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ABSTRACT

It has become increasingly challenging to accurately predict neutron fluence in reactor pressure
vessels (RPVSs) as plant life extensions and power uprates expand the area of concern, causing
neutron damage to locations in the so-called extended beltline region. At this writing, the only
available guidance on RPV fluence calculations is from analyses that only address the traditional
beltline region. This study evaluated the impact of multiple physical parameters on fast fluence

(E > 1 MeV) estimates to ascertain the degree to which extended beltline fluence evaluations are
more sensitive to those parameters compared with traditional beltline evaluations. In addition,
guadrature sensitivity in the widely used discrete ordinates method was evaluated to determine its
impact on traditional and extended beltline fluence estimates. Hybrid radiation transport
calculations, which employ the current state of the art in radiation transport simulations, were used
as benchmark solutions in the absence of measured data in extended beltline locations. These
hybrid calculations utilize continuous-energy Monte Carlo calculations and eliminate the
discretizations in space, energy, and angle that impose accuracy limitations on discrete ordinates
calculations. This report details the results of the physical and calculational parameter studies and
provides insights into where modifications in analysis methodology may be necessary to obtain
calculational uncertainty in the extended beltline region comparable to that specified for traditional
beltline fluence analyses.
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EXECUTIVE SUMMARY

Regulatory Guide (RG) 1.190, "Calculational and Dosimetry Methods for Determining Pressure
Vessel Neutron Fluence," describes the application and qualification of a methodology
acceptable to the U.S. Nuclear Regulatory Commission (NRC) for determining the best-estimate
neutron fluence experienced by materials in the beltline region of light water reactor (LWR)
reactor pressure vessels (RPVs). Although the beltline region is not explicitly defined in RG
1.190, NUREG/CR-1511, "Reactor Pressure Vessel Status Report,” states that materials with a
projected neutron fluence greater than 1.0 x 10/ neutrons per square centimeter (n/cm?) at end
of license experience sufficient neutron damage to be included in the beltline.

Subsequent to the issuance of RG 1.190, the continuing trend of plant life extension and power
uprates for both pressurized water reactors (PWRs) and boiling water reactors (BWRs) has led
to growing concern about lifetime fluence levels in materials outside the traditional beltline
region and in the RPV internals. The regions of the RPV that lie outside the traditional beltline
are referred to as the extended beltline region.

Although the fundamental radiation transport phenomena for fluence levels in the extended
beltline region are the same as those for the traditional beltline region, the characteristics and
limitations of the numerical methods used to solve the transport equation, as well as the
different transport paths from the core to the reactor vessel, result in additional considerations
when determining fluence outside the beltline region relative to calculations within the beltline
region. In addition, calculation of other neutron responses of interest—including a variety of
dosimetry reactions that serve as measured data for use in benchmarking transport methods—
may be more sensitive to the selection of transport methods and parameters in the extended
beltline.

The primary objectives of this report are to identify transport phenomena that are important in
calculation of RPV fluence levels in the extended beltline region and to evaluate radiation
transport methodologies to determine which ones are best suited to such analyses. PWR and
BWR reference models were used with discrete ordinates calculations, which represent the most
widely used technique for RPV fluence evaluations. PWR and BWR reference models were also
used with hybrid radiation transport calculations, which represent the current state of the art.

Sensitivity of extended beltline neutron transport calculations to physical parameters

A variety of physical parameters, including coolant density, neutron fission spectra, changes in the
geometry of the cavity gap region, changes in the composition of the bioshield concrete, and the
presence of a bioshield liner and reflective metallic thermal insulation were evaluated using high-
fidelity hybrid radiation transport calculations. These studies provide key insights into how these
parameters often affect fast neutron flux levels in the extended beltline region more significantly
than in the traditional beltline region. Some factors, such as changes in concrete composition,
changes in cavity gap width, and the presence or absence of a steel bioshield liner, have little to
no effect on flux levels within the traditional beltline region, but they do have significant effects in
extended beltline locations. Of particular concern are the effects that physical parameter
variations have on neutron flux in the PWR model’s vessel supports.
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Sensitivity of extended beltline discrete ordinates calculations to angular quadrature

Regulatory Guide 1.190 provides guidance on the selection of discrete ordinates angular
guadrature sets for RPV fluence calculations in the traditional beltline region but does not provide
guidance for locations in the extended beltline region. In this work, an extensive set of
calculational parameter studies was performed to assess typical discrete ordinates parameter
selections for cases in which calculations extend beyond the traditional beltline region, particularly
for locations in the vicinity of nozzles and vessel supports.

Quadrature sensitivity studies confirmed that the commonly used S8 quadrature set is not suitable
for extended beltline fluence calculations. Furthermore, localized deficiencies in S8 solutions in
the traditional beltline region may be significant, particularly for vessel dosimetry calculations.
Even though the higher-order S16 quadrature provides improvements in the accuracy of discrete
ordinates solutions, it is still likely inadequate for extended beltline applications in the nozzle and
vessel support locations.

More recently developed quadruple range (QR) quadratures were also evaluated. These
guadrature sets were developed specifically to improve solution accuracy with models that have
material discontinuities parallel to the coordinate axes in areas such as the edges of fuel
assemblies and/or the streaming paths along a coordinate axis. Of particular importance is the
ability of a quadrature set to accurately model neutron streaming paths in the cavity gap between
an RPV and the concrete bioshield.

Quadrature sets that are best suited for use in extended beltline applications were selected by
comparing Denovo discrete ordinates calculations having various quadrature selections to Shift
Monte Carlo solutions that used the same multigroup (MG) cross-section library that was used by
the Denovo calculations. These studies demonstrated that the QR quadratures provide superior
solution accuracy. However, even the use of high-order QR quadratures can still produce
solutions with localized differences of 10% or more in the extended beltline region.

Additional studies

The sensitivity of transport calculations to multigroup cross-section energy structures and
scattering expansion order will be addressed in a companion report. That report will also evaluate
the relationship between fast flux and dpa rate in extended beltline regions.
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1 INTRODUCTION

For the past several decades, the main region of concern for reactor pressure vessel (RPV)
fluence calculations has been the portion of the RPV referred to as the beltline region, which
can be defined [1] as “the region adjacent to the reactor core that must be evaluated to account
for the effects of radiation on fracture toughness.” With the continuing trend of plant life
extension and power uprates for both pressurized water reactors (PWRs) and boiling water
reactors (BWRs) throughout the United States, there is growing concern about lifetime fluence
levels in regions above and below what has historically been considered the beltline region and
in reactor vessel internals (RVI).

Regulatory Guide 1.190 [2] describes the application and qualification of a methodology
acceptable to the U.S. Nuclear Regulatory Commission (NRC) for determining the best-estimate
neutron fluence experienced by materials in the beltline region of light water reactor (LWR)
RPVs. This methodology is also acceptable for determining the overall uncertainty associated
with those best-estimate values. However, Regulatory Guide 1.190 does not specifically define
the beltline region.

In Title 10 of the Code of Federal Regulations (CFR) Part 50 [3], Section Il of Appendix G
defines the beltline region as “The region of the reactor vessel (shell material including welds,
heat affected zones, and plates or forgings) that directly surrounds the effective height of the
active core and adjacent regions of the reactor vessel that are predicted to experience sufficient
radiation damage to be considered in the selection of the most limiting material with regard to
radiation damage.” 10 CFR Part 50, Section IIl of Appendix H [3] requires that reactor vessels
for which the peak neutron fluence at the end of the design life of the vessel exceeds 10" cm?
(E > 1 MeV) must have their beltline materials monitored by a surveillance program complying
with American Society for Testing and Materials (ASTM) E185-82 [4], as modified by

Appendix H.

Section 2.3 of NUREG/CR-1511 [5] states that “The NRC staff considered materials with a
projected neutron fluence of greater than 1.0E17 neutrons per square centimeter (n/cm?) at end
of license to experience sufficient neutron damage to be included in the beltline.”

An International Atomic Energy Agency (IAEA) Nuclear Energy Series report on the integrity of
RPVs in nuclear power plants (NPPs) [6] refers to the beltline as “the region of shell material
directly surrounding the effective height of the fuel element assemblies, plus an additional
volume of shell material both below and above the active core, with an [end-of-life] fluence of
more than 102t m2 (E > 1 MeV) (10" cm™).” This definition is consistent with that given in
NUREG/CR-1511.

Chapter 12 of Nuclear Power — Control, Reliability, and Human Factors [7] states that typical
end-of-life design neutron fluences are on the order of 10 n/cm? for BWRs and on the order of
10% n/cm? for PWRs. Values of 4 x 10! n/cm? for BWRs, 4 x 10*° n/cm? for Westinghouse
PWRs, and 1.2 x 10* n/cm? for Babcock and Wilcox (B&W) PWRs are provided in the IAEA
assessment [6]. The PWR fluence values are noted as corresponding to a lifetime of 32
effective full-power years (EFPYs). Lifetime is not noted for BWRs.

In the context of the current report, the portion of the RPV where the end-of license fluence

would be expected to exceed 10’ n/cm? for plant operations consistent with those in the original
operating license is referred to as the traditional beltline region, or simply the beltline region.
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Locations above and below the traditional beltline region are referred to as the extended beltline
region.

While the fundamental radiation transport phenomena for fluence levels in the extended beltline
region are the same as those for the traditional beltline region, the characteristics and limitations
of the numerical methods used to solve the transport equation, as well as the different transport
paths from the core to the reactor vessel, result in additional considerations for the
determination of fluence outside the beltline region relative to calculations within the beltline
region.

This report discusses the use of PWR and BWR reference models for the evaluation of RPV
fast (E > 1 MeV) neutron fluence and describes studies that were performed to evaluate
transport phenomena that must be specifically addressed for such calculations in the extended
beltline region. Parameter sensitivity studies are performed to assess the accuracy that can be
expected for extended beltline fluence calculations using discrete ordinates transport codes,
which are the most common method currently used for RPV fluence analyses. Modern hybrid
radiation transport methods that combine both deterministic and Monte Carlo calculations are
discussed and contrasted with the discrete ordinates method.
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2 AN OVERVIEW OF RADIATION TRANSPORT
CALCULATIONAL METHODS

The neutral particle radiation transport calculations performed for reactor physics and radiation
shielding analyses are typically based on obtaining solutions to the steady-state Boltzmann
transport equation. Detailed discussions of the derivation and application of the Boltzmann
equation for nuclear reactor analyses can be found in the literature [8], [9], and [10].

The steady-state Boltzmann transport equation for fixed-source shielding calculations can be
written as?

Q-Vo(r,E, Q)+ o(r,E)p(r,E, Q)
- j j o, (1 E' — E,Q — Q)p(r E,Q)dQdE + q,(rE,Q),
0 41

where
Q= a unit vector in the direction of particle travel,

¢ = the patrticle flux,
r = the particle’s position,
E = the patrticle’s energy,
c = the macroscopic total cross section,
os= the macroscopic scattering cross section, and
Qe = external (flux-independent) sources

For the problems encountered in reactor physics and shielding analyses, the angular distribution
of scattered particles depends only on the cosine of the scattering angle between the incoming
and exiting particles, and Eq. (1) can be written as

Q-Vo(r,E, Q)+ o(r,E)p(r,E, Q)
= f f o, (r,E' — E,w)p(r,E',Q)dQ'dE" + q,.(r,E,Q),
0 41T

where
w=0" Q.

Exact analytical solutions for the transport equation exist only for very simple cases (e.g.,
monoenergetic particles in a one-dimensional system). For realistic shielding problems, a variety

of methods have been developed to solve the transport equation using numerical techniques. The

primary computational methods used to solve neutral particle transport theory problems have
traditionally been either deterministic or stochastic. Deterministic methods were pioneered by
Carlson and Lathrop in the 1950s and 1960s and are described in numerous Los Alamos
Scientific Laboratory Reports, conference proceedings, and journal articles. A thorough
description of the early development of the method, including an extensive list of references, can

1 Throughout this section, boldface symbols are used to represent vector quantities.

2-1

)

)



be found in Chapter 3 of the book by Greenspan et al. [11]. Stochastic methods are based on the
Monte Carlo technique pioneered by Ulam, Von Neumann, et al. [12]. Current state-of-the-art
radiation transport calculations utilize both deterministic and stochastic codes in the hybrid
radiation transport methodology. A paper by Mosher et al. [13] provides a more current discussion
of the development and implementation of hybrid methods for radiation shielding calculations. The
computer codes used in this report are briefly described in Section 2.4.

2.1 Deterministic calculations

Modern computer codes based on deterministic methods are generally referred to as discrete
ordinates or Sy codes. Although there are differences among the major discrete ordinates
transport codes currently in use, all of them are based on discretizing the spatial, energy, and
angular variables and solving the resulting set of equations using numerical methods. The
techniques used to discretize energy, space, and angle are discussed in this section.

2.1.1 Energy discretization

Energy discretization in the discrete ordinates method is accomplished through the multigroup
(MG) approximation. In this method, the energy range of interest [Emin, Emax] is divided into G
intervals or groups. The standard convention is to establish group one as the highest energy
group, with an upper group boundary Eq equal to E4x, and a lower group boundary of E;. The

group numbers increase as energy decreases. The energy E lies within group g if
Eg <E< Eg_1.2

For a given energy group g, the group flux and external source at position r with direction Q are
defined as

Eg_q
Py(r, Q) = ¢, (r,E, Q) dE
Eg
and
qy(r, Q) = f qq4(r.E, Q) dE.

Eq

A set of MG cross sections is generated by averaging the continuous-energy (CE) cross-section
data over the energy groups using an appropriate weighting function.

2 While most deterministic codes (e.g. DORT, TORT, PARTISN) follow this convention, Denovo uses group zero for
the highest energy group. In this case the energy E lies within the group g if Eg+1 < E < Eg. The notation used
throughout this section follows the standard convention, with group numbers beginning with one.
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Applying the MG approximation to Eq. (2) yields the MG transport equation for the flux in group
g:

G

Q-Vo,(r,Q) + o,(r)p(r,Q) = z f 059q' (T, 0)y(r,Q)dQ + q,4(r, Q). (5)
g=1 4T

The standard approach in discrete ordinates calculations is to represent the angular
dependence of the scattering cross section using a Legendre polynomial expansion:

N
2n+1
4

O-S,ggl(r! w) = Pn(w)asn,ggr(r)J (6)

n=0

where P, is the Legendre polynomial of order n, and the osn gg Values are referred to as the
moments of the scattering cross section. The zeroth moment, osn gg, iS the total cross section for
scattering from group g'to group g. MG cross-section libraries used for LWR shielding analyses
typically represent the angular distribution of scattering cross sections using a maximum order N
in EqQ. (6) ranging from three to seven.

For the hypothetical scenario of particle transport in a medium in which all scattering is isotropic,
a Py expansion would be adequate. In actual practice, scattering is rarely isotropic. The degree
of anisotropy in a scattering cross section is dependent on the isotope and the neutron energy.
In general, neutron scattering becomes increasingly anisotropic as the neutron energy
increases and/or the mass of the scattering nucleus decreases [14].

2.1.2 Spatial discretization

In discrete ordinates transport calculations, the problem geometry is discretized into cells or
voxels. Depending on the size and complexity of the system being modeled, the number of cells
can range from thousands to tens or even hundreds of millions. For the majority of discrete
ordinates codes, a regular structured mesh is employed. Typical mesh geometries for structured
mesh codes are two-dimensional (2D) and three-dimensional (3D) Cartesian geometry and
one-dimensional (1D), 2D, or 3D cylindrical geometry. In most shielding analyses, including the
calculation of fluxes in a reactor system, either a 3D cylindrical or 3D Cartesian geometry is
applied. While some unstructured mesh discrete ordinates codes are available, the discussion
in this report is limited to the more widely used structured mesh codes.

Most shielding calculations are performed using models that include a wide variety of
components, not all of which are best represented by a single coordinate system. For example,
cylindrical geometry is well suited to modeling the cylindrical portions of an RPV, but not the
lower hemispherical RPV head, fuel assemblies, or many of the core internals. In addition, a
cylindrical coordinate system with its Z-axis oriented with the vertical axis of an RPV is not well
suited to modeling the cylindrical nozzles whose axes are orthogonal to the Z-axis of the
coordinate system.

Each spatial cell in a deterministic transport model is filled with a single material. A material may
be an isotope, an element, a compound such as water, an engineering material such as
stainless steel or concrete, or a mixture of any of these, such as a region represented by a
homogenization of steel and water. In typical discrete ordinates calculations, the boundaries
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where material changes occur will not necessarily coincide perfectly with voxel boundaries, so
some voxels will overlap two or more distinct materials. Early discrete ordinates codes such as
DORT [15], [16] and TORT [15], [17], [18] assign the material with the maximum volume fraction
in such a voxel. Some modern discrete ordinates codes like Denovo [19] and PARTISN [20]
perform volume weighting of the materials in such cells and create a mixed material to better
model radiation transport through that cell. An example of the effect of material mixing is seen in
Figure 2-1 and Figure 2-2. In Figure 2-1 the voxels that include the RPV clad (a stainless steel
layer with a thickness of 0.56 cm) are modeled as either coolant, stainless steel (RPV clad), or
carbon steel (RPV base metal). With material mixing (Figure 2-2), the same voxels are modeled
as mixtures of two or three of those materials. While the use of material mixing provides a more
accurate transport solution, it also increases the memory requirements for a given calculation.
Codes like Denovo allow the user to specify a tolerance level for the creation of unique mixed
materials.

In addition to the approximation introduced by discretizing a transport model into cells, discrete
ordinates solutions are also affected by the differencing scheme that is used to relate the
directional flux at the center of a spatial cell center to the flux at the cell boundaries. Differencing
schemes that are used in current discrete ordinates codes include the following:

weighted diamond difference (WDD)
theta weighted (TW)

directional theta weighted (DTW)
linear discontinuous (LD)

trilinear discontinuous (TLD)

step characteristic (SC)

Various publications [18], [19], [21], [22] provide useful information regarding the characteristics
and application of these schemes. The most commonly used differencing schemes in RPV
fluence calculations are TW and DTW. The LD scheme is used for the majority of the Denovo
calculations performed in this analysis. The SC scheme is often used in the discrete ordinates
step(s) of a hybrid radiation transport sequence (Section 2.3).

The accuracy that can be obtained in a discrete ordinates solution is dependent on the
differencing scheme and the spatial mesh intervals. Furthermore, the mesh and differencing
scheme can be interdependent. For example, the LD scheme tends to give very accurate
results on well-refined meshes, but it also tends to be sensitive to the aspect ratio of the mesh
cells. There are no universal rules that can be applied to ensure that a spatial mesh and
differencing scheme are appropriate for a discrete ordinates calculation.

Determination that a solution has converged with respect to the spatial discretization is typically
obtained by parameter studies for a given model. Petrovic and Haghighat [23] present meshing
parameter studies for 2D cylindrical R6 vessel fluence calculations using DORT. Davidson and
Burre [24] present meshing studies for 2D cylindrical RZ and 3D XYZ discrete ordinates
calculations of gamma transport using DORT, TORT, and PARTISN models of spent fuel sources
in a fuel cask. Regulatory Guide 1.190 provides general guidelines for spatial mesh in 2D
cylindrical (R8 and RZ) geometries, but it has no recommendations for Cartesian geometries.
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Figure 2-1 Two-dimensional slice of the PWR reference model at Z =200 cm for a Denovo calculation with uniform 1 cm mesh
intervals in X, Y, and Z. Material mixing is suppressed in the Denovo spatial discretization. The detail plot on the
right shows a close-up of aregion that includes the core barrel, neutron pad, coolant, RPV clad, and RPV base
metal. The light gray lines are the Denovo spatial mesh, and the dotted black lines in the right-hand view represent
the radial boundaries of the core barrel, neutron pad, RPV clad, and RPV base metal
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Figure 2-2 Two-dimensional slice of the PWR reference model at Z = 200 cm for a Denovo calculation with uniform 1 cm mesh
intervals in X, Y, and Z. Material mixing is applied in the Denovo spatial discretization. Voxels with mixed materials
are shaded green. The detail plot on the right shows a close-up of aregion that includes the core barrel, neutron
pad, coolant, RPV clad, and RPV base metal. The light gray lines are the Denovo spatial mesh, and the dotted black
lines represent the radial boundaries of the core barrel, neutron pad, RPV clad, and RPV base metal. The integers in
each of the mixed material voxels are mixed material numbers. The volume fractions for several voxels along the
RPV clad and RPV base metal are shown
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2.1.3 Angular discretization

In discrete ordinates calculations, particle travel is allowed only in a finite set of discrete
directions. The angular flux in each of these directions is calculated using transport sweeps to
solve the discrete ordinates equations. The scalar flux is then formed by integrating the angular
fluxes using numerical quadrature, with each quadrature direction having a specified quadrature
weight. The accuracy that can be obtained in solving the transport equation using the discrete
ordinates method is dependent on several factors, including the set of quadrature weights and
ordinates that is used. While there is no standard procedure for choosing an adequate set,
Duderstadt and Martin [8] suggest that the following criteria should be considered:

1. Projection invariance. In cases where there is no a priori knowledge concerning the
angular flux in the solution space, it is reasonable to select a quadrature set that is
invariant with respect to allowable orientations of the physical domain. For 3D Cartesian
geometry, this means quadrature ordinates should be invariant under arbitrary 90°
rotations about the coordinate axes, and 180° reflections about the XY, XZ, or YZ
planes. These conditions are met by the widely used level-symmetric Sy quadrature
sets®. Regulatory Guide 1.190 states that an S8 fully symmetric angular quadrature must
be used as a minimum for determining the fluence in the vessel, with the potential need
for higher-order quadratures (i.e., quadratures with a greater number of ordinates) in
reactor cavity fluence calculations.

2. Positivity of the scalar flux. The scalar flux should always be positive. Choosing a
guadrature set in which all the weights are positive will ensure integration of a positive
scalar flux provided the angular fluxes are positive. Level-symmetric Sy quadratures
have negative weights for orders exceeding S20, which limits their ability to use
increasing quadrature orders as a means of confirming that a solution has converged
with respect to quadrature.

3. Accurate evaluation of angular integrals. The flux moments and the source should be
integrated accurately with a minimum number of directions and weights.

While projection invariance is desirable in general, in some cases noninvariant quadratures are
better suited to a particular application. Abu-Shumays [25], [26] developed quadruple range
(QR) quadratures to accurately integrate functions that are discontinuous across octant
boundaries of the unit sphere. Because the QR sets have directions closer to the coordinate
axes than level-symmetric Sy sets with the same number of angles, the QR sets often provide
superior solutions for models which have material interfaces along any of the coordinate axes
and/or particle streaming through gaps that are parallel to a coordinate axis [27], such as the
cavity gap between an LWR’s RPV and bioshield.

Figure 2-3 shows the quadrature ordinates and weights for the level symmetric S8 and S16
guadratures, which are widely used in RPV fluence calculations. Figure 2-4 shows the ordinates

3 The notation Sn refers to a quadrature set with N/2 direction cosines with respect to each of the coordinate axes.
Thus, for example, the S8 quadrature shown in Figure 2-3 in has four direction cosines with respect to the X, Y, and Z
axes. While the value of N is often written as a subscript, the convention in this report is to avoid subscripts, which
could become difficult to read for some of the QR quadrature sets considered in Section 6.
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and weights for S16 and QR8T* quadratures, each with 36 angles per octant in a triangular
arrangement. Note that the QR8T quadrature has ordinates closer to each of the coordinate
system axes. Consequently, QR8T quadrature is likely to be more appropriate than S16
guadrature for problems in which particle streaming near the coordinate axes is a significant
transport path. This behavior is illustrated in Section 6.

Numerous other types of quadrature sets have been developed in attempts to improve the
accuracy and/or efficiency of discrete ordinates solutions. Carew et al. [28], [29] developed
uniformly distributed equal weight quadratures and uniform Gauss weight quadratures to provide
the ability to systematically increase quadrature order while maintaining positive weights. This
work was motivated by the inability of the standard level symmetric SN sets to be refined beyond
order 20. Longoni and Haghighat [30] developed an ordinate splitting technique for problems in
which the particle flux is peaked along certain directions of the unit sphere. Ahrens [31] developed
new quadratures that are invariant under the icosahedral rotation group, but not under 90°and
180°rotations. Fromowitz and Zeigler [32] developed large quadrature sets with more than
approximately 1,000 angles per octant. These were developed to reduce ray effects® in problems
that have significant regions with low-scattering or nonscattering media.

A recent paper by Manalo, Ahrens, and Sjoden [33] provides an overview of their work in
guadrature development. While many of the quadrature sets discussed in the references can be
used directly in standard discrete ordinates radiation transport codes such as TORT, PARTISN,
and Denovo, methods such as the ordinate splitting technique [30] require modifications to the
transport sweep routines.

4 For QR quadratures the notation QRNT refers to a QR set with N direction cosines with respect to the Z-axis and a
triangular arrangement of azimuthal angles on the polar levels. The notation QRMxN refers to a QR set with M polar
levels and N azimuthal angles on each polar level.

5 Ray effects can occur in multidimensional discrete ordinates calculations, particularly those with highly localized
sources and regions with minimal or no scattering. Ray effects are characterized by nonphysical oscillations in the
angular flux solution and even in the scalar flux. Examples of ray effects are presented in Section 6.
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Figure 2-3 Level symmetric S8 and S16 quadrature ordinates and weights in one octant of
the unit sphere. The circles represent the direction cosines in X, Y, and Z on the
unit sphere. Associated weights are indicated by circle color and size. These
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Figure 2-4 S16 and QR8T quadrature ordinates and weights in one octant of the unit
sphere. The circles represent the direction cosines in X, Y, and Z on the unit
sphere. The associated weights are indicated by circle color and size. The S16

set is rotationally invariant, while the QR8T set is not. Both sets have eight polar
levels and 36 angles per octant
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2.1.4 Solution of the discrete ordinates transport equations

Discretization of a transport model in energy, space, and angle in a discrete ordinates
calculation produces a set of linear equations which are solved iteratively until a specified
convergence criterion is met. Because the number of unknowns for discrete ordinates
calculations is generally very large, substantial computing resources are required for many
applications of this method. For example, the Denovo calculations for this study typically
included more than 10'° unknowns based on mesh spacing, MG library, and quadrature
selection.

Because these calculations are computationally expensive, a variety of acceleration techniques
have been developed to reduce the time required to obtain a converged solution. The most
commonly used acceleration techniques in modern discrete ordinates codes include partial-
current rebalance (PCR), diffusion synthetic acceleration (DSA), and transport synthetic
acceleration (TSA). The primary acceleration technique in Denovo is based on Krylov methods,
which can be substantially more efficient than other acceleration schemes.

The usual output of a discrete ordinates calculation is the scalar flux in every mesh cell in each
energy. The scalar fluxes can be combined with MG response functions to obtain other
guantities of interest, such as reaction rates, or dose rates.

2.2 Stochastic calculations

Radiation transport computer programs based on stochastic methods are generally referred to
as Monte Carlo codes. Monte Carlo radiation transport calculations are based on the simulation
of particle histories. Each history is based on sampling probability distribution functions (PDFs)
that govern each event as a particle is born (e.g., a neutron is created by fission), undergoes
various interactions as it traverses through the model phase space, and is finally absorbed or
escapes the boundary of the model.

As particle histories are accumulated, the model phase space is populated with a distribution of
particle positions, energies, and directions. The population in one or more region(s) of interest
can be obtained through the use of particle tallies. These tallies can be very localized, or they
can encompass large portions of the model (Section 2.2.3).

Monte Carlo calculations inherently provide higher-fidelity solutions than discrete ordinates
calculations, as they do not require the discretization in energy, space, and angle imposed by all
discrete ordinates codes. Because of this, Monte Carlo simulations are generally considered to
be the most accurate method for high-fidelity radiation transport calculations. Until the advent of
hybrid radiation transport (Section 2.3), Monte Carlo calculations were generally used on a very
limited basis due to the amount of central processing unit (CPU) time required to achieve a well-
converged solution.

