
10 Effect of a Steel Liner on the Inner Surface of the Bioshield

The bioshield in the PWR reference model is constructed of concrete with some carbon steel within the
bioshield. Some reactor plant designs include a steel liner on the inner surface of the concrete (i.e., the
cylindrical surface facing the RV). The presence of a steel liner will have an effect on scatter from the
bioshield into the cavity gap, as the angular distribution and average energy loss of scattered neutrons is
different in steel than it is in the lighter elements that are the dominant constituents of the concrete.

To assess the effect of a steel liner on fluence levels in the reactor vessel, a 6 mm (approximately 1/4 inch)
carbon steel liner was added to the concrete bioshield below an elevation of 630.48 cm, where the inner
radius of the concrete bioshield increases near the vessel flange.

The effect of the steel liners is illustrated in Figures 104–105. These figures show the flux contours for the
reference model (with no bioshield liner) and the ratio of the fast flux for the model with the bioshield liner
relative to the reference model. The addition of the 6 mm steel liner results in a maximum fast flux increase
of ~8% in the nozzle region, and only ~3% away from the nozzles.

Although this report does not specifically address the neutron flux in the concrete bioshield, it is worth
noting that the presence of the steel liner has a more pronounced effect on the fast flux levels in the
concrete than in the RV. This effect is illustrated in Figure 106. Neutrons that undergo inelastic scattering in
the steel liner and continue into the concrete have a degraded energy spectrum, so they are attenuated more
rapidly by the hydrogen in the concrete, as the hydrogen scattering cross section increases monotonically
with decreasing neutron energy for neutron energies above ~100 keV. Thus, the reduction in the fast flux in
the bioshield becomes more pronounced with increasing penetration into the concrete.

130



(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 104. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
that includes a 6-mm steel liner on the inner surface of the bioshield. The core is modeled as a spatially
uniform 235U fission source. The elevation view is at 270.5°, which has the maximum amount of water
between the core and the RV. The fast flux ratio in the RV is shown using flooded contours. All other
regions are colored based on their material assignments. The flux levels for the reference model are shown
using contour lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV at
this azimuthal angle. The minimum and maximum values in (b) are shown separately for the portions of the
RV below and above 402.59 cm, where the thickness of the RV changes.
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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 105. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
that includes a 6-mm steel liner on the inner surface of the bioshield. The core is modeled as a spatially
uniform 235U fission source. The elevation view is at 292.5°, which is the centerline of the outlet nozzle.
The fast flux ratio in the RV and the nozzle is shown using flooded contours. All other regions are colored
based on their material assignments. The flux levels for the reference model are shown using contour lines.
The values inside the shaded boxes are the minimum and maximum ratios in the RV and the nozzle at this
azimuthal angle. The minimum and maximum values in (b) are shown separately for the portions of the RV
below and above 402.59 cm, where the thickness of the RV changes.
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(a) Z = -100 cm to 275 cm (b) Z = 275 cm to 650 cm

Figure 106. Neutron flux (E > 1 MeV) for the PWR reference model with a spatially uniform U-235
fission source, and the fast flux ratio for a model that includes a 6 mm steel liner on the inner surface of the
bioshield. Elevation view at 270.5°. The fast flux ratio in the RV and the concrete bioshield is shown using
flooded contours. All other regions are color-filled based on their material assignment. The flux levels for
the reference model are shown using contour lines. The values inside the shaded boxes are the minimum
and maximum ratios in the concrete at this azimuthal angle.
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11 Effect of Homogenization of Fuel Assemblies in the Transport Model

A common approximation in RV fluence calculations is to homogenize the materials within fuel assemblies
into a single mixture rather than having the explicit geometry representation of all 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 the neutron flux levels in
the RV.

To verify the validity of this modeling approximation and assess its impact on fluence calculations outside
the beltline region, a homogenized version of the PWR reference model was 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 material comprised of all the constituents of the given region of the
assembly fills the region.

