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ABSTRACT

The ability to accurately calculate neutron fluence levels, radiation heating rates (neutron and
gamma), and gamma dose rates in the concrete biological shields (bioshields) of light water
reactors has become increasingly important as plant life extensions of 60 years have become
common and extensions to 80 years of operation are proceeding This study evaluates the impact
of concrete composition, the size and location of reinforcing steel, the presence of a bioshield liner
or reflective thermal insulation, and the size of the reactor cavity gap on neutron flux, total heating
rate (the rate of radiation energy deposition), and gamma dose rate using parametric studies with
a representative three-loop pressurized water reactor (PWR) model. The analyses are performed
using state-of-the-art hybrid radiation transport calculations, which provide the ability to explicitly
model complex geometries and eliminate the discretization effects in space, energy, and angle
that are present in the commonly used discrete ordinates transport methodology. The results of
these analyses provide insights into the effect of material and geometrical variations in the
representative PWR model on the magnitude of the neutron flux, heating rate, and gamma dose
rate incident to the bioshield as well as their attenuation through the reinforced concrete structure.
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EXECUTIVE SUMMARY

In October 2014 the U.S. Nuclear Regulatory Commission (NRC) published the Expanded
Materials Degradation Assessment (EMDA) Report as NUREG/CR-7153. Volume 4 of the EMDA,
“Aging of Concrete and Civil Structures”, identified radiation effects on concrete as a technical
area needing further research and having a high structural significance for concrete structures in
the vicinity of the reactor vessel. This is a particular area of concern due to the extension of plant
licensing from 60 to 80 years by subsequent license renewals (SLRs).

A thorough assessment of radiation effects in concrete requires not only materials science
research into the radiation damage effects caused by exposure to neutron and gamma radiation,
but also accurate methods for predicting the neutron and gamma radiation fields in the concrete
and in associated steel components including reinforcing steel (rebar) and embedded support
columns.

This evaluation reviews methodologies available for radiation transport calculations in light water
reactor (LWR) shielding analyses and provides recommendations on appropriate methods for
evaluating radiation fields in the concrete structures around the reactor pressure vessel (RPV) at
locations within and outside the traditional beltline region. Sensitivity analyses using a
representative three-loop pressurized water reactor (PWR) model provide insights into the effects
of key parameters on the radiation quantities of interest, including neutron flux, gamma dose
rates, and total (neutron plus gamma) heat generation rates .

Radiation Transport Methodology

Previous analyses of neutron and gamma radiation levels in concrete biological shields
(bioshields) have relied primarily on discrete ordinates calculations and have focused on the
traditional beltline region (i.e., elevations within the axial extent of the active fuel). In discrete
ordinates calculations the solution of the Boltzmann radiation transport equation requires
discretization of the spatial, energy, and angular variables for the particle flux. Regulatory Guide
1.190 provides guidance on appropriate selection of spatial, angular, and energy discretization for
RPV fluence applications within the traditional beltline region; however, there is no regulatory
guidance for bioshield fluence calculations either within or outside of the traditional beltline region.

Monte Carlo calculations inherently provide higher-fidelity solutions than discrete ordinates
calculations, as they do not require the discretization in energy, space, and angle that is imposed
by all discrete ordinates radiation transport codes. Because of this, Monte Carlo simulations are
generally considered to be the most accurate method for radiation transport calculations. The
primary limitation in the use of Monte Carlo radiation transport calculations for LWR shielding
applications has historically been the amount of computer time required to obtain a well-
converged solution (i.e., a solution with acceptable relative errors), particularly for deep
penetration shielding calculations such as those encountered in predictions of neutron and
gamma radiation fields in the bioshield and associated steel structures.

With the advent of the hybrid radiation transport methodology, Monte Carlo calculations can
provide well-converged solutions with substantial reductions (often orders of magnitude) in
computational time. In this study hybrid radiation transport calculations were applied to obtain

" Throughout this report the terms ‘heat generation rate’ and ‘heating rate’ refer to the rate at which energy from
ionizing radiation is deposited in a material on a volumetric basis (e.g., W/cm?3). See Section 9 for a glossary of
terms used in this report.

XV



high-fidelity predictions of neutron fluxes for a range of energies, total heat generation rates, and
gamma dose rates in the concrete, reinforcing steel (rebar), and RPV support columns in a three-
loop pressurized water reactor (PWR) model.

Parametric Studies

Parametric studies were conducted to assess the sensitivity of the radiation quantities of interest
to variations in the following parameters.

1)

2)

3)

4)

5)

Concrete composition

It is well known that the attenuation of neutrons in concrete is strongly dependent on the
hydrogen content of the concrete. In this study we consider four types of concrete, with
hydrogen contents ranging from 0.00484 to 0.029 g/cm3. The hydrogen content affects not
only the attenuation of neutrons in the concrete, but also the location and magnitude of the
maximum heating rate and gamma dose rate.

Size and location of reinforcing steel (rebar)

The primary radiation damage mechanism caused by the presence of rebar (as well as
other steel, such as the embedded support columns in the current three-loop model) is the
production of gamma radiation due to radiative capture of neutrons in the steel. These
‘capture gamma’ sources become the dominant contributor to the total heating rate and
the gamma dose rate at a relatively short distance into the bioshield. The effect of rebar is
considered in this analysis for two different rebar sizes (#8 and #14). The #8 rebar is
modeled with a 3-inch concrete cover. The #14 rebar is modeled with a 3-inch concrete
cover and also with a 10-inch concrete cover.

Presence of a steel bioshield liner

Some bioshields include a steel liner on the inner radial surface (i.e., the surface adjacent
to the cavity gap). The effect of a 0.25-inch steel liner was evaluated for both carbon steel
and stainless steel compositions.

Presence of reflective thermal insulation in the cavity gap
The effect of reflective thermal insulation in the cavity gap was assessed by including a
3-inch layer of reflective thermal insulation near the RPV.

Cavity gap width

The effect of changes in the cavity gap width (i.e., the distance between the outer edge of
the RPV and the inner edge of the bioshield) was evaluated using three models with gap
widths 13, 71, and 120 cm. These values are expected to cover the range of gap widths in
two-loop and three-loop plants.
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1 INTRODUCTION

Nuclear power plants (NPPs) in the United States (U.S.) were initially licensed to operate for 40
years. As of May 2020, 94 units (88 operating NPPs) have been approved for 60-year licenses [1],
and 4 units (4 operating NPPs) have been approved for 80-year licenses. Two NPP units have
scheduled submittals in 2020, and three have scheduled submittals in 2021 [2].

In 2008, the U.S. Nuclear Regulatory Commission (NRC) initiated discussions on the topic of
radiation effects on concrete with the national and international research communities and other
stakeholders to address potential issues related to Subsequent License Renewal (SLR)
applications. NRC-sponsored research at Oak Ridge National Laboratory (ORNL) reviewed the
effects of radiation on the microstructure and properties of concrete used in NPPs to assess the
state of knowledge and identify areas for further investigations during 2010-2013 [3]. In October
2014 the NRC published the Expanded Materials Degradation Assessment (EMDA) Report as
NUREG/CR-7153. Volume 4 of NUREG/CR-7153, “Aging of Concrete and Civil Structures” [4],
identified radiation effects on concrete as a technical area needing further research and having a
high structural significance for concrete structures in the vicinity of the reactor vessel during the
subsequent period of extended operation from 60 to 80 years. Based on this assessment and the
Office of Nuclear Reactor Regulation (NRR) User Need Request for Research on the Effects of
Irradiation on Concrete Structures, the Office of Nuclear Regulatory Research (RES) initiated a
research activity to confirm the effects of irradiation on the noted concrete structures and the
structural implications of these effects to support SLR applications.

Having neutron and gamma radiation measurements for the concrete biological shield (bioshield)
is important in validating computational solutions in the analysis of irradiation effects. Ex-vessel
neutron dosimetry (EVND) [5] that is commonly used for validation of reactor pressure vessel
(RPV) neutron fluences would provide validation of neutron fluences calculated on the inner
surface of the bioshield, but would not provide any information on neutron flux, radiation heating
levels, and gamma dose rates within the bioshield. NPP-specific EVND data is generally not
readily available in the public domain with the exception of the H. B. Robinson Unit 2 Cycle 9 RPV
benchmark [6], [7]. Gamma dosimetry for the bioshield and measurements that provide
information on the attenuation of neutron and gamma radiation within the bioshield are typically
not available for operating NPPs.

Enveloping neutron fluences for neutron energies greater than 0.1 MeV (E > 0.1 MeV) have been
determined on the bioshield inner radial surface considering 27 two-loop, 13 three-loop, and 28
four-loop pressurized water reactors (PWRs) and 35 boiling water reactors (BWRs) at 80 years of
plant operation [8]. Maximum gamma doses at the concrete inner radial surface for two-loop and
three-loop Westinghouse plants and a Mark 6 BWR are also provided in [8]. The analyses
concluded that two-loop and three-loop NPPs provided the limiting neutron fluences

(E > 0.1 MeV) on the bioshield inner surface. A two-loop Westinghouse plant provided the limiting
gamma dose on the inner radial surface of the bioshield. The gamma dose for a three-loop
Westinghouse plant was slightly lower (~2%) than that for the two-loop Westinghouse plant.
Comparisons of neutron and gamma fluxes and heat generation rates in the bioshield of a
Westinghouse two-loop PWR and a Westinghouse three-loop PWR are also available in [10].
Those results suggest the two-loop design is more limiting with respect to fluxes and heating rates
in the bioshield, but, unlike the data reported in [8], they include only a single plant of each type.
Based on the review of all the data in [8] and [9], a three-loop Westinghouse design NPP was
selected for the current analysis. For the RPV support modeling in the current study, the Category
4A short-column-type support described in [9] was used. Modeling this support configuration
provides the ability to assess the effect of large and complex embedded steel structures on
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neutron flux, gamma dose rates, and total radiation heating rates within those structure and in the
surrounding concrete.

The objective of the research described in this report is to apply rigorous computational
approaches to provide an analysis of neutron fluxes, total (neutron + gamma) heat generation
rates, and gamma dose rates through the bioshield as well as in the RPV support structures
embedded in or attached to concrete and the included reinforcing steel bars (rebar). These
studies provide insight on the spatial distribution of neutron fluxes, total heat generation rates, and
gamma dose rates from the inner radial surface of the bioshield structure to a specified depth
within the bioshield. These results will provide the necessary input for the calculation of radiation-
induced concrete damage as well as the development of temperature profiles through the
bioshield.



2 RADIATION PARAMETERS OF INTEREST FOR THIS STUDY

The radiation parameters of interest with regard to irradiation-induced concrete damage are
neutron fluence and neutron and gamma dose and heat generation rates. Each of these radiation
effects are discussed in the following sections.

2.1 Neutron Radiation

Analysis of legacy data for mechanical properties of irradiated concrete by Hilsdorf et al. [11]
indicated that, for some concretes, a neutron fluence level of 1.0E+19 n/cm? may cause a
reduction in compressive and tensile strengths and modulus of elasticity, and a marked increase
in volume of the aggregates. Research conducted by Hilsdorf et al. on the effect of neutron
radiation on concrete strength provided no specification of a neutron energy cutoff value
associated with the 1x10'® n/cm? fluence value. Hilsdorf et al. presented neutron radiation—related
test results under energy categories of “slow neutrons,” “fast neutrons,” and “no information.”
Kontani et al. [12] used a reference neutron fluence value of 1.0E+20 n/cm? for assessing the
reduction of concrete strength using Hilsdorf et al.’s compilation of test data but also indicated that
several concrete samples and test conditions (fluence levels and temperatures) used in that paper
were not representative of light water reactor (LWR) concrete compositions and conditions.
Removing test data that were not representative of LWR concrete compositions and conditions
(fluence levels and temperatures) resulted in an unclear conclusion about the trend in the
decrease of concrete strength as a function of neutron irradiation. Fujiwara et al. [13] performed
irradiation tests with temperatures lower than 65°C and a maximum neutron fluence (E > 0.1
MeV) of 1.2E+19 n/cm?. They concluded that neutron exposure does not significantly affect the
compressive strength of concrete within the range of fluences considered in that study. In [8], test
results by Fujiwara et al. were combined with another data point from Dubrovskii et al. [14] for a
fast neutron fluence (E > 0.1 MeV) of 2.3E+19 n/cm?. In [8], the new compressive strength plot as
a function of fast neutron fluence (E > 0.1 MeV) using data from Fujiwara and Dubrovskii et al.
was judged to be reliable and consistent.

Field et al. [15] evaluated the neutron flux spectrum in the bioshield of a three-loop PWR model
using different energy cutoffs (E < 0.41 eV, E > 0.0 MeV,2 E > 0.1 MeV, and E > 1.0 MeV). They
also determined estimates of the neutron fluence at 40, 60, and 80 years of operation for two-loop
and three-loop PWRs using energy cutoffs of E > 0.0 MeV, E > 0.1 MeV, and E > 1.0 MeV. Field
et al. compared these estimated fluences with the suggested threshold fluence of 1E+19 n/cm? of
Hilsdorf et al. and demonstrated that determining the correct energy cutoff for neutron fluence
calculations in the bioshield is crucial for a proper assessment of concrete degradation resulting
from neutron radiation.

Radiation-induced volumetric expansion (RIVE) of aggregates is an important contributor to the
degradation of concrete mechanical properties [16]. This effect is driven by radiation-induced
displacement of atoms (particularly those in siliceous [quartz type] aggregates), which is
dominated by neutron contributions [17]. Remec et al. [18] showed that approximately 95% of the
displacements per atom (dpa) for several minerals that are common constituents of concrete are
caused by neutrons with energies above 0.1 MeV, while neutrons above 1.0 MeV contribute
approximately 20% to 25% of the dpa. It is to be noted, however, that the notion of dpa is less
meaningful for damage in ionic bonding dominated calcareous (amorphous) aggregates.

2 The lower energy limit of the BUGLE-B7 multigroup library used for the transport calculations in [14] is 1.0E-5 eV.
The tabulated results are reported as E > 0.0 MeV, which is essentially equivalent.
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A recent evaluation of the effects of neutron radiation on concrete is available in [17]. This
evaluation suggests that for temperatures applicable to LWR concrete (below 100°C), neutron
fluences (E > 0.1 MeV) above 1.0E+19 n/cm?should be used as a threshold value for regulatory
purposes. Experiments suggest that the main effect of neutron radiation on concrete is the
disordering effect of neutrons on aggregates, which results in volume expansion of aggregates
and causes a bonding mismatch with the cement paste. Since there are different mineral types in
aggregates, the different expansion of minerals within aggregates may also lead to cracking.

2.2 Gamma Radiation

Gamma radiation test results presented by Hilsdorf et al. indicated that the effects of gamma
radiation on the mechanical properties of concrete are not clear [11]. Kontani et al. reviewed the
gamma radiation test data in the paper by Hilsdorf et al. and identified the data points that should
be removed. While removing data points provided a trend that was not well defined, Kontani et al.
considered a gamma dose of 2.0E+10 rad as the threshold to consider for concrete degradation
[8], [12]. Further testing with gamma radiation was performed such as those presented in
[19]-{21]; however, [8] indicates that test results for the effect of gamma radiation on concrete
degradation are inadequate and suggests that acquisition of additional data representative of
NPPs should be pursued.

The effects of gamma radiation on concrete are primarily due to heat generation and radiolysis
[12], [16], [21]-{23]. Both of these mechanisms can affect the water content in concrete. The
hydrogen peroxide generated in radiolysis may also affect the concrete properties. Changes in the
water content of the concrete—whether due to thermal conditions or radiation effects—uwiill affect
the hydrogen content and hence affect the transmission of neutrons through the concrete.
Because the total heating rate and gamma dose rate are largely due to “self-heating” gammas
that are produced by neutron capture within the bioshield, changes in the transmission
characteristics of neutrons in the concrete will also affect the behavior of the total heating and
gamma dose rate profiles through the concrete.

