
Figure 23. Fast neutron flux (E > 1 MeV) in the PWR reference model; the plan view is at 533.4 cm. The
core is modeled with a spatially uniform source and a 235U fission spectrum. The flux levels in the RV and
the RV plus the nozzles are shown using flooded contours and contour lines. All other regions are colored
based on their material assignments. The values inside the shaded boxes are the minimum and maximum
fluxes in the RV and the RV plus the nozzles at this elevation.
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Figure 24. Fast neutron flux (E > 1 MeV) in the PWR reference model; the plan view is at 550 cm. The
core is modeled with a spatially uniform source and a 235U fission spectrum. The flux levels in the RV and
the RV plus the nozzles are shown using flooded contours and contour lines. All other regions are colored
based on their material assignments. The values inside the shaded boxes are the minimum and maximum
fluxes in the RV and the RV plus the nozzles at this elevation.
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Figure 25. Fast neutron flux (E > 1 MeV) in the PWR reference model; the plan view is at 575 cm. The
core is modeled with a spatially uniform source and a 235U fission spectrum. The flux levels in the RV and
the RV plus the nozzles are shown using flooded contours and contour lines. All other regions are colored
based on their material assignments. The values inside the shaded boxes are the minimum and maximum
fluxes in the RV and the RV plus the nozzles at this elevation.
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Figure 26. Fast neutron flux (E > 1 MeV) in the PWR reference model; the plan view is at 600 cm. The
core is modeled with a spatially uniform source and a 235U fission spectrum. The flux levels in the RV and
the RV plus the nozzles are shown using flooded contours and contour lines. All other regions are colored
based on their material assignments. The values inside the shaded boxes are the minimum and maximum
fluxes in the RV and the RV plus the nozzles at this elevation.
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Figure 27. Fast neutron flux (E > 1 MeV) in the PWR reference model; the plan view is at 625 cm. The core
is modeled with a spatially uniform source and a 235U fission spectrum. The flux levels in the RV are shown
using flooded contours and contour lines. All other regions are colored based on their material assignments.
The values inside the shaded boxes are the minimum and maximum fluxes in the RV at this elevation.
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(a) Z = 200 cm

(b) Z = 533.4 cm

Figure 28. Plan views of the PWR reference model at elevations of (a) 200 cm and (b) 533.4 cm with dashed
lines at the locations of the elevation plots in Figures 29–33.
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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 29. Fast neutron flux (E > 1 MeV) in the PWR reference model; the elevation view is at 270.5°,
which has the maximum amount of water between the core and the RV. The core is modeled with a spatially
uniform source and a 235U fission spectrum. The flux levels in the RV are shown using flooded contours
and contour lines. All other regions are colored based their material assignments. The values inside the
shaded boxes are the on minimum and maximum fluxes 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.

45



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

Figure 30. Fast neutron flux (E > 1 MeV) in the PWR reference model; the elevation view is at 292.5°,
the location of the outlet nozzle. The core is modeled with a spatially uniform source and a 235U fission
spectrum. The flux levels in the RV and the RV plus the nozzle are shown using flooded contours and
contour lines. All other regions are colored based their material assignments. The values inside the shaded
boxes are the on minimum and maximum fluxes in the RV and the RV plus 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 to 275 cm (b) Z = 275 to 650 cm

Figure 31. Fast neutron flux (E > 1 MeV) in the PWR reference model; the elevation view is at 310.5°,
which has the minimum amount of water between the core and the RV. The core is modeled with a spatially
uniform source and a 235U fission spectrum. The flux levels in the RV are shown using flooded contours
and contour lines. All other regions are colored based their material assignments. The values inside the
shaded boxes are the on minimum and maximum fluxes 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 32. Fast neutron flux (E > 1 MeV) in the PWR reference model; the elevation view is at 315.5°.
The core is modeled with a spatially uniform source and a 235U fission spectrum. The flux levels in the
RV are shown using flooded contours and contour lines. All other regions are colored based their material
assignments. The values inside the shaded boxes are the on minimum and maximum fluxes 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 33. Fast neutron flux (E > 1 MeV) in the PWR reference model; the elevation view is at 337.5°, the
location of the inlet nozzle. The core is modeled with a spatially uniform source and a 235U fission spectrum.
The flux levels in the RV and the RV plus the nozzle are shown using flooded contours and contour lines. All
other regions are colored based their material assignments. The values inside the shaded boxes are the on
minimum and maximum fluxes in the RV and the RV plus 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) Upper portion of RV (Z > 402.59 cm)