Calculations of the fast flux were then run with the homogenized model and compared to the explicit model
results using the reference PWR model. Results of this comparison are provided in Figures 107–119.
Within the active fuel height elevations, there is very little (1% or less) difference in the fast flux between
the explicit and homogenized models. At elevations substantially above and below the active fuel height,
the differences increase somewhat, but are still typically less than 5%.

Comparisons of the fast flux ratios in the RV internal regions below and above the core showed very minor
differences between the explicit and homogenized core models. The RV internal comparisons will be
addressed more fully in the second report using a revised PWR reference model with explicit modeling of
the assembly nozzles and core plates. The explicit modeling will be based on the best available information
for Watts Bar Unit 1 as exact details are not available.

The primary advantage of homogenizing the fuel assemblies is when discrete ordinates calculations are
used, as the discretized spatial mesh for those calculations is not well suited to precise modeling of the
assembly geometry. For Monte Carlo calculations, there is no spatial discretization, so exact geometries
(i.e., modeling of the core components using quadratic surfaces rather than rectangular or cylindrical mesh)
can be modeled. Use of homogenized assemblies can reduce Monte Carlo run times, as tracking neutron
histories through homogenized assemblies entails fewer surface crossings and hence can reduce the
average time required per history. However, the run time savings are typically not significant, and a
non-homogenized model is preferable since it eliminates any small homogenization effects for RV fluence
calculations, and also allows the same model to be used for core eigenvalue and RV fluence calculations.
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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 107. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
elevation view is at 270.5°. The fast flux ratio in the RV is shown using flooded contours. All other regions
are colored based on their material assignments. The flux levels for the explicit model are shown using
contour lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV at this
azimuthal angle. The minimum and maximum values in (b) are shown separately for the portions of the RV
below and above 402.59 cm, where the thickness of the RV changes.
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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 108. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
elevation view is at 292.5°. The fast flux ratio in the RV and the nozzles is shown using flooded contours.
All other regions are colored based on their material assignments. The flux levels for the explicit model are
shown using contour lines. The values inside the shaded boxes are the minimum and maximum ratios in the
RV and the nozzles at this azimuthal angle. The minimum and maximum values in (b) are shown separately
for the portions of the RV below and above 402.59 cm, where the thickness of the RV changes.

136



(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 109. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
elevation view is at 310.5°. The fast flux ratio in the RV is shown using flooded contours. All other regions
are colored based on their material assignments. The flux levels for the explicit model are shown using
contour lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV at this
azimuthal angle. The minimum and maximum values in (b) are shown separately for the portions of the RV
below and above 402.59 cm, where the thickness of the RV changes.
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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 110. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
elevation view is at 337.5°. The fast flux ratio in the RV and the nozzles is shown using flooded contours.
All other regions are colored based on their material assignments. The flux levels for the explicit model are
shown using contour lines. The values inside the shaded boxes are the minimum and maximum ratios in the
RV and the nozzles at this azimuthal angle. The minimum and maximum values in (b) are shown separately
for the portions of the RV below and above 402.59 cm, where the thickness of the RV changes.
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Figure 111. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
plan view is at -50 cm. The fast flux ratio in the RV is shown using flooded contours. All other regions are
colored based on their material assignments. The flux levels for the explicit model are shown using contour
lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV at this elevation.
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Figure 112. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
plan view is at 20 cm. The fast flux ratio in the RV is shown using flooded contours. All other regions are
colored based on their material assignments. The flux levels for the explicit model are shown using contour
lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV at this elevation.
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Figure 113. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
plan view is at 100 cm. The fast flux ratio in the RV is shown using flooded contours. All other regions are
colored based on their material assignments. The flux levels for the explicit model are shown using contour
lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV at this elevation.