The Monte Carlo calculations in this study used the MCNP [34] and Shift [35] computer codes.
2.2.1 Continuous-energy cross sections
Monte Carlo calculations can use either CE or MG cross-section data. CE cross-section libraries

should be used whenever possible, as they provide a higher fidelity modeling of the physics
involved in particle transport.
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CE libraries used in Monte Carlo calculations include data for all reaction types that are present
in the Evaluated Nuclear Data Files (ENDF) data [36], [37]. The cross-section values are given
on an energy grid that is sufficiently dense that linear-linear interpolation between the energy
grid points reproduces the evaluated cross sections within a specified tolerance. The data
libraries used by MCNP have cross sections that are reproduced to a tolerance of 1% or less,
with many of the more recent evaluations having tolerances of 0.1%. The data libraries used by
Shift have tolerances of 0.1%. In addition to the cross-section values, CE libraries include
kinematic data that provide PDFs for the energy and angular distributions of secondary
particles.

2.2.2 Spatial modeling capabilities

Unlike discrete ordinates calculations, in which the problem geometry is defined based on a
mesh grid, Monte Carlo calculations provide the ability to exactly model the majority of the
geometric features in most radiation transport problems. Both MCNP and Shift allow modeling
of linear and quadratic surfaces (planes, spheres, cylinders, cones, ellipsoids, hyperboloids,
paraboloids), as well as elliptical or circular torii with axes parallel to the X-, Y-, or Z-axis.

This aspect of Monte Carlo modeling is particularly beneficial in vessel fluence analyses, as the
vessel, closure head, nozzles, and reactor vessel internals (RVIs) can all be represented
without the meshing artifacts that occur with discrete ordinates codes. Because there are no
approximations made when modeling the surfaces listed in the previous paragraph, Monte Carlo
models are sometimes referred to as exact geometric models. It must be kept in mind, though,
that the exactness refers to the representation of the model as defined by the analyst. It is
incumbent on the analyst to construct a model that is a faithful representation of the geometry of
the system being modeled and to consider modeling issues (e.g., tolerances, as-built
dimensions) that may cause the geometry model to deviate from the actual system being
modeled.

2.2.3 Monte Carlo tallies

Radiation transport calculations that are performed using the discrete ordinates method provide
a solution that contains the particle flux as a function of position and energy throughout the
model phase space. In contrast, the output of a Monte Carlo calculation provides the flux—or
response(s) based on the flux—only for locations and energy intervals that are specified in the
problem input. These user defined regions of interest in the model are referred to as tallies. The
most commonly used types of Monte Carlo tallies are briefly defined below, and further details
can be found in the literature [34], [38], [10].

Cell tallies are used to obtain the particle flux in one or more cells that are part of the model
geometry definition. For example, if the core barrel is modeled as a single cell, then a cell tally
for the core barrel will provide the average flux in the core barrel over specified energy intervals.

Surface tallies are used to obtain the particle flux crossing a given surface that is a boundary
between two adjacent cells.

Point detector tallies are deterministic estimates of the flux at a point in space rather than the
flux averaged over a cell or surface. Point detectors are also referred to as next event
estimators, as they involve the computation of the contribution to a point detector tally at source
and collision events throughout a particle history, as if the next event were a particle trajectory
directly to the detector point without further collision.
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Mesh tallies provide estimates of the flux in every voxel of a Cartesian or cylindrical mesh that is
superimposed over the problem geometry. In the limiting case, a mesh tally can provide a global
solution with spatial resolution that can be comparable to, or even finer than, the spatial mesh of
a discrete ordinates calculation of the same model. Until fairly recently, the use of mesh tallies in
many Monte Carlo simulations was impractical because the problem run times that would be
necessary to achieve acceptable convergence were unacceptably long. With the advent of
hybrid radiation transport methods (Section 2.3), highly detailed mesh tallies are now feasible
for many shielding analyses, including vessel fluence calculations.

Monte Carlo tallies provide estimates of the mean and variance for the tally quantities of
interest. The standard approach for reporting tally results is to provide the mean and the relative
error. Given a mean value p and a variance c?, the tally relative error RE is given by

RE = —. @)

Monte Carlo tallies are generally considered reliable if the relative error is less than 10%, except
in the case of point detectors. Because point detectors are more prone to false convergence
than other tally types, it is recommended that they be converged to less than 5% relative error
for reliability.

2.2.4 Analog Monte Carlo and variance reduction methods

The simplest type of Monte Carlo radiation transport calculation is an analog calculation. In
analog calculations, the natural probabilities for all the events that occur during a particle history
are used. This approach is referred to as analog because it is directly analogous to the events
that occur naturally during each particle’s history.

Analog Monte Carlo simulations can work well when a significant fraction of the source particles
contribute to the tally (or tallies) of interest. For deep penetration shielding calculations, though,
the fraction of source particles that reach a tally region can be very small. For these problems,
an analog simulation is not feasible because few of the source particles reach the tally region,
and the statistical error associated with the tally mean is unacceptably high.

An example is a simplified one-dimensional radial geometry that is representative of the PWR
reference model at the core midplane. For an analog calculation with 107 source neutrons, only
188 neutrons “survive” to reach the RPV. Obtaining a well-converged solution to this type of
problem requires either extremely long computational times or the use of variance reduction
methods, which are used to reduce the statistical uncertainties associated with each tally value.

Before discussing variance reduction methods, it is necessary to introduce the concept of a
particle’s weight. Weight can be defined as “an adjustment for deviating from a direct physical
simulation of the transport process” [34]. In an analog Monte Carlo simulation, every particle has
a unit weight, as no adjustments are made to the natural probability distributions that govern
each event in the particle histories.

Most variance reduction techniques alter or bias the natural probability distributions in an effort
to improve the statistical convergence of the problem tallies. The purpose of these biasing
techniques is to increase the number of particles that contribute to the tallies of interest without
erroneously affecting the mean tally results. At every instance in which a biased distribution is
sampled, the particle weight must be adjusted so that the biased weight is given by
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Some of the more commonly used variance reduction methods are briefly discussed in this
section. Further details on these and other variance reduction methods can be found in the
references.

1. Source biasing

2.

Source biasing can be illustrated using the example of Monte Carlo calculations of RPV
fluence. It is well known that within the beltline region of a typical LWR, the outermost
fuel assemblies dominate the neutron flux levels in the RPV. Furthermore, for the
calculation of the flux of neutrons with energies above 1 MeV, it is clear that only
neutrons born with an energy above 1 MeV have any chance of reaching the RPV with
an energy of at least 1 MeV. It is also known that the probability of a source neutron
reaching the RPV increases as the source energy increases.

a. The fraction of source neutrons that reach the RPV can thus be increased by
biasing the probabilities that govern the spatial and energy sampling of the
source. The simplest example would be a case in which the spatial distribution of
source neutrons in the core is uniform. In this case, any location within the core
has an equal probability of being sampled as source patrticles are generated.
Because neutrons born near the outer edge of the core have a significantly
higher probability of reaching the vessel compared to neutrons born in the interior
modules, the distribution used to sample the starting location can be biased so
that more neutrons are born near the outer edge of the core. In doing so, the
weight assigned to each source particle must be modified by the ratio of the
unbiased and biased probability distributions, as shown in Eq. (8).

b. In a similar manner, the energy distribution of the source neutrons can be biased
by sampling from a probability distribution that is more heavily weighted toward
higher neutron energies. An example of the effects of spatial and energy biasing
for an RPV fluence calculation is provided in Section 2.3.4.

Implicit capture

Implicit capture is a variance reduction method that is particularly useful for deep
penetration shielding problems in which a particle’s history may be terminated very close
to a tally region. When implicit capture is used, a particle is not terminated if it undergoes
an absorption reaction. Instead, the particle undergoes a scattering interaction and has
its weight reduced. Given an absorption cross section X, and a total cross section %, a
particle whose weight is w; is scattered and assigned a weight w, of

w, = w; X (1—;—:) 9
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3. Particle splitting and Russian roulette

Particle splitting and Russian roulette are variance reduction methods used to control the
population of particles in various regions of the problem space. Using these methods,
many particles of low weight are tracked in important regions, whereas in unimportant
regions, only a few particles of high weight are tracked. The weight of each particle is
adjusted at each splitting or rouletting event to ensure that the simulation remains
unbiased.

An example of splitting would be a problem in which an optically thick shield—that is, a
shield with a thickness of many mean free paths—is placed between a source and a
detector where the flux is to be tallied in the simulation. The shield can be split into
multiple layers in the Monte Carlo model, with the particles being split each time they exit
one layer and enter a layer nearer the detector. With each split of a single particle into N
particles, the weight of the N patrticles is reduced by a factor of 1/N.

The Russian roulette technique is essentially the opposite of splitting. Particles that are
moving into unimportant regions of the model or whose weight has fallen below a
specified value can be rouletted. In this process, a random number is generated and
compared to a parameter such as 1/d, where d is a parameter in the range [2,10] [38]. If
the random number is greater than 1/d, then the history is terminated. If it is not, then the
history is continued, and the particle weight is increased by a factor of d.

Splitting and rouletting can also be performed based on energy for cases in which
certain energy ranges are more important than others.

Weight windows
The weight-window variance reduction technique provides splitting and rouletting of

particles as a function of space or of both space and energy. The technique is illustrated
in Figure 2-5.

@ W.<W<Wy: particle
history continues with

no change in weight
W < W,: Russian roulette is g g

v

played; the particle is either o kil O« W> Wy: particle is split
terminated or its weight is T ~_ o . )
increased to a value v%ithin ( ‘o .._%;j; with all the split particles
the weight window o4 within the weight window
+— Weight Window —*| Particle Weight (W)
Wi Wu

Figure 2-5 lllustration of weight windows as a variance reduction method for Monte Carlo

calculations. Particles of weight Wenter the weight window, which has lower
and upper bounds of W; and W.. The size of each particle in the figure is
proportional to its weight
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For each phase space (space or space-energy) cell in the weight-window map, the user
supplies a lower weight bound W. The upper weight bound Wy, is calculated as a user
specified multiple of the lower weight bound. These bounds define a window of
acceptable particle weights. If a particle’s weight is above the upper bound, then it is split
so that all of the split particles are within the weight window. In the illustration, the
particle that enters with a weight W above the weight window’s upper boundary Wy, is
split into three particles, each of which has weight W/3. If a particle’s weight is below the
lower bound, then Russian roulette is played. The particle history is either terminated, or
the particle continues with its weight increased to a value within the window. In the
illustration, the particle is killed with a 50% probability or continued with a weight of 2W.
Particles with weights within the lower and upper bounds are continued with no change
in weight.

Judicious use of variance reduction techniques can make it possible to obtain well-
converged Monte Carlo simulations in substantially less time than in analog simulations.
The hybrid radiation transport method provides an efficient, effective means of
generating space-energy weight windows and source biasing parameters that can
reduce Monte Carlo run times by orders of magnitude.

2.3  Hybrid methods

Hybrid methods are a class of techniques used to obtain a solution to the Boltzmann transport
equation using a combination of deterministic and stochastic calculations. The deterministic
calculations in hybrid calculation sequences are used to generate variance reduction (VR)
parameters (space- and energy-dependent weight windows and source biasing parameters)
that are then used in Monte Carlo transport calculations to obtain the desired quantities of
interest. Hybrid calculations can be run using ADVANTG [39] and MCNP, and they can also be
run with the Denovo and Shift codes in Exnihilo, the massively parallel radiation transport code
suite developed at Oak Ridge National Laboratory (ORNL).

2.3.1 Particle importance and adjoint flux calculations

Hybrid radiation transport methods are based on the concept of particle importance. A particle’s
importance is a measure of how likely it is to contribute to a response of interest, such as the
flux or a reaction rate at a particular location within a particular energy range. For example, a
neutron with an energy of 2 MeV in the downcomer region of a PWR has a much greater
probability of contributing to the fast fluence in the RPV than a neutron of the same energy in an
inner assembly of the core. Therefore, the neutron in the downcomer has a greater importance
than the equivalent-energy neutron within the core.

The particle importance as a function of space and energy can be obtained by solving the
adjoint form of the Boltzmann transport equation [9]. In an adjoint calculation, the adjoint source
is the response of interest at a specified location or locations. For example, if the response of
interest is the fast fluence in the beltline region of the RPV, then the adjoint source is taken to
be the flux of neutrons with energy greater than 1 MeV within the RPV over the axial extent of
the beltline region. Figure 8 shows the resulting adjoint flux, and hence the importance, for
neutrons that will reach the RPV with energies greater than 1 MeV. As expected, the outermost
fuel pins are the most important core regions with respect to RPV fluence.
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Figure 2-6  Adjoint fast (E > 1 MeV) neutron flux for the PWR reference model with
homogenized fuel assemblies. Plan view at Z= 200 cm. The adjoint source
region is in the reactor from an elevation of 0-400 cm

2.3.2 Hybrid calculations using the CADIS methodology

The Consistent Adjoint Driven Importance Sampling (CADIS) methodology [40], [41] was
developed to generate space-energy weight windows and consistently biased sources to
accelerate the convergence of source-detector type problems in which a single localized
response (tally) is the quantity of interest in a Monte Carlo simulation. The basic steps of a
hybrid calculation sequence using the CADIS methodology are listed here. A detailed derivation
can be found in the references.

1. The adjoint flux for the problem of interest is solved using a discrete ordinates
calculation. The adjoint source is modeled as the response of interest (e.g., the fast flux)
at the location where the Monte Carlo tally will be computed. As noted in Section 2.3.1,
the adjoint scalar flux ¢, (r) represents the importance of a particle such as a neutron at
a given location and energy in contributing to the response of interest at the adjoint
source location (i.e., the Monte Carlo tally location).
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2. Weight-window target values wy(r) for the Monte Carlo calculations are constructed as

R

= (10)
bg (1)

wy(r) =

where R is an estimate of the response of interest based on the adjoint calculation.

3. A source distribution g that is biased in space and energy in a manner that is consistent
with the weight windows is constructed as

qg(M)pg (1)

R (11)

q\g (r) =

where qg(r) is the source for the forward transport problem.

4. The Monte Carlo calculation is run using the space-energy weight windows from Eg. (10)
and the biased source definition from Eq. (11).

The CADIS methodology has been applied to a wide range of shielding calculations. It can
provide speedups of orders of magnitude in obtaining a well-converged Monte Carlo solution.

2.3.3 Hybrid calculations using the FW-CADIS methodology

While the CADIS method is very effective for providing substantial speedups in the convergence
of Monte Carlo simulations for a single tally, it is not well suited to Monte Carlo simulations in
which tallies at multiple locations or mesh tallies are the quantities of interest. To converge
multiple tallies to the same relative uncertainty in a single Monte Carlo simulation using CADIS,
the adjoint source corresponding to each tally must be weighted inversely with the expected
tally value [42].

In the FW-CADIS (Forward-Weighted CADIS) method, a forward discrete ordinates calculation,
is performed to estimate the response of interest at each location to be tallied in the Monte
Carlo simulation. The inverse of those response values is then used to weight the adjoint source
strength at each location. Using this adjoint source, the CADIS methodology outlined in Steps
1-4 of Section 2.3.2 is used to construct weight windows and a biased source for use in the
Monte Carlo simulation.

2.3.4 An FW-CADIS example

The FW-CADIS methodology can be illustrated with the following example. Consider a Monte
Carlo simulation that is performed to obtain the fast (E > 1 MeV) neutron flux in the RPV of the
PWR reference model over an axial range that extends from the top of the lower head to the
bottom of the closure head. The flux will be obtained using a cylindrical mesh tally in a Monte
Carlo simulation. The first step of the FW-CADIS sequence is a discrete ordinates calculation
that provides an estimate of the fast flux for the entire solution space. The inverse of the
discrete ordinates forward flux is then used to weight an adjoint source that corresponds to the
cylindrical mesh tally for the Monte Carlo simulation.
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Using the adjoint source derived from the forward discrete ordinates solution, an adjoint discrete
ordinates calculation is then run to construct the space-energy weight windows and the biased
source for the Monte Carlo simulation.

Figure 2-7 illustrates the weight window lower bounds for two energy groups from the

SCALE [43] 27N19G cross-section library that is often used for generating variance reduction
parameters. (Recall from Eq. 10 that the weight window bounds are inversely proportional to the
adjoint flux, so regions of high importance have correspondingly low weight window bounds.)
The left side of the figure shows the weight window's lower bounds for neutrons with energies
between 6.3763 and 20.0 MeV (group 1 of the 27-group structure). The right side shows the
lower bounds for neutrons with energies between 0.90718 and 1.4227 MeV (group 5). It is clear
from this figure that the higher energy neutrons are much more important in all regions of the
model space and that they are attenuated much less rapidly. (Note that since weight window
bounds are inversely proportional to the importance estimate provided by the adjoint flux,
locations with higher weight window bounds are less likely to contribute to the tallies of interest.)

Because the outer regions of the core have higher importance with regard to contributions to the
flux in the RPV, the spatial source distribution is biased so that more particles are sampled from
the outer assemblies, with their source weights reduced to maintain an unbiased® simulation.
Figure 2-8 shows the spatial distribution and particle weights for 10® source neutrons in an
MCNP simulation. The left side of the figure shows the distribution for a case with no VR
applied. As expected, all the source neutrons have a weight of 1.0, and they are distributed
uniformly throughout the core for this example calculation, which has a spatially uniform source.
The right side illustrates the spatial distribution for an MCNP simulation using variance reduction
parameters from ADVANTG. The spatial distribution that will be sampled in the Monte Carlo
simulation is strongly biased toward the outer assemblies, with the source weights being
reduced by several orders of magnitude because of the higher sampling probability from the
biased distribution. Only a few source points are sampled from the interior portion of the core,
and their weights are increased by several orders of magnitude to offset their low sampling
probability.

In addition to the spatial biasing of the source in the reactor core, the energy distribution is
biased in a manner that is consistent with the weight windows. Figure 2-9 shows the adjoint flux
spectra at five locations within the core. In addition to the decrease in the magnitude of the
adjoint flux at locations further from the edge of the core, it is also clear that the spectrum of the
adjoint flux changes significantly as a function of location. In particular, for the two locations
furthest from the edge of the core (Locations 1 and 2), the variation in the spectrum is 10 orders
of magnitude or more. This is consistent with the fact that neutrons born with energies in the
lower part of the energy range of interest are much less likely to be transported from the inner
assemblies to the RPV than neutrons born near the periphery of the core.

The effect of biasing the source in energy is illustrated in Figure 2-10. The left side of this figure
shows the energy distribution for neutrons born with energies greater than 1 MeV when
sampled from a Watt fission spectrum. The right side shows the energy distribution for the
biased source. It can be seen that the source is biased toward higher energies, which is

6 In Monte Carlo terminology, an unbiased simulation is sometimes referred to as a fair game.
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consistent with the greater importance of high-energy neutrons contributing to the fast neutron
flux in the RPV.

The result of applying the weight windows and source biasing to a Monte Carlo simulation is
illustrated in Figure 2-11. The left side of this figure shows the collision locations and particle
weights for the small number of the 10° source neutrons that are transported to the RPV in a
simulation with no variance reduction applied. Note that some of the particle weights are below
1.0, even though weight windows have not been applied. These variations are due to the use of
the default implicit capture method in the MCNP simulation. The right side of the figure shows
the collision locations and particle weights for the simulation using ADVANTG-generated weight
windows and source biasing. Here it can be seen that there is an increase of several orders of
magnitude in the number of particles experiencing collisions in the RPV, with all of those
collisions occurring with particles whose weight has been reduced to provide an unbiased
simulation.

2.3.5 Accuracy considerations for the discrete ordinates forward and adjoint calculations
in hybrid calculations

One of the key factors of the hybrid radiation transport method is that the deterministic
calculations performed to generate space-energy weight windows and source biasing
parameters do not need to be highly accurate. Moderate-fidelity discrete ordinates calculations
are capable of producing variance reduction parameters that are highly effective in reducing the
computational time required to achieve well-converged Monte Carlo tallies. Consequently, the
Denovo calculations that are run to generate variance reduction parameters with ADVANTG
and Shift are typically performed using broad-group cross-section libraries and relatively coarse
angular and spatial discretizations. This approach reduces the discrete ordinates run time and
computational resource requirements (e.g., number of processors and amount of memory) while
still providing highly effective variance reduction.
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Figure 2-7 ADVANTG-generated weight-window lower bounds for neutrons with energies from 6.3763—20.0 MeV and for those
with energies from 0.90718-1.4227 MeV. The adjoint source region for the ADVANTG calculation is the RPV,
including the inlet and outlet nozzles, from Z=-100 cm to 648 cm

2-21



Pseudocolor
Var: SOURCE_WEIGHT
Constant.

Max: 1.000
Min: 1.000

Pseudocolor
Var: SOURCE_WEIGHT

. 3.83%e+04
—241.4

1.518
- 0.009548

6.004e-05
Max: 3.83%9e+04
Min: 6.004e-05

Figure 2-8 Spatial distribution and weights of 106 source neutrons for an analog MCNP simulation and an MCNP simulation
using weight windows and source biasing generated by ADVANTG. The adjoint source region for the ADVANTG
calculation is the RPV, including the inlet and outlet nozzles, from Z =-100 cm to 648 cm. Note that the biased
source samples are primarily from the outermost assemblies, which is consistent with the adjoint fluxes and weight

windows shown in Figure 2-6 and Figure 2-7
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Figure 2-9 Plan view of the PWR reference model with homogenized assemblies at Z = 200 cm, and the adjoint flux spectra at
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Figure 2-10 Spatial distribution and energies of 10° source neutrons for an analog MCNP simulation and an MCNP simulation
using weight windows and source biasing generated by ADVANTG. The adjoint source region for the ADVANTG
calculation is the RPV, including the inlet and outlet nozzles, from Z =-100 cm to 648 cm. Note that the biased
source samples are primarily from the outermost assemblies, consistent with the adjoint fluxes and weight windows
shown in Figure 2-6 and Figure 2-7
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biasing parameters from ADVANTG
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2.4  Computer codes used in this study

The radiation transport calculations used for the analyses in this report were performed using
the deterministic and hybrid methods. The codes used for these calculations are briefly
described in this section.

2.4.1 Deterministic calculations

The deterministic calculations used for the work presented in this report, including the
deterministic portion of all hybrid calculations, were performed using the Denovo code, which
has superseded the 2D DORT and 3D TORT codes in the DOORS package [15]. Codes in the
DOORS package were developed at ORNL but are no longer maintained. The final version of
DOORS (DOORS3.2a) was released in May 2007. Denovo has been used for all subsequent
discrete ordinates code development at ORNL.

While DORT and TORT support cylindrical and Cartesian geometries, Denovo is limited to
Cartesian geometry. However, the use of mixed materials (Section 2.1.2) in Denovo reduces the
solution artifacts that can occur with Cartesian representation of cylindrical surfaces, such as
the inner and outer radius of the RPV, when no material mixing is performed. Comparison of
Denovo and hybrid calculations (which provide exact modeling of both cylindrical and Cartesian
geometry in the Monte Carlo calculation) in later sections of this report demonstrates that with
adequate space, energy, and angular discretization, Denovo is capable of producing solutions
that capture the peak fast fluence values at the inner surfaces of RPVSs.

2.4.2 Hybrid calculations

The hybrid calculations presented in this report were run using two hybrid sequences:
MCNP/ADVANTG and Shift. In the first approach, the ADVANTG code is used to generate
space-energy weight windows and a consistently biased source for use in MCNP Monte Carlo
calculations. The deterministic portion of the hybrid sequence, which is driven by ADVANTG,
uses the Denovo discrete ordinates code. After the variance reduction parameters are
generated by ADVANTG, they are used in an MCNP calculation to obtain the final Monte Carlo
solution.

When hybrid calculations are run using Shift, Denovo is first executed to generate the variance
reduction parameters (weight windows and source biasing), as with the ADVANTG/MCNP
sequence. Shift then runs a Monte Carlo simulation using those variance reduction parameters
in the same manner as the ADVANTG/ MCNP sequence.

Because the deterministic calculations in a hybrid sequence only require moderate fidelity to
generate effective variance reduction parameters, the Denovo calculations in the
ADVANTG/MCNP hybrid sequence are typically performed with space, energy, and angular
discretizations that are relatively coarse compared to what would be appropriate for a
deterministic-only calculation.
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3 LITERATURE REVIEW OF CALCULATIONAL METHODS USED
FOR REACTOR PRESSURE VESSEL FLUENCE CALCULATIONS

The RPV fluence calculational methodologies developed by nuclear power industry companies
that follow Regulatory Guide 1.190 and are approved by the NRC are predominantly based on
the 2D/1D FLUX synthesis technique, which synthesizes 3D solutions from 2D and 1D
calculations [44], [45], [46]. The 2D/1D flux synthesis technique has been shown to provide
acceptable results when applied to RPV dosimetry at axial regions that directly surround the
active core height. However, this methodology has limitations when used in the extended
beltline region of the RPV. Recently, the 3D RAPTOR-M3G code [47] has been approved by the
NRC as a fluence methodology for the RPV traditional beltline region.

There is no currently approved methodology for fluence analysis in the RPV extended beltline
region. However, numerous 60-calendar-year NPP heat-up and cooldown limit curve reports
have been submitted to the NRC that have used the 2D/1D fluence rate methodology in the
RPV extended beltline region [48], [49], [50], [51], [52].

Recent NPP subsequent license renewal (SLR) applications for 80-calendar-year operation
([53], [54], [55]) have also used the 2D/1D fluence rate synthesis methodology in the RPV
extended beltline region. Volume 2 of NUREG-2191 [56] states the following in Section X.M2:

... The methods developed and approved using the guidance contained in RG 1.190 are
specifically intended for determining neutron fluence in the region of the RPV close to the
active fuel region of the core and are not intended to apply to vessel regions significantly
above and below the active fuel region of the core, nor to RVI components. Therefore, the
use of RG 1.190-adherent methods to estimate neutron fluence for the RPV regions
significantly above and below the active fuel region of the core and RVI components may
require additional justification, even if those methods were approved by the NRC for RPV
neutron fluence calculations ...

The following excerpts from the SLR applications provide a representative sample of the
statements that were made to justify the use of the 2D/1D fluence rate synthesis methodology in
the RPV extended beltline region:

... End-of-license (life) 80-year fluence in PTN [Turkey Point] RPV regions above the active
fuel region (e.g., in nozzle locations) are currently projected to exceed the 1 x 10%" n/cm?
threshold prior to the end of the [subsequent period of extended operation] SPEO, whereas
RPV locations below the active fuel region do not, as described in Section 4.2.1. FPL follows
related industry efforts, such as those from the Pressurized Water Reactor Owners Group
(PWROG), and will use the information from those efforts to provide additional justification for
fluence determinations in those areas prior to entering the SPEO [53].

... The methods and assumptions used for the original beltline region are considered
appropriate for the beltline region that has been extended to encompass materials projected
to experience fluence in excess of 1 x 1017 n/cm? (E > 1 MeV) at 70 EFPY, since the
extended region does not extend significantly above or below the active fuel region and no
additional reactor vessel plate materials (heat numbers) or welds are projected to experience
fluence in excess of 1 x 10" n/cm? (E > 1 MeV) ... [55].



... Some of the inlet and outlet nozzles are projected to experience neutron fluence in excess
of 1 x 10'" n/cm?. These inlet and outlet nozzles are treated as extended beltline material for
subsequent license renewal ... Studies to date have shown that the DORT model calculates
fluence in the Z direction above the core more conservatively than three-dimensional models
such as RAPTOR-M3G ... The fluence projections used in the SLR application conservatively
utilized a constant material mixture of 90% water and 10% steel above and below the core. A
sensitivity study was performed to show that this assumption was conservative compared to an
analysis based upon more representative plant specific material mixture data above and below
the core” [54].