(b) Lower portion of RV (Z < 402.59 cm)

Figure 34. Fast neutron flux (E > 1 MeV) profiles through the PWR reference model RV at an azimuthal
angle of 270.5°, which has the maximum amount of water between the core and the RV.
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(a) Upper portion of RV (Z > 402.59 cm)

(b) Lower portion of RV (Z < 402.59 cm)

Figure 35. Fast neutron flux (E > 1 MeV) profiles through the PWR reference model RV at an azimuthal
angle of 310.5°, which has the minimum amount of water between the core and the RV.
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4 Fission Spectrum Parameter Study

As LWR fuel is burned up, an increasing percentage of fission occurs in 239Pu. This effect has an impact on
flux levels in the RV, as 239Pu has a harder fission spectrum (i.e., one that is shifted toward higher energies)
than 235U, and it also emits more neutrons per fission. Because of their harder spectrum and the energy
dependence of the hydrogen scattering cross section (which decreases monotonically for neutron energies
greater than ∼10 keV), neutrons from fission of 239Pu are more penetrating through hydrogenous materials,
including the coolant and the concrete bioshield. As a result of this spectral effect and the higher average
number of neutrons per fission (2.88 for 239Pu vs. 2.43 for 235U), the buildup of 239Pu over the lifetime of a
fuel assembly will result in increasing fast flux levels in and through the RV and in the concrete bioshield.
(There is also a reduction in the 239Pu/235U ratio due to an approximately 3% higher value of the
recoverable energy per fission in 239Pu). Fissions from 238U have a slightly softer energy spectrum (shifted
toward lower energies) than 235U. Furthermore, the average number of neutrons emitted per fission is lower
for 238U than for 235U. Hence, the primary spectral concern with regard to RV fluence is the impact of
239Pu fission throughout core life.

Figure 36 shows the prompt fission spectra for 235U, 238U, and 239Pu. The spectra are based on Maxwellian
distributions using parameters from Appendix H of the MCNP5 manual [8] and Table 4.3 of Shultis and
Faw’s Radiation Shielding [24].

To assess the spectral effect on fast flux levels in the RV, a case is considered in which all of the fission is
modeled as occurring in 239Pu. Flux levels are compared to a base case in which all of the fission is
modeled as occurring in 235U. This represents an upper bound on the impact of 239Pu fission as assemblies
are burned up. NUREG/CR-6115 [19] lists the fraction of fissions from 239Pu as 58.3% for an exposure of
40 GWD/MTU in a reference PWR model. NUREG/CR-5550 [22] has a value of 55.3% for an exposure of
40 GWD/MTU and a value of 57.5% for an exposure of 46.8 GWD/MTU in PWR fuel with an initial
enrichment of 2.56% 235U. The Walsh fit is used for the 239Pu spectrum because it is based on more
detailed nuclear models of the fission process [24] and hence should be more accurate. In addition, because
of its shift toward higher energies, it is more conservative for RV fluence calculations, especially for
regions outside the beltline where there is more attenuation by water and significant effects from scatter off

of the concrete bioshield.

For the base case, a model is used which is identical to the model used in Section 3 except that the RV
supports are excluded. This revised base case model is used because one set of parametric studies (Section
6) involves moving the inner surface of the concrete bioshield outward to greater radial distances. Because
those model changes would affect the modeling of the RV supports, the supports were removed for
simplicity to create a baseline case against which the parameter studies are compared. The removal of the
RV supports has a minimal (if any) effect on the RV fast flux levels. The 239Pu parameter study uses the
same spatially uniform source, but applies a 239Pu fission spectrum and a ν̄ (average number of neutrons
emitted per fission) value of 2.88 compared to the value of 2.43 used for the baseline 235U case.