141



Figure 114. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
plan view is at 200 cm. The fast flux ratio in the RV is shown using flooded contours. All other regions are
colored based on their material assignments. The flux levels for the explicit model are shown using contour
lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV at this elevation.
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Figure 115. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
plan view is at 300 cm. The fast flux ratio in the RV is shown using flooded contours. All other regions are
colored based on their material assignments. The flux levels for the explicit model are shown using contour
lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV at this elevation.
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Figure 116. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The
plan view is at 370 cm. The fast flux ratio in the RV is shown using flooded contours. All other regions are
colored based on their material assignments. The flux levels for the explicit model are shown using contour
lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV at this elevation.
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Figure 117. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The plan
view is at 475 cm. The fast flux ratio in the RV and the nozzles is shown using flooded contours. All other
regions are colored based on their material assignments. The flux levels for the explicit model are shown
using contour lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV
and the nozzles at this elevation.
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Figure 118. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The plan
view is at 500 cm. The fast flux ratio in the RV and the nozzles is shown using flooded contours. All other
regions are colored based on their material assignments. The flux levels for the explicit model are shown
using contour lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV
and the nozzles at this elevation.
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Figure 119. Fast neutron flux (E > 1 MeV) in the PWR reference model, and the fast flux ratio for a model
with homogenized fuel assemblies. The core is modeled as a spatially uniform 235U fission source. The plan
view is at 533.4 cm. The fast flux ratio in the RV and the nozzles is shown using flooded contours. All other
regions are colored based on their material assignments. The flux levels for the explicit model are shown
using contour lines. The values inside the shaded boxes are the minimum and maximum ratios in the RV
and the nozzles at this elevation.
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12 Evaluation of Important Source Regions Using Deterministic Adjoint Flux Calculations

Adjoint flux calculations have been used in RV fluence calculations as a means of determining the flux or
response (e.g., reaction rates) at specific dosimetry locations such as surveillance capsules for a range of
core power distributions (Anderson et al. [32], ANSI/ANS-19.10-2009 [33]). In these calculations, the
adjoint form of the transport equation is solved. The resulting solution represents the importance of a
neutron at a given location and energy in contributing to the response at the specified location. The
advantage of the adjoint solution method is that a single adjoint calculation can be used to determine the
response of interest for any specified power distribution, accounting for variation in the source energy
spectrum as well as the source spatial distribution. The limitation of the adjoint method is that the response
of interest is typically calculated only at a single location rather than throughout the solution space of the
transport model.

In a similar manner, adjoint calculations can be used to illustrate the important core regions with regard to
RV fluence at a single point or over an extended region. This is particularly helpful as fluence levels are
considered at locations outside the traditional beltline region, where existing practices for specifying core
power distributions (e.g., the levels of axial and radial spatial resolution that need to be included in a
fluence calculation) may not be adequate.

To evaluate the importance of neutron source regions within the core as they relate to RV fluence at a
variety of locations within and beyond the beltline region, a set of adjoint flux solutions generated using the
Denovo deterministic transport code is considered. The adjoint flux calculations were run using the
homogenized model discussed in Section 11. Note that in all elevation views of adjoint fluxes in this
section, the explicit core geometry is overlaid on the flux contours. Overlaying the explicit core geometry
helps illustrate the important source regions with greater spatial clarity.

It is well known that within the beltline region, the source in the outermost assemblies dominates the flux
levels in the RV. This is illustrated in Figures 120–123. Figures 120 and 121 show the adjoint flux when the
adjoint source includes the reactor vessel over an axial range from 0–400 cm, which extends slightly below
and above the active fuel height. Figures 122 and 123 show the adjoint flux for an adjoint source region
within the RV over an elevation range from 180–210 cm and an azimuthal range from 40–50°. This adjoint
source extends approximately 15 cm above and below the midplane of the fuel assemblies, and it covers an
azimuthal range corresponding to the maximum fast neutron flux for a spatially uniform source
(Figure 13). These figures indicate that the source importance decreases by nearly an order of magnitude
from the outermost assemblies to the adjacent inboard assemblies. Because of this, core power
distributions for RV fluence calculations are typically modeled with fine detail (pin power distributions) in
the outermost assemblies, while decreasing spatial resolution of the source is acceptable for assemblies
toward the center of the core.