A recent evaluation of the effects of neutron radiation on concrete is available in [17]. This
evaluation suggests that for temperatures applicable to LWR concrete (below 100°C), neutron
fluences (E > 0.1 MeV) above 1.0E+19 n/cm?should be used as a threshold value for regulatory
purposes. Experiments suggest that the main effect of neutron radiation on concrete is the
disordering effect of neutrons on aggregates, which results in volume expansion of aggregates
and causes a bonding mismatch with the cement paste. Since there are different mineral types in
aggregates, the different expansion of minerals within aggregates may also lead to cracking.

A recent evaluation of the effects of gamma radiation on concrete is available in [17]. This
evaluation suggests that there is limited data on the effect of gamma radiation on concrete, but
indicates that gamma doses greater than 1.0E+10 rad may cause a degradation in concrete
properties. However, there is no data that isolates gamma irradiation of concrete in an air
environment and the synergistic effects of neutron and gamma irradiation on concrete are not
known. The main effect of gamma radiation on concrete is identified as water loss in the cement
paste as a result of heating and radiolysis. The water loss in cement causes shrinkage in cement
and opens pores; however, the gamma-induced carbonation of portlandite to calcite results in the
calcite occupying more space compared to portlandite, which partly makes up for the opening of
pores.



2.3 Quantification of Radiation Parameters

The results of this study for predictions of radiation effects on concrete are based on the following
quantities obtained from radiation transport calculations.

1) Neutron flux levels throughout the first 60 cm (radially) of the bioshield for a range of
elevations extending from the bottom of the RPV to the RPV nozzle elevation, with data
provided for the following neutron energy ranges:

a. E>1.0MeV
b. E>0.1 MeV
c. E>1.0E-05 eV (total neutron flux)

2) Total (sum of neutron and gamma) heat generation rates (W/cm?) in the first 60 cm of the
concrete and in structural steel (reinforcing steel and embedded support columns) within
the bioshield

3) Gamma dose rates (rad/s) in the same locations as the heat generation rates






3 ANALYSIS METHODOLOGY

The primary analysis methods that are currently applied to calculation of neutron and gamma
fluxes, heating rates, and dose rates are discrete ordinates calculations, Monte Carlo calculations,
and hybrid calculations 3. Monte Carlo methods have long been considered to be superior to
discrete ordinates methods. This is primarily because discrete ordinates calculations require
discretization of the space, energy, and angle variables in the radiation transport equation to
produce a set of equations that are solved iteratively. In contrast, Monte Carlo calculations provide
a more ‘exact’ solution, as they use geometry described by linear and quadratic surfaces (planes,
spheres, cylinders, cones, ellipsoids, hyperboloids, and paraboloids) rather than cartesian or
cylindrical mesh structures, and continuous energy (CE) cross sections rather than multigroup
(MG) cross sections that are averaged values which may not be appropriate at all locations in a
given model. The hybrid method, which uses the results of discrete ordinates calculations to
substantially reduce the computational time of Monte Carlo calculations, is applied to the current
analysis.

Previous analyses of neutron and gamma radiation levels in bioshields have relied primarily on
discrete ordinates calculations and have focused on the traditional beltline region (i.e., elevations
within the axial extent of the active fuel) [10], [18]. In discrete ordinates calculations the Boltzmann
transport equation is solved by discretizing the spatial, energy, and angular variables for the
particle flux to obtain a system of equations that is solved iteratively. Regulatory Guide 1.190
provides guidance on appropriate selection of spatial, angular, and energy discretization for RPV
fluence applications within the traditional beltline region [5]; however, there is no regulatory
guidance for bioshield fluence calculations.

For the current study an improved prediction of neutron flux, gamma dose rates, and neutron and
gamma heat generation rates for the bioshield within axial locations extending below and above
the active fuel elevation, including the location of RPV supports, is needed. Studies performed for
RPV flux levels in the extended beltline region have demonstrated that discrete ordinates
solutions become increasingly less accurate as the distance from the traditional beltline increases
[25]-[27]. The primary causes of this reduced solution accuracy are angular quadrature effects
and limitations imposed by using multigroup (MG), rather than continuous energy (CE), cross-
section libraries. These issues are briefly discussed in Sections 3.1 and 3.2. Section 3.3 describes
the analysis methodology applied in this study. Section 3.4 identifies the major assumptions in the
development of the calculational model.

The calculational model used for the results discussed in Sections 3.1 and 3.2 is a four-loop PWR
model based on Watts Bar Unit 1 [24]-[27]. While the analyses for the current study employ a
three-loop model (see Section 4), the four-loop calculations are suitable for demonstrating
quadrature and cross-section library considerations for discrete ordinates calculations of fluxes
and dose rates in the bioshield. Figure 3-1 shows a plan view of the four-loop model at an
elevation near the core midplane. Figure 3-2 and Figure 3-3 show elevation views of the four-loop
model at the azimuthal locations with the maximum and minimum amounts of water between the
core and the RPV, respectively.

3.1 Quadrature Sensitivity with Discrete Ordinates Calculations

In a discrete ordinates radiation transport calculation, the directional variation of the flux is
represented using a set of discrete directions (or ordinates) to represent the continuous angular

3 A brief overview of the calculational methods used for radiation transport analyses is provided in APPENDIX B.
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variable (see Appendix B.1.3 Level-symmetric (Sn) quadrature sets have been widely used for
discrete ordinates calculations. Typical Sy quadratures include S8, which has 10 discrete
directions in each octant of the unit sphere, and S16, which has 36 angles per octant.

While Sk sets are widely used, they are not optimal for geometries where particle transport along
directions near a coordinate axis, such as streaming of neutrons in the cavity gap between the
RPV and the bioshield. Abu-Shumays developed quadruple range (QR) quadratures to provide
superior accuracy for problems in which there are material discontinuities across octants of the
unit sphere, such as the edges of fuel assemblies and gaps near any of the coordinate axes
[28][29]. Regulatory Guide 1.190 provides guidance on the selection of angular quadrature for
RPV fluence analyses in the traditional beltline region and suggests the use of an S8 quadrature
as a minimum for determining RPV fluence, with the added requirement that the adequacy of S8
quadrature used in off-midplane locations for radiation transport calculations in the cavity region
must be demonstrated.

Figure 3-4 through Figure 3-7 illustrate quadrature sensitivity effects in the bioshield by comparing
Denovo [30] discrete ordinates calculations with various quadratures to a Shift [31] Monte Carlo
calculation. The Denovo and Shift calculations used the BUGLE-B7 multigroup cross-section library
[32]. The Denovo calculations were run using a spatial mesh that was resolved finely enough to
provide convergence with respect to mesh (i.e., further mesh refinement does not change the
Denovo solution). This comparison provides a means of effectively isolating the impact of the
quadrature set on the Denovo solution.

Figure 3-4 and Figure 3-5 show the ratios of Denovo solutions with S8 and S16 quadratures to the
Shift solution near the core midplane. While the S8 solution agrees to within ~6% at all locations,
there is clear evidence of quadrature artifacts (which appear as ‘fringe patterns’ beginning at each
corner fuel assembly) in the S8 solution. The S16 solution shows a substantial improvement in
agreement with the Shift solution, though there are still some indications of minor quadrature
artifacts.

Figure 3-6 and Figure 3-7 demonstrate the increasing deviation between Denovo solutions and the
Shift solution at an elevation above the traditional beltline region. At this elevation, which is
approximately 5 cm below the start of the RPV nozzle supports, there are significant ray effects* in
and immediately adjacent to the cavity gap in the S16 solution. Use of QR8T quadrature, which has
the same number of angles per octant (36) as S16 quadrature, provides an improved solution, but
there are still ray effects, particularly in the cavity gap.

Figure 3-8 and Figure 3-9 illustrate the solution improvement that results from using higher-order
QR quadratures: a QR12T set with 78 angles per octant and a QR16T set with 136 angles per
octant. While these solutions significantly reduce the magnitude of the ray effects, they do not
eliminate them. Furthermore, it can be impractical to use quadrature sets of this size with large
three-dimensional (3D) discrete ordinates models due to memory limitations in computing systems.

4 Ray effects refer to anomalies in the flux solution that are most likely to occur in regions with very little if any
scattering, such as the cavity gap.
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3.2 Multigroup Cross-Section Library Sensitivity with Monte Carlo Calculations

In discrete ordinates calculations, the energy dependence of the flux is represented by energy
groups. The particle (neutron or photon) flux in each group is solved using MG cross-section
libraries that are prepared by averaging CE cross-section data over the energy groups using a
specific weighting function or functions. Because of this averaging process, MG calculations are
inherently less accurate than CE calculations. The accuracy that can be obtained from an MG
library is dependent on the number of energy groups and on the weighting function(s) used to
average the CE data over the energy groups.

The BUGLE-B7 MG library was developed specifically for LWR shielding applications and are
frequently used for RPV fluence analyses. To assess the adequacy of MG calculations using the
BUGLE-BY library for prediction of neutron fluence levels in a bioshield, MG and CE calculations
were performed using the Shift Monte Carlo radiation transport code with the four-loop PWR
model. Figure 3-10 through Figure 3-15 demonstrate the tendency of MG calculations using the
BUGLE-BY library to underpredict neutron flux levels for energies above 1.0 MeV and above

0.1 MeV relative to the more accurate CE solution. These plots show how the MG/CE differences
increase with increasing distance from the core. Similar MG/CE underprediction also occurs using
the VITAMIN-B7 [27], [32] and SCALE X200N47G [33] MG libraries.

Within the beltline region, the BUGLE-B7 fluxes in the bioshield for E > 0.1 MeV and E > 1.0 MeV
are up to ~13% lower than the CE fluxes. At elevations in the vicinity of the RPV supports, the
BUGLE-B7 solution is up to ~15% lower than the CE solution for neutron energies greater than
1.0 MeV. The difference between the BUGLE-B7 and CE solutions for neutron energies greater
than 0.1 MeV at this elevation is typically 15-25%, with maximum differences up to ~31% at the
elevation through the RPV supports (Figure 3-15).

Figure 3-16 through Figure 3-19 show MG/CE solution comparisons when a very-fine-group MG
library with 956 neutron groups (vs. 47 neutron groups in the BUGLE-B7 library) is used. This
library was developed internally at ORNL to assess whether the deviations between MG and CE
Shift solutions could be reduced to a specified value (< 5%). The 956-group library has 540
groups between 1.0026 MeV and 10.0 MeV, compared to 46 groups over the same energy range
in the VITAMIN-B7 library. The agreement between the MG and CE solutions is significantly
improved with the 956-group library, with maximum differences for both energy ranges and both
elevations of less than ~9%, and overall agreement typically within 5%. While the MG/CE
agreement is substantially improved for the RPV support elevation at E > 0.1 MeV, the size of this
MG library is prohibitive for multidimensional calculations using typical discrete ordinates codes.



(pIo1ysoiq ay jo (pIo1ysolq ay jo wd g sl

Wwid 09 1S4l Y} UIY}IMm sanjeA ofjel jo uonnquisip ayy 9y} Ulyim sanjeA oljes jo uonnquisip ayj smoys
smoys jojd weibojsiy ay] ‘|apow YMd dooj-inoj e joid weibolsiy ay] ‘|[opow YMd dooj-inoy e ui
ul suejdpiw 9109 ay} Jeau S| UOIJeAd|d 3 ]) SUOI}IdS aue|dpiw 2109 3y} Jeau S| UOIJBAd|D dY]) SUOI}03S
ss019 ABisua-snonuiuod Buisn uonendjed PYiys s$s0.19 AB1sua-snonuiuod Buisn uone|ndjes
e 0} Aieuqi| 2g-3719Nn9 3y Buisn uonejnojed Yiys Hiys e o} Areuqi| Lg-3719n4d ays Buisn uonenojes
e woJj (A3 60°L L1 < ) Xn|j uosnau ay} jo ongey L-¢ ainbiy  Yys e wouy (A3 0°L < J) XN} uosnau ay) jo oney Q|-¢ ainbig4
(wo) sIXy-X (wo) sTxy-X
00€ 0sZ 00c 0c1 001 0S 0 00€ 0SZ 00¢ 0c1 001 0S 0
5z : _ : ; _ HOOE= = _ _ _ ; _ F 00E—
w 05— m 0Sz—
00z- 00Z-
: :
: 0 Uy opey xupy ] 9]a15U07) Uy ojRY XML UCHNIN
m 00E'T LTIT'T OPT'T 890°T 000°T LEG'O LLB'O TTB'0 69L°0 o M m 00E'T LIT'T OPI'T 890°T 000°T LEG'D LLB'O TTB'O 69L°0 o M
F0ST— @ F0ST- @
g T E -
= oz H m oz H
1 3 Zfoor- 1 3 Zfoor-
:Mim .-ncw
1 - 05— 1 - 05—
o< oS
£ "!x.... 5000 %000 | %000 ggul 09 o0 000 %000 %000 ﬂ% 09
(o1e0s otujrefio ) 0 (a1e0s oruyjuefo ) 0
Faud Faud ] Foad el o o = (=] Faud Faud faal gl gl o =3 = <
§ 5 £ g § § N g g § 5 g g § § 3 8 g
00Z = Z (A®F 060°TTT < J) o1jeY Xn[J uoInaN 00Z = Z (AP 9Z00°T < J) onjey Xn[j uorman

3-9



(‘pI21ysolq 3y} Jo wd Q9 3s1l dY}

UIY}IM sanjeA oljel Jo uonnquisip ayj smoys joid
weubojsiy ay| ‘japow YMd dooj-anoy e ui spoddns
Ad¥ @Y} mojaq isnl si uonjeas|a ay]) suonoas
ssou9 ABJsua-snonuiuod Buisn uonenojes JYys

e 0} Aieuqi| 2g-3719Nn9 3y Buisn uonejnojed Yiys

e wouy (A3 60°LLL < J) XN|j uosnNdu dYj Jo onjey ¢i-¢ anbBi4  PIYS e wouy (AN 0° < J) XNjj UoLNBU dY} Jo oney Z|-¢ ainbiy

+ 00€=

(wo) sXy-X
00€ 0z 002 0ST 001 0S 0
, _ _ _ _

6OGE:B] Z1-60-6107 “ouilL

Bud 50,8 ald Woo10d 0E 9IRS 0GY Z UROwW ORI A® 0GOTTT 10 XN 3D 01 A4 IONE UM
L

0sZ—

(o1e0s otujrefio )

=1
S
~

€679

~ = ol gl
N ~ > (<]
~ L [=] (<]
~N < =] =] ~ ~N

0S% = Z «(A®M 060°TTT < H) O1eY Xn[J UOIINSN

00g- I
I ot} 0

002~
0 Ul opey xnpg
00E'T LITT OFPT'T 890°T 000'T LEG'O LLR'O TTB'0 69L°0 o
- 0ST-
<
-
7
or g Ifoor—
=
F)
]
:
g
st Q
5
- Om|
oz
.§.= %00'0 %000 %000 %LO0  %IE RINTL i.n_vs. d
= Sass. ~vovs sass. s .ol W)

(wo) stey-3

weibolsiy ay

(‘pI21ysolq 3y} Jo wd Q9 3s1l 3y}
UIY}IM sanjeA oljel Jo uonnquysip ayj smoys joid
‘lopow YMd dooj-inoy e ul spoddns
Ad¥ 94} mojaq isnl si uoijeAs|a ay]) suoioas
s$s0.19 AB1sua-snonuiuod Buisn uone|ndjes

Biys e o) Aieuqi| .g-3719Nn9 3y Buisn uopendjed

+ 00€=

(wo) SIXY-X
00€ 0z 002 0ST 001 0g 0
: _ _ _ _ _

1 ZZEVRT Z1-60-6107 SowIL
Bud'gegLs™q1d Ime0Isd g Swos 05K Z UV oI NS 00DZONT IR -KND HO 01 BT TONE UM
- L

Clzrl

~
~
L

(=]

s
S
[
0S¥ = Z :(ASIW 9200°'T < H) oNeY Xn[J UoInaN

8]215U07) Ul OJRY XN WOIININ
00T LIT'T OFPI'T 890°T 000'T LEG'D LLB'O TTB'0 69L°0

%000 %000 %000 %000 %6ET %NITBE %W6E'0 %000

0sZ—

00Z-

o
< [OSI—
o1
.

