
3.3694E-02 0. 0O000E+00 0. O000E+00 1.1875E-02
Region # 4 - Control Rod
8.1338E-03 3.0014E-01 0.0000E+00 0. 0000E+00 . 0O000OE+00 0. 0000E+00
0. OOOOE+00 0. O0OOOE+00 3. 4645E-03 2.2563E-05 . 3656E- 05 4. 3408E- 03
2. 8058E-04 -1.1386E-06 2.4615E-08 2.6282E-04
Region # 5 - Moderat or
9.9947E-05 3.0383E-03 0.0000E+00 0. 0000E+00 . O000OE+00 0. 0000E+00
0. OO0OOE+00 0. O0O00E+00 2.2025E-01 9.4911E-03 . 9347E-04 6. 4535E-01
1.3141E-01 2.7652E-03 3.6887E-04 1.8316E-01
Region # 6 - Bypass/Central Water Rod
3.2434E-04 9.2131E-03 0. 0000E+00 0. 0000E+00 . 0O000E+00 0. 0000E+00
0. OOOOE+00 0. OO00OE+00 6.8219E-01 3. 3459E-02 .5912E- 03 1. 9438E+00
4.0911E-01 9.8017E-03 9.8705E-04 5.4509E-01

GE9 Bl anket - Void Fraction: 70% Burnup: 25 GM/T, Uncontrolled
Region # 1 - Natural U2
2.7467E-02 1.5867E-01 3.3420E-03 6.2769E-02 . 8229E+00 2. 8723E+00
1. 0000E+00 0. 0000E+00 3.8193E-01 7.2855E-04 . 5304E- 04 3.8695E-01
4.2088E-02 -1.6468E-04 -8.5246E-05 8.4503E-03
Region # 2 - Zirconium C ad
1. 8154E-03 4.5323E-03 0.0000E+00 0. 0000E+00 . O000OE+00 0. 0000E+00
0. OO0OOE+00 0. O0O00E+00 3.1833E-01 2.9671E-04 .5411E-04 2.7656E-01
3. 7410E-02 -6.9642E-05 -5. 6266E-05 2.4997E-03



Regi on # 3 - Moderat or
9. 9878E-05 3.0998E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0O00E+00 2.1577E-01 9.0173E-03 4.7721E-04 6.5327E-01
1. 2853E-01 2.6247E-03 2.9570E-04 1.8287E-01

Regi on # 4 - Bypass/Central Water Rod
3.2996E-04 9.4401E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. OOOOE+00 0. O0OOOE+00 6.7162E-01 3.3048E-02 1.2433E-03 1.9730E+00
4.0250E-01 9.6947E-03 7.6842E-04 5.4389E-01

GE9 Blanket - Void Fraction: 70% Burnup: 25 GM/T, Controlled

Region # 1 - Natural U
2.8099E-02 1.5906E-01 3.2097E-03
1. 0000E+00 0. 0000E+00 3.8573E-01

. 3503E-02 2.8230E+00 2.8717E+00
.3626E-04 1.2103E-03 3.8648E-01

4.0906E-02 -1.6652E-04 -1. 0645E-04 . 4785E- 03

Region # 2 - Zirconium C ad

1.8716E-03 4.4276E-03 0. 0000E+00 . O000OE+00 0. O0O00E+00 0. 0000E+00
0. OOOOE+00 0. O000E+00 3. 2086E-01 . 9697E-04 5.8748E-04 2.7637E-01
3. 6419E-02 -6.9704E-05 -7. 2674E- 05 . 5200E- 03

Region # 3 - Bl ade Sheath
5.2907E-03 1.3759E-01
0. O0O0O0E+00 0. 0000E+00
3. 3696E-02 0. 0000E+00

Region # 4 - Control Rod
8. 0465E-03 2. 9952E-01 . 0000E+00

0. O000E+00
6
0
0
0. OO0OE+00 0. OOOOE+00 3. 4659E-03
2
0
2

. 1528E-01
. 0000E+00

. O000OE+00 0. O0O0OOE+00 0. 0000E+00
. 3836E-03 2. 6008E-03 8. 7549E-01
. 1876E-02

. 0O000OE+00 0. O0O00E+00 0. 0000E+00
.2002E-05 1.3912E-05 4.3401E-03
2. 8056E-04 -1.1099E- 06 . 5807E- 08 . 6283E- 04
Regi on # 5 - Moderat or

9. 8886E-05 3.0321E-03 . 0000E+00
0. 0O000OE+00 0. 0000E+00 . 2044E- 01
1.3150E-01 2.6694E-03 3.7608E-04
Region # 6 - Bypass/Central Water Rod
3.2294E-04 9. 1948E-03 0.0000E+00 0.0000E+00 0.0000E+00 0. 0000E+00
0. O00OOE+00 0. O0O00E+00 6.8308E-01 3.2940E-02 1.6268E-03 1.9414E+00
4.0964E-01 9.6281E-03 1.0094E-03 5.4518E-01