In this section and throughout the remainder of this report, 2D and 3D ratio plots are used to show the
sensitivity of the fast neutron flux distribution to changes in various parameters. These plots are flooded
contour representations of the ratio of a perturbed case to a base case, where the base case is typically the
flux for the baseline model provided in Section 3.

Figure 37 shows the 239Pu/235U fast flux ratio on the inner and outer surfaces of the RV, with contour lines
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Figure 36. Prompt fission neutron spectra for 235U, 238U, and 239Pu. The values labeled MCNP are based on
a Maxwellian distribution using the parameters from Appendix H of the MCNP5 manual [8], with thermal
fission modeled for 235U and 239Pu, and 238U fission modeled at 1 MeV. The values labeled Walsh Fit
are based on Maxwellian distributions using parameters from Table 4.3 of Shultis and Faw’s Radiation
Shielding [24]. The notable difference in using the Walsh fit is the more pronounced high-energy tail of the
239Pu fission spectrum, which is important for deep penetration shielding applications, especially through
hydrogenous media.

of the baseline 235U solution drawn with solid and dashed lines. The solid contour lines correspond to
values ranging from 1010 n/(cm−2·sec) (the innermost solid contour lines which extend over approximately
the active height of the fuel) to 103 (near the elevation of the flange), with one decade between each pair of
contour lines. The dashed lines are a factor of 3.16 above or below the adjacent solid contour line, with the
highest dashed contour being 3.16 x 1010.

The minimal increase of approximately 35% in the fast flux occurs in the beltline region at an azimuthal
location of around 315°, where the minimum amount of water is present between the edge of the core and
the RV. As the amount of water increases toward the X- and Y-axes, the fast flux ratio increases due to the
increasing effect of the greater penetration of the neutrons from 239Pu fission. The fast flux ratio also
increases with increasing distance below the bottom of the core, reaching approximately 70% on the inner
surface at 100 cm below the core. At elevations above the core, the ratio increases toward the inlet and
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outlet nozzles, with a maximum increase of more than a factor of two above the nozzles. On the outer
surface of the RV, the minimum ratio occurs again at around the 315° location.

Figure 38 provides additional information about the peaking in the flux ratio above the nozzles. The two
views in this figure show that the flux ratio in the water in the inlet and outlet nozzles increases
significantly, which drives the peak ratios on the inner surface of the RV, both above and around the
nozzles. Because the neutrons from 239Pu fission have an energy spectrum that is shifted to higher energies
relative to those from 235U fission, and the hydrogen elastic scattering cross section decreases
monotonically with increasing neutron energies above ~100 keV, the 239Pu neutrons experience less
attenuation in the coolant in the nozzles, and consequently lead to higher fast flux levels around the nozzles.

Figures 39–42 provide more detailed flux ratio data at four azimuthal cuts through the model. These
include azimuthal locations of 270.5°, where the maximum amount of water is present between the core
and the RV; 292.5°, the centerline of the outlet nozzle; 310.5°, where the minimum amount of water is
present between the core and the RV; and 337.5°, the centerline of the inlet nozzle.