2 —
1 00t

g
oz g

2
oe 7
P
ov
[+ 4

=0

T o X
. :

(a1e0s oruyjuefo )

~ o <
] © S
S @ N
S ~N N

IZR 0

(wo) sty-3

3-10



(‘PIB1YysOIq 3y} JO WD (9 IS4l Y} UIYNM SanjeA
oljel Jo uonnguysip ayj smoys jojd weiboysiy
ay] ‘[lopow YMd dooj-anoj e ul spoddns Ady 2Y)
J0 Jed Jamo| ayj ybnouyj si uonjeAd|d ayl) suoioas
ss049 ABJaua-snonuuod Buisn uone|nojes Yiys
e 0} Aieuqi| 2g-3719Nn9 3y Buisn uonejnojed Yiys

e woJj (A3 60°L L1 < ) Xn|j uosnau ay} jo oey Gj-¢ ainbi4

(W) SIXy-X
00€ 0SZ 00z 0C1 001 0c 0
zv L ! 1 L F00E—
25
27 0sZ—
00Z—
g
] 0 ut opey xnig
o 00€°T L1Z'T OFT'T 890°T 000'T LE6'0 LLE'O TZR'0 69L°0 <
; : : Z
R FOST— &
2 )
E 3
g =
) z
2 —
] i 001
§
g
] F0S—
R TR ﬂﬂgml.n_
T Waa W N =0

(o1e0s otujrefio )

o

So

~

~N

XN UoTNAN

s
(<]
(=]
M060°TTT < ) ony

Faud fauld
& Iy
~N <

09% = Z (A

00g- I
89¢p- I
Leq 0
I ot} 0
595 0

[
o]

(‘pI1ysolq ayj Jo wd 09 ISl dY} UIYNM SanjeA

oljeu Jo uonnquisip ayj smoys joid weiboysiy

ay] ‘[lopow YMd dooj-anoj e ul spoddns Ady 2Y3

J0 Jed Jamoj ayj ybnouyj si uonjeAd|d ay) suoiodas

s$s0.19 AB1sua-snonuiuod Buisn uone|ndjes

Biys e o) Aieuqi| .g-3719n9g ay3 Buisn uopendjed
HIYS e woly (AN 0'} < J) XNjj uosINdU dY} jJo oney {L-¢ ainbiy

(wo) stxy-x
00€ 0¢z 00z 0S1 001 0¢ 0
2 L N f N N N OOM'
i5
7z
1)
sg
5@
B
2
] osz-
=9
b
22
&g
Bs
W..m
=2
002—
<
g
5 j015u07) Uy oREY XN[] UOINAN
M 00E'T LITT OPT'T 890°T 000°'T LEG'D LLB'O TTB'O 69L°0 o ...A
P : -
. Josi-@
: g
m o1 ~
&
2
| ST
]
g Aozt FOOT—
g
-}
g
gr sz 2
3 [«]
io2
og *
1 €e [ Om|
ov
T : H
OO0 000 WOO0D  NOO'D  %EE'T  NEWLE %PE'O %000 s¥

==Y
. :

~
o

(a1e0s oruyjuefo )

gl gl o =]
<] < © S
<} (=] o

[==] =] ~ Q

09% = Z :(A®IW 9200'T < H) ONeY Xn[J UoInaN

I g 0
69, 0

Faud faal
& Iy
~ <

3-11



(‘pIa1ysolq

9y} JO WD 09 3siy B} UIYIM sanjeA oljel Jo

uonnquisip ay} smoys jojd weibolsiy ay] "[opow

UMd dooj-1noj e ul spoddns AdY 3y} mojaq isnl

S| UOIJBAd|D 3] ) SUOI}I9s ss04d ABIdua-snonuuod

Buisn uone|nojes Piys e o) sdnoib uosynau

966 Yum Aieaqi] dnoabiyinw e Buisn uonenojes
BIYs e wouy (A3 0°L < J) Xnjj uonau ay} jo oney L|j-¢ ainbig

(wo) STXY-X
00€ 0%z 00z 0S1 001 0% 0
-y L 1 . L f L 00E—
]
2
*2
g5
ss
g8
w2 0SZ—
a
=2
g2
@
= 00Z-
~
m
i
s ¥ 0 Uy opey Xnig
g 00ET LTIT'T OVI'T 890°T 000'T LEG'0 LLB'O T80 69L°0 0 =
s . s
: Z
= c fosi-a&
° 5
g ot m\
2
= <t
-
1]
4 A =um L OOﬁl
5
sz g
g £
Froe 9
F
=3
] F0S—
ov
£16°0 sV
.§.= 000 WOO'D  NOT'E .té.ta HLOD  %OO'0 %000 t
0

(8[eos ortuyjureHo )

‘l w.. .0 .0 .0
0 0 6 9 oo
S S
3 S & 3 N

~N
0S¥ = Z :(ASIW 9T00°1 < H) oney Xn[J uolneN

008‘[
< [;:hl,

(‘PIB1YSOIq 3y} JO WD (9 IS4l Y} UIYHM SanjeA

oljel Jo uonnguysip ayj smoys joid weibojsiy ay

‘[opow Y Md dooj-1noy e ul auejdpiw 8109 ay} Jeau

S| UOIJBAd|D 3] ) SUoi3oas sso4o ABJaua-snonuiuod

Buisn uone|nojes Piys e o3} sdnoib uosynau

966 yum Aieaqi dnoabiyinw e Guisn uonenojes
BIYS e wouy (A3 0°L < J) Xnjj uonau ay} jo oney 9|-¢ ainbig

(wo) SIXY-X
0€ 0se 00t 0StT 00t 0< 0

o

0SZ—

£2:7CF1 Q1-60-6107 ‘SWILL Apul_ :aumeN 150H

Bud-gpey1 ald Wodsad 0F 9[wIS 007 Z Uve ORI AD 000ZO0I 16 XNI HD 01 NOSEX UINS

. 00Z—-
1210007 U] OTJRY XN[J UOTININ
00E'T LIT'T OPT'T 890°T 000'T LE6'0 LLB'O ITBO 69L°0 T-A
* 1 0
z
1 LocT- @
a
o1
g
0T o
§
] 5 ifoor-
g
(1]
= 2
# o
2
ov 7
] - 0S—
o0
.§.= 000 WNLOO  NATO .afﬂh.ﬁa %000 %00'0 %000 t

(8[eog ortwyjueHo )

€67
L8 0

I
s
=) ~ ~N

<
00Z = Z *(A®% 9Z00°1 < d) oney Xn[J uornaN

o
g
=

69, 0

~

=]
S
S

é[;:hl,
Iy

3-12



(‘pIa1ysolq

9y} JO WD 09 3siY B} UIYIM sanjeA ojjel Jo

uonnquisip ayj smoys joid weibolsiy ay] ‘|opow

UMd dooj-1noy e ul spoddns AdY 3y} mojaq isnl

S1 UOIJBAd|d 9Y]) Suo1}29s ssoud ABiaua-snonuuod

Buisn uone|nojes Piys e o3} sdnoib uosynau

966 yum Aieaqi dnoabiyinw e Buisn uoie|nojes Yiys
e wouy (A3 60°L L1 < J) Xnjj uonau ay} jo oney 6-¢ ainbiyg

(wo) sxy-X
00€ 0se 00c 0S1 00t oS 0
e L 1 ! L ! + 00E—
85
7z
ig
o=
mn
= 0sz-
a2
00Z—
5
M i D) Uy opjey xnpg
m V0E'T LITT OFT'T 890°T 000°'L LEG'0 LLB'O ITB'O 69L°0 T.A
] : . 0 W
FOST— @
- ot a
g
< oz
7
7 =} 0g m I OOﬂ|
&
£
op 2
2 ov m
o<
] F0S—
£ 09
_§.= WOO'0  WOO'0  NOTO _*.Ce.hh WOL'TT %000 gn.e“ 0.
W T

(8[eos ortuyjureHo )

il o IS
=] © S

S
S g J

~N
HAS 060° 11T < d) oney Xn[f uoamaN

< [;:hl,
1 cg 0
6‘95 0

~
s
<]

008‘[
< 0pp

Il
N

(‘PIB1YSOIq 3y} JO WD (9 }S1l Y} UIY}M SaNnjeA
oljel Jo uonnguysip ayj smoys jojd weiboysiy ay
‘[opow Y Md dooj-1noy e ul auejdpiw 8109 ay} Jeau
S1 UOIJBA3|D 9y ] ) Suoljoas ssou9 ABiaua-snonuiuod
Buisn uonenojes Piys e o} sdnoab uosynau 966
yum Aseaqi) dnoabiinw e buisn uonjejnajes Jiys

e wouy (A3 60°L L1 < J) XN|j uosnNau dyj Jo oijey gL-¢ aInbi4

(wo) SIXY-X

0€ 0SeT 002 0SI 001 0S8 0
- ! . ! ! + 00€—

o

0SZ—

LEEVF] 01-60-6107 ‘SWILL  Apul_ :aumeN 150H

Bud'gpey1 ald 1uedsed 0g o1EIs 007 7 UNAL ORI A 060111 16 XN 3D 01 NOS6X UIuS

00zZ-

21310007 Uy O7IeY XNLJ UOIININ
00E'T LIT'T OPT'T 890°T 000'T LE6'0 LLB'O ITBO 69L°0

.- LocT-
o1

C}

(wo) stxy-§

=]
a8

oe ¥
2
] 2" i foor-
—ovm
= 2
g o
os £
4 09 loml

oL

OO0 NO0'0  WNOO0  NOFT  NLFRE %LOD %000 %000

(8[eog ortwyjueHo )

o T 2 = ~ S o S o
§ § & & 8 § § & &
00Z = Z (A9 060°T11 < H) oney xnjj uolnaN

3-13



3.3 Use of Hybrid Radiation Transport Calculations for Radiation Evaluations in
Concrete Bioshields

While discrete ordinates radiation transport calculations are widely used for RPV fluence analyses
and for the evaluation of neutron and gamma radiation levels in bioshields, their range of
application has primarily been in the traditional beltline region. The parameter studies presented in
Sections 3.1 and 3.2 demonstrate the inherent limitations in using discrete ordinates methods for
radiation transport calculations that extend into the bioshield, especially for elevations near the
RPV supports. In particular, the use of a typical MG cross-section library (i.e., BUGLE-B7) was
shown to result in neutron flux (E > 0.1 MeV) solution differences that may exceed 20% relative to
more accurate CE calculations in the axial region above the active fuel. These MG/CE solution
differences vary as a function of axial, radial, and azimuthal location (see especially Figure 3-13
and Figure 3-15).

Monte Carlo calculations are not subject to the discretization effects in space, energy, and angle
that are an inherent limitation of discrete ordinates calculations and, as such, are considered to be
a superior analysis method. In studies evaluating RPV fluence methodologies in the extended
beltline region [25]-{27], it was conclusively demonstrated that hybrid radiation transport
calculations provide the accuracy of well-converged Monte Carlo calculations— even with detailed
mesh tallies —with solution times that are readily achievable on modern computing clusters. The
calculations for this report were performed on a Linux cluster with 40 nodes and 48 processors
per node. A typical MCNP® calculation was run for 2E9 histories with a wall-clock time in the
range of 6 to 8 hours running on 16 nodes with 48 processors each.

Because of the clear benefits associated with hybrid radiation transport calculations, this solution
methodology was adopted for the evaluation of neutron flux and neutron and gamma dose rate
and heat generation rate distributions for this study. This selection does not imply that other
analysis methods are not suitable but recognizes that more rigorous predictions of radiation levels
can be obtained using this state-of-the-art methodology.

3.4 Uncertainty Quantification

Any radiation transport analysis is subject to uncertainties resulting from modeling
approximations, lack of complete information on material specifications and dimensions, and
uncertainties in the nuclear cross-section data that is used. The availability of benchmark quality
experimental measurements is invaluable in quantifying the effects of these uncertainties.

Access to benchmark data for neutron flux distributions in bioshields and to radiation heating rate
measurements would provide the ideal means of assessing the uncertainty in the analyses
performed in Section 6 Given the current lack of such benchmark data, a rigorous uncertainty
analysis is not feasible.

The hybrid methodology used in the present analysis, though, does provide a clear improvement
in the accuracy that can be expected for calculations of neutron flux, heating rates, and gamma
dose rates. As noted above, use of the hybrid method eliminates the methodological uncertainties
due to quadrature effects and multigroup libraries in discrete ordinates calculations.

While there is no available benchmark data for calculated-to-measured comparisons of neutron
flux, heating rates, or gamma dose rates in an LWR bioshield, there is measured data for
neutron dosimetry reactions in the reactor cavity gap of the ORNL Pool Critical Assembly (PCA)
pressure vessel wall benchmark facility (PVWBF) [34]. A recent PCA analysis [35] using
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ADVANTG and MCNP®, the same codes that are used in the present analysis, demonstrated
the ability of the hybrid method to obtain agreement that is generally within 5% of the
measurements, even at a location in the simulated cavity outside a 22.5-cm-thick pressure
vessel.



4 DEVELOPMENT OF A REFERENCE THREE-LOOP PWR MODEL

The initial phase of this project focused on creating an analysis model that could be used to
evaluate neutron fluxes, heat generation rates, and gamma dose rates for a plant design that is
representative of the limiting plant type with respect to radiation levels in the bioshield. The
selection of the plant type to model was informed by the work of Esselman and Bruck [8], who
used reports from the NRC Agencywide Documents Access and Management System (ADAMS)
that included neutron fluences (E > 1.0 MeV) at the RPV inner radius for the U.S. PWR and BWR
fleet. Extrapolation of data to calculate neutron fluences (E > 1.0 MeV) at 80 calendar years,
attenuation of neutron fluences (E > 1.0 MeV) from the RPV inner radius to the RPV outer radius,
conversion of neutron fluences for E > 1.0 MeV to E > 0.1 MeV, and calculation of concrete inner
radius fluences (E > 0.1 MeV) were performed using studies by ORNL and TransWare
Enterprises (TWE). Summary plots of neutron fluences at 80 calendar years from [8] are shown in
Figure 4-1 through Figure 4-4. Additionally, gamma doses at the bioshield were estimated using
gamma fluxes and/or dose rates from ORNL and TWE studies for two-loop and three-loop
Westinghouse plants as well as an ORNL BWR study. Gamma fluxes at the RPV outer radius of a
four-loop PWR and BWR reactor were also considered.

In [8], the maximum neutron fluence (E > 0.1 MeV) at the bioshield inner radius at 80 calendar
years is estimated as 6.1E+19 n/cm? for the two-loop and three-loop U.S. PWR fleet. The four-
loop U.S. PWR fleet and the U.S. BWR fleet have significantly lower neutron fluence and gamma
dose levels and consequently are not limiting. From Safety Evaluation Reports of SLRs, the
limiting neutron fluences (E > 0.1 MeV) calculated on the concrete biological shield at 80 calendar
years are 3.57E+19 n/cm?, 1.9E+18 n/cm?, and 3.17E+18 n/cm? for a three-loop PWR, a BWR,
and a three-loop PWR with a neutron shield tank, respectively [36]-[38].