For internal regions above and the below the active fuel (including the top and bottom nozzles and core
plates), the source importances are illustrated in Figure 124. For these internal regions, the core source
importance decreases by an order of magnitude at axial intervals of approximately 25 cm. There is very
little variation in the source importance across the core at a given elevation. Thus, for calculation of fluence
or other flux-derived quantities in RV internal regions directly above and below the core, the neutron source
distribution within about the nearest 50 cm (i.e., the top 50 cm of the core for regions above the core and
the bottom 50 cm for regions below the core) should be specified with a fine spatial distribution in all
dimensions (x, y, and z) for all the assemblies.
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The source importances for fast neutron fluxes in the lower portions of the inlet and outlet nozzles are
shown in Figures 125 and 126. As expected, the upper outer regions of the core have the highest source
importance. The importance of cavity streaming is also noted and is indicated by the wide separation
between contour lines in the cavity gap region, as well as the relatively high adjoint flux levels in the outer
edge of the core at significant distances below the top of the active fuel height.

Figures 127 and 128 illustrate the source importances for fast flux levels in the lower portion of the RV just
above the lower vessel head. As in the results for the lower portions of the inlet and outlet nozzles, the
proximate core regions (in this case the lower outer regions of the core) have the highest source importance.
The importance of cavity streaming neutrons is also noted for fast flux levels in this part of the RV.

The behaviors shown in Figures 125–128 are consistent with the studies in Sections 5 and 6, which
demonstrated the impact of changes in concrete composition and the cavity gap geometry on RV flux levels
outside the traditional beltline region. The importance of cavity streaming neutrons was noted in those
sections, and is also demonstrated by the adjoint calculations.

In addition, the adjoint flux profiles in Figures 125–128 are consistent with the results in Section 8.
Changes in the density of the metal/water regions above and below the fuel assemblies directly impact the
fast flux penetrating those regions. The adjoint results confirm that these metal/water regions are important
transport paths for neutron flux levels in the vicinity of the RV nozzles and the lower portion of the RV
above the lower vessel head.

The results of these adjoint evaluations indicate that for the calculation of fluence levels outside the beltline
region and for RV internals, the core power distributions should have a high level of detail (spatially and
spectrally) in the outermost fuel assemblies, as should all assemblies in the top and bottom regions of the
active fuel. They furthermore indicate the importance of cavity streaming pathways for RV flux levels
outside the traditional beltline region.
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(a) Theta = 270.5° (maximum amount
of water between core and RV)

(b) Theta = 310.5° (minimum amount of water
between core and RV)

Figure 120. Adjoint neutron flux (E > 1 MeV) for the PWR reference model with homogenized fuel
assemblies. The adjoint source region is in the RV from an elevation of 0–400 cm, which extends slightly
below and above the active fuel height. The two elevation views are at 270.5° and 310.5°, which have the
maximum and minimum amount of water between the core and the RV, respectively.
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Figure 121. Adjoint neutron flux (E > 1 MeV) for the PWR reference model with homogenized fuel
assemblies. The adjoint source region is in the reactor vessel from an elevation of 0–400 cm. The plan view
is at Z = 200 cm.
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(a) Theta = 310.5° (b) Theta = 315.5°

Figure 122. Adjoint neutron flux (E > 1 MeV) for the PWR reference model with homogenized fuel
assemblies. The adjoint source region is in the RV from an elevation of 180–210 cm, with an azimuthal
extent from 310–320°. The two elevation views are at 310.5° and 315.5°.
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(a) Z = 195 cm

(b) Z = 150 cm

Figure 123. Adjoint neutron flux (E > 1 MeV) for the PWR reference model with homogenized fuel
assemblies. The adjoint source region is in the RV from an elevation of 180 cm–210 cm, with an azimuthal
extent from 310–320°. The plan views are at Z = 195 cm (the core midplane) and Z = 150 cm.
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(a) Adjoint Source: Top Nozzles and
Core Plate