The results of this spectral parameter study demonstrate the increased sensitivity of RV flux levels outside
the beltline region to the change in the fission spectrum as fuel depletes and the fraction of fission
occurring in 239Pu increases. Because of this increased spectral sensitivity at locations outside the beltline
region, it is particularly important that fluence calculations for these regions employ an accurate
representation of the fission spectrum from all source locations. While this is a necessity for typical fluence
calculations within the beltline, it is even more critical for locations outside the beltline.
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Figure 37. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV with a 239Pu fission source
relative to a 235U fission source. The core is modeled with a spatially uniform source in each case. The light blue (cyan) regions are the coolant
in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the 235U source. The reduction in flux between each pair of solid
contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above the adjacent solid contours.
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Figure 38. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV with a 239Pu fission source
relative to a 235U fission source. The core is modeled with a spatially uniform source in each case. The light blue (cyan) regions are the coolant
in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the 235U source. The reduction in flux between each pair of solid
contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above the adjacent solid contours. The upper portion of the reactor
vessel is cut away through the center of the outlet nozzle, showing a wireframe representation of the nozzles.
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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 39. Fast neutron flux (E > 1 MeV) in the PWR reference model with a spatially uniform 235U
fission source, and the fast flux ratio for a spatially uniform 239Pu fission source relative to a 235U 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 235U source 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 40. Fast neutron flux (E > 1 MeV) in the PWR reference model with a spatially uniform 235U
fission source, and the fast flux ratio for a spatially uniform 239Pu fission source relative to a 235U source.
The elevation view is at 292.5°, the location 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 235U source 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 to 275 cm (b) Z = 275 to 650 cm

Figure 41. Fast neutron flux (E > 1 MeV) in the PWR reference model with a spatially uniform 235U
fission source, and the fast flux ratio for a spatially uniform 239Pu fission source relative to a 235U source.
The elevation view is at 310.5°, which has the minimum 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 235U source 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 42. Fast neutron flux (E > 1 MeV) in the PWR reference model with a spatially uniform 235U
fission source, and the fast flux ratio for a spatially uniform 239Pu fission source relative to a 235U source.
The elevation view is at 337.5°, the location of the inlet 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 235U source 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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5 Concrete Composition Parameter Study

As discussed in Sections 3 and 6, the effect of neutron scattering in the cavity gap becomes significant for
RV fast flux levels at locations outside the active core region. Because the compositions of different types
of concrete vary significantly, the specific concrete composition used in a bioshield will likely have a
noticeable effect on RV fast flux levels in regions where gap streaming is significant.

To evaluate this effect, eight concrete compositions were evaluated using the PWR base case model. The
concretes chosen are referred to as NBS-04, NBS-03, regulatory, PNNL ordinary, magnetite, barite,
magnetite and steel punchings, limonite and steel punchings, and serpentine. The elemental composition of
regulatory concrete is taken from the SCALE Code System [26]. The PNNL ordinary concrete composition
is taken from Williams et al. Compendium of Material Composition for Radiation Transport
Modeling [27]. The compositions of the remaining concretes are taken from ANSI/ANS-6.4-2006 [25], the
ANSI/ANS standard for nuclear analysis and design of concrete radiation shielding for nuclear power
plants. The elemental composition of each of these concrete types is given in Table 1.

The base case PWR model has NBS-04 concrete in the bioshield. This composition is recommended for
use in ANSI/ANS-6.4-2006 [25] if the specific concrete composition is unknown. In this study the fast flux
levels for models with each of the remaining seven concrete types are compared to the fast flux levels in the
NBS-04 model.

Figures 43–50 show the fast flux ratios on the inner and outer surfaces of the RV for a spatially uniform
235U fission source when the concrete is changed from NBS-04 to NBS-3, regulatory, PNNL ordinary,
magnetite, barite, magnetite and steel punchings, limonite and steel punchings, and serpentine.
Figures 51–66 provide more detailed views of elevation slices through the RV.

From the results of this parametric study, the following observations can be made:

1) Hydrogen Content in the Concrete. Because high-energy neutrons scatter from hydrogen
with a forward-peaked angular distribution (in the laboratory coordinate system), and because
the average energy loss from elastic scattering of neutrons by hydrogen is greater than the
average energy loss for elastic scattering by any another element, it is likely that the amount of
hydrogen in the bioshield concrete will have a significant effect on the scattering of neutrons
from the bioshield back into the cavity gap.