The maximum gamma doses at the inner radius of the concrete biological shield at 80 calendar
years are estimated as 1.23E+10 rad (ORNL study) for two-loop Westinghouse plants,
1.21E+10 rad (TWE study) and 5.04E+09 rad (ORNL study) for three-loop Westinghouse plants,
and 4.27E+09 rad for a BWR (ORNL study) [8]. From Safety Evaluation Reports of SLRs, the
limiting gamma doses calculated on the concrete biological shield at 80 calendar years are
1.9E+10 rad, 1E+10 rad, and 2.97E+8 rad for a three-loop PWR, a BWR, and a three-loop PWR
with a neutron shield tank, respectively [36]-[38].

Based on these estimated neutron fluence (E > 0.1 MeV) and gamma dose projections on the
bioshield inner radius at 80 calendar years of operation, a generalized three-loop Westinghouse
plant was chosen for the current analysis. For the RPV support structure, the Category 4A short-
column type support described in [9] was used as noted in Section 1

4.1 Three-Loop Model Description

Three-dimensional radiation transport calculations for the bioshield were performed using a
quarter model of a Westinghouse three-loop PWR. Geometrical dimensions and materials of this
baseline model were obtained from several three-loop PWR documents, including Updated Final
Safety Analysis Reports (UFSARSs) [39]-{42] and U.S. Nuclear Regulatory Commission contractor
reports (NUREG/CRs) [6], [9]. A few modeling parameters that were not available in the three-
loop reactor documents were obtained from a Westinghouse four-loop PWR model that was
available to the authors.

The core region included modeling of 157 fuel assemblies having a 15 x 15 rod array per fuel
assembly. Fuel, fuel cladding, fuel plenum, fuel end plugs, bottom and top nozzles, spacer grids,
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guide thimbles, rod cluster control assembly (RCCA), instrument tubes, burnable poison rods, and
thimble plugs were explicitly included in the core modeling. RPV internals surrounding the core in
the radial direction consisted of baffle plates, former plates, core barrel, and a fully circumferential
thermal shield. RPV internals below and above the core consisted of the lower and upper core
plates, respectively. The four-loop-reactor-specific geometrical data were used for the fuel end
plug, RCCA, burnable poison rods, thimble plugs, baffle plates, and lower and upper core plates.

The RPV clad, RPV, short-column type RPV supports, inlet and outlet nozzles, and bioshield were
included in the model. The RPV thickness was selected to be within the range of RPV thicknesses
of three-loop plants. For the RPV support structure, the Category 4A short-column type support
described in [9] was used. In this RPV support structure, each nozzle rests on support pads that
have rollers underneath. Rollers as well as lateral restraints are located on top of girders. Each
girder is bolted to cantilever beams that extend in the cavity. Cantilever beams are also partially
embedded in the bioshield. Each cantilever beam is welded to supporting columns embedded in
the bioshield.

The baseline three-loop reactor model for the transport calculations included reinforcing steel in
the bioshield. The reinforcing steel (rebar) consisted of #8 rebar (1-inch diameter) at 12-inch
spacings azimuthally and vertically with a 3-inch concrete cover (i.e., the distance between the
inner radius of the bioshield and the near edge of the rebar was 3 inches).

The reflective thermal insulation and bioshield liner were not in the baseline model, but their
impact was evaluated in parametric studies. Surveillance capsule holders and surveillance
capsules were not included in the model. The nonexistence of surveillance capsule holders and
surveillance capsules has no impact on the conclusions of this work as the focus is on parametric
studies for the bioshield.

The three-loop reactor used in this study has octant symmetry with the exception of the coolant
nozzles and RPV supports. In the current analysis, modeling one-quarter of the reactor instead of
a full model (i.e., 360° azimuthal modeling) was found to be sufficient for the purposes of this
work, which was a parametric study. Moreover, this simplification of modeling one-quarter of the
reactor results in significant reductions in computational time and resources (processors and
memory) as compared to those required for a full-core model.

Plan and elevation views of the three-loop model are provided in APPENDIX A

4.2 Major Modeling Assumptions

Several simplifications were made in developing the three-loop model used in this analysis.
Because the current work performs studies to understand the impact of various parametric
changes on neutron and gamma radiation levels in the bioshield and RPV supports and does not
calculate plant-specific neutron fluxes, heat generation rates, or gamma doses, these modeling
simplifications, listed below, will not impact the conclusions of the study.

a. The neutron source was defined as having a U-235 Watt fission energy spectrum with
a uniform spatial distribution within each fuel assembly.

b. With the exception of the lower and upper core plates, details of the upper and lower
RPV internals were not included in the geometrical model, and the composition of
these regions were specified as water. There is very little neutron transport to the
bioshield through these regions.



c. Three types of coolant temperatures were used in this study without taking into
consideration a detailed axial temperature change. One coolant temperature was used
for the inlet temperature and for the core, bypass, and downcomer regions along the
active fuel height. Two outlet temperatures were used above the core.

d. Ex-core detector wells were outside the scope of the project and were not modeled.
Neglecting the presence of detector wells is not expected to affect the conclusions of
this analysis.

e. Surveillance capsules and capsule holders were not modeled.

The analysis is performed for a three-loop Westinghouse PWR, but the parametric studies in this
work can be extended to apply to two-loop PWRs as well since the impact of the parametric
studies on neutron and gamma radiation levels in the bioshield and RPV supports are not plant
specific to two-loop or three-loop PWRs. As noted in Section 4 two-loop and three-loop PWRs
are more limiting than four-loop PWRs or BWRs with regard to concrete fluence concerns.



2 Loop

1.00E+19

Q. i
o -
° -
— -
q -
-—_:
l___
_—_
_—_
___
-_:
—
—_:
—
(;wd/u) souani4 |
Z I__
o0} [ee] co o] (o] co co o0 o0 o
— — —l —l — — — i — o
+ + + + + + + + + +
(78} L L L L L L [V} [N} L
o o o [=] o o o o o o
e o 9o <9 9o o o <o o Q
()] o0 M~ [\=] N < o o~ — o

Figure 4-1 Summary of accumulated maximum neutron fluence (E > 1.0 MeV) at the outer surface of the RPV for the US PWR

fleet extrapolated to 80 calendar years [8]
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Figure 4-4 Summary of accumulated maximum neutron fluence (E > 0.1 MeV) at the outer surface of the RPV for the US BWR
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5 INPUTS FOR PARAMETER STUDIES

5.1 Concrete Hydrogen Content

The attenuation of neutrons in concrete is known to be sensitive to the moisture level (specifically
the hydrogen content) of the concrete. The selection of a typical range of hydrogen content in
concrete bioshields was informed by the following information [43] as well as information in
references [39]-[42].

e Typical cement density in concrete ranges from 325 to 375 kg/m?.
o Typical water-to-cement ratio (w/c) ranges from 0.45 to 0.55.

e The minimum hydrogen density was calculated using a cement density of 325 kg/m?® and
w/c of 0.45 The maximum hydrogen density was calculated using a cement density of
375 kg/m? and w/c of 0.55.

e Minimum hydrogen density = 0.01625 g/cm?3.
e Maximum hydrogen density = 0.02292 g/cm?.

The calculation of the minimum and maximum hydrogen densities listed above considers 100%
water retention in the concrete. An assumed 70% reduction of water for a very dry environment for
concrete without a liner plate results in a minimum hydrogen density of 0.00487 g/cm3. The above
calculation assumes no hydrogen in aggregates. If the aggregate is hydrogen bearing, the
maximum hydrogen density may be increased by ~0.03 g/cm?.

Different concrete compositions were investigated in [44]-[46]. Three concrete compositions with
minimum, maximum, and typical hydrogen densities selected for this study are presented in Table
5.1. In addition, the typical water density of Type 04 concrete was reduced by 50% to evaluate the
effect of keeping the composition of Type 04 concrete the same with the exception of the water
content [47].

Table 5.1. Concrete Types Used in the Analysis.
Hydrogen Concrete

Reference Density Density
(g/lcm?) (g/lcm3)
01 ANL-6443 [45] | 0.00484 2.33 Minimum hydrogen density
PNNL-15870, . .
Hanford Wet Rev. 1 [46] 0.029 2.35 Maximum hydrogen density
ANS-6.4-2006 ANS-6.4-2006 (R2016)
o (R2016) [44] | 2013 it recommendation
, Case performed to evaluate the
ngoe/ (wa\?gh ISRD10 effect of keeping the composition
O Proceedings | 0.0065 2.29 of Type 04 the same with the
reduction 47 . f hich i
(Type 04 Mod) [47] exception of water, which is
reduced 50%




Note that this study does not include modeling of a hydrogen profile within the bioshield. In all
calculations, a spatially uniform hydrogen content in concrete was assumed. This approach is
consistent with standard modeling practice for concrete fluence analyses but may not be a
conservative assumption. However, by examining a range of hydrogen contents with a total
variation of nearly a factor of six, it is likely that bounding behaviors have been obtained. For a
design basis calculation, though, it may be necessary to have details of any hydrogen variation in
the bioshield.

5.2 Reinforcing Steel within the Bioshield

A sensitivity study addressing the impact of reinforcing steel (rebar) in the bioshield on neutron
and gamma levels in the bioshield was performed using the following four cases.

(i) No rebar

(i) #8 rebar (1-inch diameter) with a 3-inch concrete cover (i.e., the near edge of the rebar is
located 3 inches inside the bioshield from the inner radius)

(iii) #14 rebar (1.75-inch diameter) with a 3-inch concrete cover

(iv) #14 rebar (1.75-inch diameter) with a 10-inch concrete cover

The configurations described in Cases (ii)—(iv) were provided by NRC Office of Nuclear
Regulatory Research staff. In each case the horizontal and vertical rebar spacing was 12 inches,
and the rebar was modeled explicitly following the guidance of ANSI/ANS-6.4-2006 (R2016) [44].

ANSI/ANS-6.4-2006 (R2016) indicates that for gamma sources, if rebar is considered, a
homogenization of rebar and concrete is sufficient for the analysis. However, for neutron sources,
if rebar is considered, a heterogenous treatment of rebar may be required in order to account for
two competing effects: the increase in gamma radiation resulting from neutron capture in the rebar
(i.e., radiative capture gammas) and an increase in gamma attenuation where rebar displaces
concrete. In most cases, rebar composition is specified as low-carbon steel.

ANSI/ANS-6.4-2006 (R2016) evaluates the effect of the location of rebar in concrete and indicates
that rebar within the first few inches of concrete causes an increase in capture gammas due to
neutron thermalization and rebar in deeper locations of concrete causes an increased attenuation
of gammas. The location effect of rebar is evaluated in the current analysis.

5.3 Bioshield Liner

The presence of a bioshield liner will impact neutron and gamma transmission into the bioshield
and will also introduce an additional source of capture gamma radiation. In this study, the
following two cases were considered.

(i) Noliner

(i) 0.25-inch-thick steel liner with no variation in thickness azimuthally. Both carbon steel and
stainless steel were evaluated.

In case (ii), the thickness of the liner was taken from [6]. Note that in [6], the concrete surfaces of
the ex-core detector wells are covered with a liner and other concrete surfaces are bare. In the
current study, ex-core detector wells are not modeled, and the thickness of the concrete liner is
assumed to be uniform. The existence and thickness of the liner may change on a plant-specific



basis. The purpose of the liner sensitivity study is to analyze the impact of a selected concrete
liner plate thickness on neutron and gamma levels in the bioshield. Possible effects of ex-core
detectors are outside the scope of this study.

5.4 Reflective Thermal Insulation

In order to perform a sensitivity study addressing the impact of reflective thermal insulation on
neutron and gamma levels in the bioshield, the following two cases were considered.

(i) No reflective thermal insulation

(ii) 3-inch-thick reflective thermal insulation located between the RPV outer radius and
bioshield inner radius

For case (i), the thickness of the reflective thermal insulation was determined based on several
UFSARs [39], [48]-[50] as well as the thickness provided in [6].

5.5 RPV-Bioshield Cavity Gap Width

The minimum and maximum cavity gap widths were determined by estimating the widths from
reactor geometrical models presented in surveillance capsule analyses reports for one two-loop
Westinghouse PWR, six three-loop Westinghouse PWRs, and five Combustion Engineering
PWRs that were available in NRC ADAMS as well as data presented in the three-loop

H. B. Robinson Unit 2 Cycle 9 benchmark [6] and the PWR pressure vessel benchmark prepared
by Brookhaven National Laboratory for the NRC [51]. The minimum and maximum cavity gap
widths were determined as ~16 cm and ~117 cm, respectively. In an attempt to cover other two-
loop and three-loop PWR gap widths, this range was arbitrarily extended by 3 cm on both ends of
the range, and the resultant gap width minimum and maximum were determined as 13 cm and
120 cm, respectively. In the current study, three cavity gap widths were analyzed:

(i) 13 cm (minimum gap width),
(i) 71 cm (an intermediate gap width between the minimum and maximum widths), and
(iii) 120 cm (maximum gap width).






6 PARAMETER STUDY RESULTS

The parameter studies were carried out using hybrid radiation transport calculations with
ADVANTG [52] and MCNP® [53]. ADVANTG generates variance reduction parameters that are
used in subsequent MCNP® Monte Carlo simulations. The MCNP® calculations employed mesh
tallies for each radiation quantity of interest (neutron fluxes, heating rates, and dose rates). Within
the bioshield, the data were tallied using a cylindrical mesh tally with radial intervals of

1 cm, axial intervals of approximately 2.5 cm, and azimuthal intervals of 1°. Individual cylindrical
mesh tallies were used for each rebar segment (hoop and vertical). Cartesian mesh tallies were
used for each embedded support column and cantilever beam. A brief overview of mesh tallies is
provided in Appendix B.2.1

Example mesh tally results are shown in Figure B-4 and Figure B-5. These plots illustrate the use
of flooded (color-filled) contours and contour lines for the quantity of interest (e.g., gamma dose
rate), markers to indicate the maximum values in the concrete, rebar, and column supports, and
the mesh cell spacing for the cylindrical and cartesian mesh tallies. Examination of Figure B-4 and
Figure B-5 will aid in understanding the features of the two-dimensional (2D) data plots throughout
Section 6

The Monte Carlo simulation results provide statistical estimates of the mean and associated
relative error for every mesh tally voxel (volume element). Common guidance for Monte Carlo
calculations suggests that solutions should be converged such that the relative error for any tally
value is less than 10%. For the calculations in this study, the solutions were typically converged to
relative errors of less than 2%, and often less than 1%.

6.1 Concrete Composition

For the concrete composition parameter studies, neutron and coupled neutron/gamma
calculations were performed using models with each of the four concrete types listed in Table 5-1.
In each case #8 rebar with a 3-inch concrete cover was included in the bioshield. The cavity gap
width was the intermediate gap width of 71 cm. No bioshield liner or reflective thermal insulation is
present in these models. Plan and elevation views of this model are provided in APPENDIX A
They may be referred to for orientation when viewing the one-dimensional (1D) and 2D data plots
throughout Section 6 The dashed boxes labeled ‘A’ in the plan view plots of APPENDIX A show
the spatial region that is included in most of the 2D data plots. As will be demonstrated in Section
6.5 the maximum incident neutron and gamma radiation levels occur near the X- and Y-axes of
the quarter-core model (i.e., at azimuthal angles near 0° and near 90°).

6.1.1 Neutron Flux: Concrete Only

It is well known that the attenuation of neutrons through concrete is strongly dependent on the
hydrogen content of the concrete [44]. 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.
Thus, the hydrogen content of the concrete plays a key role in the moderation (slowing down) of
fast neutrons and in the subsequent thermalization of those neutrons. The thermal neutrons are
absorbed by hydrogen and other elements in the concrete. Those absorption reactions typically
produce secondary gamma rays which then contribute to heating and to gamma dose rates.

In this section we consider the attenuation of neutrons through the four concrete types for four
energy ranges of interest.



1) E>1.0 MeV

2) E>0.1 MeV (100 keV)
3) E>1.0E-05eV

4) E<1eV

The first three energy ranges are those listed in Section 2.3 The fourth range is representative of
the thermal neutron flux. While there is no single “cutoff’ energy that is considered to be the upper
limit for thermal neutrons, typical values are a fraction of 1 eV.