Publications focused on fluence calculations in the RPV extended beltline region or on RVI
components above and below the core height are limited [57], [58], [59], [60], [61]. Hopkins et al.
[57] present results from analysis of ex-vessel capsules in a PWR at nozzle support elevations
using the 2D/1D fluence rate synthesis technique. Comparison of calculations to measurements
demonstrates the limitations of this analysis methodology in the region of the nozzles and
supports. In a paper by Chen et al. [58], 3D transport calculations and 2D/1D fluence rate
synthesis calculations are compared at the core barrel inner and outer radii in a PWR. Their
work concludes that the 2D/1D fluence rate synthesis technique cannot accurately capture
some important details of 3D geometry. Even within the active core height, the 2D/1D fluence
rate synthesis technique can provide inadequate results with complex geometries, such as RPV
internal structures with irregular shapes. Lippincott and Manahan [59] demonstrate that in
regions above and below the core of a BWR, the separability of the azimuthal and axial fluence
rate shape in the 2D/1D fluence rate synthesis technique does not hold. Amiri et al. [60] present
the results of a dosimetry evaluation that was performed for above-core zirconium alloy samples
in a PWR. The results indicate that the use of core-averaged, cycle-specific axial power
distributions can cause significant underestimation of fluence with the 2D/1D fluence rate
synthesis technique. Fischer and Kim [61] performed retrospective dosimetry analysis for PWR
top support plug samples from scrap surveillance capsule material. Their comparisons of
measurements with calculations using the 3D RAPTOR-M3G code generally demonstrate good
agreement.

An objective of the ongoing PWROG program is to qualify the fluence determination in the RPV
extended beltline locations. This program involves collecting measurements in the RPV
extended beltline regions of operating PWRs [62]. The measurement data collected from this
PWROG program will provide valuable information for validating fluence methodologies in the
RPV extended beltline region.
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4 ANALYSIS MODELS

4.1 PWR model

The PWR reference model is based on Watts Bar Nuclear Plant Unit 1 (WBN1). WBNL1 is a
Westinghouse four-loop design with a licensed power of 3,456 MWt. The fuel assemblies are a
Westinghouse 17 x 17 design with three 2°U enrichments: 2.11, 2.619, and 3.1 wt%. Geometry
and material specifications for the core were obtained from Godfrey [63]. Materials and
dimensions for internal structures, the RPV, and the inlet and outlet nozzles were adopted from
several sources [64], [65], [66], [67], [68], [69]. This four-loop model has quarter-core symmetry,
and calculations were performed using a quarter-core model.

The model was developed using MCNP geometry. The MCNP model can be used to run MCNP
with ADVANTG for hybrid radiation transport, Shift through Omnibus for hybrid radiation transport,
and Denovo through Omnibus for deterministic calculations. Selected parameters in the PWR
model are provided in Table 4-1. The material definitions are provided in Table 4-2.

Elevation and plan views of the PWR model are shown in Figure 4-1 through Figure 4-5.

Table 4-1 Selected model parameters for the PWR reference model
Parameter Measurement

Thermal power 3,456 MW/(t)
Core operating pressure 2,250 PSIA
Coolant temp:

Inlet 559 °F

Outlet 622.5 °F

Core 592.5 °F
Baffle plate thickness 2.85cm
Core barrel:

Inner radius 187.96 cm

Outer radius 193.68 cm
Neutron pad:

Inner radius 194.64 cm

Outer radius 201.63 cm
RPV liner inner radius:

Below Z = 402.59 cm 219.15cm

Above Z = 402.59 cm 216.45 cm
RPV inner radius:

Below Z = 402.59 cm 219.71 cm

Above Z = 402.59 cm 217.01 cm
RPV outer radius:

Below Z = 402.59 cm 241.7 cm

Above Z = 402.59 cm 244.32 cm
Bioshield inner radius:

Below Z = 630.48 cm 259.08 cm

Above Z = 630.48 cm 277.73 cm




Table 4-2  Material definitions in the PWR reference model. The isotope identifiers are of
the form ZZAAA, where ZZ is the atomic number (e.g., 8 for oxygen) and AAA is
the atomic mass (e.g., 16). The units are atoms/b-cm, where 1 b = 102 cm?

Material Density Isotope Atom density
(g/cm?3) (atoms/b-cm)
UO:; fuel; 2.11% enrichment 10.257 8016 4.5758E-02
92234 4.0480E-06
92235 4.8879E-04
92236 2.2375E-06
92238 2.2384E-02
UO:; fuel; 2.619% enrichment 10.257 8016 4.5760E-02
92234 5.0949E-06
92235 6.0671E-04
92236 2.7680E-06
92238 2.2266E-02
UO:; fuel; 3.1% enrichment 10.257 8016 4.5763E-02
92234 6.1184E-06
92235 7.1811E-04
92236 3.2985E-06
92238 2.2154E-02
Zircaloy 4 6.56 24050 3.3011E-06
24052 6.3658E-05
24053 7.2184E-06
24054 1.7968E-06
26054 8.6828E-06
26056 1.3630E-04
26057 3.1478E-06
26058 4.1891E-07
40090 2.1886E-02
40091 4.7728E-03
40092 7.2953E-03
40094 7.3931E-03
40096 1.1911E-03
50112 4.6805E-06
50114 3.1847E-06
50115 1.6406E-06
50116 7.0159E-05
50117 3.7058E-05
50118 1.1687E-04
50119 4.1449E-05
50120 1.5721E-04
50122 2.2341E-05
50124 2.7938E-05
72174 3.5413E-09
72176 1.1642E-07
72177 4.1167E-07
72178 6.0379E-07
72179 3.0145E-07
72180 7.7642E-07




Table 4-2. Material definitions in the PWR reference model (continued

Material Density Isotope Atom density
Inconel 8.19 14028 4.0487E-03
14029 2.0568E-04
14030 1.3574E-04
22046 2.1251E-04
22047 1.9165E-04
22048 1.8989E-03
22049 1.3936E-04
22050 1.3343E-04
24050 6.1820E-04
24052 1.1921E-02
24053 1.3518E-03
24054 3.3649E-04
26054 3.6134E-04
26056 5.6723E-03
26057 1.3100E-04
26058 1.7433E-05
28058 4.1759E-02
28060 1.6086E-02
28061 6.9923E-04
28062 2.2295E-03
28064 5.6778E-04
Stainless steel 304 8.0 6012 3.1745E-04
6013 3.4334E-06
14028 1.5819E-03
14029 8.0363E-05
14030 5.3038E-05
15031 6.9991E-05
24050 7.6489E-04
24052 1.4750E-02
24053 1.6725E-03
24054 4.1633E-04
25055 1.7538E-03
26054 3.4476E-03
26056 5.4121E-02
26057 1.2499E-03
26058 1.6634E-04
28058 5.3084E-03
28060 2.0448E-03
28061 8.8885E-05
28062 2.8340E-04
28064 7.2175E-05




Table 4-2. Material definitions in the PWR reference model (continued

Material Density Isotope Atom density
(g/cm?3) (atoms/b-cm)
Low-Alloy carbon steel (RPV) 7.7879 6012 9.7048E-04
6013 1.0496E-05
14028 3.4216E-04
14029 1.7326E-05
14030 1.1501E-05
24050 5.5180E-06
24052 1.0641E-04
24053 1.2065E-05
24054 3.0035E-06
25055 1.1200E-03
26054 4.8320E-03
26056 7.5117E-02
26057 1.7199E-03
26058 2.2931E-04
28058 3.0311E-04
28060 1.1588E-04
28061 5.0171E-06
28062 1.5940E-05
28064 4.0403E-06
Pyrex 2.2458 5010 9.6145E-04
5011 3.8944E-03
8016 4.6688E-02
14028 1.8164E-02
14029 9.2273E-04
14030 6.0898E-04
B4C 1.76 5010 1.5269E-02
5011 6.1458E-02
6012 1.8976E-02
6013 2.0524E-04
AgInCd 10.2 47107 2.3616E-02
47109 2.1940E-02
48106 3.4152E-05
48108 2.4316E-05
48110 3.4124E-04
48111 3.4971E-04
48112 6.5927E-04
48113 3.3387E-04
48114 7.8494E-04
48116 2.0464E-04
49113 3.4426E-04
49115 7.6804E-03




Table 4-2. Material definitions in the PWR reference model (continued

Material Density Isotope Atom density
(g/cm?3) (atoms/b-cm)
Upper core plate support 5.581 1001 1.6540E-02
column and control rod 5010 3.5277E-06
guide tube 5011 1.4199E-05
6012 2.1163E-04
6013 2.2890E-06
8016 8.2701E-03
14028 1.0546E-03
14029 5.3575E-05
14030 3.5358E-05
15031 4.6661E-05
24050 5.0993E-04
24052 9.8334E-03
24053 1.1150E-03
24054 2.7756E-04
25055 1.1692E-03
26054 2.2984E-03
26056 3.6080E-02
26057 8.3326E-04
26058 1.1089E-04
28058 3.5389E-03
28060 1.3632E-03
28061 5.9257E-05
28062 1.8894E-04
28064 4.8116E-05
Type 04 concrete 2.35 1001 7.7679E-03
8016 4.4081E-02
11023 1.0479E-03
12024 1.1744E-04
12025 1.4868E-05
12026 1.6370E-05
13027 2.3884E-03
14028 1.4675E-02
14029 7.4547E-04
14030 4.9199E-04
16032 5.3526E-05
16033 4.2261E-07
16034 2.3948E-06
16036 5.6349E-09
19039 6.4646E-04
19040 8.1103E-08
19041 4.6653E-05
20040 2.8262E-03
20042 1.8862E-05
20043 3.9357E-06
20044 6.0814E-05
20046 1.1661E-07




Table 4-2. Material definitions in the PWR reference model (continued

Material Density Isotope Atom density

g/cm?

Type 04 concrete (continued) 20048 5.4518E-06
26054 1.8281E-05
26056 2.8697E-04
26057 6.6274E-06
26058 8.8198E-07

Homogenized top nozzle 3.9041 1001 2.6768E-02

2004 3.6442E-09

5010 2.1140E-05

5011 7.5484E-06

6012 1.1046E-04

6013 1.1947E-06

8016 1.3384E-02
14028 5.5045E-04
14029 2.7963E-05
14030 1.8455E-05
15031 2.4355E-05
24050 2.6615E-04
24052 5.1325E-03
24053 5.8199E-04
24054 1.4487E-04
25055 6.1027E-04
26054 1.1997E-03
26056 1.8832E-02
26057 4.3492E-04
26058 5.7879E-05
28058 1.8471E-03
28060 7.1151E-04
28061 3.0929E-05
28062 9.8615E-05
28064 2.5114E-05
47107 1.6658E-03
47109 1.5476E-03
48106 2.4090E-06
48108 1.7152E-06
48110 2.4071E-05
48111 2.4668E-05
48112 4.6503E-05
48113 2.3550E-05
48114 5.5369E-05
48116 1.4435E-05
49113 2.4283E-05
49115 5.4176E-04




Table 4-2. Material definitions in the PWR reference model (continued

Material Density Isotope Atom density
Homogenized bottom nozzle 3.6885 1001 2.7718E-02
5010 5.9117E-06
5011 2.3795E-05
6012 1.2989E-04
6013 1.4049E-06
8016 1.3859E-02
14028 6.4729E-04
14029 3.2883E-05
14030 2.1702E-05
15031 2.8639E-05
24050 3.1298E-04
24052 6.0355E-03
24053 6.8438E-04
24054 1.7036E-04
25055 7.1763E-04
26054 1.4107E-03
26056 2.2145E-02
26057 5.1143E-04
26058 6.8062E-05
28058 2.1721E-03
28060 8.3669E-04
28061 3.6370E-05
28062 1.1596E-04
28064 2.9533E-05
Inlet coolant 0.7419 1001 4.9548E-02
5010 1.0568E-05
5011 4.2535E-05
8016 2.4774E-02
Core average coolant 0.7025 1001 4.6917E-02
5010 1.0006E-05
5011 4.0276E-05
8016 2.3458E-02
Ouitlet coolant 0.6584 1001 4.3971E-02
5010 9.3782E-06
5011 3.7748E-05
8016 2.1986E-02
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Figure 4-1

are the azimuthal locations with the maximum and minimum amounts of water,

respectively, between the core and the RPV
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respectively

These are the azimuthal locations of the outlet and inlet nozzles
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Elevationl: Z= 470I cm
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Figure 4-4  Plan view of the PWR model at an elevation of Z =470 cm. This elevation
intersects the vessel supports and the bottom portion of the inlet and outlet
nozzles
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Elevationl: Z=533.5cm
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Figure 4-5 Plan view of the PWR model at an elevation of Z =533.5 cm. This elevation is
through the centerline of the inlet and outlet nozzles
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4.2 BWR model

The BWR reference model is based on Hatch Unit 2, which is a GE-4 design with a licensed
power of 2,804 MWt. Modeling dimensions and materials were taken from NUREG/CR-6115
[70] and the Hatch Nuclear Plant Unit No. 2 Updated Final Safety Analysis Report [71]. The
initial model used a core design with fuel assemblies based on a GE 7 x 7 design with four
different 22U enrichments. An update to the model during the course of the project replaced the
7 x 7 assembly design with the GE14 design, which has a 10 x 10 lattice. Figure 4-6 shows a
typical fuel lattice arrangement in the GE14 assembly design [72]. This design has seven ?°U
enrichment levels, as well as natural uranium. There are seven axial zones: natural uranium at
the bottom of each rod (NAT), the power shaping zone (PSZ), the dominant zone (DOM), the
plenum zone (PLE), the vanished rod zone (VAN), the natural uranium vanished rod zone (N-V),
and the natural uranium top zone (N-T). Some fuel pins in the PSZ, DOM, PLE, and VAN zones
contain Gd as a burnable poison. Void fractions (VFs) in the fuel assembly axial zones are
discussed in the parameter study of Section 5.4. The baseline model uses average VFs based
on data from NUREG/CR-7224 [73].

The model was developed using MCNP geometry. The MCNP model can be used to run MCNP
with ADVANTG for hybrid radiation transport, Shift through Omnibus for hybrid radiation transport,
and Denovo through Omnibus for deterministic calculations. Key dimensions in the BWR model
are provided in Table 4-3. The material definitions are provided in Table 4-4.

Elevation and plan views of the BWR model are shown in Figure 4-7 through Figure 4-13. Full-
and quarter-core models were constructed. Because the model has quarter-core symmetry at
elevations below the feedwater inlet nozzle, quarter-core calculations were performed to reduce
memory and CPU requirements for the MCNP, Shift, and Denovo calculations.
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Table 4-3

*

Selected model parameters for the BWR reference model
Parameter

Measurement

Thermal power

Core operating pressure

Coolant temp
Feedwater inlet
Recirc pump suction

Core inlet
Core outlet
Steam dome
Shroud
Inner radius
Outer radius
RPV
Liner inner radius
Inner radius
Outer radius
Concrete bioshield
Inner radius
Thickness*

Recirc pump discharge

2,804 MW()
1,246 PSIA

425.8 °F
534 °F
535 °F
534.6 °F
553.3 °F
551.8 °F

222.32 cm
225.50 cm

277.34 cm
278.13 cm
293.05 cm

309.05 cm
30.48 cm

The thickness used in the calculations.
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Table 4-4  Material definitions in the BWR reference model

Material Density Isotope Atom density
(g/cm?3) (atoms/b-cm)
UO; fuel; 0.71% enrichment 10.5 8016 4.6848E-02
92234 1.5054E-06
92235 1.6842E-04
92236 7.7146E-07
92238 2.3253E-02
UO:; fuel; 1.6% enrichment 10.4 8016 4.6394E-02
92234 3.3591E-06
92235 3.7582E-04
92236 1.7214E-06
92238 2.2816E-02
UO: fuel; 2.8% enrichment 10.4 8016 4.6400E-02
92234 5.8783E-06
92235 6.5767E-04
92236 3.0124E-06
92238 2.2533E-02
UO:; fuel; 3.2% enrichment 10.4 8016 4.6402E-02
92234 6.7181E-06
92235 7.5162E-04
92236 3.4428E-06
92238 2.2439E-02
UO:; fuel; 3.6% enrichment 10.4 8016 4.6404E-02
92234 7.5578E-06
92235 8.4556E-04
92236 3.8731E-06
92238 2.2345E-02
UO; fuel; 3.95% enrichment 10.4 8016 4.6406E-02
92234 8.2925E-06
92235 9.2777E-04
92236 4.2496E-06
92238 2.2263E-02
UO:; fuel; 4.4% enrichment 10.4 8016 4.6408E-02
92234 9.2372E-06
92235 1.0335E-03
92236 4.7337E-06
92238 2.2157E-02
UO; fuel; 4.9% enrichment 10.4 8016 4.6411E-02
92234 1.0287E-05
92235 1.1509E-03
92236 5.2716E-06
92238 2.2039E-02

4-16



Table 4-4 Material definitions in the BWR reference model (continued

Material Density Isotope Atom density
UO; fuel; 3.95% enrichment 10.26 8016 4.6210E-02
8.0 wt% Gd»03 64152 5.4544E-06
64154 5.9453E-05
64155 4.0363E-04
64156 5.5826E-04
64157 4.2681E-04
64158 6.7744E-04
64160 5.9616E-04
92234 7.5264E-06
92235 8.4206E-04
92236 3.8570E-06
92238 2.0206E-02
UO:; fuel; 4.4% enrichment 10.26 8016 4.5944E-02
3.0 wt% Gd.0Os3 64152 2.0454E-06
64154 2.2295E-05
64155 1.5136E-04
64156 2.0935E-04
64157 1.6005E-04
64158 2.5404E-04
64160 2.2356E-04
92234 8.8394E-06
92235 9.8896E-04
92236 4.5299E-06
92238 2.1203E-02
UO:; fuel; 4.4% enrichment 10.26 8016 4.6105E-02
6.0 wt% Gd,O3 64152 4.0908E-06
64154 4.4590E-05
64155 3.0272E-04
64156 4.1869E-04
64157 3.2010E-04
64158 5.0808E-04
64160 4.4712E-04
92234 8.5661E-06
92235 9.5837E-04
92236 4.3898E-06
92238 2.0547E-02
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Table 4-4 Material definitions in the BWR reference model (continued

Material Density Isotope Atom density
UO:; fuel; 4.4% enrichment 10.26 8016 4.6212E-02
8.0 wt% Gd»03 64152 5.4544E-06
64154 5.9453E-05
64155 4.0362E-04
64156 5.5826E-04
64157 4.2681E-04
64158 6.7744E-04
64160 5.9616E-04
92234 8.2291E-06
92235 9.3798E-04
92236 4.2964E-06
92238 2.0110E-02
UO:; fuel; 4.9% enrichment 10.26 8016 4.6107E-02
6.0 wt% Gd.O3 64152 4.0908E-06
64154 4.4590E-05
64155 3.0272E-04
64156 4.1869E-04
64157 3.2010E-04
64158 5.0808E-04
64160 4.4712E-04
92234 9.4481E-06
92235 1.0673E-03
92236 4.8886E-06
92238 2.0438E-02
UO:; fuel; 4.9% enrichment 10.26 8016 4.6214E-02
8.0 wt% Gd,03 64152 5.4544E-06
64154 5.9453E-05
64155 4.0363E-04
64156 5.5826E-04
64157 4.2681E-04
64158 6.7744E-04
64160 5.9616E-04
92234 9.3364E-06
92235 1.0446E-03
92236 4.7846E-06
92238 2.0003E-02
B.C 1.7643 5010 1.5306E-02
5011 6.1610E-02
6012 1.9023E-02
6013 2.0575E-04
AlbO3 3.97 8016 7.0363E-02
13027 4.6895E-02
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Table 4-4
Material

Isotope

Material definitions in the BWR reference model (continued
Density

Atom density

Zircaloy-2

Zircaloy-4

6.56

24050
24052
24053
24054
26054
26056
26057
26058
28058
28060
28061
28062
28064
40090
40091
40092
40094
40096
50112
50114
50115
50116
50117
50118
50119
50120
50122
50124
72174
72176
72177
72178
72179
72180
24050
24052
24053
24054
26054
26056
26057
26058
40090
40091
40092

3.3012E-06
6.3660E-05
7.2185E-06
1.7968E-06
5.5819E-06
8.7624E-05
2.0236E-06
2.6931E-07
2.5201E-05
9.7075E-06
4.2198E-07
1.3454E-06
3.4265E-07
2.1891E-02
4.7738E-03
7.2969E-03
7.3947E-03
1.1913E-03
4.6806E-06
3.1847E-06
1.6406E-06
7.0161E-05
3.7059E-05
1.1687E-04
4.1450E-05
1.5721E-04
2.2341E-05
2.7939E-05
3.5412E-09
1.1642E-07
4.1167E-07
6.0378E-07
3.0145E-07
7.7642E-07
3.3012E-06
6.3660E-05
7.2185E-06
1.7968E-06
8.6829E-06
1.3630E-04
3.1478E-06
4.1892E-07
2.1888E-02
4.7733E-03
7.2961E-03
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Table 4-4 Material definitions in the BWR reference model (continued

Material Density Isotope Atom density
g/cm?3
Zircaloy-4 (continued) 40094 7.3940E-03
40096 1.1912E-03
50112 4.6806E-06
50114 3.1847E-06
50115 1.6406E-06
50116 7.0160E-05
50117 3.7059E-05
50118 1.1687E-04
50119 4.1450E-05
50120 1.5721E-04
50122 2.2341E-05
50124 2.7939E-05
Stainless steel 304 8.0 6012 3.1774E-04
6013 3.4366E-06
14028 3.1641E-03
14029 1.6067E-04
14030 1.0591E-04
15031 6.2216E-05
16032 5.7049E-05
16033 4.5673E-07
16034 2.5781E-06
16036 1.2019E-08
24050 7.8503E-04
24052 1.5139E-02
24053 1.7166E-03
24054 4.2730E-04
25055 1.3154E-03
26054 3.3955E-03
26056 5.3302E-02
26057 1.2310E-03
26058 1.6382E-04
28058 5.3085E-03
28060 2.0448E-03
28061 8.8886E-05
28062 2.8341E-04
28064 7.2176E-05
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Table 4-4 Material definitions in the BWR reference model (continued

Material Density Isotope Atom density
g/cm?
Low-alloy carbon steel 7.7879 6012 9.7048E-04
(RPV) 6013 1.0496E-05
14028 3.4216E-04
14029 1.7326E-05
14030 1.1501E-05
24050 5.5181E-06
24052 1.0641E-04
24053 1.2065E-05
24054 3.0035E-06
25055 1.1200E-03
26054 4.8320E-03
26056 7.5117E-02
26057 1.7199E-03
26058 2.2932E-04
28058 3.0311E-04
28060 1.1588E-04
28061 5.0171E-06
28062 1.5940E-05
28064 4.0403E-06
Jet pumps, risers 7.9273 24050 6.7422E-04
24052 1.3002E-02
24053 1.4742E-03
24054 3.6698E-04
26054 3.7636E-03
26056 5.8508E-02
26057 1.3396E-03
26058 1.7862E-04
28058 4.7081E-03
28060 1.8000E-03
28061 7.7929E-05
28062 2.4758E-04
28064 6.2756E-05
Upper axial reflector 2.5675 1001 9.8222E-03
6012 3.7936E-05
6013 4.1031E-07
8016 4.9112E-03
14028 1.3326E-04
14029 6.7477E-06
14030 4.4792E-06
24050 1.2247E-04
24052 2.3590E-03
24053 2.6746E-04
24054 6.6582E-05
25055 2.4594E-04
26054 5.5654E-04
26056 8.6518E-03
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Table 4-4 Material definitions in the BWR reference model (continued

Material Density Isotope Atom density
g/cm?
Upper axial reflector (cont.) 26057 1.9809E-04
26058 2.6412E-05
28058 9.4444E-04
28060 3.6106E-04
28061 1.5632E-05
28062 4.9644E-05
28064 1.2589E-05
40090 3.8652E-03
40091 8.4289E-04
40092 1.2884E-03
40094 1.3057E-03
40096 2.1035E-04
Top guide 1.3466 1001 1.2153E-02
8016 6.0767E-03
40090 3.9563E-03
40091 8.6278E-04
40092 1.3188E-03
40094 1.3365E-03
40096 2.1531E-04
Type 04 concrete 2.35 1001 7.7679E-03
8016 4.4081E-02
11023 1.0479E-03
12024 1.1744E-04
12025 1.4868E-05
12026 1.6370E-05
13027 2.3884E-03
14028 1.4675E-02
14029 7.4547E-04
14030 4.9199E-04
16032 5.3526E-05
16033 4.2261E-07
16034 2.3948E-06
16036 5.6349E-09
19039 6.4646E-04
19040 8.1103E-08
19041 4.6653E-05
20040 2.8262E-03
20042 1.8862E-05
20043 3.9357E-06
20044 6.0814E-05
20046 1.1661E-07
20048 5.4518E-06
26054 1.8281E-05
26056 2.8697E-04
26057 6.6274E-06
26058 8.8198E-07
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Table 4-4

Isotope

Material definitions in the BWR reference model (continued
Atom density

Material Density
Core inlet coolant 0.7537
Core outlet coolant 0.0389
(within the shroud dome)

Recirc pump suction 0.7540
Recirc pump discharge 0.7549
Feedwater inlet 0.8463
Coolant — Zone Nat* 0.7386
Coolant — Zone PSZ* 0.7160
Coolant — Zone DOM* 0.6142
Coolant — Zone PLE* 0.4710
Coolant — Zone VAN* 0.3957
Coolant — Zone N-V* 0.3241
Coolant — Zone N-T* 0.3241

1001
8016
1001
8016
1001
8016
1001
8016
1001
8016
1001
8016
1001
8016
1001
8016
1001
8016
1001
8016
1001
8016
1001
8016

5.0399E-02
2.5200E-02
2.5991E-03
1.2995E-03
5.0421E-02
2.5210E-02
5.0480E-02
2.5240E-02
5.6591E-02
2.8296E-02
4.9392E-02
2.4696E-02
4.7880E-02
2.3940E-02
4.1076E-02
2.0538E-02
3.1500E-02
1.5750E-02
2.6460E-02
1.3230E-02
2.1672E-02
1.0836E-02
2.1672E-02
1.0836E-02

*

Densities within the fuel assemblies correspond to the average VF
(VF) condition. See Section 5.4 for a discussion of the variation in VFs.
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Figure 4-7 Elevation views of the BWR model at locations through the first row of fuel
pins nearest the X- and Y-reflecting boundaries

4-24



Jlevmtion: s Qo

325 -
300 i
275 4 - 5
250 - %
<
1
225 )
@
[ 3
[ N
200 - 2
—_ [ B
= g
Q [ 8
= 175 -3 8
« 5O
e (=3
n o
I “”3
> 150 _'Eg‘
R
125 (53
(538
100 B
pi
g
2%
R
75 jz:g
LN 8
_55
-g‘_’,'szj
50 3
[ B¢
o
25 -2
(52
//\ =]
0 [ =2

0 25 50 75 100 125 150 175 200 225 250 275 300 325
X-Axis (cm)
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5 SENSITIVITY ANALYSES OF SELECTED PHYSICAL
PARAMETERS FOR EXTENDED BELTLINE FLUENCE CALCULATIONS

51 Baseline calculations

Baseline calculations with the PWR and BWR models were performed using hybrid FW-CADIS
radiation transport with the Shift Monte Carlo code. CE cross sections based on ENDF/B-VII.1
were used. These calculations provide high-fidelity solutions that are typically converged to within
1% in mesh tally voxels in the regions of interest. Parameter studies with the PWR and BWR
models employ pinwise spatially uniform core sources. While not representative of any actual
operating condition, this distribution provides a convenient means of isolating the effects of
individual parameters—whether modifications in the physical construction of the models or
variations in analysis parameters. The fission nuclides included in the source definitions are
discussed in Section 5.1 and Section 5.2. All radiation transport calculations in this report are
normalized to the full-power values noted in Sections 4.1 and 4.2.