(b) Adjoint Source: Bottom Nozzles and Core
Plate

Figure 124. Adjoint neutron flux (E > 1 MeV) for the PWR reference model with homogenized fuel
assemblies. The adjoint source regions are in the assembly top nozzles and top core plate (a) and in the
assembly bottom nozzles and bottom core plate (b). Both elevation views are at 270.5°.
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(a) Theta = 292.5° (centerline of the
outlet nozzle)

(b) Theta = 337.5° (centerline of the inlet
nozzle)

Figure 125. Adjoint neutron flux (E > 1 MeV) for the PWR reference model with homogenized fuel
assemblies. The adjoint source regions are in the lower parts of the inlet and outlet nozzles.
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(a) Z = 375 cm

(b) Z = 350 cm

Figure 126. Adjoint neutron flux (E > 1 MeV) for the PWR reference model with homogenized fuel
assemblies. The adjoint source regions are in the lower parts of the inlet and outlet nozzles. These plan
views are at Z = 375 cm and Z = 350 cm.
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(a) Theta = 270.5° (maximum amount
of water between core and RV)

(b) Theta = 310.5° (minimum amount of water
between core and RV)

Figure 127. Adjoint neutron flux (E > 1 MeV) for the PWR reference model with homogenized fuel
assemblies. The adjoint source region is in the RV just above the lower head. These elevation views are at
270.5° and 310.5°, which have the maximum and minimum amount of water between the core and the RV,
respectively.
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(a) Z = 50 cm

(b) Z = 20 cm

Figure 128. Adjoint neutron flux (E > 1 MeV) for the PWR reference model with homogenized fuel
assemblies. The adjoint source region is in the RV just above the lower head. These plan views are at Z =

50 cm and Z = 20 cm.
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13 Angular Quadrature Effects in the PWR Reference Model - Preliminary Results

As noted in Section 1, a comparison of the strengths and weaknesses of deterministic and Monte Carlo
methods as applied to the calculation of RV fluence outside the beltline region will be addressed in the
second report for this project. As a prelude to that report, one impact of discretization effects is
demonstrated for a case in which a deterministic calculation is used to assess neutron flux levels in the
nozzle area of the PWR model.

Before presenting the results of this example parametric study, a brief discussion of angular quadrature
selection in deterministic radiation transport calculations is presented. Because deterministic calculations
are based on discretization of the space, energy, and angular variables, they introduce the need for
parametric studies to assess the impact of these discretizations on the computed flux solution. The
discretization schemes used in assessment of RV fluence in the beltline region have been well studied and
are addressed in Regulatory Guide 1.190 [1]. Level symmetric (S8 or S16) quadratures are often used for
fluence calculations in the beltline region.

Because neutron flux levels at some locations outside the beltline have been shown to be dominated by
cavity streaming effects (Section 3), it is likely that calculations of flux levels in those areas may be
susceptible to inadequate coverage by the standard level symmetric quadratures, which do not contain
discrete directions near the Z-axis. Other quadratures, including the quadruple range (QR) quadratures
developed by Abu-Shumays [28, 29], have proved to be superior for problems in which flux levels are
strongly affected by particle transport near one or more of the coordinate axes. Figure 129 shows the
quadrature directions and weights for an S16 and a QR8 quadrature, each with 36 angles per octant. Note
that the QR8 quadrature has ordinates nearer each of the coordinate system axes, so it is more appropriate
for problems in which particle streaming near the Z-axis (i.e., in the cavity gap) is important.

The sensitivity of flux calculations to the selection of the angular quadrature is illustrated in Figures 130
and 131. Two discrete ordinates calculations were run using Denovo with identical spatial mesh (1-cm
mesh intervals in x, y, and z) and multigroup cross sections (BUGLE-96). The first calculation used the
level symmetric S16 quadrature, which is widely applied for vessel fluence calculations. The second
calculation used a QR set with 16 polar levels (twice as many as the QR8 set) and 124 angles per octant.