6.1.1.1 Neutron flux by energy range: general characteristics

While differences in the concrete compositions evaluated in this study have a marked effect on
the neutron flux, gamma dose rates, and total heating rates, there are common characteristics of
how the neutron flux behaves as a function of energy for each concrete type.

Figure 6-1 and Figure 6-2 show the neutron flux for five energy ranges (including the total flux) in
Type 04 concrete at an elevation of 200 cm and azimuthal angles of 3.5° and 44.5°. This elevation
was chosen because it is near the core midplane and is likely to see the highest fluence
accumulation for plant designs similar to the model used in this study. In these and all other 1D
plots in this report, the mean values are plotted using symbols, and the associated 95%
confidence intervals are shown as error bars.

6.1.1.2 The azimuthal angles of 3.5° and 44.5° were chosen for two reasons.

1) They represent locations that have the minimum (at 3.5°) and maximum (at 44.5°)
amounts of water between the outer edge of the fuel assemblies and the core barrel (see
Figure A-1). This results in neutron flux levels incident to the bioshield that are at or near
the maximum and minimum values, respectively.

2) These axial and azimuthal locations provide neutron flux traverses that are entirely within
concrete and do not pass through any steel (rebar or support columns) in the bioshield.
This provides the optimal “concrete-to-concrete” comparisons.

The following observations can be made from Figure 6-1.

1) The neutron flux for E > 1.0 MeV and for E > 0.1 MeV decrease monotonically through the
concrete.

2) For the energy range 1 eV < E < 0.1 MeV, there is a peak (maximum) value at ~2 cm into
the concrete. This peak occurs as neutrons with E > 0.1 MeV are down scattered
(scattered to lower energies) in the concrete.

3) The neutron flux for E < 1 eV undergoes an initial increase in the concrete as higher-
energy neutrons are moderated and thermalized by successive scatters. For the Type 04
concrete, the thermal peak occurs at a depth of ~12 cm.

4) Because of the peaking noted in observation 2 and, to a lesser extent in observation 3, the
total flux undergoes a slight peak at ~2 cm into the concrete.

5) The fraction of the total flux due to neutrons with E < 1 eV increases monotonically through
the concrete before reaching an asymptotic value.



At an azimuthal location of 44.5° (Figure 6-2), there is no peaking of the neutron flux for the
energy range 1 eV < E <0.1 MeV, and the thermal flux peak occurs ~10 cm into the concrete.
These differences relative to the 3.5° location are due to changes in the incident neutron flux
spectrum at the inner radial surface of the bioshield as shown in Figure 6-3. Due to the greater
amount of water between the outer edge of the fuel assemblies and the core barrel at 44.5°, the
incident neutron spectrum is ‘softer’ (shifted toward lower energies), so there are fewer neutrons
with E > 0.1 MeV available to down scatter into the lower energy ranges.

Figure 6-4 through Figure 6-6 show the neutron flux by energy range at an elevation of 200 cm
and an azimuthal angle of 3.5° for the Type 01 concrete, Type 04 mod concrete, and Hanford wet
concrete. For the Type 01 concrete (Figure 6-4), which has the minimum hydrogen content, there
is less moderation and thermalization of the neutrons with E > 0.1 MeV compared to the Type 04
concrete, and the peaks in the neutron flux for 1 eV < E < 0.1 MeV and for E < 1 eV occur at
greater depths. The flux behavior in the Type 04 mod concrete (Figure 6-5) is similar to that in the
Type 01 concrete. The Hanford wet concrete (Figure 6-6), which has the maximum hydrogen
content, has flux peaks at < 2 cm into the concrete for 1 eV < E < 0.1 MeV and at ~7 cm into the
concrete for E < 1 eV. These ‘rapid’ peaks are due to the increased moderation and
thermalization resulting from the higher hydrogen content.

6.1.1.3 Neutron energies E > 1.0 MeV and E > 0.1 MeV

Figure 6-7 through Figure 6-9 show the attenuation of the neutron flux in each concrete type for
E>1.0MeV and E > 0.1 MeV at an elevation of 200 cm and azimuthal angles of 3.5° and 44.5°.

Figure 6-10 and Figure 6-11 show the neutron flux attenuation at the same azimuthal locations at
an elevation of 400 cm.

For each of the curves in Figure 6-7 through Figure 6-11 (as well as in some of the subsequent
1D radial plots), an exponential function of the following form has been fitted to the data using a
weighted least-squares fit:

P(r) = Poe "0,

where ¢(r) = the neutron flux at radial location r (cm),
ro = the radius of the first mesh tally voxel in the bioshield (cm),
¢o = the neutron flux at ry, and
b = the attenuation coefficient (cm™).

These fits are applied to the radial extent at which the “incident” flux ¢, has been attenuated by a
factor of 10. Partial range fits over this range of values are employed because in many cases a
single exponential attenuation does not adequately model the flux behavior through the entire
bioshield.

The effect of the hydrogen content is clear in these figures. As expected, the most rapid
attenuation of the neutron flux for both energy ranges (E > 1.0 MeV; E > 0.1 MeV) occurs with the
Hanford wet concrete, while significantly less attenuation occurs with the Type 01 and modified
Type 04 concretes. The following observations can be made from these results.

1) At each of the elevations shown, the flux for E > 1.0 MeV and E > 0.1 MeV at the inner

surface of the bioshield at 3.5° is 2—4 times higher than the corresponding flux at 44.5°.
This is due to the core geometry. Angles near 0° and 90° have the minimal amount of
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water between the outer assemblies and the core barrel and hence have less attenuation
of the neutron flux radially outward from the edge of the assemblies.

2) At each axial/azimuthal location, the attenuation coefficients for neutrons with E > 0.1 MeV
are greater than the corresponding attenuation coefficients for E > 1.0 MeV. This
increased attenuation rate of the flux for E > 0.1 MeV is a result of the energy dependence
of the hydrogen scattering cross section, which decreases monotonically over an energy
range from approximately 10 keV (0.01 MeV) to 20 MeV (the upper energy limit in typical
neutron shielding calculations). As neutrons are scattered to lower energies, their
probability of scattering from hydrogen continuously increases, resulting in a more rapid
rate of attenuation as the neutron energy decreases.

3) The attenuation coefficients for neutrons with E > 1.0 MeV at a specific elevation are
consistent at 3.5° and 44.5°. This is not the case for neutrons with E > 0.1 MeV. For that
energy range, the attenuation coefficients are greater at 44.5°. This is due to differences in
the spectrum of the incident neutron flux at these two azimuthal locations as noted in
Section 6.1.1.1

4) The attenuation coefficients for each energy range are larger at an elevation of 400 cm
than at 200 cm. This is due to differences in the incident neutron flux spectrum at these
two elevations. At 400 cm the incident flux is affected more by the contribution of neutrons
that have scattered in the cavity gap, including those that have scattered in the cantilever
beams for the short column supports.

6.1.1.4 Neutron energies E > 1.0E-05 eV

The neutron flux as a function of radial position for E > 1.0 MeV and E > 0.1 MeV decreases
monotonically with depth through the bioshield. However, for neutron energies below 0.1 MeV, the
flux can exhibit a peak value at some distance into the concrete as noted in Section 6.1.1.1 This
behavior can be seen in Figure 6-12, which illustrates the total flux through the concrete at an
elevation of 200 cm. For an azimuthal angle of 3.5° (the maximum incident flux location), the peak
value of the total flux for each concrete type occurs in the first few centimeters of the concrete.
This peaking can be seen more clearly in Figure 6-13, which shows the total flux behavior in the
first 12 cm of the concrete. At an azimuthal angle of 44.5°, the maximum total flux occurs at the
inner surface of the concrete. At this location the neutron flux spectrum is degraded in energy
relative to the 3.5° location, so there are fewer neutrons with E > 0.1 MeV to moderate. This can
be seen in Figure 6-14, which shows the azimuthal variation of the fractions of the incident total
neutron flux with E > 1.0 MeV and with E > 0.1 MeV.

6.1.1.5 Neutron energies E < 1eV

Neutrons with energies less than 1 eV are not a significant concern with respect to neutron
damage effects in concrete, but they are important due to their role in heating and dose rates.
Much of the energy deposition within the bioshield is caused by gamma sources that are a result
of radiative capture as neutrons are moderated and thermalized in the concrete. These effects are
illustrated in Sections 6.1.3 and 6.1.4

The neutron flux for E < 1 eV initially increases with depth in the concrete as higher-energy
neutrons are moderated and thermalized. The flux then decreases monotonically with additional
depth into the concrete. Both the location and magnitude of the peak thermal flux value are
affected by the hydrogen content of concrete as noted in Section 6.1.1.1 Those factors in turn



affect the spatial distribution of the total heating rate and the gamma dose rate. Figure 6-15
illustrates the flux distribution for neutrons with E < 1 eV at an elevation of 200 cm and azimuthal
angles of 3.5° and 44.5°. The following observations can be made from the data in this figure.

1) Increases in the hydrogen content of concrete result in higher maximum flux levels for
E <1 eV. These higher peak values, which occur at “shallower” depths in the concrete
(i.e., at locations closer to the inner surface of the bioshield), are due to increased
moderation and thermalization of neutrons in concrete that contains high levels of
hydrogen. In contrast, concretes with lower hydrogen content have thermal flux peaks that
are lower in magnitude, broader, and are shifted to further depths in the concrete.

2) The higher thermal flux peaks in the concretes with higher hydrogen content are followed
by more rapid attenuation of the thermal flux at locations beyond the thermal peak. This
behavior has a direct effect on total heating rates and gamma dose rates, which will be
seen in Section 6.1.3 and subsequent sections.

6.1.2 Neutron Flux: Effect of Rebar and Support Columns

The results presented in Section 6.1.1 are appropriate for neutron attenuation through portions of
the bioshield that do not contain steel. The presence of rebar and the RPV support columns must
also be considered with regard to the behavior of the neutron flux. For the energy ranges that are
considered for neutron fluence effects in concrete, the presence of structural steel has a minor
effect, as shown in Figure 6-16 (E > 1.0 MeV) and Figure 6-17 (E > 0.1 MeV).

The total neutron flux (E > 1.0E-05 eV) is sensitive to the presence of steel, as evidenced by the
depression of the total flux contours in Figure 6-18. The flux depression effect due to steel is most
pronounced for the low-energy neutrons (E < 1 eV), as shown in Figure 6-19. The flux depression
of these low-energy neutrons is caused by neutron capture (absorption) in the steel, which
produces capture gammas that are important contributors to heating and dose rates.



1011

Total Flux

l

| E>1Mev

| E>100keV

| 1eV<E<100keV | :

} E<1lev 2
1010 | |

5 g5

P 23

R

. £y
.

. gE

g4 EE

= { o5&

g8

3

=5

EE

10%4

Neutron Flux

LI PO . concs o oy e o f e e oo con ool A S—— Ty T— E..*. ..............

fUsers/ir3Dropbax/NRC_Concrete Flueiice post processingfradial p

107 % : : : é % % 5 ; S
285 290 295 300 305 310 315 320 325 330 335 340 34
Radial Location (cm})

-
i
waie

1 Type 04 concrete neutron flux_profiles by energy range Z 200 the

100 § 8 E ] 2

= = S S AN TR KRS CARRE ARRSR SR

T AR T ! E>1MeV 8

» = o £ L v i S } E > 100 keV éé
LR by i | 1eV<E<100keV |32
i oc E*}}}k I E<tlev ag
5 . ;f}}* : : :‘;“:;
Y
iy
f ag

- b
101 R T 2%
{{H:E

Fraction of Total Neutron Flux

10—2 j

ropho#/NRC_Concrete |

‘E\
w
]
=,
g
A
]
4
]

l.*(,}!l.ii'}fi**§fi

285 200 295 300 305 310 315 320 325 330 335 340 345
Radial Location (cm)

Figure 6-1 Neutron flux radial profiles by energy interval through Type 04 concrete at an
elevation of 200 cm and an azimuthal angle of 3.5°

6-6



Neutron Flux

Fraction of Total Neutron Flux

1011

1010 ...

10%4

108

Total Flux

E > 1 MeV

E > 100 keV
1eV<E<100keV
E<1eV

———— e ——

¥
(]
e
it ST
]
L3
4

107

L}

" L

285

300 305 310 315 320 325 330 340

Radial Location (cm})

290 335 34

10°

;iié}ilii{»i&*iiiiigiiili

o it

boE

E>1MeV

E > 100 keV
1eV<E<100keV
E<1eV

(R

107!

10—2 j

BRE:

Pyl

285

290 295 300 305 310 315 320 325 330 335 340

Radial Location (cm)

w
i

1 Type 04 concrete neutron flux profiles by euergy range Z 200 theta 44

20-06-29 16:34:56

7 User: 13

5 PID 79976.png lost ID: m

fisers/ix3Dropbox/NRC_Concrete_Flueiice post pracessingfradial plots 1Djneutron flux/Type 04 ener

¢ range 7. 200_theta 445 PID 79976.png Iost ID: mac119247 User: jr3

{Tisers/jr3/Drophox/NRC_Concrete Fluenice post processing/radial plots 1Djneutron uxType 04 energy ranges 2020-06-29 16:36:55

{1 Type_04 concrete neutron flux fraction log_profiles_by_en

Figure 6-2 Neutron flux radial profiles by energy interval through Type 04 concrete at an
elevation of 200 cm and an azimuthal angle of 44.5°



Fraction of Total Neutron Flux

1071

1072

iiiiiaiiiéif*iéi***’ﬁiii!?§i*!?!é!!?*ééﬁ§‘i*ﬁ‘***ﬁ§i**ﬂ*§*i§¥iiii?**§él"i*hliii;iiiiiiiii

(R HE TR, i i i H H i : YRR
H i i : H H H H H : : H H : [HER R RH H
: : ;’”'z”inz;n;;i : : : : : Ei,;:ifiuu;nnE : :
: : : : : Hhagaiggg, : : GRbEE : : : : i
: H H AR R EFFTHE R RN RAL H H :

: : e
: : ait

P TEL b

) : : :

O RERLTERLL TR R e i é
: : : : : LN T : H
H H : H LH X NI :

: : [ H Y X

H : LH

X
pesbaigagtitaet Wagteina,

ELETITH : : : : : ‘ : :
: "s'nnsi . H H E R
: : AERR |

i : i : e
s g hnathattd

E >1MeV

E > 0.1 MeV :
1eV<E<0.1MeV:
E<1leV

[ :

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Azimuthal Location (°)

Figure 6-3 Azimuthal variation of the fraction of the total neutron flux for four energy

ranges at the inner surface of the bioshield. Type 04 concrete

thox/Iype 04_by energy range  User: jr3

tr

hal_plots_1D

[Users/jr3/Drophox/NRC_Concrete_Iluence post_pr

Type_04_concrete_azimuthal neutron_flux log fractions Z 200 r 288.5 PID 89902.png Host ID: mac119247 2020-06-29 22:29:30

(=]
o



Neutron Flux

Fraction of Total Neutron Flux

Figure 6-4 Neutron flux radial profiles by energy interval through Type 01 concrete at an

1011

———— e ——

Total Flux

E > 1 MeV

E > 100 keV
1eV<E<100keV
E<1eV

1010

10%4

108

107

285 290 295

Radial Location (cm})
10°

300 305 310 315 320 325 330 335 340 34

FrEE g : i e
o S

aiiil‘:‘“*i

TP ,--i--{%--l‘-* IR

Bl ...i E ! ;___ big

107!

E > 1 MeV
E > 100 keV
1eV<E<100keV "
E<1leV

[T R — ................... .................. — *? ................... .................. ..................