The baseline calculations in Sections 5.1.1 and 5.1.2 form the foundation for many of the
parameter studies addressed in Section 5. In some cases, particularly for those presented in
Section 6, calculations are run using a neutron source representing a single fissile isotope—
typically 2®>U—for parameter studies. These cases are noted in the relevant sections.

The purpose of the parameter studies described in this section was to identify sensitivities to
physical parameters and modeling techniques that may be more pronounced in the extended
beltline region than in the traditional beltline region. This information provides insights into optimal
calculation strategies.

Much of the data analysis in this report is based on interpretation of mesh tally plots that provide
information on the model geometry and the solution (or ratio of solutions in parameter studies)
being plotted. Examples of mesh tally plots are provided in APPENDIX A. Examination of those
plots will aid in understanding the features of the 2D data plots throughout Sections 5 and 6.

5.1.1 PWR model

The baseline calculation for the PWR model employs a source with fission fractions based on a
pseudo beginning-of-life (BOL) source. Fission fractions for six fissile isotopes (>*°U, 238U, Z°Pu,
249py, 241pu, and ?*2Pu) as a function of PWR burnup were obtained from NUREG/CR-6115, Table
2.1.1.1 [70]. The fractions for 2°Pu and ?*2Pu were excluded since they are below 0.05%, even at
the highest reported burnup values. The remaining data are provided below in Table 5-1.

Table 5-1. Fraction of fissions by isotope as a function of burnup for a PWR

150 0.9281 0.06172 0.01018 4.258E-7

500 0.9051 0.06214 0.03270 1.499E-5
10,000 0.5570 0.07074 0.3395 0.03342
20,000 0.3564 0.07819 0.4647 0.09988
40,000 0.1231 0.09120 0.5828 0.2035

For fresh fuel, there is no fission from the Pu isotopes, so only the 2°U and #8U spectra are
required. The pseudo-BOL source was obtained by using the 238U fission fraction at the lowest



recorded burnup (6.172% at 150 MWD) and assigning the remainder (93.828%) to 2°U. Note that
of all the fissile isotopes considered, the 238U fission fraction has the smallest variation with
burnup. With increasing burnup, the relative contributions of 22°U, 2°Pu, and 2*'Pu change
significantly, but their sum varies by only a few percent throughout the lifetime of the fuel.

Plan views of the fast (E > 1 MeV) neutron flux for the baseline PWR calculation are shown in
Figure 5-1, Figure 5-2, and Figure 5-3. Figure 5-1 shows the fast flux at the core midplane

(Z = 195 cm), where the highest flux levels occur. Figure 5-2 and Figure 5-3 show the fast
neutron flux at Z =-70 cm and at Z = 470 cm, respectively. These elevations are approximately
80 cm below and 90 cm above the axial extents of the fuel (Figure 4-2).

The peak fast neutron flux at the core midplane for the baseline solution is 4.31 x 10'° n/cm?esec.
(Table 1 of IAEA’s report [6] lists a fast flux of 4 x 10'° n/cm?esec for a Westinghouse PWR.) The
peak fast flux levels in the RPV at the elevations of Z =-70 cm and Z = 470 cm are approximately
three orders of magnitude lower than the peak flux in the RPV at the core midplane. The elevation
at Z = 470 cm is noteworthy, as it includes critical weld locations for the nozzles, as well as the
vessel supports.

If the spatially uniform source of this baseline calculation were realistic, then the peak EOL fast
fluence levels at Z = -70 cm and Z = 470 cm would be less than 1 x 107 n/cm?, which is the value
above which 10 CFR Part 50 [3], Section lll, Appendix H, requires monitoring of beltline materials
using a surveillance program complying with ASTM E185-82 [4]. With typical axial power
distributions, the neutron flux levels in the upper and lower regions of the fuel are lower than the
core average, so the fast flux values at these elevations with the baseline model are likely to be
conservative with respect to lifetime exposure.

Elevation views of the fast neutron flux for the baseline PWR calculation are shown in Figure 5-4,
Figure 5-5, and Figure 5-6. Figure 5-4 is an elevation view at 270.5°, which is the azimuthal
location with the maximum amount of water between the core and the RPV. Figure 5-5 is an
elevation view at 315.5°, which is at or near the location of the peak fast flux in the RPV (Figure
5-1). Figure 5-6 shows the fast flux at an azimuthal angle of 292.5°, which is through the
centerline of the outlet nozzle.

The elevation views show clear evidence of a condition known as cavity streaming, in which fast
neutrons that enter the cavity gap between the RPV and the concrete bioshield scatter into
directions that transport them vertically upward and downward in the gap. At elevations of ~50 to
~60 cm above and below the active fuel region, the fast flux radial profile through the RPV is no
longer monotonically decreasing from the RPV inner surface to the RPV outer surface.

The effect of cavity streaming neutrons is illustrated further in Figure 5-7 and Figure 5-8. These
plots provide 1D normalized radial fast flux profiles through the RPV at 270.5° and 315.5°,
respectively. At each of these azimuthal locations, 1D radial profiles are shown at elevations
ranging from ~100 cm below the core to ~110 cm above the core. Each plot also includes a solid
dashed line that represents the attenuation formula in Eq. (3) of Regulatory Guide (RG) 1.99 [74].
A number of observations can be made from these two figures.

1. At elevations within or nearly within the height of the fuel (Z =0 cm, Z =195 cm, and
Z = 400 cm), the fast neutron flux is attenuated with a nearly exponential behavior that
decreases more rapidly than the RG 1.99 formula would suggest. The RG 1.99 equation
was developed based on the attenuation behavior of dpa rates rather than fast flux, and at



elevations within the core height the equation is conservative for predictions of fast flux
attenuation.

2. At elevations outside of an axial range extending from ~50 cm below the fuel (Z = -40 cm)
to ~50 cm above the fuel (Z = 430 cm), the slope of the fast flux profile changes, and there
is no longer a monotonic fast flux decrease through the entire RPV thickness.

3. For elevations lower than ~-75 cm and higher than ~480 cm, the peak fast flux is no longer
at the inner surface of the RPV, but rather at the outer surface. In these regions, the radial
flux profile is dominated by cavity streaming neutrons. Note that based on the discussion
above regarding peak EOL fluences at Z =-70 cm and Z = 470 cm, these locations would
be expected to have EOL fluence levels below the monitoring threshold of 1 x 10" n/cm?.



Fast (E > 1 MeV) Neutron Flux: Pseudo-BOL Scurce
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Fast (E = 1 MeV) Neutron Flux: Pseudo-BOL Source
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Fast (E > 1 MeV) Neutron Flux: Pseudo-BOL Scurce
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Figure 5-3  Fast neutron flux in the baseline PWR model with a pseudo-BOL fission source.
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Figure 5-5 Fast neutron flux in the baseline PWR model with a pseudo-BOL fission source.

Elevation view at an azimuthal angle of 292.5°
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Figure 5-6  Fast neutron flux in the baseline PWR model with a pseudo-BOL fission source.
Elevation view at an azimuthal angle of 315.5°
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5.1.2 BWR model

The baseline calculation for the BWR model employs a source with fission fractions based on a
pseudo-BOL source. Fission fractions for four fissile isotopes (2°U, 23U, 2*°Pu, and ?*'Pu) as a
function of BWR burnup were obtained from NUREG/CR-6115, Table 2.2.1.1 [70]. The data are
provided below in Table 5-2.

Table 5-2. Fraction of fissions by isotope as a function of burnup for a BWR
Exposure (MWD/T 235 238y 239py 241py

4.33 0.7651 0.0733 0.1566 0.0

5.92 0.7190 0.0733 0.1936 0.0059

6.62 0.7085 0.0733 0.2096 0.0074
11.13 0.6153 0.0766 0.2814 0.0220
14.12 0.5630 0.0766 0.3220 0.0373
15.66 0.5370 0.0766 0.3400 0.0440
17.88 0.5070 0.0766 0.3580 0.0533

For fresh fuel, there is no fission from the Pu isotopes, so only the 2°U and #*8U spectra are
required. The pseudo-BOL source was obtained by using the 238U fission fraction at the lowest
tabulated burnup (7.33% at 4.33 MWD/T) and assigning the remainder (92.67%) to 2°U. Note
that, as with the PWR model, there is very little change in the 23U fission fraction with burnup.
With increasing burnup, the relative contributions of the 2%U, 2%°Pu, and 2*'Pu change significantly,
but their sum remains nearly constant throughout the lifetime of the fuel.

Plan views of the fast neutron flux in the BWR model are shown in Figure 5-9, Figure 5-10, and
Figure 5-11. Figure 5-9 shows the fast flux at the core midplane, where the highest flux levels
occur. Note that the maximum fast flux level at the core midplane in the BWR RPYV is nearly an
order of magnitude lower than that at the core midplane in the PWR RPV (Figure 5-1). This
difference is consistent with PWR and BWR fluence estimates in [6] and [7]. Figure 5-10 shows
the fast flux at an elevation through the recirculation outlet nozzles at Z = -250 cm. The peak RPV
fast flux at this elevation is approximately two orders of magnitude lower than at the core
midplane. Figure 5-11 shows the fast flux above the shroud dome at an elevation of Z = 375 cm.
At this elevation, the peak RPV fast flux level is also approximately two orders of magnitude lower
than at the core midplane. If the spatially uniform source of this baseline calculation were realistic,
then the peak EOL fast fluence at Z = -250 cm and Z = 375 cm would be less than 1 x 10*7 n/cm?,
which is the threshold for requirement of a surveillance program, as noted in Section 5.1.1.

Elevation views of the fast neutron flux for the baseline BWR calculation are shown in Figure 5-12
and Figure 5-13. Figure 5-12 is an elevation view at 0.5°, which is the location with the minimum
fast flux incident to the RPV. Figure 5-13 is an elevation view at 44.5°, which has the maximum
fast flux incident to the RPV. By comparison with the PWR figures in Section 5.1.1, it is clear that
the effects of cavity streaming neutrons are less pronounced in the BWR model than the PWR
model, particularly at elevations above the top of the core. This is also illustrated in Figure 5-14
and Figure 5-15. At all elevations above the core midplane up to a distance of almost 200 cm
above the top of the fuel, the normalized fast flux decreases monotonically (or nearly so) in the
RPV, and it is bounded by (i.e., below) RG 1.99 Eq. (3). The fast neutron flux profile through the
BWR RPV only ceases to display monotonic attenuation at the 44.5° azimuthal angle for
elevations more than approximately 50 cm below the active core. At increasing distances below
the active core, the fast neutron flux profile in the RPV is dominated by cavity streaming neutrons.
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The reason for this behavior in the BWR model is the significant difference in the neutron flux
attenuation at elevations below and above the fuel. For the lower elevations, the neutron flux is
significantly attenuated by the water, and to a lesser extent, by the structures between the core
and the RPV. This is clearly demonstrated in the lower axial portions of Figure 5-12 and Figure
5-13. At locations above the core midplane, there is less neutron attenuation from the core to the
RPV due to (1) the coolant density within the fuel assemblies decreasing with increasing height as
the VFs increase, and (2) neutrons that have transport paths through the shroud dome (with
coolant in the steam phase) have significantly less attenuation than those transported through
coolant in the liquid phase. Thus, for the BWR model, cavity, streaming is significant only for
elevations in the lower extended beltline region, where EOL fast fluence values are likely to be
less than 1 x 10" n/cm?.
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Figure 5-9 Fast neutron flux in the baseline BWR model with a pseudo-BOL fission source.

Plan view at the core midplane
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Figure 5-10 Fast neutron flux in the baseline BWR model with a pseudo-BOL fission source.
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Figure 5-11 Fast neutron flux in the baseline BWR model with a pseudo-BOL fission source.
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Figure 5-13 Fast neutron flux in the baseline BWR model with a pseudo-BOL fission source.
Elevation view at an azimuthal angle of 44.5°
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5.2  Fission spectrum changes with burnup

As LWR fuel is burned up, the fraction of fissions by isotope changes. In general, the fraction of
fissions from 235U decreases monotonically, while the fission fractions from #°Pu, ?*Pu, and, to a
lesser degree 238U, increase monotonically. While some fission can occur in 2*°Pu and 2*?Pu, the
fraction of fissions in those isotopes is very low, even in high-burnup assemblies.

Changes in the fission fraction contributions with burnup affect RPV fluence in three ways:

1. They result in changes in the energy spectrum of the fission neutrons. Relative to 2%U, the
spectrum of prompt fission neutrons from 23U is “softer,” i.e., shifted toward lower
energies, while the spectra for 22°Pu and ?*!Pu are “harder,” i.e., shifted toward higher
energies. This is shown in Figure 5-16.

2. They cause changes in the value of 7, the average humber of neutrons emitted per fission.
The values of © for 235U, 28U, 2%pPu, and 2*'Pu are provided in Table 5-3 based on cross-
section data in [43]. With increasing fuel burnup, the average number of neutrons released
per fission increases due to the increasing contributions of 2%*Pu and 2*'Pu.

3. They lead to changes in K, the energy released in fission. Values of K for 23°U, 238U, 2Py,
and ?*'Pu were obtained from work by James [75] and are provided in Table 5-3. The
number of fissions required per second for a given power level is inversely proportional to
K. Consequently, the fission rate per unit power is slightly lower with the Pu isotopes
compared to with the U isotopes. However, this effect is small (less than 4%) compared to
the increasing values of 7.

Table 5-3  Values of nu-bar (v) and kappa (K) used in the fissile isotope parameter study
Isotope v (neutrons/fission) K (MeV/fission

5y 2.44 202.7
28y 2.56 205.9
239py 2.88 207.2
241py 2.95 210.6

The baseline calculations in Sections 5.1.1 and 5.1.2 employed pseudo-BOL sources based on
data from Table 5-1 and Table 5-2. In the same manner, pseudo end-of-life (pseudo EOL)
sources were used to evaluate fast flux levels based on the maximum-depletion data in Table 5-1
and Table 5-2. A comparison of the pseudo BOL and pseudo EOL sources is shown in Table 5-4.
The BWR EOL **Pu fraction includes 5.33% from Table 5-2 and the residual fraction of 0.51%.

Table 5-4 Isotopic fission fractions for the pseudo BOL and pseudo EOL sources used in
the PWR and BWR models

Isotope
235 93.828% 12.31% 92.67% 50.70%
238 6.172% 9.12% 7.33% 7.66%
29y 0.0% 58.28% 0.0% 35.80%
241py 0.0% 20.35% 0.0% 5.84%
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If there were no differences in the prompt fission neutron spectra for the four isotopes of interest,
then the fast flux in the RPV (and at all locations) would be expected to increase with burnup
based on changes in ¥ and K. Using the data from Table 5-3 and Table 5-4, the expected flux
increase from the pseudo BOL to the pseudo EOL sources would be ~12.5% for the PWR model
and ~6.5% for the BWR model. However, as discussed in the following paragraph, the shift in the
prompt neutron fission spectrum with increasing burnup plays an important role in the overall
effect of changes in the fission fractions.

A significant amount of neutron attenuation between the outer fuel assemblies and the RPV
occurs in water, especially for the BWR model. Hydrogen is particularly effective in moderating
(reducing the energy of) neutrons, as a neutron can lose more than 99.9999% of its energy in a
single scatter with *H. In contrast, a neutron can lose at most ~22.1% of its energy in a single
scatter from 10, and at most, it will only lose ~6.9% in a single scatter from *¢Fe. Because the
neutron scattering cross section in hydrogen decreases monotonically with neutron energy for
energies greater than about 10 keV, a shift in the neutron energy spectrum toward higher
energies (as is the case with 2**Pu and 2**Pu relative to 2°U and 238U) will lead to higher fast
neutron flux levels in the RPV, even with no consideration of changes in ¥ and K.

Therefore, it is clear that the fast neutron flux in the RPV of both the PWR and BWR models will

increase with increasing fuel burnup. This effect is quantitively addressed in Section 5.2.1 and
Section 5.2.2.
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5.2.1 Fission spectrum effects in the PWR model

The fast flux levels in the PWR with a pseudo EOL fission source were calculated using the EOL
fission fractions from Table 5-4. Ratio plots showing the increase in the fast neutron flux in the
RPV from the pseudo EOL relative to the pseudo BOL source are shown in Figure 5-17 through
Figure 5-22. At the core midplane, the increase in the fast flux in the RPV ranges from ~23 to
34%. As noted above, ~12.5% of this increase can be attributed to the changes in v and K. The
minimum increases occur in the azimuthal portion of the RPV that is aligned with the neutron pad.
This portion of the RPV has the least amount of water between the core and the RPV due to the
proximity of the corner fuel assemblies to the core barrel, as well as the displacement of water by
steel due to the neutron pad. In contrast, the maximum increase occurs at an azimuthal location
with substantially more water between the core and the RPV. This results in a lower fast flux
magnitude, but it causes an increase in the EOL/BOL ratio because the spectrum changes are
magnified by transmission through a greater amount of water.

At the elevations of Z =-70 cm and Z = 470 cm, the EOL/BOL ratios are greater than at the core
midplane, ranging from ~30 to 50%, with the maximum ratios occurring near the inner surface of
the RPV. These higher ratios are consistent with the increase in the amount of water through
which neutrons are transported to reach the inner portion of the RPV at elevations above and
below the active fuel height.

5.2.2 Fission spectrum effects in the BWR model

The fast flux levels in the BWR with a pseudo EOL fission source were calculated using the EOL
fission fractions from Table 5-4. Ratio plots of the increase in the fast neutron flux in the RPV from
the pseudo EOL to the pseudo BOL sources are shown in Figure 5-23 through Figure 5-27. At the
core midplane elevation, the fast flux in the RPV increases by ~20-24%. As noted above, ~6.5% of
this increase is due to changes in 7 and K, and the remainder is due to the effect of the harder
neutron spectrum at EOL. At an elevation of Z = -250 cm, the fast flux increases by ~22—-30%. This
slightly greater increase is consistent with neutron transport through a greater amount of water than
at the core midplane. In a similar manner, the fast flux at Z = 375 cm increases by 24—28%.

BWR cores with higher burnup than that specified in Table 5-3 will experience even greater
increases in the RPV fast flux as the contributions from #°Pu and ?**Pu increase. A conservative
upper limit for this increase can be obtained by comparing the flux with a 2**Pu source to that with
a °U source. The 2%°Pu-to-?*°U fast flux ratios at the three selected elevations are shown in
Figure 5-28, Figure 5-29, and Figure 5-30. While these are a conservative upper limit, as noted,
they do indicate that higher burnup BWR fuel would be likely to result in greater EOL/BOL fast flux
ratios in the RPV.

5.2.3 Summary

The fast flux levels in the RPV of a PWR and BWR are likely to increase with burnup levels as the
contribution of neutrons from the fission of 2°Pu and 2*'Pu increases. These Pu isotopes have a
greater average number of neutrons per fission and harder neutron spectra compared to 2°U and
28, The use of core designs with higher fuel burnup could lead to even greater increases in the
fast flux as increasing levels of fission occur in the Pu isotopes. The actual variation in the fast
neutron flux levels in the RPV as a function of core lifetime will depend on core loading patterns
and operating parameters.
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Fast (E = 1 MeV) Neutron Flux Ratio: Pseudo-EOL to Pseudo-BOL Source
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Figure 5-17 Fast neutron flux ratio for a pseudo EOL source relative to a pseudo BOL
source in the PWR model. Plan view at an elevation of Z =195 cm. The dashed
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Fast (E = 1 MeV) Neutron Flux Ratio: Pseudo-EOL to Pseudo-BOL Source
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Figure 5-30 Fast neutron flux ratio for a 2*®Pu source relative to a *°U source in the BWR
model. Plan view above the core shroud at Z =375 cm. The dashed contour
lines represent the fast flux with a U source

5-37



5.3 Coolant temperature variations in the PWR model

Changes in the coolant temperature at any location within the RPV will affect neutron attenuation
due to changes in the density of the coolant and hence the macroscopic cross section. Coolant
temperature increases lead to reduced attenuation and hence higher fast flux levels incident to the
RPV; the reverse is true for reductions in temperature. The primary question with regard to fast
fluence levels in the extended beltline region is this: are coolant temperature changes likely to
affect fast fluence in the extended beltline region differently than they do within the traditional
beltline region?

While an exact analysis would require detailed knowledge of the coolant temperature at numerous
locations within the RPV, a reasonable assessment of temperature changes can be made by
simply adjusting all coolant temperatures by a specified amount. Calculations with the PWR model
were run with temperature changes of 5, 10, and 15 °F above and below the baseline
temperature. The source in each case was a spatially uniform pinwise distribution with a 23U
fission spectrum. Results for the -10 °F and +10 °F models are presented in this section. Results
for the 5 °F and 15 °F temperature changes show the same overall trend.

The effect of reducing the coolant temperatures by 10°F is shown in Figure 5-31, Figure 5-32, and
Figure 5-33. Within the traditional beltline region, the fast neutron flux in the RPV has a reduction
of ~5% to ~10%. In the extended beltline region there is a greater reduction in the fast flux in the
inner portion of the RPV. This increased effect is due to the greater amount of water through
which the neutrons are transported to reach the inner portion of the RPV in the extended beltline
region. There is little change in the fast flux ratio in the outer portion of the RPV at all elevations,
as the flux levels in the outer RPV in the extended beltline region are dominated by cavity
streaming neutrons.

The effect of increasing the coolant temperatures by 10 °F is shown in Figure 5-34, Figure 5-35,
and Figure 5-36. Here the behavior is essentially the inverse of that seen for the coolant
temperature reduction. The fast neutron flux increases by ~5 to 10% through the thickness of the
RPV in the traditional beltline region. In the extended beltline region, the increased amount of
water through which the fast neutrons are transported to the inner surface of the RPV results in a
greater increase in the fast neutron flux. In the outer portion of the RPV, the fast flux change is
again nearly constant through the extended beltline region, as well as the traditional beltline
region.

The results of the parametric water temperature study indicate that the impact of changes in
coolant temperature with respect to RPV fluence levels is more significant for locations outside
the traditional beltline region. This sensitivity suggests that accurate modeling of coolant
temperatures throughout the RPV and the nozzles as a function of the plant operating history
(including power uprates or other changes that may affect coolant pressure and temperature) is
particularly important for extended beltline fluence calculations.
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Fast (E = 1 MeV) Neutron Flux Ratio: Water Temperature Decreased by 10 °F; U-235 Source
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Figure 5-31 Ratio of the fast neutron flux in the RPV of the PWR when all water
temperatures are decreased by 10°F relative to the base case model. Plan view
at an elevation of Z =195 cm. The contour lines show the fast neutron flux for
the base case model
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Figure 5-32 Ratio of the fast neutron flux in the RPV of the PWR when all water

temperatures are decreased by 10°F relative to the base case model. Plan view
at an elevation of Z =-70 cm. The contour lines show the fast neutron flux for
the base case mode
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Figure 5-33 Ratio of the fast neutron flux in the RPV of the PWR when all water
temperatures are decreased by 10°F relative to the base case model. Plan view
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the base case model
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Fast (E = 1 MeV) Neutron Flux Ratio: Water Temperature increased by 10 °F; U-235 Source
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Figure 5-34 Ratio of the fast neutron flux in the RPV of the PWR when all water
temperatures are increased by 10°F relative to the base case model. Plan view
at an elevation of Z =195 cm. The contour lines show the fast neutron flux for

the base case model
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Fast (E = 1 MeV) Neutron Flux Ratio: Water Temperature increased by 10 °F; U-235 Source
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Figure 5-35 Ratio of the fast neutron flux in the RPV of the PWR when all water
temperatures are increased by 10°F relative to the base case model. Plan view
at an elevation of Z=-70 cm. The contour lines show the fast neutron flux for
the base case mode
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Fast (E = 1 MeV) Neutron Flux Ratio: Water Temperature increased by 10 °F; U-235 Source
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Figure 5-36 Ratio of the fast neutron flux in the RPV of the PWR when all water
temperatures are increased by 10°F relative to the base case model. Plan view
at an elevation of Z =470 cm. The contour lines show the fast neutron flux for

the base case model
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54 Void fractions in the BWR model

Variations in the void fraction (VF) in a BWR core can affect the fast flux levels in the RPV due
to two effects: changes in neutron attenuation within the fuel assemblies, and changes in the
neutron spectrum as the isotopic fission fractions change due to hardening or softening of the
neutron spectrum. In general, both of these effects will only be significant in the outer
assemblies. Changes in the RPV fast flux levels due to fission spectrum changes are addressed
in Section 5.2. The effects of VF changes are addressed in this section.

The VFs in each of the seven axial zones in the BWR model were obtained based on data in
NUREG/CR-7224 [73]. In general, the VFs are highest near the center of the core and lower
near the periphery. Data from Figure 4.1 of [73] were used to determine minimum, maximum,
and average VF values based on assembly locations in the outermost part of the core. These
values are shown in Table 5-5. The base case model has coolant densities based on the
average VF values. Those densities are consistent with the BWR material data provided in
Table 4-4 above. The source in each case was a spatially uniform pinwise distribution with a
235U fission spectrum.

Table 5-5 VFs by axial zone in the BWR GE14 fuel assembly modeling
Axial zone . 0 . 0 0
Fiqure 4-6 Minimum VF (%) Maximum VF (%) Average VF (%)

NAT 2 2 2
PSZ 3 7 5
DOM 7 30 18.5
PLE 25 50 37.5
VAN 35 60 47.5
N-V 44 70 57
N-T 44 70 57

5.4.1 Minimum void fraction

Use of the minimum VF values by axial zone in place of the average values results in higher
coolant densities for all zones above the NAT zone (Figure 4-6 and Table 5-5). Because the
density differences in the NAT and PSZ zones are relatively small (or zero) when going from the
average to the minimum VF, fast flux differences in the RPV at elevations near or below the lower
portion of the core are likely to be small, whereas differences around the core midplane and
above should be more pronounced.

This behavior can be seen in Figure 5-37 through Figure 5-40. At the core midplane, the reduction
in the fast flux in the RPV is predominantly between 2.5 and 5%. At an elevation through the
recirculation outlet nozzles at -250 cm, where the fast flux is approximately two orders of
magnitude lower than at the core midplane, the differences in the fast flux are less than 2.5% in
98% of the mesh tally cells. At an elevation of 375 cm, where the fast flux is approximately two
orders of magnitude lower than at the core midplane, the fast flux ratios are largely clustered
between 0.925 and 0.95 (i.e., reductions of 5 to 7.5%). These results are consistent with
expectations.
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5.4.2 Maximum void fraction

Use of the maximum VF values results in coolant densities that are lower than the average case
in all axial zones above the NAT zone. As with the minimum VF model, the density differences are
minor in the two lower zones of the fuel assemblies, so fast flux differences in the RPV should be
relatively minor for locations near or below the lower part of the core, and higher at the core
midplane and above.

This behavior is confirmed in Figure 5-41 through Figure 5-44. At the core midplane, the fast flux
in the RPV increases by 3-6%. At an elevation of -250 cm, the differences are less than 2.5% in
nearly 99% of the mesh tally cells. At an elevation of 375 cm, the fast flux values in the RPV with
the maximum VF model are 5-10% greater than the base case. As with the minimum VF case,
these results are consistent with expectations.