. 0O000E+00 0. 0O000E+00
. 1965E- 03 6. 0497E- 04
. 8319E-01

. 0000E+00
. 4455E- 01

OO NN O PR, O NN O O~NO
o O
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A.2. Bundle-Node-Average Fission Densities — 3D BWBenchmark

Table A.2: 3D Node Averaged Fission Density (AR@) &CNP % Uncertainty

Layer 1

9.25E-3 (0.63)[ 16| 1.35E-2 (0.46)] 31| 1.41E-2 (0.45)] 46| 1.14E-2 (0.50)] 61 [ 8.64E-3 (0.61)

1.03E-2 (0.53)| 17 | 1.48E-2 (0.47)| 32| 1.56E-2 (0.45)| 47| 1.11E-2 (0.53)| 62 6.41E-3 (0.70)

1.07E-2 (0.58)| 18| 1.56E-2 (0.43)| 33| 1.58E-2 (0.42)| 48| 1.15E-2 (0.50)| 63| 4.60E-3 (0.82)

1.10E-2 (0.54)| 19| 1.76E-2 (0.43)| 34| 1.58E-2 (0.45)| 49| 1.17E-2 (0.52)| 64| 3.18E-3 (0.99)

1.21E-2 (0.48)| 20| 1.86E-2 (0.42)| 35| 1.41E-2 (0.45)| 50| 1.24E-2 (0.48)| 65| 8.76E-3 (0.61)

1.31E-2 (0.52)| 21| 1.89E-2 (0.44)| 36| 1.29E-2 (0.53)| 51| 1.18E-2 (0.52)| 66| 8.60E-3 (0.61)

1.26E-2 (0.48)| 22| 1.27E-2 (0.50)| 37 | 1.13E-2 (0.53)| 52| 9.97E-3 (0.57)| 67| 8.36E-3 (0.62)

1.38E-2 (0.48)| 23| 1.40E-2 (0.45)| 38| 1.21E-2 (0.48)| 53| 8.16E-3 (0.63)| 68| 7.89E-3 (0.64)

O |00 |N O |01 [W[N |-

1.46E-2 (0.44)| 24| 1.47E-2 (0.46)| 39| 1.24E-2 (0.50)| 54 | 5.92E-3 (0.74)| 69| 6.84E-3 (0.68)

[N
o

1.64E-2 (0.47)| 25| 1.63E-2 (0.42)| 40| 1.37E-2 (0.46)| 55| 3.71E-3 (0.97)| 70| 5.03E-3 (0.79)

=
[N

1.27E-2 (0.50)| 26 | 1.66E-2 (0.44)| 41| 1.47E-2 (0.47)| 56| 1.11E-2 (0.54)| 71| 4.74E-3 (0.82)

=y
N

1.41E-2 (0.45)| 27| 1.69E-2 (0.41)| 42| 1.38E-2 (0.45)| 57| 1.07E-2 (0.51)| 72| 4.66E-3 (0.82)

[E=Y
w

1.50E-2 (0.46)| 28| 1.52E-2 (0.48)| 43| 1.20E-2 (0.51)| 58| 1.09E-2 (0.54)| 73| 4.46E-3 (0.84)

[EEN
i

1.70E-2 (0.41)| 29| 1.26E-2 (0.48)| 44| 1.06E-2 (0.52)| 59| 1.05E-2 (0.52)| 74| 4.07E-3 (0.88)

[N
(2}

1.79E-2 (0.45)| 30| 1.36E-2 (0.48)| 45| 8.19E-3 (0.66)| 60| 1.03E-2 (0.56)| 75| 3.36E-3 (0.96)

Layer 2

4.61E-2 (0.41)] 16] 7.32E-2 (0.34)| 31| 7.77E-2 (0.33)[ 46 6.21E-2 (0.36)] 61| 5.18E-2 (0.40)

5.60E-2 (0.38)| 17| 8.26E-2 (0.32)] 32| 8.75E-2 (0.31)| 47 | 5.46E-2 (0.36)| 62 | 3.41E-2 (0.45)

5.25E-2 (0.38)| 18| 8.59E-2 (0.31)] 33| 8.74E-2 (0.31)] 48| 6.35E-2 (0.36)| 63 | 2.45E-2 (0.53)

5.47E-2 (0.36)| 19| 9.99E-2 (0.29)] 34 | 8.89E-2 (0.31)| 49| 5.82E-2 (0.35)| 64 | 1.66E-2 (0.64)

6.67E-2 (0.35) 20| 1.11E-1 (0.27)| 35| 7.77E-2 (0.32)| 50 6.84E-2 (0.35)| 65| 5.28E-2 (0.40)