L
[ TR . i o
R,

200 295 300 305 310 315 320 325
Radial Location (cm)

285

elevation of 200 cm and an azimuthal angle of 3.5°

335

e

5
K
@
©
)
a

utron_flux/Type 01 ener;

o
E
]
ki
S
&
E
g
g
H]
o
g
&
s
3
2
3
a

1 Type 01 concrete neutron flux_profiles by energy range Z 200
fUsers/ir3Dropbax/NRC_Conerete Fluence post. processing/radia

{J1 Type_01_concrete neutron flux fraction log_profiles by energy range 7 200 theta 3.5 PID 75880.png [ost ID: mac119247 User: 13
{Tisers/jr3/Drophox/NRC_Concrete Fluenice post_processing/radial plots 1D/neutron flux/Type 01 energy ranges 2020-06-29 15:53:40



Neutron Flux

Fraction of Total Neutron Flux

Total Flux
E>=1MeV

E > 100 keV

1eV <E <100 keV
E<1eV

B e NN

1010 oo

108 e

107

285

295

310 315 320
Radial Location (cm)

300 305

100 ——=

10—1 g , ................. L .

Z5) A [N B B B R R W T

E>1MeV

E > 100 keV
1eV<E<100keV
E<1leV

li§!

Ly ’: ; !} ’ El . *.. $1 .

285

200 295

300 305 310 315 320 325 330 335 340
Radial Location (cm)

W
=

(1 Type 04 mod concrete neutron flux fraction log profiles by energy range Z 200 theta 3.5 PID

T
T
22
=2¥)
=o
53

2
BN
oz
38
R
Ha
52
SF

581

z
g
g
<
2
%
i
E
al
g
£
H
g
]
X
=
e
B
E
g
g
g
g
B
g
&
8
g
=
By
K
Z
2
8\
o
[
z
F

-]
2
g
S

Figure 6-5 Neutron flux radial profiles by energy interval through Type 04 mod concrete at
an elevation of 200 cm and an azimuthal angle of 3.5°

6-10



1011

}  Total Flux g
I E>1Mev g
| E>100keV
I 1eV<E<100keV |=
| E<1ev

1010 4.

109_

Neutron Flux

1084

' £, b,

107 . : ;
325 330 335 340

285 200 295 300 305 310 315 320
Radial Location (cm)

0 g
10 ] é}}i*£*};.fiiii¥+i+}€!lbigblii€}§{+¥i++l[§
pradds : : | ? ‘

H o5 g 2 g

: : I E>1MeV ]

. | E=>100keV

I 1eV<E<100keV |}

f i1

i

E<1eV

: | it
BESLIVE IYVRUIPRY ITLALLAANS B

Fraction of Total Neutron Flux

285 200 205 300 305 310 315 320 325 330 335 340
Radial Location (cm)

Figure 6-6 Neutron flux radial profiles by energy interval through Hanford wet concrete at
an elevation of 200 cm and an azimuthal angle of 3.5°

6-11



Neutron Flux (E > 1 MeV)

Neutron Flux (E > 100 keV)

Figure 6-7 Neutron flux (E > 1.0 MeV and E > 0.1 MeV) radial profiles through four concrete
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Figure 6-8 Neutron flux (E > 1.0 MeV and E > 0.1 MeV) radial profiles through the first 30 cm
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Neutron Flux (E > 1 MeV): Type 04 Concrete, Rebar 8/3
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Neutron Flux (E > 100 keV): Type 04 Concrete, Rebar 8/3
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Figure 6-17 Neutron flux contours in Type 04 concrete for E > 0.1 MeV at an elevation of
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Total Neutron Flux: Type 04 Concrete, Rebar 8/3
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Neutron Flux (E < 1 eV): Type 04 Concrete, Rebar 8/3
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Figure 6-19 Neutron flux contours in Type 04 concrete for E < 1 eV at an elevation of 245 cm.

(This elevation includes hoop and vertical rebar and support columns)
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6.1.3 Total Heating Rate: Concrete Only

The total heating rate provides the radiation heat-generation rate in the bioshield concrete and the
steel structural components and rebar. It includes contributions from neutron heating and gamma
heating. Gamma heating can be further broken down into two components: “incident” gamma
heating, which is due to gammas that are produced in the core and core structural components
and reach the bioshield, and “self-heating”, which is caused by gamma radiation that is produced
by radiative capture within the concrete and steel in the bioshield. Figure 6-20 illustrates the
contributions to the total heating rate in Type 04 concrete at an elevation of 200 cm and an
azimuthal angle of 3.5°. At the inner surface of the bioshield, the incident gamma heating is
slightly higher than the self-heating, but the incident gamma heating is rapidly attenuated and is
lower than the self-heating within a few centimeters. The self-heating reaches a peak value about
15 cm into the concrete and then decreases monotonically. The combination of the two produces
a gamma heating rate curve that is nearly uniform for ~12 cm before decreasing monotonically.

In considering this behavior, it must be remembered that the elevation and azimuthal angle for this
plot were selected to avoid any steel structures and rebar. The presence of steel will have a
significant impact on heating rates, as discussed below. Additionally, these results are only
representative of Type 04 concrete. Changes in the hydrogen content will affect the results,
particularly with regard to the shape of the self-heating curve.

{ Total Heating Rate (neutron + gamma) "’

i Neutron Heating Rate -

¢ Total Gamma Heating Rate E

{ Incident Gamma Heating Rate :

. I Gamma Self-Heating Rate =

1074 4
N

- .

3} sz

o] 25

~ P

=

S 105 o'E

o] =2

EF

£

&z

10-6 : ‘ : : ; ; ; ‘ &=
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Figure 6-20 Components of the total heating rate in Type 04 concrete at an elevation of
200 cm and an azimuthal angle of 3.5°
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Neutron heating rates in the bioshield decrease monotonically as a function of depth into the
shield. This is shown in Figure 6-21 and Figure 6-22 for two azimuthal locations (3.5° and 44.5°) at
an elevation of 200 cm. In each case, the neutron heating rate near the inner surface of the
concrete is highest for the Hanford wet concrete (with the highest hydrogen content) and lowest
for the Type 01 concrete (with the lowest hydrogen content). This behavior is due to changes in
the magnitude of the neutron scattering cross section resulting from changes in the hydrogen
content. Correspondingly, the neutron heating rate in the concrete is attenuated more rapidly with
increasing hydrogen content.

As shown in Figure 6-20, the gamma heating rates do not always decrease monotonically through
the concrete. This is because the self-heating rate is driven by the production of gammas due to
neutron absorption and scattering. As neutrons enter the concrete from the cavity region, they are
moderated in the concrete to lower energies, where their probability of absorption (and hence of
producing capture gamma rays) increases. The Hanford wet concrete produces the most rapid
moderation and thermalization, which results in a peak in the total gamma heating rate several
centimeters into the concrete at the 3.5° azimuthal location (see Figure 6-21). The peaking effect
at 44.5° (Figure 6-22) is substantially smaller due to differences in the incident neutron spectra at
those two locations.

Figure 6-23 and Figure 6-24 show the total (neutron + gamma) heating rate profiles through the
four concrete types at elevations of 200 cm and 400 cm and azimuthal angles of 3.5° and 44.5°.
At each location the heating rates in the innermost portion of the concrete (i.e., the region nearest
the inner surface) are proportional to the hydrogen content of each concrete type. At further
distances into the concrete, the concretes with the higher hydrogen content (Hanford wet and
Type 04) begin to experience a more rapid attenuation. This is due to the more rapid attenuation
of the neutron flux in the Type 04 and Hanford wet concretes, which results in less gamma
production and hence lower self-heating rates than the concretes with lower hydrogen contents.

6.1.4 Total Heating Rate: Effect of Rebar and Support Columns

The results presented in Section 6.1.3 are appropriate for heating rate comparisons in the
concrete regions of the bioshield where there are no perturbations due to the presence of
structural steel components or rebar. While the presence of rebar and the RPV support columns
has a minor effect on the attenuation of neutrons with energies greater than 0.1 MeV as well as
neutrons with energies greater than 1.0 MeV (see Section 6.1.2 those steel components have a
significant effect on heating rates. The increased heating in the steel is due to two effects.

1) The gamma energy absorption coefficient pen, which is a measure of how much energy is
deposited in a material due to gamma interactions, is significantly greater for steel than for
concrete.

2) Absorption of thermal neutrons in the steel produces capture gamma rays, some of which
can have energies as high as ~8 MeV.

The effects of the rebar and support columns are shown for each of the four concrete types at
elevations of 245 cm and 391 cm in Figure 6-25 through Figure 6-32. The elevation at 245 cm
includes vertical and hoop rebar and an embedded support column. The elevation at 391 cm
includes vertical rebar and the upper cantilever beam.

In each of these eight plots, the maximum total heating rates occur within the structural steel
components and rebar. The peak heating rates in the steel are typically three to four times higher
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than the peak heating rate in the concrete. The peak heating rates in the steel occur in rebar at
both elevations. There is a clear correlation between the hydrogen content of the concrete and the
heating rates in the structural steel. At both elevations, the peak heating rates in the steel and in
the concrete are proportional to the hydrogen content. Thus, the highest heating rates occur in the
Hanford wet concrete (with a hydrogen content of 0.029 g/cm?) and the lowest rates occur in the
Type 01 concrete (with a hydrogen content of 0.00484 g/cm?).

This behavior is caused by two effects: (1) more effective moderation and thermalization of the
neutrons as the hydrogen content increases, which leads to higher rates of capture gamma
production, and, to a lesser extent, (2) increased neutron heating in the concrete due to an
increase in the macroscopic elastic scattering cross section as the hydrogen content increases. It
may also be noticed that the total heating rates are attenuated more rapidly in the “wetter”
concretes, but that may be a secondary concern relative to the maximum heating rates.

At the elevation of 391 cm, the peak heating rates occur in the vertical rebar and along the edges
of the cantilever beam. The peaks along the edges of the cantilever beam are a result of thermal
neutron capture in the steel. The capture rate decreases toward the center of the cantilever beam
as the thermal flux is rapidly attenuated in the steel.
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Figure 6-21 Neutron and gamma heating rate radial profiles through four concrete types at
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Total Heating Rate (W/cc): Type 04 Concrete, Rebar 8/3
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Total Heating Rate (W/cc): Type 04 Concrete, Rebar 8/3
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Total Heating Rate (W/cc): Type 04 mod Concrete, Rebar 8/3
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Total Heating Rate (W/cc): Type 04 mod Concrete, Rebar 8/3
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Total Heating Rate (W/cc): Hanford wet Concrete, Rebar 8/3
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Figure 6-31 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:

Hanford wet concrete
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Total Heating Rate (W/cc): Hanford wet Concrete, Rebar 8/3
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Figure 6-32 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:
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6.1.5 Gamma Dose Rate: Concrete Only

The gamma dose rate provides another measure of energy deposition in the bioshield concrete
and the steel structural components. It differs from the total heating rate in two ways.

1) The gamma dose rate includes energy deposition from gamma rays only. Note that, as
with the total heating rate, there are contributions from incident gammas and self-heating
gammas.

2) The total heating rate provides a measure of energy deposition on a volumetric (W/cm?)
basis. The gamma dose rate provides a measure or energy deposition on a mass basis
(rad/s).

The conversion between the gamma heating rate and the gamma dose rate is given by

) 105
DR, = H, X -

where

DR, = the gamma dose rate (rad/s),
Hy = the gamma heating rate (W/cm?3), and
p = the density of the material (g/cm?3).

The behavior of the gamma dose rate can be seen by examining the gamma heating rate plots in
Figure 6-21 and Figure 6-22. The gamma dose rates can be obtained by multiplying the gamma
heating rates by 10° and dividing by the concrete density. Thus, the same conclusions that were
drawn for gamma heating as a function of concrete composition in Section 6.1.3 are applicable to
the gamma dose rate.

6.1.6 Gamma Dose Rate: Effect of Rebar and Support Columns

The effect of structural steel and rebar on gamma dose rates in the bioshield is similar to the effect
described for heating rates in Section 6.1.4 . The primary difference is that because the dose rate
in rad/s is a measure of energy deposition per unit mass, while the heating rate in W/cm? is a
measure of the energy deposition per unit volume, the variation in the gamma dose rate between
the structural steel and the surrounding concrete is not as significant as the variation in the

heating rates in the structural steel and the surrounding concrete. Furthermore, the total heating
rate includes the effect of neutrons as well as gammas. Note that while neutron heating rates are
less than gamma heating rates for the models used in this analysis, the total heating rate near the
inner surface of the bioshield can have a significant neutron heating contribution.

The effects of these differences relative to the heating rates can be seen by comparison of Figure
6-25 through Figure 6-32 with Figure 6-33 through Figure 6-40. The differences can be
summarized as follows.

1) As noted above, the difference in a mass-based versus a volume-based energy deposition

rate significantly reduces the variation in the gamma dose rate in the concrete relative to
the steel compared to the variation in the heating rates in concrete relative to the steel.
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2) The peak gamma dose rates in the concrete at each location occur in mesh tally voxels
immediately adjacent to rebar sections. With the total heating rates, the peak heating rate
in the concrete occurs near the inner surface of the bioshield due to the contribution of
neutron heating.

3) As is the case with the total heating rates, the maximum gamma dose rates occur with the
Hanford wet concrete. The maximum dose rates decrease with decreasing hydrogen
content of the concrete. This is again due to more effective moderation and thermalization
of the neutrons as the hydrogen content increases, which leads to higher rates of capture
gamma production and hence higher gamma dose rates.
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Gamma Dose Rate (rad/s): Type 04 Concrete, Rebar 8/3
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Figure 6-33 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete



Gamma Dose Rate (rad/s): Type 04 Concrete, Rebar 8/3
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Figure 6-34 Gamma dose rate contours at an elevation of 391 cm: Type 04 concrete
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Gamma Dose Rate (rad/s): Type 04 mod Concrete, Rebar 8/3
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Figure 6-35 Gamma dose rate contours at an elevation of 245 cm: Type 04 mod concrete
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Gamma Dose Rate (rad/s): Type 04 mod Concrete, Rebar 8/3
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Figure 6-36 Gamma dose rate contours at an elevation of 391 cm: Type 04 mod concrete
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Gamma Dose Rate (rad/s): Type 01 Concrete, Rebar 8/3
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Figure 6-37 Gamma dose rate contours at an elevation of 245 cm: Type 01 concrete



Gamma Dose Rate (rad/s): Type 01 Concrete, Rebar 8/3
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Figure 6-38 Gamma dose rate contours at an elevation of 391 cm: Type 01 concrete
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Gamma Dose Rate (rad/s): Hanford wet Concrete, Rebar 8/3
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Figure 6-39 Gamma dose rate contours at an elevation of 245 cm: Hanford wet concrete
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Gamma Dose Rate (rad/s): Hanford wet Concrete, Rebar 8/3
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Figure 6-40 Gamma dose rate contours at an elevation of 391 cm: Hanford wet concrete
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6.2 Composition and Location of Reinforcing Steel (Rebar)

It was shown in Section 6.1 that the presence of structural steel within the bioshield concrete has
a relatively minor effect on neutron flux levels but a significant localized effect on total heating
rates and gamma dose rates. In this section we consider the effect of changing the rebar size and
the depth of the concrete cover (i.e., the amount of concrete between the inner surface of the
bioshield and the first layer of rebar) using the following cases.

1) #8 rebar (1-inch diameter) with a 3-inch concrete cover

2) #14 rebar (1.75-inch diameter) with a 3-inch concrete cover
3) #14 rebar (1.75-inch diameter) with a 10-inch concrete cover
4) No rebar

These four cases are all based on a Type 04 concrete bioshield.

In cases 1-3 the rebar consists of hoops and vertical rods. The prescribed horizontal and vertical
spacing intervals are 12 inches in each case. In some locations the rebar hoops had to be divided
into azimuthal sections to avoid interference with the support columns. In the same way, vertical
rebar rods were moved azimuthally in some cases to avoid interferences.