5-46



350 4 [ T T e e O N e ..
1 max val(s)| [
] min val(s)| |
325 - r
300 - -

275

250

225

200

175

Y-Axis (cm)

150 -
1255
100%
75 -
50 -

25 -

Fast (E = 1 MeV) Flux Ratio: Minimum VF to Base Case

o i o n o 0 o i o
=] ("] &~ I~

& & & ) S g S S =
S & S I e ~ i - ~

Elevatioln-. Z= chrn

to avg VF U235 mean Z O scale 0.9 1.1 dpi 100 PPID 54832.png  User: jr3

GEI4/VF_Study/minimum VE/Z_slices/dpi 100 Host ID: MAC122188

nﬂd" 5.&‘*9’355*“,0«" Q.W“ 0.0“* QW o.wk L
451 f i

40 =
o=

a5 _53
£'s

3% [FE
a "1_5'

- L=
1= (&
;
: ot

g2k r2g
1z £z
1£ 15 EE
L IE
10 _gﬁu
; 2l

i : 52

: : : =z

0 + + + + + 4 [ =%
0.90 0,925 0.95 0.975 1,00 1.025 1.05 1075 1.10 /\ E.E

Ratio in RV E+08 L

—— 2.826+08)] [E2

Figure 5

0” 25 50 75 16012|515|D 175 200 225 250 275 300 325 350

X-Axis (cm)

-37 Fast neutron flux ratio for the minimum VF model to the base case BWR model.
Plan view at the core midplane elevation

5-47



Fast (E = 1 MeV) Flux Ratio: Minimum VF to Base Case
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Figure 5-38 Fast neutron flux ratio for the minimum VF model to the base case BWR model.
Plan view at an elevation through the recirculation outlet nozzles
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Figure 5-42 Fast neutron flux ratio for the maximum VF model to the base case BWR model.

Plan view at an elevation through the recirculation outlet nozzles
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Fast (E = 1 MeV) Flux Ratio: Maximum VF to Base Case
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Figure 5-43 Fast neutron flux ratio for the maximum VF model to the base case BWR model.
Plan view at an elevation above the core shroud
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Figure 5-44 Fast neutron flux ratio for the maximum VF model to the base case BWR model.

Elevation view at an azimuthal angle of 44.5°
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5.5 Reactor cavity gap

For RPV locations above and below the traditional beltline region, the effect of neutrons that
scatter in the bioshield and stream upwards and downwards in the gap between the RPV and
the bioshield becomes progressively more important at increasing distances. As shown in
Section 5.1, at sufficient distances from the core, these gap streaming neutrons are capable of
not only reducing the rate of attenuation of the fast flux through the RPV, but they can also
result in the peak flux being on the outer surface of the RPV. This behavior has been noted in
previous studies, including work by Jones [76]. The effect of cavity streaming is particularly
important with regard to the methods used for fluence predictions in the extended beltline
region.

Because cavity gap streaming has been shown to be more significant in PWRs than BWRs in
this work and in [76], the parametric study for the effect of the cavity gap width on fast neutron
flux levels in the extended beltline region was carried out for the PWR model only. The cavity
gap width in the baseline PWR model is 17.38 cm at elevations below Z = 402.59 cm, and the
cavity gap width is 14.75 cm above 402.59 cm (Table 4-1). Three variant models were
constructed having gap width increases of 10, 20, and 30 cm. The source in each case was a
spatially uniform pinwise distribution with a 2*°U fission spectrum.

No changes were made to the modeling of the nozzles or vessel supports. Consequently, flux
levels in the vicinity of the nozzles and supports will not be realistic, as the bioshield inner
surface is moved to radii beyond the location of the vessel supports. However, at an azimuthal
angle of 315.5°, which is midway between the inlet and outlet nozzles, the fast flux levels are
relatively unperturbed by the nozzle structures. This is also the azimuthal location where the fast
flux levels in the RPV are greatest.

Ratio plots for the three increased-gap models at the azimuthal angle of 315.5° are shown in
Figure 5-45 through Figure 5-50. The following observations can be made from these results:

1. Within the traditional beltline region, there is very little change in the fast flux in the RPV
as the cavity width increases. The fast flux at the outer surface of the RPV shows a
slight decrease (ranging from ~2.5% for the gap-plus-10-cm model to ~4.5% for the
gap-plus-30-cm model) as the gap width increases. This is due to a decrease in the
contribution of neutrons which scatter from the bioshield back to the RPV. As the gap
width increases, the fast flux incident to the inner surface of the bioshield is reduced as
a result of distance fall-off effects, so the contribution of neutrons that scatter from the
bioshield back to the RPV diminishes.

2. At elevations in the extended beltline region, there is an increase in the fast flux level in
the outer portion of the RPV as the cavity gap width is increased. The fast flux increase
becomes greater with increasing distance from the core, and it also extends further into
the RPV because of the dominant contribution of cavity streaming neutrons at these
elevations.

Ratio plots for the increased gap models at an azimuthal angle of 270.5°—which is also midway
between inlet and outlet nozzles—show behavior that is very similar to the results for the
location at 315.5°. The magnitude of the fast flux is lower at 270.5° (Section 5.1.1), but the flux
ratios for the increased gap cases are very similar.
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A more comprehensive evaluation of differing cavity gaps would require plant-specific modeling
to address the specific geometry of the RPV, nozzles, and vessel supports, as well as the cavity
gap. However, this limited parametric study does confirm that the impact of changes in cavity

gap width could be much more significant in the extended beltline region than the traditional
beltline region.
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Figure 5-45 Fast neutron flux ratio in the PWR model with a cavity gap increase of 10 cm
The contour lines represent the fast flux with the increased cavity gap



5.0

—— 7 =410 cm: RV Inner = 3.31E+09
—— 7 =430 cm: RV Inner = 5.15E+08
o —&— 7 =450 cm: RV Inner = 1.16E+08
ot —4— Z =470 cm: RV Inner = 3.33E+07
0 —%— 7 =480 cm: RV Inner = 1.71E+07
™ —¢— Z =490 cm: RV Inner = 8.23E+06
]
o
i
©
=
= 100 =
> G
g £
s y
— 5%
A Eg
@ :
= 8
@a e
© plh
L 22
=] g2
[43] a'g
N 28
= £
5] 2
£ 10-1{E 0
z e L=
2= B
Al Reactor Vesse1| i
215 220 225 230 235 240 245
Radial Distance (cm)
5.0 - - i
—— Z = -90 cm: RV Inner = 6.89E+06
—— Z = -70 cm: RV Inner = 3.36E+07
o —#— Z=-40cm: RVInner =3.20E+08 ... ...
e 4 Z= Ocm: RVInner = 1.01E+10
v —%— 7 =195 cm: RV Inner = 4.30E+10
™ —8— 7 =400 cm: RV Inner = 6.93E+09
]
o
P
g
.. 100
5
=
I
>
©
=
i
A
)
-
w
I
o
o]
@
N
T'EU —
[
51071 g |
Z g :g
Ello
QO :p>¢ |Reactor Vesse]l
=) :
220 225 230 235

Radial Distance (cm)

Figure 5-46 Normalized radial fast neutron flux profiles in the PWR model with a cavity gap
increase of 10 cm. Azimuthal angle of 315.5°. The profiles are normalized to the
flux at the RPV inner diameter at each elevation

5-58



aurpeseq 01 Wo 07+ Ajae) :oney xnjJ uomnaN (AP T < ) 1sed

2.000
1.900
1.800
1.700
1.600
1.500
1.400
1.300
1.200
1.100
1.000

max val(s)
min val(s)

0.900

881ZZIOVIN *(1 1SOH  S0011s Zyj/uro 0z snid/spoy deg Ayaep/reg syem Ymd/siooqatou safdn[ 9iann/eouanii 19sson JUN/El/stasny/
LEBLTL 61-01-070Z £ 4951 Dud-£e8g Aldd 0°Z 6°0 91235 00S 00T 7 59015p GG [€ BIAUI UBaW sueseq 03 wo 0F snid AUAeo Xny Ise) Jegsuie

1
= e JA5ERUE” TOIEF0B o= S ---Q%nv

.......... = 1.00E+09 .-

77 e T

Azimuthal Angle;zThe

(wo) SIXV-Z

88ITZIOVIN “d1 1S0H s901s Zy/wo 0z snd/spo den Ao reg spem dmd/siooqajou teiddn[ 9minN/eousnt [ossen ouN/gal/siasn/
0E:BLET 61-01-020€ €1l 1asn m.:n,nmmm aldd 0°Z 6°0 228 00Z 001~ m saalfiop ¢'G1E B8] URAW SulEsR( o_g wo g snid AIAeD XNp 1se) Iegshem

80+379'y

= = BOHHO0 T =mmmmmmmmm__TmmeealTmeen  UBeel 404

Theta = 315.5°

~
‘\
A
089
N
P

Azimuthal Angle:

=3
n

200
150
100
BAF
-50
-100

(wo) SIXY-7

Figure 5-47 Fast neutron flux ratio in the PWR model with a cavity gap increase of 20 cm.

Elevation view at an azimuthal angle of 315.5°. The contour lines represent the

fast flux with the increased cavity gap

5-59



6.0

+ Zi=-410 cm: RV INNEr = 3.3 2 () | S (S ——
—4— Z =430 cm: RV Inner = 5.16E+08
o —&— 7 =450 cm: RV Inner = 1.17E+08
2 . —%- Z=470 cm: RV Inner = 3.41E4+07 . .
0 —%— 7 =480 cm: RV Inner = 1.73E+07
™ —#— Z =490 cm: RV Inner = 8.37E+06
] a
© 2
i)
) B
= 28
= g8
E 10 st
[ 8 %J%
s ]
= 2
A Eg
@ :
= £
7] g
© P
=] EE
[43] a'g
N =g
= -
[ Sso o
E 10 Q | w3, g
z =1 (E= -,? |
ol & -
gl =
gll> z
Allre Reactor Vessell ﬁ
215 220 225 230 235 240 245
Radial Distance (cm)
6.0 - : i
—4— Z = -90 cm: RV INner = 7.27E+ 06 b e e ooy
—— Z = -70 cm: RV Inner = 3.37E+07
o —&— Z = -40 cm: RV Inner = 3.17E+08
ok 4% Z= Ocm:RVInmer=1.01E+10 .
v —%— 7 =195 cm: RV Inner = 4.30E+10
™ —8— 7 = 400 cm: RV Inner = 6.92E+09
]
«
i)
£
5 100
= B
L g5
o i
- =2
[ 29
= =k
— 5%
a=
A £
) 5
=
- s
7] 8
© e
o i%
b} )
3] w'g
N ]
I H
£ I i
[ -1 3] 2
© 1074 g [t
z HE s
| 2
s
8 Fir 1React0rVesse1| \ e
220 225 230 235 240

Radial Distance (cm)

Figure 5-48 Normalized radial fast neutron flux profiles in the PWR model with a cavity gap
increase of 20 cm. Azimuthal angle of 315.5°. The profiles are normalized to the
flux at the RPV inner diameter at each elevation

5-60



surfeseq 0] Wo 0g+ Ajae) oney xnjJ uolnaN (AP T < ) 1sed

2.000
1.900
1.800
1.700
1.600

max val(s)
min val(s)

1.500
1.400
1.300
1.200

1.100

1.000

0.900

88TCZIOVIN :(1 1SOH S90S Z/wo g snid/spop den Ajuaen/req spesm YMd/S1ooqaiou toyidn[  9mynN/eousn]] [9sop QUN/ELsIas )/

20:22:Z1 61-01-0202 €40 185 m..n..éna dldd 0T 6'0 o[eos Sm\aom\m‘nmuhmuu\n.mE‘EE.&SE\E__&E e_ﬂEu‘cm‘mz_..ﬁ ANARD XN ISE) JRESTIRM

’

!

’
@
7
&
3
b
i

I

heta = 315.5°

.834

i
]
]
]

/
g _____

Azimuthal Angle a

o o (=} j=1 o

(e} Io] o Ip} o

[T9] <# <f ™ [ep]
(wo) SIXV-Z

250

88IZTIOVIN A1 150H seons Za/wo og snid/spoy den Aiaep/reg snem ymd/siooqatou aaidn[ omanN/eousnty [assep DUN/gal/s1asn/

10°2Z:E1 61-01-0202 €Il 21080 m_i,_.mmm\n:n_m\o,N\m,o\ﬂaum\gm\:gT\m\mmﬁmuu\mvm_m\EmE\%mE\w:__wmaa\o_ﬂEudm\ms_ﬁ AjARD XN I5R) IRHSTIEM

1 1
e PR e =B0FHo0 ] 225
| ; ) i
\ 7/ J
. _, / /%
a % ! ! \ 2}
TolE: \ ) / E
m ’—. / s\ "~ AﬂV
;
\ ! - / —
! 3 s /! S N
g \ 1 s o hD &)
! / ’ —~
m \ / ! - - Q/wJ »
3 4 o~ o
e 9 %
2
=}
=1
<
g
=]
-
=
E
o (=] = = I S o o
o Te} o Te] o L0 o
~ — — i I —
|
(W) SIXY-Z

Figure 5-49 Fast neutron flux ratio in the PWR model with a cavity gap increase of 30 cm.

Elevation view at an azimuthal angle of 315.5°. The contour lines represent the
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5.6 Concrete composition

The discussion in Section 5.1 shows that the effect of neutron scattering from the concrete
bioshield into the cavity gap has a significant effect on RPV fast flux levels at some elevations in
the extended beltline region. Although this effect is minor for the BWR model, it can be quite
pronounced for the PWR model, as shown in Figure 5-7 and Figure 5-8.

Because the compositions of different types of concrete vary significantly, the type of concrete can
have a noticeable effect on RPV fast flux levels in regions where gap streaming is important. Of
particular importance is the amount of hydrogen present in the concrete. This importance is due to
two primary effects:

1. High-energy neutrons scatter from hydrogen with a forward-peaked angular distribution.”
Thus, neutrons entering the concrete bioshield and scattering from hydrogen are more
likely to be scattered further into the bioshield rather than backscattered into the cavity
gap.

2. Asnoted in Section 5.2, the average energy loss from elastic scattering of neutrons by
hydrogen is greater than the average energy loss for elastic scattering by any other
element, so those neutrons that do scatter from hydrogen into the cavity gap are more
likely to have an energy below the 1 MeV cutoff than neutrons that scatter from other
elements in the bioshield back into the cavity gap.

To assess the impact of variations in concrete composition on cavity streaming neutron flux levels,
three variants of the PWR reference model were constructed using three different concrete
compositions. (Recall that the baseline models for the PWR and BWR have Type 04 concrete.)
The amount of hydrogen in Type 04 concrete can be considered to be a typical value. Concretes
with minimum and maximum hydrogen densities were chosen for the parameter study, along with
a variant of Type 04 concrete in which the water density was reduced by 50%. The four concretes
used in this parameter study are listed in Table 5-6. The isotopic compositions are listed in Table
5-7.

Table 5-6  Concrete types used in the concrete parameter stud
Hydrogen Concrete

Concrete type Reference density density
g/cm?3 g/cm?3
Type 01 ANL-6443 [77] 0.00484 2.33 Minimum hydrogen density
PNNL-15870, . .
Hanford wet Rev. 1[78] 0.029 2.35 Maximum hydrogen density
ANS-6.4-2006 ANS-6.4-2006 (R2016)
e e (R2016) [79] DI 2E recommendation
Tvpe 04 with Evaluates the effect of
52)/50 water ISRD10 reducing the water content
. Proceedings 0.0065 2.29 of Type 04 concrete by
reduction 0 . :
(Type 04 Mod) [80] 50% yvhlle leaving all other
constituents unchanged.

7 The scattering of neutrons from hydrogen is isotropic in the center-of-mass (CM) coordinate system, but forward
peaked in the laboratory coordinate system.
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Table 5-7 Composition of four concretes used in the PWR concrete parameter stud

Concrete type

_ and density (g/cc)
Isotopic number

density (atoms/b cm)

Type 04 Type 04 Mod Type 01 Hanford wet
2.35 2.29 2.33 2.35

1001 7.7679E-03 3.8840E-03 2.8936E-03 1.7284E-02
6000 @ m e 6.5223E-03 -
8016 4.4081E-02 4.2142E-02 4.3275E-02 4.5414E-02
11023 1.0479E-03 1.0479E-03 - 1.2325E-04
12024 1.1744E-04 1.1744E-04 9.5178E-05 5.9842E-04
12025 1.4868E-05 1.4867E-05 1.2050E-05 7.5760E-05
12026 1.6370E-05 1.6370E-05 1.3266E-05 8.3412E-05
13027 2.3884E-03 2.3884E-03 2.6577E-04 3.3596E-03
14028 1.4675E-02 1.4674E-02 8.6667E-03 1.1906E-02
14029 7.4547E-04 7.4546E-04 4.4028E-04 6.0484E-04
14030 4.9199E-04 4.9199E-04 2.9057E-04 3.9918E-04
16032 5.3526E-05 5.3525E-05 3.4275E-05 @ -
16033 4.2261E-07 4.2261E-07 2.7062E-07 -
16034 2.3948E-06 2.3948E-06 1.5335E-06 = ------memeem-
16036 5.6349E-09 5.6348E-09 3.6083E-09 W @ -
19039 6.4646E-04 6.4645E-04 e 4.0538E-04
19040 8.1103E-08 8.1103E-08 = ------mmmem- 5.0859E-08
19041 4.6653E-05 4.6652E-05 - 2.9256E-05
20040 2.8262E-03 2.8262E-03 8.4684E-03 2.5352E-03
20042 1.8862E-05 1.8862E-05 5.6519E-05 1.6920E-05
20043 3.9357E-06 3.9357E-06 1.1793E-05 3.5304E-06
20044 6.0814E-05 6.0814E-05 1.8222E-04 5.4552E-05
20046 1.1661E-07 1.1661E-07 3.4943E-07 1.0461E-07
20048 5.4518E-06 5.4517E-06 1.6335E-05 4.8904E-06
26054 1.8281E-05 1.8281E-05 - 7.8567E-05
26056 2.8697E-04 2.8697E-04 - 1.2333E-03
26057 6.6274E-06 6.6273E-06 = ----m-memeemee 2.8483E-05
26058 8.8198E-07 8.8197E-07 - 3.7906E-06
28058 0 s e 5.0743E-05 4.0538E-04
28060 00 e e 1.9546E-05 ~  ----mememeemee
28061 0 e e 8.4964E-07 -
28062 0 e e 2.7090E-06 = -
28064 =00 e e 6.8991E-07 = ---—-mmmomee-
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Ratio plots showing the change in the fast neutron flux at elevations from Z = -100 cm to
Z =500 cm in the PWR model for Type 01, Type 04 Mod, and Hanford wet concrete are shown in
Figure 5-51 through Figure 5-57.

For the Type 01 concrete, which has the minimum amount of hydrogen, there is essentially no
change in the RPV fast flux in the traditional beltline region. At elevations beginning at about 25—
30 cm below the bottom of the core and above the top of the core, the effect of the reduced
hydrogen content in the Type 01 concrete results in increases of up to ~20% in the fast neutron
flux in the RPV’s outer portion.

At the azimuthal location of the outlet nozzle (Figure 5-52), there is an additional impact of the
minimum hydrogen content in the Type 01 concrete. The fast neutron flux levels in the vessel
support below the outlet nozzle increase by up to 55%. This increase is partially due to the
increased contribution of cavity streaming with the Type 01 concrete. In addition, as a result of the
lower hydrogen content, neutrons which enter the bioshield at locations below the vessel support
experience less attenuation as they are transported through the Type 01 concrete. This is shown
more clearly in Figure 5-53, in which the separation between the flux contours of the two solutions
(Type 04 and Type 01) is relatively uniform in the nozzle region directly above the cavity gap, but
it increases in the bioshield and in the lower part of the nozzle support. In these regions, the flux is
dominated by fast neutrons that have penetrated the bioshield and entered the nozzle support.

The differences in the fast flux levels with the Type 04 Mod concrete model (Figure 5-54 and
Figure 5-55) are very similar to those for the Type 01 concrete. This behavior is of particular
significance for potential changes in the concrete water content over the operating lifetime of an
NPP. Radiation transport calculations that include evaluations of the neutron fluence in the
extended beltline region, and in the nozzle support regions, in particular, may need to employ
transport models in which the concrete composition is modified throughout the operating history.

The results with the Hanford wet concrete (Figure 5-56 and Figure 5-57) are consistent with
expectations. For this concrete, which has a hydrogen content more than twice that of Type 04
concrete, cavity streaming effects are reduced. Because there is a higher probability of neutron
scattering from hydrogen in the Hanford wet concrete, the level of backscattering from the
bioshield into the cavity gap is reduced. In addition, neutrons which penetrate the bioshield before
entering the vessel support experience more attenuation, resulting in further depression of the fast
flux in the vessel supports.

5-65



@1010U0) $0 9dA] 01 1o 2dAL :oney XNn[J UOIIMBN (AN T < H) 1sed

=] o =] o o o =] =] =1
S 0 S o S n =) 0 =]
& - - S S o S @ @
— — — — — o o o =i
el
=
)
m 3
o
=
88IZZIOVIN A1 1S0H S901s Z4/0 9dA1, 01 10 odA1/Apnis_ejaIouog/ieg snem YMd/$00qaiou 1o1kdn|” SRdN/EoUaNL 19S50 OUN/El/s1asn/
_Enoné_ a1-01-0z0Z €4 1esn wnm._.mm_em dldd Z°1 8°0 3[®3S 00S 00T % mmu‘"mmv G'0LT ®IRY) UBSW a1aIduod $0 mn_ﬁ. 0] 10 odAL Xny sy Iegsiem Umd Q
= . \\\ L aemm_,.a\_ - 4.64E+07 - = -F va
-~ o - - .- _AaME s
mwun =7 ” - -7 _oe=="
ERY 0o T T 1.00E+08 --- ---Qmmv
o - o e e T mmmm===TTT
IYe) x < - T a==mT
.k 5% S - 2.15E408 P
m .- e 30 o o T o G
i = - - T aeeme
& jommm 40T T T - R — 4.64E+08 -—-- - ¢

Azimuthal Angle: Theta

500

450

400
TAF
5

(wo) SIXV-Z

300

250
200

BEITTIOVIN ‘A1 1S0H _seans Zy/p0_edA1 01 10 adA1/Apmis_ejarouon/ieg sem dmd/siooqatou e1kdn[ omunnN/eouanty [asseA_OwN/sl/s1asn/

8Vi9T:0L 91-01-0202 gal s1asn) m:nv;mmmd.mm\mv_\wvo\oﬁom\a:m\oc_.\N\mmw."mww G'0LT ©I2N) UpaW 81910u00 $0 odAL 01 [0 odAL Xny Ise) IegsTem UMd

Azimuthal Angle: Theta = 270.5°

— Q,
B Sy Ser S S E
||||||||||||||||| . e Sy = ~8p %Q.\M..v,o. Q.nv
_— ~ S~ e S * B
- . ~ ~o Sp. A“NQQ. SEO,
B e s S - S~ S Yo, ey, A~ F oo
lllllll - S ~. . Tl
) ) ) - Qi@v@ 204 NQ....% ,F.wv.o. ra...r..: B
B0+HST'Z ====mmee___ TTeal . Yr..l @h.wm QQ.M B, T |Qq
....... Rt 27N
S e o o)
o : ; 7 e
. O,
. £
&

200

150

=
n

100

(wo) SIXY-7

BAF

R-Axis (cm)

-50
-100

Figure 5-51 Fast neutron flux ratio in the PWR model with Type 01 concrete in the bioshield

relative to Type 04 concrete. Elevation view at an azimuthal angle of 270.5°. The
contour lines represent the fast flux for the Type 04 model. A spatially uniform

pinwise ?®U source is used in both cases

5-66



a3810u0) F(0 odAL 03 10 odAL :onpey Xn[J uoImaN (AS T < d) 1sed
B
@
o

1.200
1.150
1.100
1.050
1.000

max val(s)
min val(s)

0.900
0.850

0.800

8BIZTIOVIN (1 1S0H S90S Z4/p0 9dA1, 01 10 odA1/Apnis_ejaIouog/ieg snem YMd/$00qaiou 1okdn| SR N/ooUaNL 19S50 OHN/El/s1as/
BOLTO1 91-01-0202 £ 140sn Bud'16808 Aldd T'1 80 91835 00S 00F 7 S9a1bap C'Z6Z EISIN UBGW 93210u00 0 9dAL 03 10 odAL Xniy Ise) JegsnEm dMd

1.00E+08 ----

llllllllllll
\\\\\
llllllll

- —_— 2.15E+08

——
T ===

—_— ————

- —

- 4.64E+08

||||||||
\\\\\\\\

1.00E+09 -—--

||||||||||||||||||||||||||
lllllllllll

Azimuthal Angle: Theta = 292.5°

(wo) SIXV-Z

88ITTIOVIN A1 3S0H s091s Zy/v0_odA1 01 10 edA1/Apmis_ajarouon/ieg snem HMd/sooqatou deiddn] OmanN/eouant] [osson_ OuN/sl/siasn/
“a“hm”oﬁ 91-01-0Z0Z €4l 1esn m:nv_mm“mm dldd Z'1 8°0 2[¥2s 00Z 001- % mmw."mww §Z6T 2Rl ueaw ajea0u0d $0 odAL 01 [0 odAL Xny 1sel Iegsiem HMd

L = = ~ 3 — B o&u Q
e =~ ~al Sso S ~ % E 6
e e lr..rlr S 1:11 Sae /%Q%.W f..wv.u.w (o
y T T Wngyy e g w, T, P %
o F—- - BO+HACTT mommmeme___TTeeel_ v.c.vj . 0 *«w m.wm.v: e nv
0 - -~ ~ %) g, 2. ~
o - - s T :11:1 %@hw. QBW,. Bl Teel O
S T e Tl e T T Tl T <o
ﬂ_ = (000 e S SSe TNeal Teeel - o
] s Tees See, TS SeeeoSSTSees feeieieind 14/0)
g | ] 7 7 7 (o
m \ h / / / Q/wJ
E | J . E
s i @ o
8 , 2
=)
: o
3 ‘e
%
E -

o (=] = (=} 3 ] o

o Tp] o fe} < [Te]

(o] — — =) |
(wo) sIXy-Z

R-Axis (cm)

Figure 5-52 Fast neutron flux ratio in the PWR model with Type 01 concrete in the bioshield

relative to Type 04 concrete. Elevation view at an azimuthal angle of 292.5°. The
contour lines represent the fast flux for the Type 04 model. A spatially uniform

25U source is used in both cases. The dashed box in the vicinity of the

outlet nozzle vessel support corresponds to the plot area of Figure 5
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Figure 5-53 Fast neutron flux levels in the vicinity of the outlet nozzle vessel support.
Elevation view at an azimuthal angle of 292.5°. The black contour lines
represent the fast flux for the Type 04 concrete model, and the blue lines
represent the fast flux for the Type 01 concrete model. Note the increasing
separation in the two solutions that occurs with increasing depth into the
concrete, with the Type 01 concrete providing less attenuation
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Figure 5-54 Fast neutron flux ratio in the PWR model with Type 04 Mod concrete in the

bioshield relative to Type 04 concrete. Elevation view at an azimuthal angle of
270.5°. The contour lines represent the fast flux for the Type 04 model. A

spatially uniform pinwise ?®U source was used in both cases
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Figure 5-56 Fast neutron flux ratio in the PWR model with Hanford wet concrete in the

bioshield relative to Type 04 concrete. Elevation view at an azimuthal angle of
270.5°. The contour lines represent the fast flux for the Type 04 model. A

spatially uniform pinwise ?*U source was used in both cases
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The contour lines represent the fast flux for the Type 04 model. The

dashed box in the vicinity of the outlet nozzle vessel support corresponds to

the plot area of Figure 5
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Figure 5-57 Fast neutron flux ratio in the PWR model with Hanford wet concrete in the

bioshield relative to Type 04 concrete. Elevation view at an azimuthal angle of

292.5°.
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Figure 5-58 Fast neutron flux levels in the vicinity of the outlet nozzle vessel support.
Elevation view at an azimuthal angle of 292.5°. The black contour lines
represent the fast flux for the Type 04 concrete model; the blue lines represent
the fast flux for the Hanford wet concrete model. Note the increasing separation
in the two solutions with increasing depth into the concrete, with the Hanford
wet concrete providing significantly more attenuation
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5.7 Steel bioshield liner

The bioshield in the baseline PWR and BWR models is constructed of Type 04 concrete with no
liner on the inner surface of the concrete, which is the cylindrical surface facing the RPV. Some
reactor plant designs include a steel liner. The presence of a liner will have an effect on scattering
from the bioshield into the cavity gap, as the angular distribution and average energy loss of
scattered neutrons are different in steel than they are in the lighter elements that are the dominant
constituents of the concrete.