6.47E-2 (0.35)| 21| 1.11E-1 (0.29)] 36 | 7.21E-2 (0.36)| 51 | 6.82E-2 (0.35)| 66 | 5.08E-2 (0.40)

6.84E-2 (0.35)| 22| 6.30E-2 (0.33)| 37 | 5.62E-2 (0.35)| 52 | 5.96E-2 (0.37)| 67 | 5.01E-2 (0.41)

7.71E-2 (0.33)| 23| 7.71E-2 (0.33)| 38| 6.65E-2 (0.35)| 53 | 4.82E-2 (0.42)| 68 | 4.67E-2 (0.42)

O |0 |N (OO0 WN (-

8.05E-2 (0.32)| 24| 7.28E-2 (0.31)] 39| 6.14E-2 (0.34)| 54 | 3.58E-2 (0.48)| 69 | 4.15E-2 (0.45)

[E=Y
o

9.17E-2 (0.32)| 25| 9.00E-2 (0.30)| 40| 7.54E-2 (0.33)| 55| 2.01E-2 (0.62)| 70| 2.74E-2 (0.50)

=
[

6.33E-2 (0.33)] 26 | 8.37E-2 (0.29)] 41 | 8.26E-2 (0.32)| 56 | 6.45E-2 (0.36)| 71 | 2.51E-2 (0.53)

=
N

7.77E-2 (0.32)] 27| 9.37E-2 (0.30)| 42| 7.65E-2 (0.33)| 57 | 5.98E-2 (0.37)| 72| 2.44E-2 (0.53)

(SN
w

7.47E-2 (0.31)] 28| 7.53E-2 (0.32)| 43| 6.05E-2 (0.34)| 58 | 6.23E-2 (0.37)| 73| 2.35E-2 (0.54)

[EEN
IS

9.41E-2 (0.30)| 29| 6.85E-2 (0.35)| 44 | 5.88E-2 (0.37)| 59 | 5.85E-2 (0.37)| 74 | 2.14E-2 (0.57)

[E=Y
ol

9.29E-2 (0.29)| 30| 7.63E-2 (0.33)] 45| 4.21E-2 (0.43)| 60| 5.97E-2 (0.37)| 75| 1.76E-2 (0.62)

Layer 3

7.38E-2 (0.33)] 16| 1.16E-1 (0.27)] 31| 1.23E-1 (0.26)] 46| 9.81E-2 (0.29)] 61 [ 8.37E-2 (0.31)

8.85E-2 (0.30)| 17| 1.32E-1 (0.25)] 32| 1.39E-1 (0.25)| 47| 8.73E-2 (0.28)] 62 | 5.50E-2 (0.35)

8.40E-2 (0.30)| 18| 1.36E-1 (0.25)] 33| 1.39E-1 (0.24)| 48| 1.00E-1 (0.29)| 63 | 3.98E-2 (0.42)

8.76E-2 (0.28)| 19| 1.59E-1 (0.23)] 34 | 1.42E-1 (0.24)| 49| 9.29E-2 (0.27)| 64 | 2.72E-2 (0.50)

1.05E-1 (0.28)] 20| 1.79E-1 (0.22)| 35| 1.23E-1 (0.26)| 50| 1.09E-1 (0.28)| 65| 8.51E-2 (0.31)

1.03E-1 (0.28)| 21| 1.78E-1 (0.23)| 36| 1.15E-1 (0.28)| 51| 1.10E-1 (0.28)| 66| 8.18E-2 (0.32)

1.08E-1 (0.28)| 22| 1.01E-1 (0.26)| 37 | 8.99E-2 (0.28)| 52| 9.62E-2 (0.29)| 67| 8.04E-2 (0.32)

1.23E-1 (0.26)] 23| 1.22E-1 (0.26)| 38| 1.05E-1 (0.28)| 53| 7.80E-2 (0.33)| 68 7.52E-2 (0.33)

O©|0|N|O |0 | [W[N |-

1.27E-1 (0.25)] 24| 1.16E-1 (0.25)| 39| 9.79E-2 (0.27)| 54| 5.81E-2 (0.38)| 69| 6.69E-2 (0.35)

[E=Y
o

1.46E-1 (0.25)| 25| 1.43E-1 (0.24)| 40| 1.19E-1 (0.26)] 55| 3.30E-2 (0.48)| 70| 4.43E-2 (0.40)
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11| 1.01E-1

(0.26)

26

1.34E-1

(0.23)

41

1.32E-1 (0.25)

56

1.03E-1

(0.29)

71

4.05E-2

(0.41)

12| 1.23E-1

(0.26)

27

1.49E-1

(0.23)

42

1.21E-1 (0.26)

57

9.47E-2

(0.29)

72

3.96E-2

(0.42)

13| 1.19E-1

(0.24)

28

1.20E-1

(0.25)

43

9.74E-2 (0.27)