Within the beltline region, the ratio of the two solutions is near unity. For regions of the RV in the vicinity
of the nozzles and for some locations near the bottom of the cylindrical portion of the RV, the QR16
solution, with its more accurate modeling of neutron streaming in the cavity gap, differs from the S16
solution by 30% or more. This comparison suggests that the S16 set (and hence lower-order level
symmetric sets) are not well suited to the calculation of fast neutron flux levels outside the beltline region,
particularly around the RV nozzles.
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(a) S16 quadrature (b) QR8 quadrature

Figure 129. Level symmetric S16 and QR8 quadrature ordinates. The circles represent the direction cosines in x, y, and z on the unit sphere. The
size of each circle is proportional to the weight for that ordinate. Note that the QR8 set has ordinates nearer to each of the coordinate system axes.
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Figure 130. Ratio of the fast (E > 1 MeV) neutron flux on the inner and outer surfaces of the RV for the PWR reference model for an S16 solution
relative to a QR16 solution. The spatial mesh and multigroup cross sections are identical for both solutions.
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Figure 131. Ratio of the fast (E > 1 MeV) neutron flux on the outer surface of the RV for the PWR reference model for an S16 solution relative to a
QR16 solution. The spatial mesh and multigroup cross sections are identical for both solutions. The ratio range in these views is expanded relative
to Figure 130.
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14 Summary

The objective of the analyses presented in this report is to determine and, to some extent quantify, the
significant neutron transport phenomena that affect the calculation of fast neutron fluence levels outside the
traditional beltline region. This evaluation is necessary because the guidance provided in Regulatory Guide
1.190 [1] does not address fluence calculations outside the beltline region. As power uprates and plant life
extensions from 40 years to 60 years become more common, and as extensions beyond 60 years are
considered, there is an increasing need to address the appropriate calculation methodology to be applied for
these analyses.

To address this need, detailed reference PWR and BWR models were developed. Unlike previous RV
fluence analysis benchmark models [19], the models developed for this analysis include detailed geometry
and material modeling above and below the core region and in the RV, nozzles, and bioshield.

To obtain high-fidelity transport solutions, the FW-CADIS method was applied using the ADVANTG and
MCNP codes. The use of this hybrid transport method provides highly converged Monte Carlo flux
solutions in acceptable computational time by using space-and-energy-dependent weight windows and
consistently biased source distributions. The relative errors obtained in the calculations presented in this
report typically had relative errors of less than 1% at the one-sigma level for each voxel in a finely resolved
mesh tally. By using an accelerated Monte Carlo solution rather than a deterministic code, discretization
effects in space, energy, and angle are avoided. This is considered to be particularly important for fluence
calculations outside the traditional beltline region, because standard discretization schemes that have been
widely used for calculation of fluence in the beltline region may not be appropriate at other locations.

The results of adjoint deterministic calculations in Section 12 demonstrate that, in addition to the standard
practice of providing a spatially detailed source distribution in the outermost assemblies (which dominate
vessel fluence levels in the traditional beltline region), the upper and lower portions of all fuel assemblies
(not just the outermost) should have sufficient spatial detail, especially axially, to capture the source
variation. These regions are important for flux levels in the internals above and below the assemblies, and
also for flux levels in the RV in the vicinity of the nozzles and in the lower regions of the RV.

Through a series of parametric studies, the following effects were identified as important contributors to the
accurate prediction of fluence levels outside the traditional beltline region.

1) Source Energy Spectrum. While all RV fluence calculations, including those in locations
immediately opposite the active fuel region, are sensitive to the energy spectrum of the source
neutrons from the core, that sensitivity is shown to be significantly more important at RV
elevations outside the traditional beltline region. The analysis presented in Section 4
demonstrates that the shift from fission in 235U to fission in 239Pu as fuel assemblies undergo
burnup has its greatest impact above and below the traditional beltline region, especially in the
vicinity of the upper portion of the RV nozzles. This maximum effect in the nozzle region is a
result of the reduced attenuation of the higher-energy neutrons from 239Pu fission in the
coolant in the nozzles relative to the attenuation of neutrons from 235U fission. The reduced
attenuation is due to the monotonic decrease in the hydrogen elastic scattering cross section
for neutron energies above about 100 keV and the shift toward higher neutron energies from
239Pu fission relative to 235U fission.