Because the effect of a bioshield liner will primarily be on cavity-streaming neutrons, the PWR
model was selected for a liner sensitivity study. (As shown in Section 5.1.2, cavity streaming
neutrons in the BWR model are only significant at elevations where the magnitude of the fast flux
is approximately three orders of magnitude lower than the peak fast flux in the beltline region.) To
assess the impact of a steel liner on fluence levels in the reactor vessel, a 6.35 mm Type 304
stainless steel liner was added to the concrete bioshield in the PWR model below an elevation of
630.48 cm, where the inner radius of the concrete bioshield increases near the vessel flange
(Figure 4-1).

The effect of the stainless steel liner is illustrated in Figure 5-59 through Figure 5-62. In Figure
5-59 and Figure 5-60 it can be seen that the effect of the liner on the fast neutron flux at the outer
surface of the RPV is less than 3% at locations away from the nozzles.® The most notable effect is
the reduction in the fast flux in the vessel support, which is also shown in Figure 5-61. Section 5.6
shows that the fast flux in the vessel support is dominated by neutrons that are transported
through the concrete into the vessel support. This is also shown in Figure 5-62. At each location in
the concrete region below the vessel support, the fast neutron flux when a stainless steel liner is
present ‘lags’ the fast neutron flux with no liner. This difference is due to the reduced energy of
fast neutrons that scatter in the liner before entering the concrete.

Calculations were also performed using a carbon steel liner with the same thickness (6.35 mm) as
that of the stainless steel liner. The effect of a carbon steel liner is nearly equivalent to that of a
stainless steel liner, although the changes in the fast flux (whether increases on the outer surface
of the RPV or decreases in the vessel supports) are slightly less pronounced.

8 Only the outlet nozzle location at an azimuthal angle of 292.5° is shown. The liner—to—no-liner ratio at the location of
the inlet nozzle (337.5°) is consistent with that at the outlet nozzle.
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Figure 5-59 Ratio of the fast neutron flux in the RPV of the PWR model with a 6.35 mm

stainless steel bioshield liner relative to the base case with no liner. Elevation

view at an azimuthal location of 270.5°. The contour lines show the fast neutron

flux for the base case model
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Figure 5-60 Ratio of the fast neutron flux in the RPV of the PWR model with a 6.35 mm

stainless steel bioshield liner relative to the base case with no liner. Elevation

view at an azimuthal location of 292.5°. The contour lines show the fast neutron
flux for the base case model. The dashed box in the vicinity of the outlet nozzle

vessel support corresponds to the plot area of Figure 5-61
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Figure 5-61 Fast neutron flux levels in the vicinity of the outlet nozzle vessel support.
Elevation view at an azimuthal angle of 292.5°. The black contour lines
represent the fast flux for the baseline model with no bioshield liner; the blue
lines represent the fast flux for the model that includes at 6.35 mm SS304
bioshield liner
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Fast (E > 1 MeV) Neutron Flux Ratio: Liner to No Liner; U-235 Source
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5.8 Thermal insulation

RPVs for PWR and BWR designs typically have a layer of thermal insulation between the RPV’s
outer radius and the inner radius of the concrete bioshield. This insulation layer has a minor effect
on fast flux levels in the RPV in the beltline region, where it can cause very slight increases in the
fast flux levels at the outer surface of the RPV due to backscatter of neutrons from the insulation.
At locations in the extended beltline region, the presence of thermal insulation can reduce fast flux
levels in the RPV due to attenuation of the cavity-streaming neutron flux by the thermal insulation.

To assess the effect of insulation, a reflective metallic insulation layer was modeled using a

7.62 cm (3 in.) layer composed of air with a 3% volume fraction of stainless steel. The thickness
and material composition are based on data provided in Table 1.1 of NUREG/CR-6453 [81]. The
axial extent of the insulation is from the bottom of the lower cylindrical portion of the RPV to the
elevation of the nozzle tunnels. Note that changes in the thickness, axial extent, and/or the
insulation composition could affect the neutron transport behavior in the cavity gap.

The effect of the insulation is shown at two azimuthal locations in Figure 5-63 and Figure 5-64 and
at an elevation of Z = 470 cm in Figure 5-65. While there is no significant effect within the
traditional beltline region, the decreased cavity streaming due to the presence of the insulation
leads to a reduction of up to ~15-20% in the fast flux in the RPV at locations where cavity
streaming dominates the fast flux profile in the RPV.

It should be noted that even though the reflective metallic insulation has an effective density of
only 0.24 g/cm?, neutrons that scatter from the bioshield back into the cavity gap and
subsequently enter the outer surface of the RPV will typically pass through the insulation twice
(once before and once after scattering in the bioshield), and they may have steep, slanted paths
through the insulation that further increase the attenuation provided by the insulation.
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Figure 5-63 Fast neutron flux ratio for a PWR model with reflective metallic thermal
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view at an azimuthal angle of 270.5°. The contour lines represent the fast flux

for the base case model
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5.9 Core homogenization

A common approximation in RPV fluence calculations is to homogenize the materials within the
fuel assemblies into a set of mixtures rather than having the explicit geometry representation of
the fuel pins, control assemblies, guide tubes, and other components. This is a reasonable
modeling approximation for fast neutron flux calculations, as the neutron transport
characteristics of the homogenized fuel assemblies are essentially identical to those of explicitly
modeled assemblies when calculating fast neutron flux levels in the RPV.

To verify the validity of this modeling approximation and assess whether it is appropriate for
fluence calculations in the extended beltline region, homogenized versions of the PWR and
BWR reference models were created by calculating the mass fractions of each element in
specific axial regions of each assembly and creating homogenized assembly models in which a
single mixed material fills each assembly region. These homogenized models are also used in
the Denovo deterministic calculations discussed in Section 6. Using transport models with
homogenized fuel assemblies for deterministic calculations with Denovo—or with any code that
uses material mixing for spatially discretized models—is significantly more memory efficient.
Using an explicit core model with Denovo would produce mixed materials for every spatial mesh
cell that has a unique material mixture. This could result in a very large number of mixed
materials, which would substantially increase the amount of memory needed to store the cross-
section data.

5.9.1 PWR model

Calculations of the fast flux levels in the RPV with the homogenized PWR model were
compared with explicit core calculations for a spatially uniform #°U source. Plan views of the
fast flux ratio for the homogenized core model relative to the explicit core model are shown in
Figure 5-66, Figure 5-67, and Figure 5-68. At the core midplane elevation (Figure 5-66), the fast
flux with the homogenized core model agrees with the explicit core model within 1.5% in all
mesh tally voxels. At an elevation ~80 cm below the bottom of the core (Figure 5-67), the fast
flux in the RPV with the homogenized core is up to ~4% higher on average than the explicit core
model. However, the maximum fast flux in the RPV at this elevation is more than three orders of
magnitude lower than the core midplane value, so this difference is not significant. At an
elevation ~90 cm above the top of the core (Figure 5-68), the homogenized core solution
typically agrees with the explicit core solution within 2%.

5.9.2 BWR model

Calculations of the fast flux levels in the RPV with the homogenized BWR model were
compared with explicit core calculations for a spatially uniform 2%°U source. Average VFs
(Section 5.4) were used in both the explicit and homogenized models. Plan views of the fast flux
ratio for the homogenized core model compared to the explicit core model are shown in Figure
5-69, Figure 5-70, and Figure 5-71. At the core midplane elevation, the fast flux with the
homogenized core model agrees with the explicit core model within 2% in all mesh tally voxels.
At the lower (Z = -250 cm) and upper (Z = 375 cm) elevations, the agreement is within 2% in
nearly all the mesh tally voxels.

5.9.3 Summary

The results presented in Section 5.9.1 and Section 5.9.2 suggest that homogenization of the
core in both the PWR and BWR models is appropriate not only for RPV fluence calculations
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within the traditional beltline region, but also within the extended beltline region. The primary
purpose of this parameter study is to confirm that the use of homogenized fuel assembly models
is appropriate in discrete ordinates calculations of RPV vessel fluence.

There is little if any benefit to using a homogenized core model for Monte Carlo transport
calculations. There may be a slight reduction in the average time per history because there are
fewer surface crossings when transporting neutrons through a homogenized core, but those
savings are typically not significant. Use of an explicit core model also provides the benefit of
having a single model that can be used for core eigenvalue and power distribution calculations,
as well as RPV fluence calculations.
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Figure 5-70 Fast neutron flux ratio for the homogenized BWR core model relative to the
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with a 2®U fission spectrum. The contour lines represent the fast flux from the
explicit core model
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6 DISCRETE ORDINATES QUADRATURE SENSITIVITY IN THE
EXTENDED BELTLINE REGION

As noted in Section 2.1.3, the accuracy that can be obtained with discrete ordinates transport
calculations is dependent on the angular quadrature that is used, among other factors. In
examining the effect of quadrature selection on RPV fluence calculations, three questions should
be considered:

1. Are fluence calculations in the extended beltline region more sensitive to angular
guadrature relative to calculations within the beltline region?

2. Ray effects tend to be more pronounced at high energies and to diminish at lower
energies. Are discrete ordinates calculations of dosimetry reaction rates for reactions
with a high threshold energy, such as the 2’Al (n,a) reaction, more sensitive to
guadrature than fast fluence calculations? This question is important with regard to
calculations used to establish calculated-to-measured (C/M) ratios using measured
dosimetry reaction data.

3. If there are significant solution differences with different quadrature sets, can one set be
demonstrated to be more accurate than another?

The first and second questions are addressed in Sections 6.3 and 6.4 through comparisons of
Denovo solutions in which the spatial mesh and MG libraries are kept constant and the quadrature
set is changed. This type of comparison is often performed when demonstrating whether a
discrete ordinates solution has converged with respect to quadrature (i.e., the point at which the
solution changes by less than a specified amount as the quadrature is refined). Sections 6.3 and
6.4 also demonstrate that achieving convergence with respect to quadrature in the extended
beltline region is very challenging.

The third question is considered in Section 6.5 by comparing Denovo calculations with Shift
calculations that employ the same MG libraries as those used in Denovo. By using the same
cross-section libraries and demonstrating that the Denovo solution has converged with respect to
the mesh, it is possible to effectively isolate the effects of quadrature in the Denovo solutions and
to demonstrate which quadratures are superior for a given application.

The observations and conclusions are summarized in Section 6.6.
6.1 Quadrature sets evaluated in this study

The quadrature sets evaluated in this study included level symmetric sets and QR sets. A brief
overview of these two quadrature types is provided in Section 2.1.3. The following quadrature
sets were used in this study:

o Level symmetric: S8, S16

o Quadruple range: QR4T, QR6T, QR8T, QR8x8, QR10T, QR10x10, QR12T, QR12x12,
and QR16T

The notation QRNT refers to a QR set with n polar levels and a triangular arrangement of
azimuthal angles (i.e., one angle on the polar level nearest the Z-axis, two angles on the next
level, . .., and n angles on the lowest level). The notation QRnxm refers to a QR set with n
polar levels and m azimuthal angles on each level.



Figure 2-3 and Figure 2-4 show the quadrature ordinates and weights for the level symmetric S8
and S16 quadratures, which are widely used in RPV fluence calculations, and the QR8T set.
Note that the QR8T quadrature has ordinates nearer each of the coordinate system axes, so it
is likely to be more appropriate than S16 for problems in which particle streaming near the
coordinate axes is a significant transport path.

Although many quadrature comparisons were performed, only selected results are presented in
this section. Comments about additional quadrature sets (i.e., sets that are not included in the
comparisons of Sections 6.3 and 6.4) are provided in Section 6.6.

6.2 Overview of quadrature sensitivity plots

The quadrature sensitivity plots in Sections 6.3 through 6.5 include 2D and 3D ratio plots. The 3D
plots illustrate the areas of the RPV (and the shroud for the BWR model) that are most susceptible
to quadrature sensitivity. The 2D plots focus on specific elevations and azimuthal angles and
provide a more quantitative assessment of the quadrature sensitivity in key locations.

In each of the 2D ratio plots, the maximum and minimum values are indicated for the RPV and for
the nozzles and vessel supports where appropriate. Maximum and minimum values are also
indicated in the cavity gap to show the quadrature sensitivity in locations where ex-vessel
dosimetry may be used. The inset histogram plots show the magnitude of the solution differences
in those regions, and they also indicate whether there is bias between the two solutions.

6.3 Denovo quadrature sensitivity: PWR model

The sensitivity of discrete ordinates solutions to the angular quadrature selection was first
examined using the PWR reference model with a homogenized core representation (Section
5.9.1). The discrete ordinates calculations were run using Denovo with the following
parameters:

e BUGLE-B7 [82] MG cross-section library with P scattering expansions

e Uniform 1 cm meshin X, Y, and Z with X- and Y-extents of 320 cm and a Z-extent of 750
cm (76.8 million cells)

e Linear discontinuous (LD) differencing scheme

e Source iteration (Sl) solver with a convergence criterion of 1E-6

The mesh spacing was selected based on a parametric study which indicated that the Denovo
solution converges with respect to mesh with 1 cm intervals in X, Y, and Z. The adequacy of this
mesh is also confirmed using the Denovo/Shift comparisons presented in Section 6.5.

6.3.1 Denovo solutions: S8 vs S16

The most commonly used quadratures for RPV fluence calculations are the level symmetric S8
and S16 sets. RG 1.190 prescribes a minimum quadrature order of S8 for RPV fluence
calculations and notes that higher-order quadratures may be needed in reactor cavity fluence
calculations. This section considers the differences between S8 and S16 Denovo solutions in the
extended beltline region of the PWR model, and it also address differences within the traditional
beltline region, where S8 quadrature is routinely used.



Ratios of the PWR S8 Denovo solution to the S16 Denovo solution are shown in Figure 6-1
through Figure 6-10. Figure 6-1 illustrates the fast neutron flux ratio on the inner and outer
surfaces of the RPV. The axial extent of these plots is from Z = -100 cm to Z = 650 cm. This axial
range, which extends beyond the upper Z limit of 500 cm used in the 2D RZ plots in this and other
sections, helps illustrate how quadrature sensitivity is particularly significant in the vicinity of the
inlet and outlet nozzles. A notable feature of Figure 6-1 is the appearance of horizontal and
vertical bands on the inner and (to a lesser extent) outer surfaces of the RPV. These bands are
evidence of ray effects, which are an artifact of the discrete ordinates approximation in which the
continuous angular variable is represented by a set of discrete directions.

Figure 6-2 shows the S8/S16 fast flux ratio at the core midplane. There is clear evidence of ray
effects associated with the outer corners of the core and (to a lesser extent) the neutron pad. It is
particularly noteworthy that the minimum and maximum values of the S8/S16 ratio in the RPV
occur at locations separated by only ~2° in the azimuthal angle. (Because the model has octant
symmetry over the height of the core, the flux solutions, and hence the ratios, are essentially
identical at 292.5° and 337.5° and at 294.5° and 335.5°.) Over this narrow interval, the S8/S16
ratio changes by nearly 9%. This rapid variation over a small azimuthal extent suggests that S8
guadrature may not be appropriate for accurate calculations of fast fluence and dosimetry reaction
rates, even within the traditional beltline region. A slight uncertainty in the azimuthal location of a
surveillance capsule could result in significant changes in C/M values.

At elevations of Z = 390 cm (Figure 6-3) and Z = 400 cm (Figure 6-4), there are still indications of
the assembly corner effects noted in Figure 6-2. There is also a significant change in the S8/S16
ratio throughout the RPV at these two elevations, with the general S8/S16 trend being greater
than 1.0 at Z = 390 cm and less than 1.0 at Z = 400 cm. This can also be seen on the RPV inner
surface in Figure 6-1.

At elevations of Z = -70 cm (Figure 6-5) and Z = 470 cm (Figure 6-6), there are significant
differences in the S8/S16 fast flux ratio in the RPV, nozzles, and vessel supports. Of particular
note are the locations in the nozzles and nozzle supports, where the S8 solution is lower than the
S16 solution by 30% or more.

Figure 6-7 and Figure 6-8 provide insights into the horizontal bands seen on the inner surface of
the RPV (Figure 6-1). Figure 6-7 is at an azimuthal angle, with the maximum distance between
the former plates and the core barrel, and Figure 6-8 is at an azimuthal angle, with the minimum
distance between the former plates and the core barrel. In Figure 6-7, pronounced ray effects
originate near the former plates and propagate through the RPV. These ray effects correspond to
the horizontal bands in Figure 6-1. In Figure 6-8, the effect of the former plates is very minor. As
shown in Figure 6-1, the horizontal bands on the RPV inner surface at elevations within the height
of the core are most prominent near 270° and 360° and are minimized near 310° and 320°.

Figure 6-9 and Figure 6-10 show the pronounced variation over a narrow azimuthal range (335.5°
to 337.5°) in the S8/S16 fast flux ratio that was noted above in the discussion of Figure 6-2.

Further discussion of the S8 and S16 Denovo solutions is provided in Sections 6.5 and 6.6.
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Figure 6-1 Fast neutron flux ratio on the inner and outer surfaces of the RPV for the PWR

reference model. The ratio is for a Denovo S8 solution relative to an
S16 solution
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Figure 6-9 Fast neutron flux ratio in the PWR reference model: S8/S16 quadrature.

Elevation view at an azimuthal angle of 335.5°. The contour lines are the fast

flux from the S16 solution
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Figure 6-10 Fast neutron flux ratio in the PWR reference model: S8/S16 quadrature.

Elevation view at an azimuthal angle of 337.5°. The contour lines are the fast

flux from the S16 solution
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6.3.2 Denovo solutions: S16 vs QR8T

The S16 and QR8T quadratures each have 36 angles per octant on 8 polar levels with a
triangular arrangement of azimuthal angles by polar level (Figure 2-4). As noted in Section 2.1.3,
the QR8T set may be expected to provide more accurate discrete ordinates solutions for
problems with material interfaces along any of the coordinate axes or with significant streaming
paths along any of the coordinate axes.

Figure 6-11 through Figure 6-14 illustrate the S16/QRS8T fast flux ratio on the inner and outer
surfaces of the RPV and at elevations of Z=195cm, Z=-70cm, and Z =470 cm. The
differences in the S16 and QR8T solutions at the core midplane are less than 2%, although there
are still indications of ray effects. At the extended beltline elevations of Z = -70 cm and

Z = 470 cm, differences between the S8 and QR16T solutions exceed 20% in some locations,
particularly in the cavity gap region.

The question of which of these two quadrature sets provides a more accurate solution is
addressed in Section 6.5.
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Figure 6-11 Fast neutron flux ratio on the inner and outer surfaces of the RPV for the PWR
reference model. The ratio is for a Denovo S16 solution relative to a QR8T
solution
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Figure 6-13 Fast neutron flux ratio in the PWR reference model: S16/QR8T quadrature. Plan
view at Z=-70 cm. The contour lines are the fast flux from the QR8T solution.
Note the change in scale relative to Figure 6-12
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Figure 6-14 Fast neutron flux ratio in the PWR reference model: S16/QR8T quadrature. Plan
view at Z =470 cm. The contour lines are the fast flux from the QR8T solution
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15 Fast neutron flux ratio in the PWR reference model: S16/QR8T quadrature.
flux from the QR8T solution
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6.3.3 Denovo solutions: QR8T vs QR16T

It was noted in Section 2.1.3 that level symmetric SN quadrature sets have negative weights for
orders greater than S20. The QR sets do not suffer from negative weights and allow higher-order
guadratures to be used. The final Denovo solution comparison for the PWR model uses a QR8T
solution and a QR16T solution. Note that a QR16T quadrature set has 136 angles per octant,
which would be equivalent to an S32 set.

Figure 6-16 through Figure 6-19 illustrate the QR8T/QR16T fast flux ratio on the inner and outer
surfaces of the RPV and at elevations of Z =195 cm, Z = -70 cm, and Z = 470 cm. At the core
midplane, the two solutions agree within 1% within the RPV and within less than 2% in the cavity
gap. At the extended beltline elevations of Z = -70 cm (Figure 6-18) and Z = 470 cm (Figure 6-19),
the differences are reduced relative to the S16/QR8T ratios in Figure 6-13 and Figure 6-14. While
the QR8T and QR16T solutions at Z = -70 cm agree within 5% in the RPV and typically within
10% in the cavity gap, the differences are again more pronounced at Z = 470 cm, where
differences can exceed 20% in the cavity gap.

Comparisons of the QR8T and QR16T with an MG Shift calculation using the BUGLE-B7 library
are provided in Section 6.5.
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Figure 6-16 Fast neutron flux ratio on the inner and outer surfaces of the RPV for the PWR
reference model. The ratio is for a Denovo QR8T solution relative to a
QR16T solution
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo QRET/QR16T
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Figure 6-17 Fast neutron flux ratio in the PWR reference model: QR8T/QR16T quadrature.
Plan view at Z = 195 cm. The contour lines are the fast flux from the
QR16T solution
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo QRET/QR16T
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Figure 6-18 Fast neutron flux ratio in the PWR reference model: QR8T/QR16T quadrature.
Plan view at Z =-70 cm. The contour lines are the fast flux from the QR16T
solution. Note the change in scale relative to Figure 6-17
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo QRET/QR16T

= [*s] = Ly
S S & @ S g = - S
(=1 (=1 (=1 L= —~ ~ ~ ~ ~

Elevation: Z = 470 cm
PN S N S R T o I T [ T

a2 55"*31#*9-'#531“* L 8 o7

g

—751

Percentage of Cells
- -
a @

~100 1

o oFF oo (0% B b a0 35 a0
Ratio in RPY, Nozzles, RPV Supports, Air

Y-Axis (cm)
i
(]
S

=175

—200

=225

—250

Users/irafNRC Vessel Fluence/NUREG Jupyter notebooks/FWR_Watts Bar/Denove Juadrature Study/QRET QR16T/fast flux/Z slices/dpi_ 100 Host [D: MAC122188

PWR._fast flux ratio Denovo BUGLEET QRET QRIGT mean ¥ 470 scale 0.8 1.2 dpi 100 PPID 21252 png  User: jrd

=275
0 25 50 75 100 125 150 175 200 225 250 275

X-Axis (cm)

Figure 6-19 Fast neutron flux ratio in the PWR reference model: QR8T/QR16T quadrature.
Plan view at Z = 470 cm. The contour lines are the fast flux from the
QR16T solution
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6.3.4 Quadrature sensitivity for the Al (n,a) reaction rate

Because ray effects tend to be more pronounced in high-energy groups in discrete ordinates
calculations, the discrete ordinates solution sensitivity to quadrature order was examined for the
Al-27 (n,a)) dosimetry reaction. This reaction has a threshold energy (i.e., minimum neutron
energy required for the reaction to occur) of 3.25 MeV and an energy response range (i.e., the
energy range over which 90% of the response occurs in a 2®U fission spectrum) of 6.45—

11.9 MeV. Quadrature comparisons were made for the 2’Al (n,o.) reaction rate for the S8, S16,
QRS8T, and QR16T quadratures.

The S8/S16 quadrature sensitivity for the 2’Al (n,o) reaction rate at the core midplane (Figure
6-20) is significantly more pronounced than the S8/S16 fast flux ratio at the core midplane (Figure
6-2). Similarly, the S8/S16 ?’Al (n,o) reaction rate ratios at Z = 390 cm (Figure 6-21) and at

Z =400 cm (Figure 6-22) show substantially more variation than the S8/S16 fast flux ratios at
those elevations (Figure 6-3 and Figure 6-4). Note that the ratio range extends from [0.9, 1.1] for
the fast flux ratios and [0.8, 1.2] for the 2’Al (n,a) reaction rate ratios in those figures.

The ray effects that originate near the former plates and propagate through the RPV are also
much more significant for the 2’Al (n,a) reaction rate than for the fast flux, as shown by a
comparison of Figure 6-7 and Figure 6-25.

The differences in the 2’Al (n,o) reaction rates in the S16 and QR8T are substantially less than for
the S8/S16 comparison, but they are still more pronounced than the S16/QRS8T fast flux ratios.
This can be seen by comparison of Figure 6-29 with Figure 6-12, and Figure 6-30 with Figure
6-15.

Differences between the QR8T and QR16T Al-27 (n,a) reaction rates (not shown) do not deviate
significantly from the QR8T/QR16T fast flux ratios.

Further discussion of the increased quadrature sensitivity for high-energy threshold reactions is
provided in Section 6.6.
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Figure 6-20 2’Al (n,a) reaction rate ratio in the PWR reference model: S8/S16 quadrature.
Plan view at Z = 195 cm. The contour lines are the ?’Al (n,a) reaction rate from
the S16 solution
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Figure 6-21 ?’Al (n,a) reaction rate ratio in the PWR reference model: S8/S16 quadrature.
Plan view at Z = 390 cm. The contour lines are the ?’Al (n,a) reaction rate from
the S16 solution
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Figure 6-22 2’Al (n,a) reaction rate ratio in the PWR reference model: S8/S16 quadrature.
Plan view at Z =400 cm. The contour lines are the ?’Al (n,a) reaction rate from
the S16 solution
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Figure 6-23 2’Al (n,a) reaction rate ratio in the PWR reference model: S8/S16 quadrature.
Plan view at Z =-70 cm. The contour lines are the 2’Al (n,a) reaction rate from
the S16 solution
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Figure 6-26 2’Al (n,a) reaction rate ratio in the PWR reference model: S8/S16 quadrature.

Elevation view at an azimuthal angle of 310.5°. The contour lines are the

2Z7Al (n

o) reaction rate from the S16 solution
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ZIAl (n,a) reaction rate from the S16 solution
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Figure 6-28 2’Al (n,a) reaction rate ratio in the PWR reference model: S8/S16 quadrature.

Elevation view at an azimuthal angle of 337.5°. The contour lines are the

ZIAl (n,a) reaction rate from the S16 solution
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Figure 6-29 2’Al (n,a) reaction rate ratio in the PWR reference model: S16/QR8T quadrature.
Plan view at Z = 195 cm. The contour lines are the ?’Al (n,a) reaction rate from
the QR8T solution
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Figure 6-30 2’Al (n,a) reaction rate ratio in the PWR reference model: S16/QR8T quadrature.
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Elevation view at an azimuthal angle of 270.5°. The contour lines are the

(n

a) reaction rate from the QR8T solution
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6.4 Denovo quadrature sensitivity: BWR model

The sensitivity of discrete ordinates solutions to the angular quadrature selection for a BWR was
examined using the BWR model with a homogenized core representation (Section 5.9.2). The
discrete ordinates calculations were run using Denovo with the following parameters:

e BUGLE-B7 MG cross-section library with P3 scattering expansions

e Uniform 1.25-cm mesh in X, Y, and Z with X- and Y-extents of 350 cm and a Z-extent of
800 cm (76.8 million cells)

e Linear discontinuous (LD) differencing scheme

e Source iteration (Sl) solver with a convergence criterion of 1E-6

A parametric meshing study indicated that the Denovo solution converges with respect to mesh
using the intervals noted above.

6.4.1 Denovo solutions: S8 vs S16

Ratios of the BWR S8 Denovo fast (E > 1.0026 MeV) flux to the S16 Denovo fast flux are
provided in Figure 6-31 through Figure 6-37. Figure 6-31 and Figure 6-32 illustrate the fast
neutron flux ratio on the inner and outer surfaces of the RPV and shroud, respectively. There is
evidence of ray effects within the core height in the shroud and the RPV. More notable ray effects
are apparent in the upper portion of the shroud, and at elevations below the bottom of the fuel.

Figure 6-33 shows the S8/S16 fast flux ratio at the core midplane. As with the PWR model, ray
effects originate at each corner fuel assembly on the periphery of the core. The jet pump risers
also produce ray effects. The S8/S16 fast flux ratio in the RPV varies by nearly 20%, with a
maximum value of 1.109 and a minimum value of 0.927. As with the PWR model, these changes
occur over a relatively small spatial scale.