Because the effects of the rebar and column supports on neutron flux levels for E > 1.0 MeV and
E > 0.1 MeV are relatively minor, we focus here on the effect of the rebar modeling on total
heating rates and gamma dose rates.

The total heating rates for cases 2—4 are shown in Figure 6-41 through Figure 6-46. The following
conclusions can be drawn from comparison of these figures with Figure 6-25 and Figure 6-26.

1) The highest heating rates occur for the #8 rebar with a 3-inch concrete cover.

2) Increasing the concrete cover for the #14 rebar from 3 inches to 10 inches results in a
reduction in the heating rates in the rebar.

3) The maximum heating rates in the concrete occur at the inner edge of the bioshield in
each case. The maximum heating rates in the steel occur in the rebar for the #8/3-inch
and #14/3-inch models and in the support column in the #14/10-inch and no-rebar models.

The gamma dose rates for cases 2—4 are shown in Figure 6-47 through Figure 6-52. The
following conclusions can be drawn from comparison of these figures with Figure 6-33 and Figure
6-34.

1) As with the total heating rates, the highest gamma dose rates occur for the #8 rebar with a
3-inch concrete cover.

2) Increasing the concrete cover for the #14 rebar from 3 inches to 10 inches results in a
reduction in the gamma dose rates in the rebar. The peak gamma dose rate in the rebar
hoop is ~42% lower in the #14/10-inch model. This reduction is essentially identical to that
for the total heating rate in the #14/3-inch and #14/10-inch models. This equivalence is
expected, as the contribution of neutron heating to the total heating rate in the rebar is very
small.
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3) The maximum gamma dose rates in concrete for the #8/3-inch and #14/3-inch models
occur along the inner edge of the rebar hoop due to the significant capture gamma
production in the rebar hoop. For the #14/10-inch and no-rebar models, the maximum
gamma dose rates in the concrete occur a few centimeters from the inner surface of the
bioshield. The location of the rebar in the #14/10-inch model is far enough from the inner

surface of the concrete that its contribution to the peak gamma dose rate in the concrete is
insignificant.
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Total Heating Rate (W/cc): Type 04 Concrete, Rebar 14/3
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Figure 6-41 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:

Type 04 concrete with #14 rebar and a 3-inch concrete cover
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Total Heating Rate (W/cc): Type 04 Concrete, Rebar 14/3
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Figure 6-42 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:

Type 04 concrete with #14 rebar and a 3-inch concrete cover
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Total Heating Rate (W/cc): Type 04 Concrete, Rebar 14/10
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Figure 6-43 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:

Type 04 concrete with #14 rebar and a 10-inch concrete cover
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Figure 6-44 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:
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Total Heating Rate (W/cc): Type 04 Concrete, no Rebar
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Figure 6-45 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:

Type 04 concrete with no rebar
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Figure 6-46 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:
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Gamma Dose Rate (rad/s): Type 04 Concrete, Rebar 14/3
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Figure 6-47 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete with #14

rebar and a 3-inch concrete cover
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Gamma Dose Rate (rad/s): Type 04 Concrete, Rebar 14/3
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Figure 6-48 Gamma dose rate contours at an elevation of 391 cm: Type 04 concrete with #14

rebar and a 3-inch concrete cover

6-59



Gamma Dose Rate (rad/s): Type 04 Concrete, Rebar 14/10
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Figure 6-49 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete with #14

rebar and a 10-inch concrete cover
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Gamma Dose Rate (rad/s): Type 04 Concrete, Rebar 14/10
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Figure 6-50 Gamma dose rate contours at an elevation of 391 cm: Type 04 concrete with #14

rebar and a 10-inch concrete cover
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Gamma Dose Rate (rad/s): Type 04 Concrete, no Rebar
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Figure 6-51 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete with no
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6.3 Bioshield with a Steel Liner

The presence of a 0.25-inch stainless steel liner on the inner surface of the bioshield was
evaluated for the base case model. As shown in Figure 6-53 and Figure 6-54, the liner has a slight
effect on neutron flux levels for E > 1.0 MeV and for E > 0.1 MeV. (These figures also show the
effect of reflective thermal insulation, which is discussed in Section 6.4 The addition of the liner
reduces the neutron flux levels in each of those energy ranges by 5-10%. The attenuation
coefficients from a weighted least-squares fit are essentially identical, with differences of less than
3%.

The addition of the liner does cause a localized increase in the total heating rate and the gamma
dose rate near the inner surface of the concrete, as shown in Figure 6-55 through Figure 6-58.
These increases are due to capture gamma production in the steel. There are some slight
localized differences in the heating rate and gamma dose rate in the rebar relative to the base
case model (without a liner), but those differences are not statistically significant.

Because both carbon steel and stainless steel could be used for bioshield liners, an additional
analysis was performed using carbon steel rather than stainless steel. Changing the stainless
steel to carbon steel had no effect on the neutron flux attenuation. The only notable effect on the
total heating rate and gamma dose rate was within the liner itself. Both the total heating rate and
the gamma dose rate in the liner are reduced by ~9% with a carbon steel liner relative to a
stainless steel liner.

6.4 Reflective Thermal Insulation in the Cavity Gap

The presence of reflective thermal insulation was evaluated for the base case model by adding a
3-inch layer of reflective thermal insulation in the cavity gap near the RPV (see Figure A-13). The
insulation is modeled as a homogenized steel/air mixture with a steel volume fraction of 3%. As
shown in Figure 6-53 and Figure 6-54, the insulation has essentially no effect on the neutron flux
levels in the bioshield.

The addition of the insulation also has no statistically significant effect on the total heating rate or
the gamma dose rate in the bioshield.

6-64



}  Type 04 Concrete: b=
e }  Type 04 Concrete, Liner: b=-
Qﬁf\ }  Type 04 Concrete, Ref. Ins.: b =

109 4 ....... QQ‘ ............................... berececrree SO Ot SO RS

1Dineutron_flux/Type_04 rebar 8_3 insulation line

I I [Emm— R o] L R S L e,

Neutron Flux (E > 1 MeV)

t
Sg“

[Users/ir3/Dropbox/NRC_Corcrete [Muence post_processing/radial plots,

107 ; ; ; ; ; ; : ; : ;
285 290 295 300 305 310 315 320 325 330 335 340
Radial Location (cm)

U1 neutron_flux profiles £ gt_L_MeV_r 285 to_345_Z_200_theta 3.5 PID_26893.png Host ID: mac119247 User: ir3 202005

w
=~

: : : { Type 04 Concrete: b =-0.148
] M : i { Type 04 Concrete, Liner: b=-0.153
: H { Type 04 Concrete, Ref. Ins.: b = -0.149

1010 3o £ ............

109 v ; i | S ; S i e "

Neutron Flux (E > 100 keV)

JUsersfir3/Drophox/NRC_Concrete Fluence post processingfradial plots_LD/neutron flux/Type 04 rebar 8 3 msulation liner/SS_liner

108 j i : i ; ; : : ; ; :
285 290 295 300 305 310 315 320 325 330 335 340

Radial Location (cm)

w
=

U1 neutron flux profiles E gt 100 keV r 285 to 345 Z 200 theta 3.5 PID 26893.png  Host [D: macl 10247 User jr3 2020-05-27 10:37:40

Figure 6-53 Neutron flux radial profiles in Type 04 concrete at an elevation of 200 cm and an
azimuthal angle of 3.5° (This plot shows the effect of a stainless steel liner and
the effect of reflective thermal insulation)

6-65



}  Type 04 Concrete: b=-0.119
}  Type 04 Concrete, Liner: b =-0.122
I Type 04 Concrete, Ref. Ins.: b = -0.120
T - R
5 an
= gg
b ]
[, mg
g 108 g2
— -2
- o'd
=] w2
D NE
}
h
'
t
H
107 : : : : ; : EATE i i a
285 290 295 300 305 310 315 320 325 330 335 340
Radial Location (cm)
| Type 04 Concrete: b =-0.167
} Type 04 Concrete, Liner: b =-0.169
: I Type 04 Concrete, Ref. Ins.: b = -0.167 |3,
1010 B I . ................ gg
&
3
e e
= : g
[} 109 dos PPN O NVPPTPRPn TRTN I :
o] B -3
= : B
@ 4
i wg
: i
P =
108 SN NSNS WS WU U YN WA SN ———
285 290 295 300 305 310 315 320 325 330 335 340 345

Radial Location (cm)

Figure 6-54 Neutron flux radial profiles in Type 04 concrete at an elevation of 400 cm and an
azimuthal angle of 3.5° (This plot shows the effect of a stainless steel liner and
the effect of reflective thermal insulation)

6-66



~
Z

oy

S

T

&y
%)
N

™

~
g
w
S

&
-
N
o

-~
&
v
S

&
U?
~

~
N
v
S
g
N
~

—~
2]

n

(=)

sl

=
N
©

-~
&
wn
&
Ly
oo
o
™

~
N
n
@
Ly
—
"
o

~
&

0"

G

Total Heating Rate (W/cc): Type 04 Concrete, Liner and Rebar 8/3
&
2

~
2
7o)
(=)

T

g
S
S

cal z1esn)  sjord wooz/seoys” z/Burjeay [Bj0)I8UI S/ § JRqal pue leul)/ejelouo) yo_2dA/Buissesord jsod sousny 2jeroucd OMN/xoqdolq/gil/siasn/

[Z:E1IT £2-60-0202 LPZ6I1oRU (1 180 Bud'20£.2 Ald 0SE SLZ 08 0 WO Gpg Z ueaur ajes Buneay [e101 ¢ g 1eqal pue 1aull S§ b0 odAL

i

Logarithmic Scale

Elevation: Z = 245 cm

X-Axis (cm)

Type 04 concrete with #8 rebar and a 3-inch concrete cover (This model also
includes a 0.25-inch stainless steel liner on the inner radius of the concrete)

Figure 6-55 Total (neutron + gamma) heating rate contours at an elevation of 245 cm:

6-67



~ =~ Fon) —~ o ~ ~ ~
Q & e & NS & g =
w0 el e} e}

S S S S5 g g g g

Total Heating Rate (W/cc): Type 04 Concrete, Liner and Rebar 8/3

~
2
7o)
(=)

T

&y
%)
N

™

&
-
N
o

&
L@
~

g
S
S

sl

=
N
©

T

&
NG
o

o
-
N
i

T

&
)
~

T

g
S
S

cal z1es)  sjord wooz/seors” z/Burjeay [Bj0)I8UI S/ § JRqal pue leul)/ejelouo) yo_2dAL/Buissesord jsod sousny 2jeroucd OMN/xoqdolq/gil/siasn/

LTGTLT L2-60-020Z LPZ6LToRU Q1 150 Bud'20£.Z Ald 0SE SLZ 08 0 WO [6€ Z Ueaur ajes Buneay [e101 ¢ g 1eqal pue 1aull S§ b0 odAL

80

75

70

65

60

55

50

45

40
-Axis (cm)

Logarithmic Scale
35

30

15 20

10

Elevation: Z =391 cm

o n o Tp} [e] n o Ig] o o o Lo [} fe] o Te]
Te} <f <t [a] [40] (o) o — — o o ()] [=)} o] [e] r~
o o™ ™ (ap] (3p] (2] o™ (32 o o™ o™ (9] [} o™~ (o] o~
AEUEUQ.»

X

Type 04 concrete with #8 rebar and a 3-inch concrete cover (This model also
includes a 0.25-inch stainless steel liner on the inner radius of the concrete)

Figure 6-56 Total (neutron + gamma) heating rate contours at an elevation of 391 cm:

6-68



Gamma Dose Rate (rad/s): Type 04 Concrete, Liner and Rebar 8/3

(1) QQQ.OH
@015
(€) wmm.m,
® e,
(s) 8¢}
(9) 000
() Iggrg
(8) 865,

caf:aes()  sjold wooz/saol[s” Z/eel osop ewwebusul] §S/¢ g Ieqal_pue_taul/ejatouc) 0 _odi/Buissacoid jsod souenyy ejerouo) GHN/xoqdold/giljsiesy/
CTLYTT LZ-S0-020T LPTBTT :drisoq bud oggoe

cale

1

2
£
-~
g
©
o]
o

L

g

o4

n

i

(o]

Il

N

s

=]

b=

©

>

L

Eh 7 | _
=} i) o v =] 0 = ol © 0 =] el = o} = 0
o} = o ™ 58] IS I~ = = =} =] =] < ® @ ~
™ el m om ™ ™ ™ ™ m m ™ N ~ ™ ™ ™

(o) sIxy-x

(cm)

Axis

X

Figure 6-57 Gamma dose rate contours at an elevation of 245 cm: Type 04 concrete with #38

rebar and a 3-inch concrete cover (This model also includes a 0.25-inch

stainless steel liner on the inner surface of the concrete)

6-69



NN & 0 cal:aes) sjord wooz/saol[s Z/ajel esop ewweb/ioul] §§/¢ g Jeqal pue Jaulj/sjaiouoy) o odA1/Buissasoid jsod sousn(i ejalouo) oyN/xoqdoig/giljsiesn/
00 I "aid ose ! a pue 1ol SS 70 BdAL

Gamma Dose Rate (rad/s): Type 04 Concrete, Liner and Rebar 8/3

0T:6%TT LZ-S0-020C L¥Z6TIToewW :(IiseH bHud pggoe 0SE GLT 08 0 WO [6C Z UBAW ojel asop ewweb ¢ g I o
: i i PR B -3
: ip]
[ [~
(2) ”
me!@ i Q
o
- ©
(g) ”
wmm:m. X 2
)
n
(%)
cr S 1 2
)
S 2
(s) 0
m.mb.w. M.I HOT
E
2] A
(9)
QQD.H g
Tp]
[ N
() i
[ .m,b.o X S
3 £
— |~
(8) & B
86¢ Il ] =)
N L —
g | .
o 1 |
8 TS
( g j
6) rc. 2 7
5z =h i 7 [ o
o 10 o Te) = 0 ) o 0 o 1w o
0o I I — — S & & © © @~
Qoo ™ o) ® o ™ A AN ™~ ~ N N
(wo) sTXY-X

X-Axis (cm)

Figure 6-58 Gamma dose rate contours at an elevation of 391 cm: Type 04 concrete with #38

rebar and a 3-inch concrete cover (This model also includes a 0.25-inch

stainless steel liner on the inner surface of the concrete)

6-70



6.5 Cavity Gap Width

The effect of the cavity gap width on neutron flux levels, heating rates, and gamma dose rates
was assessed by constructing three versions of the three-loop PWR model: a minimum cavity gap
width of 13 cm, a baseline width of 71 cm (used for the analyses in Sections 6.1 and a maximum
width of 120 cm (see Section 5.5 Because varying the gap width affects the geometry of the RPV
support system?, these models have no structural steel in the bioshield or in the cavity gap.
Consequently, no comparisons are made for these models in the extended beltline region. Plan
views of the two non-baseline models (i.e., the 13-cm gap and the 120-cm gap model) are shown
in Figure A-14 and Figure A-15.

Changing the cavity gap width has two fundamental impacts on neutron and gamma fluxes in the
bioshield. While increasing the gap width reduces the maximum incident neutron and gamma
fluxes at the inner surface of the bioshield, the ratio of the incident flux for one cavity gap width to
another at any elevation is not constant but varies with the azimuthal location. Consequently, it is
possible that at some locations the incident neutron flux (or heating rate or dose rate) can be
equivalent or nearly so for different cavity gap widths. At an azimuthal angle of 3.5° (near the X-
axis), the incident neutron flux levels for the three cavity gap widths (13 cm, 71 cm, and 120 cm)
decrease as the gap width increases (Figure 6-59). At an azimuthal angle of 44.5°, however, the
differences in the incident neutron flux levels for the three cavity gap widths are substantially
reduced (Figure 6-60).