2) Composition of Bioshield Concrete. The results of the baseline reference PWR calculations

163



presented in Section 3 demonstrated the importance of the cavity streaming effect for RV
locations above and below the traditional beltline region. Because cavity streaming is affected
by the composition of the concrete bioshield (from which neutrons scatter back into the cavity
gap), an evaluation of different concrete compositions was performed. The results of this
analysis, which are presented in Section 5, demonstrate that changes in concrete composition
have significantly more impact on RV flux levels outside the traditional beltline region relative
to within the beltline. It was demonstrated that the major contributor to this effect is the
hydrogen content in the concrete. This makes modeling of the as-built concrete an important
consideration in these fluence calculations. This modeling should account for any changes in
the concrete hydrogen content over time.

3) Geometry of the RV/Bioshield Gap. As noted in item 2, the cavity streaming effect is
important for fast neutron flux levels in RV locations above and below the traditional beltline
region. In addition to the concrete composition, the geometry of the gap region has an impact
on the cavity streaming effect. In Section 6, a series of modeling changes was made to
increase the cavity gap width by up to 30 cm relative to the reference model. The effect of
these geometry changes was much more significant at RV locations outside the traditional
beltline region. For the maximum gap width modeled, the fast flux in the RV within the active
fuel height was very slightly reduced (by ~5%). At locations outside the traditional beltline
region, the fast flux increased by substantial factors, an order of magnitude or more at some
locations around the nozzles.

4) Changes in Coolant Temperature. Changes in coolant temperature affect the neutron flux
in the RV at all locations because the resulting changes in density directly change the
macroscopic cross sections of the coolant. The results of the parametric temperature study in
Section 7 demonstrate that the temperature sensitivity of RV fluence levels is greater outside
the traditional beltline region and is most pronounced around the nozzles. This is a result of
the greater amount of water through which most of the neutrons have travelled to reach the
nozzles, and it also results from the impact on the scattering within the nozzles themselves.
The magnitude of this effect is less than that of the source energy spectrum (item 1) or the
cavity gap geometry (item 3).

5) Modeling of the Top and Bottom Core Plates and Assembly Nozzles. Because of a lack of
exact modeling details of the top and bottom core plates and assembly nozzles, these regions
were represented by homogenized metal/water regions. The importance of these regions with
regard to neutron flux levels is significant only for internal regions directly above and below
the core, in the vicinity of the nozzles, and at locations substantially below the active fuel
region. This can be seen from the adjoint neutron flux profiles in Figures 124, 125, and 127, as
well as the flux ratios presented in the analysis in Section 8. Although the magnitude of this
effect cannot be conclusively demonstrated with this parametric study, it is clear that the
impact is more pronounced for RV regions outside the traditional beltline region.

The net effect of all these parameter studies was to conclusively show that the accurate evaluation of fast
flux levels outside the traditional beltline region is more sensitive to all of these parameters compared to
flux levels within the beltline region. Consequently, the current guidelines for RV fluence calculations are
not necessarily adequate for analysis of fluence levels in an extended beltline region. In addition to these
physical parameter sensitivities, there are analysis method sensitivities that must be addressed, particularly
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for deterministic calculations. A single example of the method uncertainty for discrete ordinates
calculations due to angular quadrature selection was illustrated in Section 13. The sensitivity to spatial
mesh and cross-section group structure may also be greater for fluence calculations outside the traditional
beltline region. This is especially important because RV locations above and below the traditional beltline
region, especially in the vicinity of the nozzles, have been shown to be more sensitive to a number of
physical parameters compared to beltline fluence calculations. An examination of the strengths and
weaknesses of discrete ordinates and Monte Carlo transport methods, as well as the method sensitivities of
both of these calculational techniques, is the subject of a subsequent report.
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