Figure 6-34 and Figure 6-35 show the S8/S16 fast flux ratio at elevations of Z = 210 cm and

Z = 225 cm, respectively. These elevations correspond to the horizontal red and blue bands
above the top of the core in Figure 6-31. These plots demonstrate significant variations in the fast
flux ratio in the RPV as a function of elevation and of azimuthal angle.

Figure 6-36 and Figure 6-37 show the S8/S16 fast flux ratio at elevations of Z = -250 cm and

Z = 375 cm, which correspond to the upper and lower plan view elevations for the BWR model in
Section 5. Note that the scale on these two plots is expanded from a range of [0.9, 1.1] to

[0.8, 1.2]. Also, as shown in the histograms, there is a significant bias at elevations outside of the
traditional beltline.

As with the PWR results in Section 6.3.1, these results suggest that the S8 quadrature set may
not be optimal for RPV fluence calculations even within the traditional beltline region.
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Figure 6-31 Fast neutron flux ratio on the inner and outer surfaces of the RPV for the BWR
reference model. The ratio is for a Denovo S8 solution relative to an S16
solution. The boundary planes show the extent of the fuel assemblies
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Figure 6-32 Fast neutron flux ratio on the inner and outer surfaces of the shroud for the
BWR reference model. The ratio is for a Denovo S8 solution relative to an S16
solution. The boundary planes show the extent of the fuel assemblies
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Fast (E = 1 MeV) Neutron Flux Ratio: Denovo S8/S16
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Figure 6-33 Fast neutron flux ratio in the BWR reference model: S8/S16 quadrature. Plan
view at Z=0cm. The contour lines are the fast flux from the S16 solution.
Minimum and maximum values within the RPV are shown for the S16 fast flux
and the S8/S16 fast flux ratio
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Figure 6-34 Fast neutron flux ratio in the BWR reference model: S8/S16 quadrature. Plan

view at Z =210 cm. The contour lines are the fast flux from the S16 solution.
Minimum and maximum values within the RPV are shown for the S16 fast flux
and the S8/S16 fast flux ratio
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Figure 6-35 Fast neutron flux ratio in the BWR reference model: S8/S16 quadrature. Plan

view at Z =225 cm. The contour lines are the fast flux from the S16 solution.

Minimum and maximum values within the RPV are shown for the S16 fast flux
and the S8/S16 fast flux ratio
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Figure 6-36 Fast neutron flux ratio in the BWR reference model: S8/S16 quadrature. Plan
view at Z =-250 cm. The contour lines are the fast flux from the S16 solution.
Minimum and maximum values within the RPV are shown for the S16 fast flux
and the S8/S16 fast flux ratio. Note the change in scale relative to the three
previous figures
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Figure 6-37 Fast neutron flux ratio in the BWR reference model: S8/S16 quadrature. Plan
view at Z = 375 cm. The contour lines are the fast flux from the S16 solution.
Minimum and maximum values within the RPV are shown for the S16 fast flux
and the S8/S16 fast flux ratio
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6.4.2 Denovo solutions: S16 vs QR8T

Ratios of the BWR fast flux for S16 and QR8T Denovo solutions are provided in Figure 6-38
through Figure 6-44. The S16/QR8T fast flux ratios on the inner and outer surfaces of both the
RPV and the shroud (Figure 6-38 and Figure 6-39, respectively) show much less variation than
the S8/S16 ratios, as expected. At the core midplane (Figure 6-40), the two solutions differ by
more than 2.5% in less than 2% of the RPV cells. The appearance of ray effects due to axial and
azimuthal variations at Z = 210 cm and Z = 225 cm (Figure 6-41 and Figure 6-42) is still present,
although their magnitude is substantially attenuated. At the elevations of Z = -250 cm (Figure
6-43)and Z = 375 cm (Figure 6-44), the solution agreement is also markedly improved relative to
the S8/S16 ratios.

6.4.3 Denovo solutions: QR8T vs QR16T
The final BWR comparison is between QR8T and QR16T solutions. The QR8T/QR16T fast flux
ratios are plotted in Figure 6-45 through Figure 6-51. Within the axial range of interest (from

Z =-250 cmto Z = 375 cm), the QR8T and QR16T solutions agree within 5% in nearly all the
RPV cells.
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Figure 6-38 Fast neutron flux ratio on the inner and outer surfaces of the RPV for the BWR
reference model. The ratio is for a Denovo S16 solution relative to a QR8T
solution. The boundary planes show the extent of the fuel assemblies
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Figure 6-39 Fast neutron flux ratio on the inner and outer surfaces of the shroud for the
BWR reference model. The ratio is for a Denovo S16 solution relative to a QR8T
solution. The boundary planes show the extent of the fuel assemblies

6-47
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=] =] =] ] ] ] = k=] ] ] ]
=] ol ©o @
S & 3 3 3 S 3 g g g =

Elewvation: Z =0 cm

325 -

300 - 2
g
= =
275 4
&
250 - g
A
225 o
&
cr|
. 200 4 ﬁ
g i
) =%
ﬁ 175 £
. =5
- 150 20 @ 00 g 00" 0-““*1‘5”5*31:’#0-"5* 000 g 00 FE’IE
] ! : : Eé
: =
1254 s il
: 23
] cil_§
100 43§ g3
1° ol
o= N|§:
s By
] - =}
E in 52
i BRL : =8
50 =g
] g%
1 s 5'3
25 | . iE
0 HE
0.90 0,925 0.95 0.975 1.00 1.025 1.05 1.075 1.10 .E

] Ratio in RPV E
L e e LS m e m —r =

0 25 50 75 100 125 150 350

X-Axis (cm)

Figure 6-40 Fast neutron flux ratio in the BWR reference model: S16/QR8T quadrature. Plan
view at Z =0 cm. The contour lines are the fast flux from the QR8T solution.
Minimum and maximum values within the RPV are shown for the QR8T fast flux
and the S16/QRS8T fast flux ratio
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Figure 6-41 Fast neutron flux ratio in the BWR reference model: S16/QR8T quadrature. Plan
view at Z =210 cm. The contour lines are the fast flux from the QR8T solution.
Minimum and maximum values within the RPV are shown for the QR8T fast flux
and the S16/QRS8T fast flux ratio
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Figure 6-42 Fast neutron flux ratio in the BWR reference model: S16/QR8T quadrature. Plan
view at Z =225 cm. The contour lines are the fast flux from the QR8T solution.

Minimum and maximum values within the RPV are shown for the QR8T fast flux
and the S16/QR8T fast flux ratio
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Figure 6-43 Fast neutron flux ratio in the BWR reference model: S16/QR8T quadrature. Plan
view at Z =-250 cm. The contour lines are the fast flux from the QR8T solution.

Minimum and maximum values within the RPV are shown for the QR8T fast flux
and the S16/QRS8T fast flux ratio
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Fast neutron flux ratio in the BWR reference model: S16/QR8T quadrature. Plan
view at Z =375 cm. The contour lines are the fast flux from the QR8T solution.
Minimum and maximum values within the RPV are shown for the QR8T fast flux
and the S16/QR8T fast flux ratio
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Figure 6-45 Fast neutron flux ratio on the inner and outer surfaces of the RPV for the BWR
reference model. The ratio is for a Denovo QR8T solution relative to a QR16T
solution. The boundary planes show the extent of the fuel assemblies
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Figure 6-46 Fast neutron flux ratio on the inner and outer surfaces of the shroud for the
BWR reference model. The ratio is for a Denovo QR8T solution relative to a
QR16T solution. The boundary planes show the extent of the fuel assemblies
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Figure 6-47 Fast neutron flux ratio in the BWR reference model: QR8T/QR16T quadrature.
Plan view at Z =0 cm. The contour lines are the fast flux from the QR16T
solution. Minimum and maximum values within the RPV are shown for the
QR16T fast flux and the QR8T/QR16T fast flux ratio
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Fast neutron flux ratio in the BWR reference model: QR8T/QR16T quadrature.

Plan view at Z =210 cm. The contour lines are the fast flux from the QR16T

solution. Minimum and maximum values within the RPV are shown for the
QR16T fast flux and the QR8T/QR16T fast flux ratio
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Figure 6-49 Fast neutron flux ratio in the BWR reference model: QR8T/QR16T quadrature.

Plan view at Z = 225 cm. The contour lines are the fast flux from the QR16T
solution. Minimum and maximum values within the RPV are shown for the
QR16T fast flux and the QR8T/QR16T fast flux ratio
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Figure 6-50 Fast neutron flux ratio in the BWR reference model: QR8T/QR16T quadrature.
Plan view at Z =-250 cm. The contour lines are the fast flux from the QR16T
solution. Minimum and maximum values within the RPV are shown for the
QR16T fast flux and the QR8T/QR16T fast flux ratio. Note the change in scale
relative to the three previous plots
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Figure 6-51 Fast neutron flux ratio in the BWR reference model: QR8T/QR16T quadrature.
Plan view at Z =375 cm. The contour lines are the fast flux from the QR16T
solution. Minimum and maximum values within the RPV are shown for the
QR16T fast flux and the QR8T/QR16T fast flux ratio

6-59



6.5 Comparison of Denovo solutions to multigroup Shift solutions: PWR model

The comparisons presented in Section 6.3 and Section 6.4 demonstrate that quadrature
sensitivity (i.e., the variation between two discrete ordinates calculations in which the only
parameter that is modified is the quadrature set) for RPV fluence calculations is more pronounced
in the extended beltline region compared to the traditional beltline region.

As a means of determining the effect of selection of quadrature sets on RPV fluence calculations,
a Shift hybrid Monte Carlo calculation was performed using the homogenized core PWR model
and the BUGLE-B7 MG library. The Shift fast flux was tallied using a mesh tally with the uniform
1 cm mesh that was used in the Denovo calculations. Because the Shift and Denovo calculations
employ the same model and same MG cross sections, and the Denovo mesh was demonstrated
to provide convergence of the Denovo solution with respect to mesh, the ratios of the Denovo
calculations to the Shift solution provide a means of effectively isolating the quadrature effect in
the Denovo calculations.

The Denovo S8, S16, QR8T, and QR16T solutions are compared to the Shift solution in Figure
6-52 through Figure 6-67. The results of these comparisons can be summarized as follows.

Comparison of Figure 6-52 with Figure 6-2 confirms that the ray effects seen in Figure 6-2 are
indeed an indication of (minor) deficiencies in the S8 quadrature, even within the traditional
beltline region. As noted in Section 6.3.1, these ray effects are associated with the corner fuel
assemblies along the periphery of the core. Figure 6-53 and Figure 6-54 confirm the presence of
significant ray effects for the S8 solution in the cavity gap and adjacent portions of the RPV and
bioshield. Figure 6-55 confirms the presence of ray effects due to the former plate material
interfaces, which is consistent with Figure 6-1 and Figure 6-2. However, as shown in the
histograms, there is little indication of overall bias until the distance from the core midplane is
large (Figure 6-54).

Comparison of the S16 and QR8T quadrature results is instructive, as both sets contain 36 angles
per octant and thus have equivalent computational footprints. At the core midplane, both the S16
and QR8T solutions show excellent agreement with the BUGLE-B7 Shift solution, although the
S16 solution (Figure 6-56) shows slightly more evidence of ray effects emanating from the corner
fuel assemblies compared with the QR8T solution (Figure 6-60). At the extended beltline
elevations of Z = -70 cm (Figure 6-57 and Figure 6-61) and Z = 470 cm (Figure 6-58 and Figure
6-62), both Denovo solutions exhibit ray effects in the cavity gap region. At both of these
elevations, the QR8T solution provides better agreement than the S16 solution when compared to
the Shift solution.

The same is true for elevation plots at an azimuthal angle of 270.5°, as shown in Figure 6-59
(S16) and Figure 6-63 (QR8T). While both solutions exhibit ray effects in the cavity gap, the QR8T
solution does not have the ray effects that are seen in the S16 solution emanating from the former
plates.

Denovo/Shift ratios for the QR16T solution are presented in Figure 6-64 through Figure 6-67. The
QR16T quadrature, with 136 angles per octant, substantially reduces the ray effects in the cavity
gap, although there are still locations in the extended beltline region where the QR16T Denovo
solution differs from the Shift solution my 15% or more.
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo S8/Shift
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Figure 6-52 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with S8
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view
at Z =195 cm. The histogram plot shows the distribution of ratio values within

the RPV and cavity gap
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Figure 6-53 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with S8
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =-70 cm. The histogram plot shows the distribution of ratio values within the
RPV and cavity gap. Note the change in scale relative to Figure 6-52
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Figure 6-54 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with S8
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =470 cm. The histogram plot shows the distribution of ratio values within the
RPV, nozzle, vessel supports, and cavity gap
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-55 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with S8

Figure 6

quadrature to a BUGLE-B7 Shift solution with the PWR model. Elevation view at

an azimuthal angle of 270.5°
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo S16/Shift
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Figure 6-57 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with S16
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =-70 cm. The histogram plot shows the distribution of ratio values within the
RPV and cavity gap. Note the change in scale relative to Figure 6-56
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo S16/Shift
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Figure 6-58 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with S16
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =470 cm. The histogram plot shows the distribution of ratio values within the
RPV, nozzle, vessel supports, and cavity gap
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Figure 6-59 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with S16

quadrature to a BUGLE-B7 Shift solution with the PWR model. Elevation view at

an azimuthal angle of 270.5°
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Figure 6-60 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with QR8T
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =195 cm. The histogram plot shows the distribution of ratio values with the
RPV and cavity gap
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo QRBT/Shift
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Figure 6-61 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with QR8T
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =-70 cm. The histogram plot shows the distribution of ratio values within the
RPV and cavity gap. Note the change in scale relative to Figure 6-60
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo QRBT/Shift
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Figure 6-62 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with QR8T
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =470 cm. The histogram plot shows the distribution of ratio values within the
RPV, nozzle, vessel supports, and cavity gap
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an azimuthal angle of 270.5°
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Figure 6-64 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with QR16T
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =195 cm. The histogram plot shows the distribution of ratio values within the
RPV and cavity gap
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo QR16T/Shift
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Figure 6-65 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with QR16T
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =-70 cm. The histogram plot shows the distribution of ratio values within the
RPV and cavity gap. Note the change in scale relative to Figure 6-64
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Fast (E = 1.0026 MeV) Neutron Flux Ratio: Denovo QR16T/Shift
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Figure 6-66 Ratio of the fast neutron flux from a BUGLE-B7 Denovo solution with QR16T
guadrature to a BUGLE-B7 Shift solution with the PWR model. Plan view at
Z =470 cm. The histogram plot shows the distribution of ratio values within the
RPV, nozzle, vessel supports, and cavity gap
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Figure 6-67 Ratio of the fast neutron flux from a BUGLE-

quadrature to a BUGLE-B7 Shift solution with the PWR model. Elevation view at
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6.6 Summary of quadrature studies

Angular quadrature sensitivity has long been a challenge in discrete ordinates radiation transport
calculations, particularly with complex 3D models. Numerous studies have been performed over
many years in attempts to provide optimal quadrature sets for RPV fluence calculations. The most
widely used sets are still the level symmetric sets, particularly S8 and S16. However, their
suitability for RPV fluence calculations in the extended beltline region has not been clearly
established.

This section addresses three fundamental questions:

1. Are fluence calculations in the extended beltline region more sensitive to angular
guadrature relative to calculations within the beltline region?

2. Are discrete ordinates calculations of dosimetry reaction rates for reactions with a high
threshold energy, as in the #’Al (n,a) reaction, more sensitive to quadrature than fast
fluence calculations?

3. If there are significant solution differences with different quadrature sets, can one set be
demonstrated to be more accurate than another?

The first two questions were addressed by performing parametric studies using Denovo PWR
and BWR models. This approach is consistent with typical quadrature parameter studies that
would be performed to determine whether a discrete ordinates solution has converged with
respect to the angular quadrature.

The results of these studies demonstrate significant quadrature sensitivity in the extended
beltline region of both models. In addition, they raise questions about the adequacy of the
widely used S8 set for calculations, even within the traditional beltline region. The primary
consideration with the S8 solutions may be with regard to benchmark calculations in which
discrete ordinates calculations are compared to measured dosimetry data. Because of the
azimuthal and axial sensitivity seen in portions of the S8 solutions, it is possible that a relatively
minor shift in the location of a dosimetry capsule could have a nontrivial impact on the
comparison of calculated and measured activities.

The question of sensitivity for high-energy threshold reactions was addressed by evaluating
reaction rates for the 2’Al (n,a) reaction, which has a threshold energy of 3.25 MeV and an
energy response range of 6.45-11.9 MeV. Results presented in Section 6.3.4 demonstrate that
the calculation of this type of threshold reaction rate can be significantly more sensitive to
guadrature effects compared with fast fluence calculations. Note that this is a concern not only
in extended beltline locations, but even at locations well within the traditional beltline region.

The third question was addressed by comparing MG Shift calculations with Denovo calculations
using the PWR model. These calculations used the same models and the same MG cross-
section data (BUGLE-B7). Results of these calculations, which are presented in Section 6.5,
suggest the following:

1. QR quadrature sets appear to be superior to level symmetric quadratures for RPV
fluence calculations. A QR8T quadrature, which has the same number of angles as the
high-order S16 level symmetric set, consistently provides closer agreement than S16
when compared with the Shift solution. This is not surprising, as at least some of the ray
effects seen with the level symmetric sets are associated with material interfaces along a
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coordinate axis or with streaming near the Z-axis. The QR quadrature sets were
developed specifically to provide improved accuracy in those types of situations.
Given the increases in computing resources in recent years, it may be prudent to
recommend a minimum quadrature order of QR8T. In the traditional beltline region,
QR8T solutions provide generally good agreement with QR16T solutions, which have
136 angles per octant. However, in the extended beltline region, quadrature orders
higher than QR8T should be considered.
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7 SUMMARY AND CONCLUSIONS

The primary objectives of this report are to identify transport phenomena that are important in
calculation of RPV fluence levels in the extended beltline region and to evaluate radiation
transport methodologies that are best suited to such analyses. This work makes extensive use of
large 3D transport calculations employing the Denovo discrete ordinates code and the Shift Monte
Carlo code. The Shift calculations all employed the hybrid transport method, which utilizes both
discrete ordinates and Monte Carlo calculations and is the current state of the art in radiation
transport applications.

Both PWR and BWR models were utilized in an extensive set of parametric studies. Particular
emphasis was placed on identifying aspects of current methodologies that may be appropriate for
traditional beltline fluence analyses, but not for extended beltline applications. Understanding
those issues provides guidance on changes that might be appropriate for extended beltline
analyses, either with regard to parameter guidance with discrete ordinates calculations, or with
recommendations on the use of improved transport methods that have come into use since the
issuance of many of the existing guidelines for RPV fluence analyses.

One of the most significant changes in radiation transport analysis methodology over the past 10
to 20 years has been the increasing use of hybrid methods These methods provide improved
accuracy in modeling of the systems being analyzed and in the physics of particle transport
compared with discrete ordinates methods. The hybrid methods are capable of producing well-
converged, spatially detailed Monte Carlo solutions with reasonable run times (e.g., overnight
solutions on computing clusters with on the order of a hundred CPUSs).

The sensitivities of extended beltline fluence calculations to physical aspects of RPV models were
addressed and are summarized in Section 7.1. The selection of appropriate quadrature sets and
MG cross-section libraries, which are critical parameters in discrete ordinates calculations, were
addressed and are summarized in Section 7.2. The MG library studies, in particular, raise
important questions about the level of accuracy that can be obtained for not only fast fluence
evaluations, but also for calculations used to benchmark a transport methodology against
measured dosimetry data.

7.1  Sensitivity analyses of selected physical parameters

Because neutron transport paths in the extended beltline region can be significantly different from
those in the traditional beltline region, it is possible that fluence calculations in the extended
beltline region may be more sensitive to variations in physical parameters (e.g., coolant density,
changes in the fission spectrum with increasing burnup) than are fluence calculations in the
traditional beltline region.

Hybrid radiation transport calculations were performed using PWR and BWR models to address
the following physical parameters:

Changes in the fission spectrum from BOL to EOL in the PWR and BWR models
Changes in the coolant temperature (and hence density) in the PWR model
Changes in the axially dependent VFs in the BWR model

Changes in the cavity gap width in the PWR model

Changes in the concrete composition in the PWR model

The presence of a steel bioshield liner in the PWR model

The presence of thermal insulation in the PWR model

NooapwdhE
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8. Use of homogenized core geometries in the PWR and BWR models rather than explicit
ones

The results of these parameter studies, which are detailed in Section 5, are summarized below.
The dimensional and material parameter studies of items 4—7 were conducted for the PWR model
only. This selection was made based on the significantly higher fast neutron fluence levels at end
of plant life in PWRs relative to BWRs (Section 1).

7.1.1 Fission spectrum effects

It is well known that changes in the fraction of fissions that occur in fissile isotopes in the fuel—
primarily 2°U, 28U, 2%°Py, and ?**Pu—can lead to significant changes in the fast flux in the RPV.
There are two primary causes of this effect: changes in the energy spectrum of the fission
neutrons, and changes in the average number of neutrons emitted per fission (¥). There are also
differences in the energy release per fission (K) among the isotopes, but those differences are
relative minor compared with the spectrum and v changes. The Pu isotopes have fission spectra
that are shifted toward higher neutron energies, as well as higher values of v, relative to the U
isotopes. Because the 2*°Pu and ?*!Pu fission fractions’ increase with increasing burnup, the fast
neutron flux in the RPV tends to increase with increasing burnup.

For the PWR model used in this study, the fast flux in the RPV at the core midplane increases by
~23 to ~34% from BOL to EOL. The fission fractions by isotope for the BOL and EOL sources are
noted in Section 5.2. At extended beltline locations, where there is increased neutron flux
attenuation resulting from longer path lengths in the coolant between the core and the inner
surface of the RPV, the EOL/BOL fast flux increase ranges from ~30 to ~50%.

For the BWR model used in this study, the fast flux in the RPV at the core midplane increases by
~20 to ~24% due to changes in the fission spectrum between BOL and EOL. At extended beltline
locations, the fast flux increase ranges from ~22 to ~30%. It should be noted that the EOL fission
fractions for 2°Pu and 2**Pu are significantly lower than in the PWR model. This is based on
available fission fraction data as a function of burnup; it is likely that longer lived BWR fuel
assemblies will have higher Pu isotopes than this model. In that case, the EOL/BOL fast flux ratios
would be expected to increase at the core midplane elevation, and even more at the extended
beltline locations.

These results suggest that accurate distributions of fissions by isotope throughout core life are
particularly important for fast fluence predictions in the extended beltline region. It should also be
noted that while RPV fluence levels in the traditional beltline region are dominated by the
outermost pins in the outer fuel assemblies, sources further in from the peripheral edge and near
the upper and lower limits of the fuel assemblies have increased importance for extended beltline
locations.

7.1.2 Coolant temperature variation in the PWR model

The parametric study of coolant temperature changes in the PWR model is described in

Section 5.3. Reductions in coolant temperature result in a decrease in the fast flux in the RPV,
nozzles, and supports due to increased neutron attenuation. In extended beltline locations, there
is a more significant reduction at the inner surface of the RPV due to the longer neutron transport
paths from the core to the inner surface of the RPV, as noted above for the fission spectrum
study. At extended beltline locations near the outer surface of the RPV and in the nozzles and
vessel supports, the temperature-related reductions are less pronounced, as the cavity streaming
neutrons that dominate the flux in those regions are driven by neutrons that escape the RPV well
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within the traditional beltline region. Increases in the coolant temperature in the PWR model result
in fast flux changes that are essentially the inverse of those seen with temperature reductions.
Because RPV locations in the extended beltline region are more sensitive to coolant temperature
changes, accurate modeling of coolant temperatures throughout the RPV as a function of a plant’s
operating history is particularly important.

7.1.3 Void fractions in the BWR model

The BWR model used in this study is based on the GE14 10x10 assembly design with seven
axial fuel zones. Boiling can occur in the coolant channels, resulting in changes in the coolant VF
as a function of elevation and of time during a cycle. This effect was evaluated by comparing
results from minimum, maximum, and average VFs by axial zone.

Changes in the RPV fast flux at the core midplane and lower elevations resulting from variation in
the axial VFs are described in Section 5.4. The effects are relatively minor at elevations near or
below the lower portion of the core, as the VFs in the two lowest axial zones are small and do not
have significant variation between the minimum and maximum values.

Differences in the VFs between the minimum and maximum cases increase significantly
compared to the two lower axial zones. This results in changes in the RPV fast flux being more
significant in the upper extended beltline region than in the lower extended beltline region.

7.1.4 Reactor cavity gap width

The PWR model used in this study has cavity gap widths of 17.38 and 14.75 cm at elevations
below and above the elevation where the RPV thickness increases (Table 4-1 and Figure 4-1).
Because cavity streaming neutrons dominate fast flux levels in the outer portion of the RPV and in
the nozzles and vessel supports, changes in the cavity geometry may be expected to have a
significant effect on neutron flux levels in those locations. This is particularly important for the
vessel supports in the extended beltline region. The cavity gap parameter study (Section 5.5)
modeled increases of 10, 20, and 30 cm in the gap width. The increased gap widths have a very
minor effect in the traditional beltline region, but they lead to significant fast flux increases in
extended beltline locations.

7.1.5 Concrete composition

The reactor cavity gap width study confirmed the potential for cavity gap changes to have
significant impacts on fast fluence levels in the extended beltline region. A related consideration is
the composition of the concrete bioshield.

The sensitivity of fast flux changes in the extended beltline region was assessed by comparing the
fast flux levels for four concrete compositions. The hydrogen density, which is of primary
importance for neutron scattering behavior in concrete, was varied by nearly a factor of six (Table
5-6).

Reductions in the concrete hydrogen content result in increased scatter of neutrons from the
bioshield back into the cavity gap. This in turn leads to increased fast neutron flux levels in the
outer portion of the RPV in the extended beltline region, in the nozzles, and particularly in the
vessel supports. Conversely, higher hydrogen content in concrete results in reduced scatter into
the cavity gap, with reductions in the fast flux in the regions above and below the active core.
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Based on these results, it is apparent that any change in hydrogen content in the bioshield
(particularly in the portion of the bioshield nearest the inner radius) during the lifetime of an NPP
should be considered in calculations of fast fluence in the extended beltline region, particularly for
the nozzle supports.

7.1.6 Steel bioshield liner

The baseline PWR and BWR models in this study have bioshields constructed of Type 04
concrete (Section 5.6) with no liner on the inner surface of the concrete (i.e., the cylindrical
surface facing the RPV). Some reactor plant designs include a steel liner on the inner surface of
the bioshield. The presence of a liner will affect the scattering from the bioshield into the cavity
gap, as the angular distribution and average energy loss of scattered neutrons are different in
steel than they are in the lighter elements—particularly hydrogen—that are the dominant
constituents of the concrete.

The presence of a steel liner was assessed for two liner compositions: 304 stainless steel and
carbon steel. At locations away from the nozzles in the PWR model, the presence of a steel
liner made of either SS-304 or carbon steel has a minor effect on fast flux levels in the outer
portion of the RPV, leading to increases less than 3%. The most significant effect of a liner is a
reduction in fast flux levels of up to ~25% in the vessel supports.

7.1.7 Thermal insulation

RPVs for PWR and BWR designs typically have a layer of thermal insulation between the RPV
outer radius and the inner radius of the concrete bioshield. The effect of insulation on fast flux
levels in the extended beltline region was evaluated by modeling a layer of reflective metallic
insulation in the cavity gap of the PWR model. This insulation layer has a minor effect on fast
flux levels in the RPV in the beltline region, where it can cause very slight increases (< 2%) in
the fast flux levels at the outer surface of the RPV due to backscatter of neutrons from the
insulation. At locations in the extended beltline region, the presence of thermal insulation can
reduce fast flux levels in the RPV due to attenuation of the cavity streaming neutron flux by the
thermal insulation. Because of reductions in cavity streaming flux levels due to attenuation in the
insulation, the fast flux at locations where cavity streaming dominates the neutron flux is
reduced by ~15-20%.