Figures 43–66 show that over the active height of the fuel, the fast flux levels in the RV show
little sensitivity to the type of concrete in the bioshield. This behavior is consistent with that
found in previous work by Fero [31], in which reactor cavity measurements in four dosimetry
capsules located in the RV cavity gap at the core midplane were shown to be insensitive to the
water content of the concrete. However, at elevations near or beyond the edges of the
traditional beltline region, the fast flux levels in the RV appear to be quite sensitive to the
hydrogen content in the concrete. The concrete compositions with the smallest deviations
from the NBS-04 concrete, which has a hydrogen content of 0.013 g/cc, are magnetite with
0.011 g/cc, magnetite and steel punchings with 0.011 g/cc, and barite with 0.012 g/cc. In
particular, in the model with barite concrete, fast flux levels in the RV differ from the NBS-04
model by no more than 7.5%. The barite concrete is the only concrete with RV fast flux levels
higher than those for the NBS-04 concrete. The fast flux levels in the RV outside the
traditional beltline region are up to 16% lower for the magnetite concrete and up to 25% lower

61



for the bioshield with magnetite and steel punchings.

The NBS-03 concrete model has a hydrogen content of 0.02 g/cc, while the regulatory
concrete model has 0.023 g/cc. These models have very similar fast flux ratios in the RV, up to
35% lower than the levels for the model with NBS-04 concrete.

The limonite and steel punchings model has a hydrogen content of 0.031 g/cc, while the
serpentine model has 0.035 g/cc. These models also have similar fast flux ratios in the RV, up
to nearly a factor of two lower than the levels for the model with NBS-04 concrete.

The PNNL concrete has a hydrogen content of 0.051 g/cc. It shows the most substantial
deviation from the NBS-04 model, with fast flux levels in some locations of the RV that are
lower than those in the NBS-04 model by more than a factor of two.

As a final test of the effect of the hydrogen content, an additional model variation was run in
which the composition of the PNNL concrete (which has the highest hydrogen density) was
changed to be identical to PNNL ordinary concrete except that the hydrogen content was
reduced to that of regulatory concrete. The fast flux ratios with this modified PNNL concrete
are shown in Figures 67 and 68. The flux ratios in these plots are nearly identical to the ratios
for regulatory concrete, as shown in Figures 52 and 60.

2) Effect of Metals in the Concrete. Four of the concretes in this study (magnetite, barite,
magnetite and steel punchings, and limonite and steel punchings) have significant amounts of
metal present in the aggregate, and for the concretes with steel punchings, significant amounts
of metal are in the solid steel punchings that are added to the concrete mixture.

A comparison of the fast flux ratios for the magnetite model and the magnetite with steel
punchings model indicates that the presence of the steel punchings has a minimal impact on
the fast flux levels in the RV. A more significant difference is seen between the magnetite and
the barite concretes, which have very similar hydrogen densities and total densities. The most
notable difference between the magnetite and barite is in their metal constituents, with the
magnetite having 1.676 g/cc of iron, and the barite having 1.551 g/cc of barium. The likely
reason for the higher RV fast flux levels with the barite concrete is due to the difference in the
scattering kinematics for iron and barium. On average, fast neutrons that scatter off of barium
will lose less energy than those that scatter off of iron. Consequently, more of the fast neutrons
that enter barite concrete will be scattered back into the reactor cavity at energies greater than
1 MeV compared to fast neutrons that enter magnetite concrete.

The results of this parametric study confirm that the concrete composition has a significant effect on
neutron streaming levels in the cavity region. This affects the fast flux throughout the RV at locations where
the cavity streaming effect dominates the neutron flux profile in the RV. This confirms the importance of
accurately modeling the concrete composition in the bioshield, especially for fluence calculations outside
the beltline region, where the sensitivity to the concrete composition is greatest. In addition, the potential
loss of hydrogen content in the concrete as a function of time should be considered not only for RV fluence
calculations, but also for calculation of neutron and photon fluxes and radiation levels in the bioshield.

Some reactor plants have steel liners on the inner surfaces of the bioshields. This could affect fluence levels
in the RVs, as well as neutron and photon fluxes and radiation levels in the bioshields themselves. The
effect of a steel bioshield liner on RV fast flux levels is addressed in Section 10.
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Table 1. Properties of concrete types used in the concrete composition study. Values are densities (in g/cc) in cured concrete. The shaded rows are partial
densities of H and O, which are not available for the regulatory or PNNL concrete.