58

9.93E-2

(0.29)

73

3.79E-2

(0.43)

14| 1.49E-1

(0.23)

29

1.08E-1

(0.28)

44

9.37E-2 (0.30)

59

9.26E-2

(0.30)

74

3.46E-2

(0.45)

15| 1.49E-1

(0.23)

30

1.21E-1

(0.26)

45

6.84E-2 (0.34)

60

9.62E-2

(0.29)

75

2.85E-2

(0.49)

Layer 4

9.31E-2

(0.29)

16

1.44E-1

(0.24)

31

1.53E-1 (0.23)

46

1.22E-1

(0.26)

61

1.04E-1

(0.28)

1.12E-1

(0.27)

17

1.64E-1

(0.23)

32

1.73E-1 (0.22)

47

1.09E-1

(0.25)

62

6.91E-2

(0.32)

1.06E-1

(0.27)

18

1.69E-1

(0.22)

33

1.72E-1 (0.22)

48

1.25E-1

(0.26)

63

5.04E-2

(0.37)

1.10E-1

(0.25)

19

1.98E-1

(0.21)

34

1.76E-1 (0.22)

49

1.15E-1

(0.25)

64

3.47E-2

(0.45)

1.32E-1

(0.25)

20

2.22E-1

(0.19)

35

1.53E-1 (0.23)

50

1.35E-1

(0.25)

65

1.06E-1

(0.28)

1.29E-1

(0.24)

21

2.21E-1

(0.20)

36

1.45E-1 (0.25)

51

1.37E-1

(0.25)

66

1.01E-1

(0.29)

1.36E-1

(0.25)

22

1.26E-1

(0.24)

37

1.12E-1 (0.25)

52

1.21E-1

(0.26)

67

9.98E-2

(0.29)

1.54E-1

(0.23)

23

1.52E-1

(0.23)

38

1.31E-1 (0.25)

53

9.87E-2

(0.29)

68

9.33E-2

(0.30)

O |00 |N O |01 [W[N |-

1.59E-1

(0.23)

24

1.45E-1

(0.22)

39
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Table A.3:

3D Node Averaged Fission Density (ARIaMCNP % Uncertainty
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Table A.4:

3D Node Averaged Fission Density (SR #MCNP % Uncertainty
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APPENDIX B

SUPPLEMENTAL DATA — HTTR 1D BENCHMARK

Table B.1: 1D HTTR Geometric Parameters

Material Width
(cm)
Graphite 0.9046
He Gas 0.3819
Sleeve 0.3492
Fuel . Fuel 0.419Q
Fuel Pin Cell | He Gas 0.145%
Bundles
(blocks Fuel 0.419(?>
2.3.4) Sleeve 0.3492
He Gas 0.3819
Graphite 0.9046
Center Cell Graphite 4.2550
Outer Regions| Graphite+BP 4.0090
Control | Outer Regions| Graphite 3.7013
Bundles Tube He/Grph 1.028b5
(blocks Control B,C/Grph 11.9991
1,5) Center Cell | Graphite 2.2879
Reflector| Entire Cell Graphite 37.8027

Number densities for material regions of the HTTRBenchmark problem are
presented in Table B.2. For block 3, (C) and (Uspresent the controlled and
uncontrolled block respectively.

Table B.2: HTTR Material Number Densities (part/jcm

U235 U238 B10 B11l C-nat 016 Si28 He4
Graphite 7.8482E-093.1590E-08 8.8745E-02
CentCRB Tube 4.4964E-091.8098E-08 5.0843E-02
CentCRB Rod 1.9945E-048.0789E-04 4.6763E-02
Sleeve 7.1811E-0D92.8905E-08| 8.8745E-02
He 2.5649E-0%

Grph+BP 3.6590E-061.4468E-05| 8.7422E-02

Fuel 1 8.8371E-0% 1.8340E-03 2.3030E-08 9.2697E-08| 7.5868E-02 3.8447E-03 2.0737E-03
Block 3 Grph (UC) 6.1945E-092.4934E-08 7.0046E-02
Block 3 Grph (C) 1.0006E-054.0529E-05| 6.6170E-02
Block 3 Grph+BP (UC 1.8322E-0§ 7.2449E-06| 7.3991E-02
Block 3 Grph+BP (C) 9.3686E-063.7771E-05 7.1070E-02

Fuel 2 1.0467E-04 1.8123E-03 2.2597E-08 9.0955E-08 7.5749E-02 3.8340E-03| 2.0487E-03

Fuel 3 1.2458E-04 1.7872E-03 2.2202E-08 8.9367E-08 7.5846E-02 3.8236E-03| 2.0336E-03
OuterCRB Tube 6.1723E-Q2.4844E-08 6.9794E-02
OuterCRB Rod 7.4800E-053.0298E-04 6.8264E-02
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