7.1.8 Use of homogenized core geometries

It is common practice in RPV fluence evaluations to homogenize the materials within the fuel
assemblies into a set of mixtures rather than having an explicit geometric representation of the
fuel pins, control assemblies, guide tubes, and other components. This is a reasonable
modeling approximation for fast neutron flux calculations for the traditional beltline region, as the
neutron transport characteristics of the homogenized fuel assemblies are essentially identical to
the explicitly modeled assemblies used when calculating fast neutron flux levels in the RPV.

The validity of this approximation for extended beltline fluence calculations was assessed using
homogenized-assembly versions of the PWR and BWR models. These homogenized models
were also used for the Denovo discrete ordinates calculations discussed below. The results of
these assessments confirm that the use of homogenized core models is appropriate for both
extended and traditional beltline fluence evaluations.
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7.2 Discrete ordinates quadrature sensitivities in the extended beltline region

Regulatory Guide 1.190 provides extensive guidance on the selection of discrete ordinates
parameters (spatial, angular, and energy discretization) for RPV fast fluence calculations in the
beltline region of LWR RPVs. No specific guidance is provided for fluence calculations in the
extended beltline region. The sensitivity of discrete ordinates calculations to quadrature selection
in the traditional and extended beltline region was evaluated in this study using a combination of
discrete ordinates (Denovo) and hybrid transport (Denovo/Shift).

All discrete ordinates calculations were run using the ORNL Denovo code. Because other discrete
ordinates transport codes have slight methodology differences, their sensitivity to the parameters
studied may provide results that differ somewhat from those presented in this report. However,
such differences are likely to be minor, and the overall conclusions of this parameter study are not
expected to differ greatly when other codes are used.

Regulatory Guide 1.190 discusses appropriate meshing strategies for 2D/1D flux synthesis
calculations. The adequacy of the Denovo mesh used in the parameter studies was confirmed
based on (1) demonstrating that the solutions were converged with respect to mesh and (2)
comparisons of Denovo and Shift calculations when both codes used the same MG cross-section
data. Because discrete ordinates codes typically offer a number of spatial differencing schemes,
the meshing deemed appropriate for Denovo using a linear discontinuous differencing scheme
may not be appropriate for other transport codes.

Discrete ordinates calculations used for RPV fluence analyses typically employ level symmetric
guadrature sets, including S8 and S16. While level symmetric quadratures have a long history and
have been shown to be adequate for beltline fluence evaluations, more recent angular quadrature
sets, including QR sets (Section 6), have been demonstrated to provide improved solution
accuracy for (1) discrete ordinates models with material interfaces along the coordinate axes, like
fuel assemblies and former plates and/or (2) streaming along or near coordinate axes, such as
cavity streaming.

The initial quadrature comparisons focused on Denovo solutions using the S8 and S16 sets.
Calculations with both the PWR and BWR models demonstrated nontrivial differences between
S8 and S16 fast flux levels, even at the core midplane. The S8 solutions exhibited azimuthal ray
effects associated with the corner fuel assemblies on the periphery of the core and at the neutron
pad in the PWR model. The S8 solutions also exhibited ray effects at the jet pump risers in the
BWR. The minimum and maximum S8/S16 fast flux ratios at the inner surface of the RPV vary by
9% in the PWR model and by nearly 19% in the BWR model. In addition, the S8 solution showed
significant axial ray effects associated with the former plates in the PWR model.

Deviations between S8 and S16 solutions in the extended beltline region become more
pronounced, particularly in the vicinity of the nozzles and the lower portion of the RPV near the
lower hemispherical head in the PWR model. In the BWR model, significant S8/S16 differences
occur in the shroud and in the RPV at elevations outside the axial extent of the core, particularly in
regions below the bottom of the core.

Because ray effects tend to be more pronounced for higher energy neutrons, the quadrature
sensitivity using S8 and S16 solutions in the PWR model was also evaluated for a high-energy
threshold reaction—?"Al (n,a)—that is commonly used in dosimetry measurements. Results of this
study show significant S8/S16 solution differences, some of which exceed 20%, even within the
traditional beltline region. This is a potential concern for benchmarking of discrete ordinates
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calculations with dosimetry measurements, as relatively minor changes in the location of a
dosimetry capsule could have a significant impact on calculated-to-measured ratios.

Further quadrature-to-quadrature comparisons were performed using a variety of QR
guadratures, including QR8T, which has the same number of angles as S16, and QR16T, which
served as a high-order solution. Details of these analyses can be found in Section 6.

A more stringent evaluation of quadrature effects was performed to demonstrate which
guadrature sets provide the most accurate solution. This was done by comparing Denovo
calculations with MG Shift calculations using the PWR model. Because both codes used the same
MG library (BUGLE-B7), and the Denovo solutions had been demonstrated to be converged with
respect to mesh, this comparison provided a means of effectively isolating the quadrature effects
in the Denovo solution from MG effects. The results of these studies indicate that the QR sets
provide superior fast flux estimates to the level symmetric S8 and S16 sets for RPV fluence
calculations. The QR8T solution consistently provides closer agreement than S16 when
compared with the Shift solution using MG data.

While the QR8T quadrature provides excellent agreement with the Shift solution in the traditional
beltline region, it still exhibits ray effects that can produce differences of 15% or more compared to
the MG Shift solution. The ray effects are reduced significantly using a QR16T quadrature, but
even with that solution, there are some locations in the extended beltline region where the Denovo
and Shift solutions differ by more than 10%.

7-6



[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]
9]
[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

8 REFERENCES

Gary L. Stevens, “Evaluation of the Beltline Region for Nuclear Reactor Pressure
Vessels,” U.S. Nuclear Regulatory Commission Technical Letter Report
TLR-RES/DE/CIB-2013-01, November 14, 2014.

U.S. Nuclear Regulatory Commission, “Calculational and Dosimetry Methods for
Determining Pressure Vessel Neutron Fluence,” Regulatory Guide 1.190, 2001.
ADAMS Accession No. ML010890301.

U.S. Nuclear Regulatory Commission, “Domestic Licensing of Production and
Utilization Facilities,” Title 10, Code of Federal Regulations, Part 50.

ASTM E185-82, “Standard Practice for Design of Surveillance Programs for Light-
Water Moderated Nuclear Power Reactor Vessels,” ASTM International, 1982.

U.S Nuclear Regulatory Commission, “Reactor Pressure Vessel Status Report,”
NUREG/CR-1511, December 1994. ADAMS Accession No. ML082030506.

IAEA Nuclear Energy Series, “Integrity of Reactor Pressure Vessels in Nuclear Power
Plants: Assessment of Irradiation Embrittlement Effects in Reactor Pressure Vessel
Steels,” International Atomic Energy Agency, 2009.

Pavel V. Tsvetkov, Editor, Nuclear Power — Control, Reliability, and Human Factors,”
Intech, 2011.

James J. Duderstadt and William R. Martin, Transport Theory, John Wiley and Sons,
1979.

George |. Bell and Samuel Glasstone, Nuclear Reactor Theory, Robert E. Krieger,
1982.

E. E. Lewis and W. F. Miller, Computational Methods for Neutron Transport, American
Nuclear Society, Inc., 1993.

H. Greenspan, C. N. Kelber, and D. Okrent, Editors, Computing Methods in Reactor
Physics, Gordon and Breach, 1968.

R. D. Richtmyer and J. von Neumann, “Statistical Methods in Neutron Diffusion,” Los
Alamos Report LMS-551, 1947.

S. W. Mosher, J. C. Wagner, and D. E. Peplow, “FW-CADIS Method for Global and
Regional Variance Reduction in Monte Carlo Radiation Transport Calculations,” Nucl.
Sci. Eng., 176(1):37-57, 2014.

H. Brockmann, “Treatment of Anisotropic Scattering in Numerical Neutron Transport
Theory,” Nucl. Sci. Eng., 77(4):377-414, 1981.

CCC-650, ORNL RSICC Computer Code Collection, “DOORS 3.2A, One-, Two-, and
Three-Dimensional Discrete Ordinates Neutron Photon Transport Code System,” May
2007.

W. A. Rhoades and R. L. Childs, “The DORT Two-Dimensional Discrete Ordinates
Transport Code,” Nucl. Sci. Eng., 99(1):88-89, 1988.

W. A. Rhoades and R. L. Childs, “TORT: A Three-Dimensional Discrete Ordinates
Neutron/Photon Transport Code,” Nucl. Sci. Eng., 107(4):397-398, 1991.



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

W. A. Rhoades and D.B. Simpson, “The TORT Three-Dimensional Discrete Ordinates
Neutron/Photon Transport Code (TORT Version 3),” ORNL/TM-13221, Oak Ridge
National Laboratory, 1997.

T. M. Evans et al., “Denovo: A New Three-Dimensional Parallel Discrete Ordinates
Code in SCALE,” Nucl. Technol., 171(2):171-200, 2010.

CCC-842, ORNL RSICC Computer Code Collection, “PARTISN 8.29: Time-
Dependent, Parallel Neutral Particle Transport Code System,” 2009.

E. T. Tomlinson, W. A. Rhoades, and W. W. Engle, Jr., “Flux Extrapolation Models
Used in the DOT IV Discrete Ordinates Neutron Transport Code,” ORNL/TM-7033,
Oak Ridge National Laboratory, 1980.

B. G. Petrovic and A. Haghighat, “Analysis of Inherent Oscillations in Multidimensional
SN Solutions of the Neutron Transport Equation,” Nucl. Sci. Eng., 124(1):31-62, 1996.

B. G. Petrovic and A. Haghighat, “Effects of SN Method Numerics on Pressure Vessel
Neutron Fluence Calculations,” Nucl. Sci. Eng., 122(2):167-193, 1996.

C. S. Davidson and C. A. Burre, “Spatial Differencing and Mesh Sensitivity in Two- and
Three-Dimensional Discrete Ordinates Codes,” Nuclear Mathematical and
Computational Sciences: A Century in Review, a Century Anew, American Nuclear
Society, 2003.

I. K. Abu-Shumays, “Compatible Product Quadrature for Neutron Transport in x-y
Geometry,” Nucl. Sci. Eng. 64:299-316, 1977.

I. K. Abu-Shumays, “Angular Quadratures for Improved Transport Computations,”
Trans. Theory Stat. Phys., 30(2&3):169—-204, 2001.

J. J. Jarrell, M. L. Adams, and J. M. Risner, “Application of Quadruple Range
Quadratures to Three-Dimensional Model Shielding Problems,” Nucl. Tech.,
168(2):424-430, 2009.

J. F. Carew and G. Zamonsky, “Uniform Positive-Weight Quadratures for Discrete
Ordinate Transport Calculations,” Nucl. Sci. Eng. 131(2):199-207, 1999.

J. F. Carew, K. Hu, and G. Zamonsky, “Uniform Gauss-Weight Quadratures for
Discrete Ordinate Transport Calculations,” Nucl. Sci. Eng. 136(2):282—-293, 2000.

G. Longoni and A. Haghighat, “Development of New Quadrature Sets with the
Ordinate Splitting Technique,” Proceedings of the ANS International Meeting on
Mathematical Methods for Nuclear Applications, 2001.

C. D. Ahrens, “Highly Efficient, Exact Quadratures for Three-Dimensional Discrete
Ordinates Transport Calculations,” Nucl. Sci. Eng., 170(1):98-101, 2012.

D. B. Fromowitz and G. B. Ziegler, “Development and Evaluation of High-Fidelity
Product and Evenly Spaced Angular Quadratures for Three-Dimensional Discrete
Ordinates Calculations with Large Air Regions,” Nucl. Sci. Eng., 182.

K. Manalo, C. D. Ahrens, and G. Sjoden, “Advanced Quadratures for Three-
Dimensional Discrete Ordinate Transport Simulations: A Comparative Study,” Ann.
Nucl. Energy, 81:196-206, 2015.

X-5 Monte Carlo Team, “MCNP — A General Monte Carlo N-Particle Transport Code,
Version 5,” Los Alamos National Laboratory, February 2008.



[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

T. M. Pandya et al., “Implementation, Capabilities, and Benchmarking of Shift, a
Massively Parallel Monte Carlo Radiation Transport Code,” J. Comput. Physics,
308:239-272, 2016.

M. B. Chadwick et al., “ENDF/B-VII.1 Nuclear Data for Science and Technology: Cross
Sections, Covariances, Fission Product Yields, and Decay Data,” Nuclear Data
Sheets, 112(12):2887-2996, December 2011.

M. Herman and A. Trkov, Editors, “ENDF-6 Formats Manual,” CSEWG Document
ENDF-102, BNL-90365-2009, National Nuclear Data Center, Brookhaven National
Laboratory, June 2009.

Alireza Haghighat, Monte Carlo Methods for Particle Transport, CRC Press, 2014.

S. W. Mosher et al., “ADVANTG — An Automated Variance Reduction Parameter
Generator,” ORNL/TM-2013/416 Rev. 1, Oak Ridge National Laboratory, August 2015.

J. C. Wagner and A. Haghighat, “Automated Variance Reduction of Monte Carlo
Shielding Calculations Using the Discrete Ordinates Adjoint Function,” Nucl. Sci. Eng.,
128(2):186—208, 1998.

A. Haghighat and J. C. Wagner, “Monte Carlo Variance Reduction with Deterministic
Importance Functions,” Prog. Nucl Energy, 42(1):25-53, 2003.

T. M. Evans, J. C. Wagner, and D. E. Peplow, “Automated Variance Reduction Applied
to Nuclear Well-logging Problems,” Nucl. Tech., 168(3):799-809, 2009.

B. T. Rearden and M. A. Jessee, Editors. SCALE 6.2: A Comprehensive Modeling and
Simulation Suite for Nuclear Safety Analysis and Design; Includes ORIGEN and
AMPX, ORNL/TM-2005/39 Version 6.2, Oak Ridge National Laboratory, April 2016

Westinghouse Report WCAP-14040-A Rev. 4., “Methodology Used to Develop Cold
Overpressure Mitigating System Setpoints and RCS Heatup and Cooldown Limit
Curves.” ADAMS Accession No. ML050120209, May 2014.

AREVA NP Inc. Report BAW-2241NP-A Rev. 2, “Fluence and Uncertainty
Methodologies.” ADAMS Accession No. ML0O73310660, April 2006.

GE Energy Nuclear Report NEDO-32983-A Rev. 2, “General Electric Methodology for
Reactor Pressure Vessel Fast Neutron Flux Evaluations.” ADAMS Accession No.
ML072480121, January 2006.

Westinghouse Report WCAP-18124-NP-A Rev. 0, “Fluence Determination with
RAPTOR-M3G and Ferret.” ADAMS Accession No. ML18099A125, February 2018.

AREVA Report ANP-3127 Rev. 2, “Oconee Nuclear Station Units 1, 2, and 3
Pressure-Temperature Limits at 54 EFPY.” ADAMS Accession No. ML13305A121,
September 2013.

AREVA Report ANP-3300, “Arkansas Nuclear One (ANO) Unit 1 Pressure-
Temperature Limits at 54 EFPY.” ADAMS Accession No. ML14241A241, June 2014.

Westinghouse Report WCAP-17954-NP Rev. 0, “Indian Point Unit 3 Heatup and
Cooldown Limit Curves for Normal Operation.” ADAMS Accession No. ML15061A277,
December 2014.

Westinghouse Report WCAP-18102-NP Rev. 1, “Beaver Valley Unit 1 Heatup and
Cooldown Limit Curves for Normal Operation.” ADAMS Accession No. ML18099A125,
February 2018.



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Westinghouse Report WCAP-18169-NP Rev. 1, “Arkansas Nuclear One Unit 2 Heatup
and Cooldown Limit Curves for Normal Operation.” ADAMS Accession No.
ML18215A178, June 2018.

Subsequent License Renewal Application, Turkey Point Units 3, 4. Docket Nos.
50-250 and 50-251. L-2018-082 Enclosure 3 Rev. 1. “Florida Power and Light
Company Turkey Point Nuclear Point Units 3 and 4 Subsequent License Renewal
Application.” ADAMS Accession No. ML18113A146, April 2018.

Subsequent License Renewal Application, Peach Bottom Atomic Power Station Units
2 and 3, Facility Operating License Nos. DPR-44 and DPR-54, The Second License
Renewal Application.” ADAMS Accession No. ML18193A773, July 2018.

Subsequent License Renewal Application, “Surry Power Station Units 1 and 2
Application for Subsequent License Renewal.” ADAMS Accession No. ML18291A828,
October 2018.

U.S. Nuclear Regulatory Commission, “Generic Aging Lessons Learned for
Subsequent License Renewal (GALL-SLR) Report,” NUREG-2191, July 2017.

D. N. Hopkins, E. T. Hayes, and A. H. Fero, “Ex-vessel Neutron Dosimetry Results in
the Vicinity of RPV Supports,” PVP2007-27685, Proceedings of PVP2007, 2007
ASME Pressure Vessels and Piping Division Conference,” July 22—26, 2007, San
Antonio, TX.

J. Chen, F. A. Alpan, G. A. Fischer, and A. H. Fero, “Ex-vessel Neutron Dosimetry
Analysis for Westinghouse 4-Loop XL Pressurized Water Reactor Plant using 3D
Parallel Discrete Ordinates Code RAPTOR-M3G,” Journal of ASTM International, 9[4],
2012.

E. P. Lippincott and Sr. M. P. Manahan, “Advances in Calculation of Fluence to
Reactor Structures,” Journal of ASTM International, 3[3], 2006.

B. W. Amiri, J. P. Foster, and L. R. Greenwood, “Dosimetry Evaluation of In-core and
Above-core Zirconium Alloy Samples in a PWR,” EPJ Web of Conferences, 106, 2016.

G. A. Fischer and B. C. Kim, “Retrospective Dosimetry Analysis of Top Support Plus
Samples from Scrap Surveillance Capsule Material for Qualifying Calculations in the
Extended Beltline Region of PWRs,” 16" International Symposium on Reactor
Dosimetry, ASTM International, November 2018.

2018 Materials Programs Technical Information Exchange Meeting,” PWROG
Materials Committee Update. ADAMS Accession No. ML18142A391, May 2018.

A. T. Godfrey, “WERA Core Physics Benchmark Progression Problem Specifications,”
Consortium for the Advanced Simulation of Light Water Reactors (CASL) Report,
March 2014.

Watts Bar Unit 2 Final Safety Analysis Report (FSAR), Amendment 93, Section 4, April
2009. ADAMS Accession No. ML091400651.

Sequoyah Nuclear Plant Updated Final Safety Analysis Report (UFSAR), Amendment
16, May 2001.

Cook Nuclear Plant Updated Final Safety Analysis Report (UFSAR), Amendment 16,
May 2001.

Indian Point Nuclear Generating Unit No. 3 Final Safety Analysis Report (FSAR),
April 2001.



[68]
[69]
[70]

[71]
[72]

[73]

[74]

[75]
[76]

[77]

[78]

[79]

[80]

[81]

[82]

Westinghouse Technology Manual. ADAMS Accession No. ML023040268.
Westinghouse Technology Systems Manual. ADAMS Accession No. ML023030412.

U.S. Nuclear Regulatory Commission, “PWR and BWR Pressure Vessel Fluence
Calculation Benchmark Problems and Solutions,” NUREG/CR-6115, September 2001.

Edwin I. Hatch Nuclear Plant Unit No. 2 Updated Final Safety Analysis Report
(UFSAR), Revision 19, July 2001. ADAMS Accession No. ML012150043.

U.S. Nuclear Regulatory Commission, “Review and Prioritization of Technical Issues
Related to Burnup Credit for BWR Fuel,” NUREG/CR-7158, February 2013.

U.S. Nuclear Regulatory Commission, “Axial Moderator Density Distributions, Control
Blade Usage, and Axial Burnup Distributions for Extended BWR Burnup Credit,”
NUREG/CR-7224, August 2016.

U.S. Nuclear Regulatory Commission, “Radiation Embrittlement of Reactor Vessel
Materials,” Regulatory Guide 1.99, Revision 2, 1988.

M. F. James, “Energy Release in Fission,” J. Nucl. Energy, 23:517-536, 1969.

Eric N. Jones, “Comparison of Regulatory Guide 1.99 Fluence Attenuation Methods,’
J. ASTM Intl., 9(4):390-398, 2012. doi:10.1520/JA1104028.

AEC Research and Development Report, “A Summary of Shielding Constants for
Concrete,” ANL-6443, Reactor Technology (TID-4500, 16" Ed., Amended),
November 1961.

Pacific Northwest National Laboratory Report, “Compendium of Material Composition
Data for Radiation Transport Modeling,” PIET-43741-TM-963, PNNL-15870 Rev. 1,
March 2011.

American Nuclear Society, “Nuclear Analysis and Design of Concrete Radiation
Shielding for Nuclear Power Plants,” ANS/ANS-6.4-2006 (R2016), La Grange Park, IL

A. H. Fero, “Use of SSTRs and a Multi-Component Shield Assembly to Measure
Radiation Penetrating the Reactor Biological Shield in the Presence of Radiation
Streaming from Other Sources,” Reactor Dosimetry: Radiation Metrology and
Assessment, STP 1397, The Tenth International Symposium on Reactor Dosimetry,
12-17 September 1999, American Society for Testing and Materials, 2001.

U.S. Nuclear Regulatory Commission, “H. B. Robinson-2 Pressure Vessel
Benchmark,” NUREG/CR-6453, October 1997.

U.S. Nuclear Regulatory Commission, “Production and Testing of the VITAMIN-B7
Fine-Group and BUGLE-B7 Broad-Group Coupled Neutron/Gamma Cross-Section
Libraries Derived from ENDF/B-VII.0 Nuclear Data,” NUREG/CR-7045, September
2011.



adjoint flux

discrete ordinates

displacements per atom (dpa)

fast fluence, fast flux

fluence

fluence rate

flux

hybrid

lethargy

9 GLOSSARY

The flux (see below) calculated using the adjoint form of the
transport equation. The adjoint flux has the physical
interpretation of representing the importance of particles to a
specified response (e.g., flux or dpa rate).

A widely used method for solving the transport equation by
discretizing the spatial, energy, and angular variables and
solving the resulting set of algebraic equations using
numerical methods. Discrete ordinates calculations are also
referred to as deterministic calculations.

The mean number of times each atom in a crystal lattice
structure is displaced from its lattice site as a result of
radiation interactions.

The fluence or flux of particles (e.g., neutrons) with energy
above a specified threshold. While there is no standard
definition of fast neutron flux, a commonly used energy
cutoff for fast neutrons is 1 MeV. Within this report, the
cutoff energy is either 1 MeV or 1.0026 MeV. The latter is
used with MG cross-section libraries and with CE solutions
that are compared directly with MG solutions.

The number of particles (e.g., neutrons) (dN) incident on a
hypothetical sphere of cross-sectional area dA. Fluence can
also be defined as the sum of the particle track lengths
within the sphere. Fluence has units of inverse area
(cm?or m?).

The number of particles entering a sphere, or the sum of the
particle track lengths within a sphere per unit time.

A more commonly used term for fluence rate.
A class of techniques used to obtain a solution to the
transport equation using a combination of determination and

stochastic calculations.

A measure of the amount of energy a neutron has lost as a
result of scattering collisions. Lethargy is defined as

=)

where E is the neutron energy and Eg is the maximum
neutron energy (typically 20 MeV for neutron shielding
calculations)
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Monte Carlo A stochastic method of obtaining a solution to the transport
equation by simulating the behavior of a large number of
particle histories.
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APPENDIX A AN OVERVIEW OF THE MESH TALLIES AND
PLOTTING METHODS USED IN THIS REPORT

Much of the data analysis in this report consists of plots of fast (E > 1 MeV) neutron flux
distributions and ratios of solutions from parametric studies. The majority of the solutions are from
Shift Monte Carlo calculations with cylindrical mesh tallies. The quadrature sensitivity studies in
Section 6 utilized Denovo discrete ordinates calculations and Shift calculations. For those studies,
the Shift calculations used Cartesian mesh tallies with the same grid spacing as the Denovo mesh
and used the same multigroup (MG) cross-section data as the Denovo calculations.

This appendix briefly describes the level of detail in the Shift mesh tallies and provides examples

of the types of plots that are used to present the analysis results. Examples of typical relative
errors in the Shift calculations are also presented.

A.1 Cylindrical mesh tallies in the PWR and BWR models

The majority of the results presented in this report are based on cylindrical mesh tallies from
continuous energy (CE) Shift calculations. The mesh tally intervals were selected to provide a
high degree of spatial resolution while also providing solutions with mesh tally relative errors that
are typically less than 1% in all locations of interest.

In the PWR model, the cylindrical mesh tally radial intervals are ~1 cm from the outer radius of the
neutron pad to the outer radius of the RPV. In the cavity gap and the concrete bioshield the radial
intervals are ~2 cm. The axial mesh intervals are ~2.5 cm over the height of the model. The
azimuthal mesh intervals are uniform at 1°. Plots showing the radial, azimuthal, and axial mesh
tally voxel boundaries for the PWR model are shown in Figure A-1 and Figure A-2.

In the BWR model, the cylindrical mesh tally radial intervals are ~2 cm over the radial extent from
~10 cm inboard of the core barrel to the inner radius of the RPV, ~1 cm through the RPV, ~3 cm
in the cavity gap, and ~2 cm in the concrete bioshield. The axial mesh intervals are ~2.5 cm over
the height of the model. The azimuthal mesh intervals are uniform at 1°. Plots showing the radial,
azimuthal, and axial mesh tally voxel boundaries for the BWR model are shown in Figure A-3 and
Figure A-4.

A.2 Fast neutron flux plots

Fast neutron flux solutions are plotted using a combination of material color assignments, contour
lines, and flooded contours. Contour lines are typically shown over an extent of the cylindrical
mesh tallies ranging from the water region inboard of the RPV radially out into the concrete
bioshield. Within the RPV and other carbon steel regions (nozzles and nozzle supports), flooded
contours are used to emphasize the fast flux behavior in these key components. Maximum and
minimum values of the fast flux within each distinct carbon steel component (RPV, nozzles, nozzle
supports) are indicated. In some plots the mesh tally voxel boundaries are shown. For elevation
plots, the top of the active fuel (TAF) and bottom of the active fuel (BAF) elevations are indicated.
Example fast neutron flux plots from the PWR model are shown in Figure A-5 and Figure A-6.

A.3 Ratio plots

Ratio plots are used in parametric studies to show the effect of changes in solution or model
parameters. Many of the ratio plots in this report use contour lines and flooded contours only in



the RPV, nozzles, and nozzle supports. Ratio plots also typically include an inset plot with a
histogram of the ratio values in specified regions, which may include the RPV, nozzles, nozzle
supports, and cavity gap. The abscissa labels on the histogram plots indicates which regions are
included in the distribution. Numeric values on the upper edge of the ratio plot show the
percentage of values that fall within each major interval of the abscissa.

An example ratio plot from a Shift parametric study is shown in Figure A-7.

Ratio plots for the Denovo parameter studies in Section 6 are somewhat different from the ratio
plots for the Shift parameter studies in Section 5. In Section 6 the ratio of two solutions is shown
over the entire plot extent. Showing the ratio for the entire extent is useful in pointing out the
effects of quadrature selection. An example is shown in Figure A-8, where quadrature ray effects
emanate from every corner on the peripheral fuel assemblies.

A.4 Mesh tally relative errors

As noted in Section A.1 relative errors for the Shift solutions in this report are typically less than
1% in all locations of interest. Example plots showing relative errors in the fast neutron flux for the
PWR model are shown in Figure A-9 and Figure A-10. These correspond to the fast flux plots in
Figure A-5 and Figure A-6.
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Fast (E > 1 MeV) Neutron Flux: Pseudo-BOL Source
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Percent Relative Error in Fast (E > 1 MeV) Neutron Flux: Pseudo-BOL Source
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Figure A-9 Relative error in the fast neutron flux at the core midplane in the PWR model
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