Concrete Type NBS-04 NBS-03 Regulatory
PNNL

Ordinary
Magnetite Barite Magnetite and

steel punchings
Limonite and

steel punchings
Serpentine

Density (g/cc) 2.35b 2.39b 2.30 2.30 3.53a 3.35a 4.64a 4.54a 2.1a

Elemental
Composition (g/cc)

H (in mix) 0.013 0.02 0.011 0.012 0.011 0.014 0.035
H (in ore) 0.017
H (total) 0.013 0.02 0.023 0.051 0.011 0.012 0.011 0.031 0.035
O (in mix) 0.103 0.159 0.087 0.097 0.090 0.091 1.126
O (in ore and cement) 1.068 0.980 1.081 0.946 0.548 0.617
O (total) 1.171 1.139 1.224 1.322 1.168 1.043 0.638 0.708 1.126
Si 0.742 0.342 0.775 0.701 0.091 0.035 0.073 0.067 0.460
Ca 0.194 0.582 0.101 0.099 0.251 0.168 0.258 0.261 0.150
C — 0.118 — 0.006 — — — — 0.002
Na 0.040 — 0.067 0.035 — — — — 0.009
Mg 0.006 0.057 — 0.003 0.033 0.004 0.017 0.007 0.297
Al 0.107 0.085 0.078 0.046 0.083 0.014 0.048 0.029 0.042
S 0.003 0.007 — — 0.005 0.361 — —
K 0.045 0.004 — 0.023 — — — 0.004 0.009
Fe 0.029 0.003 0.032 0.015 1.676 0.159 3.512 3.42 0.068
Ni — 0.026 — — — — — — —
P — 0.007 — — — — — — —
Ti — — — — 0.192 — 0.074 — —
V — — — — 0.011 — 0.003 0.004 —
Mn — — — — 0.007 — — — —
Cr — — — — 0.006 — — — 0.002
Ba — — — — — 1.551 — — —

a Concrete in which 50% of the water added to the original mix is retained.
b Minimum acceptable density is 140 lb/ft3 (2.24 g/cc).
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Figure 43. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV when the bioshield
concrete is modeled as NBS03 concrete rather than NBS04 concrete. The core is modeled as a spatially uniform 235U fission source. The cyan
regions represent the coolant in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the NBS04 model. The reduction
in flux between each pair of solid contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above the adjacent solid
contours.
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Figure 44. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV when the bioshield
concrete is modeled as regulatory concrete rather than NBS04 concrete. The core is modeled as a spatially uniform 235U fission source. The
cyan regions represent the coolant in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the NBS04 model. The
reduction in flux between each pair of solid contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above the adjacent
solid contours.
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Figure 45. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV when the bioshield
concrete is modeled as PNNL ordinary concrete rather than NBS04 concrete. The core is modeled as a spatially uniform 235U fission source.
The cyan regions represent the coolant in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the NBS04 model. The
reduction in flux between each pair of solid contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above the adjacent
solid contours.
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Figure 46. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV when the bioshield
concrete is modeled as magnetite concrete rather than NBS04 concrete. The core is modeled as a spatially uniform 235U fission source. The
cyan regions represent the coolant in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the NBS04 model. The
reduction in flux between each pair of solid contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above the adjacent
solid contours.
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Figure 47. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV when the bioshield
concrete is modeled as barite concrete rather than NBS04 concrete. The core is modeled as a spatially uniform 235U fission source. The cyan
regions represent the coolant in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the NBS04 model. The reduction
in flux between each pair of solid contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above the adjacent solid
contours.
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Figure 48. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV when the bioshield
concrete is modeled as magnetite with steel punchings concrete rather than NBS04 concrete. The core is modeled as a spatially uniform 235U
fission source. The cyan regions represent the coolant in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the NBS04
model. The reduction in flux between each pair of solid contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above
the adjacent solid contours.
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Figure 49. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV when the bioshield
concrete is modeled as limonite with steel punchings concrete rather than NBS04 concrete. The core is modeled as a spatially uniform 235U
fission source. The cyan regions represent the coolant in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the NBS04
model. The reduction in flux between each pair of solid contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above
the adjacent solid contours.
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Figure 50. Ratio of the fast neutron flux (E > 1 MeV) on the inner and outer surfaces of the PWR reference model RV when the bioshield
concrete is modeled as serpentine concrete rather than NBS04 concrete. The core is modeled as a spatially uniform 235U fission source. The
cyan regions represent the coolant in the inlet and outlet nozzles. The contour lines correspond to the fast flux for the NBS04 model. The
reduction in flux between each pair of solid contour lines is one decade. The thinner dashed lines are a factor of 3.16 below/above the adjacent
solid contours.
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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 51. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as NBS03 concrete. 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 and concrete is shown
using flooded contours and contour lines. All other regions are colored based on their material assignments.
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 52. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as regulatory concrete. 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 and concrete
is shown using flooded contours and contour lines. All other regions are colored based on their material
assignments. 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 53. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as PNNL ordinary concrete. 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 and concrete is shown
using flooded contours and contour lines. All other regions are colored based on their material assignments.
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 54. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as magnetite concrete. 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 and concrete is shown
using flooded contours and contour lines. All other regions are colored based on their material assignments.
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 55. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as barite concrete. 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 and concrete is shown
using flooded contours and contour lines. All other regions are colored based on their material assignments.
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.

76



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

Figure 56. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as magnetite with steel punchings
concrete. 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 and
concrete is shown using flooded contours and contour lines. All other regions are colored based on their
material assignments. 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 57. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as limonite with steel punchings
concrete. 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 and
concrete is shown using flooded contours and contour lines. All other regions are colored based on their
material assignments. 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 58. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as serpentine concrete. 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 and concrete
is shown using flooded contours and contour lines. All other regions are colored based on their material
assignments. 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 59. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as NBS03 concrete. The core
is modeled as a spatially uniform 235U fission source. The elevation view is at 292.5°, the centerline of
the outlet nozzle. The fast flux ratio in the RV, nozzles, and concrete is shown using flooded contours
and contour lines. All other regions are colored based on their material assignments. The values inside
the shaded boxes are the minimum and maximum ratios in the RV, 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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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 60. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as regulatory concrete. The core
is modeled as a spatially uniform 235U fission source. The elevation view is at 292.5°, the centerline of
the outlet nozzle. The fast flux ratio in the RV, nozzles, and concrete is shown using flooded contours
and contour lines. All other regions are colored based on their material assignments. The values inside
the shaded boxes are the minimum and maximum ratios in the RV, 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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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 61. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as PNNL ordinary concrete. The
core is modeled as a spatially uniform 235U fission source. The elevation view is at 292.5°, the centerline
of the outlet nozzle. The fast flux ratio in the RV, nozzles, and concrete is shown using flooded contours
and contour lines. All other regions are colored based on their material assignments. The values inside
the shaded boxes are the minimum and maximum ratios in the RV, 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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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 62. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as magnetite concrete. The core
is modeled as a spatially uniform 235U fission source. The elevation view is at 292.5°, the centerline of
the outlet nozzle. The fast flux ratio in the RV, nozzles, and concrete is shown using flooded contours
and contour lines. All other regions are colored based on their material assignments. The values inside
the shaded boxes are the minimum and maximum ratios in the RV, 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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(a) Z = -100 to 275 cm (b) Z = 275 to 650 cm

Figure 63. Fast neutron flux (E > 1 MeV) in the PWR reference model with NBS04 concrete in the
bioshield, and the fast flux ratio when the bioshield concrete is modeled as barite concrete. The core
is modeled as a spatially uniform 235U fission source. The elevation view is at 292.5°, the centerline of
the outlet nozzle. The fast flux ratio in the RV, nozzles, and concrete is shown using flooded contours
and contour lines. All other regions are colored based on their material assignments. The values inside
the shaded boxes are the minimum and maximum ratios in the RV, 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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