Figure 6-61 illustrates the azimuthal variation in the neutron fluxes for E > 1.0 MeV and E > 0.1
MeV at the inner surface of the bioshield. At angles near the X- and Y-axes, where the maximum
incident flux levels occur, the incident flux for the 13-cm gap is approximately 70% higher than the
incident flux for the 71-cm gap for E > 1.0 MeV, and approximately 85% higher for

E > 0.1 MeV. At 45°, where the minimum incident fluxes occur, the difference between the 13-cm
and 71-cm gap widths is less than 10% for E > 1.0 MeV, and there is no difference for these two
gap widths for E > 0.1 MeV.

This behavior can be explained using the concept of particle importance. A particle’s importance
is a measure of how likely it is to contribute to a quantity of interest, such as the flux or heating
rate at a particular location within a particular energy range. For example, a neutron with an
energy of 2 MeV in the core has a greater probability of reaching the bioshield in comparison to
a neutron with an energy of 0.1 MeV at the same location in the core. The 2-MeV neutron thus
has a greater importance than the 0.1-MeV neutron. Similarly, a neutron with an energy of 2
MeV at the outer edge of a peripheral fuel assembly has a greater probability to reaching the
bioshield compared with a neutron of the same energy in an inner assembly.

The particle importance as a function of space and energy can be obtained by solving the
adjoint form of the Boltzmann transport equation. In an adjoint calculation, the adjoint source is
the quantity of interest at a specified location or locations. For example, if the quantity of interest
is the neutron flux for E > 1 MeV at a specific location in the bioshield, the adjoint source is
taken to be the flux of neutrons with energy greater than 1 MeV at that location.

As an example, we consider the neutron flux incident to the bioshield at an angle of 45°, where
the difference in the incident fluxes for the three cavity gap widths is minimized (Figure 6-61). The
adjoint flux for energy ranges of E > 1.0 MeV and E > 0.1 MeV was solved for the 13-cm and 120-

5 A review of the geometry plots in Appendix A shows that it would not be possible to model the short column support
system with a 13-cm cavity gap.
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cm gap models using the Denovo discrete ordinates radiation transport code. The adjoint source
region, which is the inner surface of the bioshield at 45°, is the location for which the neutron
importance in the fuel assembilies is calculated. Figure 6-62 and Figure 6-63 show the adjoint
neutron flux for E > 1.0 MeV at an elevation of 200 cm. In each plot, the adjoint flux levels are
normalized to the maximum adjoint flux level (or importance) within the core. Comparison of these
figures shows that the neutron flux incident to the concrete at 45° for the 13-cm gap is due
primarily to only a few assemblies near 45°, while the incident flux for the 120-cm gap has
significant contributions from the outer assemblies along the entire periphery of the core.

There are thus two “competing effects” with regard to the bioshield incident flux along the 45°
angle. As the cavity gap width increases, the incident flux tends to decrease due to the increased
distance. At the same time, though, increasing the gap width expands the range of fuel
assemblies that provide significant contributions to the incident flux at the 45° location.

The radial and azimuthal variations in the total heating rate and gamma dose rate are shown in
Figure 6-64, Figure 6-65, and Figure 6-66. The general trend of the azimuthal variation of the total
heating rate and gamma dose rate as a function of cavity gap width is similar to that of the neutron
flux, though the variation of the total heating rate and gamma dose rate is slightly greater than that
of the neutron flux. The radial attenuation rates of the total heating rate (which is largely due to
gamma heating) and the gamma dose rate are significantly less than the attenuation rates of the
neutron flux for E > 1.0 MeV and E > 1 keV. This is consistent with results presented in Section
6.1.
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Figure 6-59 Neutron flux radial profiles (E > 1.0 MeV and E > 0.1 MeV) in the bioshield for
three cavity gap widths at an elevation of 200 cm and an azimuthal angle of 3.5°
(Type 04 concrete. See Section 6.1.1 for a discussion of the parameter “b")
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Figure 6-61 Azimuthal variation of the neutron flux at the inner surface of the bioshield for
three cavity gap widths at an elevation of 200 cm (Type 04 concrete)
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Figure 6-63 Adjoint neutron flux for E > 1.0 MeV for a cavity gap width of 120 cm (The adjoint
source location is at the inner surface of the bioshield at an azimuthal angle of
45°. Adjoint flux values are normalized to the maximum adjoint flux within the
fuel assemblies.)
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7 CONCLUSIONS AND FUTURE WORK

The objectives of this study were to determine the appropriate methodologies for evaluating the
neutron flux for energies above 1.0 MeV and above 0.1 MeV, total heating rates, and gamma
dose rates in the bioshield and associated steel structures (rebar, embedded support columns,
and cantilever beams) within and outside the beltline region. Having determined the appropriate
methodology, a model representative of a three-loop PWR was used to assess the effects of the
following parameters.

1) The composition of the concrete, with particular emphasis on the hydrogen contents

2) The size and location of rebar (hoop and vertical) within the bioshield

3) The presence of a stainless steel or carbon steel liner on the inner surface of the bioshield

4) The presence of reflective thermal insulation in the cavity gap

5) The width of the cavity gap

The results of these parameter studies are summarized below, followed by a recommendation on
the appropriate analysis methodology and suggestions for future work.

7.1 Summary of Parameter Study Findings

7.1.1 Concrete Composition

It is well known that the attenuation of neutrons through concrete is strongly dependent on the
hydrogen content of the concrete [44]. Higher hydrogen concentrations in concrete lead to more
rapid attenuation of the neutron flux for energies of interest with regard to concrete radiation
damage (E > 0.1 MeV). However, this rapid attenuation produces pronounced peaks in the
thermal flux (represented by E < 1 eV in this study), which result in higher capture gamma
production rates, higher total heating rates, and higher gamma dose rates in the inner region of
the bioshield. These effects are clearly demonstrated in Sections 6.1.1 through 6.1.6 This
suggests that if the hydrogen content of the concrete for a specific plant analysis is not known,
multiple concrete compositions could be evaluated to ensure that the worst-case radiation metrics
(neutron flux, total heating rate, and gamma dose rate) are considered.

7.1.2 Size and Location of Reinforcing Steel (Rebar)

The primary radiation damage impact resulting from rebar in concrete is production of capture
gammas as thermal neutrons, which have been moderated and thermalized by scattering in the
concrete, undergo radiative capture reactions in the steel. This absorption produces a range of
capture gamma energies, which can be as high as ~8 MeV. These capture gammas become the
dominant contributor to the total heating rate and the gamma dose rate at a relatively short
distance into the bioshield (see Figure 6-20).

For each of the four concretes evaluated in this study, the highest total heating rates and gamma
dose rates occur within the rebar. Variations in the rebar size (diameter) and location (amount of
concrete cover) were evaluated for the Type 04 concrete. Increasing the diameter of the rebar
from 1 inch (#8 rebar) to 1.75 inches (#14 rebar) with the same 3-inch concrete cover results in a
decrease in the peak total heating rate and peak gamma dose rate.
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Increasing the concrete cover for the #14 rebar from 3 inches to 10 inches results in a reduction in
both the peak total heating rate and the peak gamma dose rate. This is largely due to the
movement of the rebar to a depth beyond where the thermal flux peak occurs (see Figure 6-15).
This movement to a region of lower thermal flux reduces the intensity of the capture gamma
source in the rebar.

7.1.3 Presence of a Steel Bioshield Liner

The addition of a 0.25-inch steel liner (either carbon steel or stainless steel) on the inner surface
of the bioshield results in a slight (5-10%) decrease in the neutron flux for E > 1.0 MeV and for E
> 0.1 MeV. The more significant effect of the steel liner is a localized increase in the total heating
rate and the gamma dose rate near the inner surface of the concrete due to neutron capture in the
liner.

7.1.4 Presence of Reflective Thermal Insulation in the Cavity Gap

The presence of a 3-inch layer of reflective thermal insulation near the RPV resulted in no
statistically significant differences in neutron flux, total heating rates, or gamma dose rates in the
bioshield.

7.1.5 Cavity Gap Width

The effect of the cavity gap width was evaluated using three models: a 13-cm gap, a 71-cm gap,
and a 120-cm gap. While increasing the gap width results in reductions in the maximum neutron
flux, total heating rate, and gamma dose rate in the bioshield, those reductions are not uniform
around the periphery of the bioshield inner surface. Changes in the cavity gap width have the
most pronounced effect at azimuthal angles with the minimum amount of water between the outer
fuel assemblies and the inner surface of the RPV (e.g., near 0° and near 90°). At azimuthal angles
near 45°, which is the location where the maximum amount of water occurs between the outer fuel
assemblies and the inner surface of the RPV, there is little difference in the neutron flux for E >
1.0 MeV and for E > 0.1 MeV between the 13-cm-gap model and the 71-cm-gap model, and the
differences in the total heating rate and gamma dose rate are small. Consequently, when
considering the effect of a change in the cavity gap width, it must be remembered that the effect is
azimuthally dependent.

7.2 Recommendations on Analysis Methodoloqy

The primary analysis methods that are currently applied to calculation of neutron and gamma
fluxes, heating rates, and dose rates are discrete ordinates calculations, Monte Carlo calculations,
and hybrid calculations. Monte Carlo methods have long been considered to be superior to
discrete ordinates methods. This is primarily because discrete ordinates calculations require
discretization of the space, energy, and angle variables to produce a set of equations that are
solved iteratively. In contrast, Monte Carlo calculations provide a more “exact” solution, as they
use geometry described by linear and quadratic surfaces (planes, spheres, cylinders, cones,
ellipsoids, hyperboloids, and paraboloids) rather than cartesian or cylindrical mesh structures, and
CE cross sections rather than MG cross sections that are average values which may not be
appropriate at all locations in a given model.

Until fairly recently, Monte Carlo calculations were considered to be prohibitively expensive in
terms of computing resources. The advent of hybrid methods provides the ability to perform high-
fidelity Monte Carlo calculations on a routine basis. Thus, the hybrid methodology was applied to



this study and is the recommended methodology for analyses of this type. As noted in Section 3.4
a recent hybrid radiation transport analysis of the PCA benchmark yielded calculational results
that were generally within 5% of measured data, even in the simulated cavity gap region.

7.3 Suqgestions for Future Work

While the results of this study provide valuable insights into the effect of parametric changes on
neutron fluxes, total heating rates, and gamma dose rates in a representative LWR bioshield,
there are additional areas of research that may be useful to pursue. Key areas of research that
would help to provide further insights into radiation effects in concrete bioshields include the
following.

Non-uniform hydrogen content in the bioshield concrete

As was noted in Section 5.1 the hydrogen content in each of the four concrete types is
modeled uniformly throughout the bioshield. It is possible that as the concrete ages and is
subject to both environmental and radiation heating effects, it may lose moisture in a non-
uniform manner. Thus, it is possible that a more appropriate modeling of the concrete would
be to include radial (and perhaps azimuthal) variation of the hydrogen content.

Coupled radiation transport/thermal analysis to predict temperature distributions and resulting
loss of moisture

Because changes in the hydrogen content of the concrete affect the rate of neutron
attenuation, the location and magnitude of the peak thermal flux, and the distribution of
capture gamma sources, there may be a “coupling” effect that should be considered. For
example, drying of the concrete near the inner surface of the bioshield would lead to reduced
neutron attenuation in the inner portion of the shield and a shift in the location of the peak
heating rates. This in turn would lead to increased hydrogen loss in different areas of the
concrete, which would in turn result in a reduced rate of attenuation of the neutron flux.
Consequently, radiation-induced damage of the concrete may occur at increased depths in
the concrete. It may be possible to perform an iterative analysis sequence that would
include radiation transport calculations to obtain heating rate distributions and thermal
calculations to obtain the temperature distribution and resulting loss of moisture in the
concrete. The new hydrogen distribution would then be used to calculate updated neutron
fluxes and total heating rates.

Evaluation of dpa rates in the bioshield concrete with hybrid radiation transport

Remec et al. [18] evaluated dpa rates for several minerals that are common constituents of
concrete using discrete ordinates calculations and a 2D/3D flux synthesis method. A similar
analysis could be performed using hybrid radiation transport to provide higher-fidelity
solutions, particularly in locations outside the beltline where the 2D/3D synthesis method may
not be appropriate. (As noted in Section 2.1 the notion of dpa is less meaningful for damage
in ionic bonding dominated calcareous (amorphous) aggregates.)

Obtain measurement data which can be used to benchmark calculational predictions

Obtaining measured data for the radiation quantities of interest (neutron flux, gamma dose
rates, and total heating rates) in the bioshield concrete, rebar, and RPV support structures
would be very helpful in developing uncertainty estimates for the ability of transport
calculations to predict each of those metrics.



¢ |nvestigate whether changes in the concrete due to degradation and cracking affect neutron
and gamma transport within the concrete.
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9 GLOSSARY

The concrete biological shield surrounding the reactor
vessel of a light water reactor

A gamma photon that is emitted from a compound nucleus
following radiative capture of a neutron

The rate at which energy from ionizing radiation is deposited
in a material on a mass basis. The unit used for dose rate in
this report is rad/s, where 1 rad corresponds to the
deposition of 100 ergs per gram of the material. The Sl unit
for dose is the gray (Gy), where 1 Gy is equal to an energy
deposition of 1 joule per kilogram. 1 rad = 0.01 Gy.

An energy-dependent quantity which, when integrated with
the energy-dependent gamma flux, yields the energy that is
deposited in that material

The heating rate (W/cm?) in the biological shield due to
gamma photons produced by neutron interactions (primarily
radiative capture and inelastic neutron scattering) within the
biological shield

The rate at which energy from ionizing radiation is deposited
in a material on a volumetric basis. The unit used for heating
rate in this report is W/cm3.

The heating rate (W/cm?) in the biological shield that is due
to gamma photons produced in the core or due to neutron
interactions (primarily inelastic neutron scattering and
radiative capture) within the core, core structural
components, and RV

Subatomic particles and electromagnetic radiation capable
of causing ionization in a material

A type of neutron absorption reaction in which a gamma
photon is instantaneously emitted from the compound
nucleus formed by absorption of the neutron. In most
nuclides, radiative capture occurs predominantly with low-
energy neutrons.

Angular quadrature sets used in discrete ordinates
calculations. See Appendix B.1.3 for details.






APPENDIX A
GEOMETRY PLOTS OF THE THREE-LOOP MODEL

Plan and elevation views of the three-loop model are provided in this Appendix. Figure A-1 through
Figure A-10 are for the “base-case” model, which has Type 04 concrete and #8 rebar with a 3-inch
concrete cover. Figure A-11 and Figure A-12 provide plan views of the model with #14 rebar with
3-inch and 10-inch concrete covers, respectively. Each of these plan views is at an elevation that
includes vertical and hoop rebar and the embedded support columns for the short-column
supports. Figure A-13 illustrates the addition of reflective thermal insulation in the base-case
model. Figure A-14 and Figure A-15 show plan views of the models with 13-cm and 120-cm cavity
gap widths, respectively. As noted in Section 6.5 these models contain no structural steel in the
cavity gap or within the biological shield.

In each of the plan view plots, the dashed rectangle labeled “A” corresponds to the label “A” in the
plan view plots of Section 6 This “zoom” region corresponds to the location with the maximum
incident neutron and gamma levels at the inner surface of the bioshield and includes
representative steel components of each type (rebar, column supports, and cantilever beams) that
are included in the bioshield modeling.
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APPENDIX B

DETERMINISTIC, STOCHASTIC, AND HYBRID SOLUTIONS OF THE
RADIATION TRANSPORT EQUATION

Radiation shielding calculations are typically performed using one of two methodologies:
deterministic or stochastic. In either case, the method is applied to obtain solutions to the steady-
state Boltzmann transport equation. Detailed discussions of this equation and solution methods
can be found in many references, including [54]—-[56].

This appendix provides a brief overview of key aspects of these two methods. The intent of this
overview is to provide a basic understanding of topics that are discussed are discussed in
Sections 3 and 6

B.1 Deterministic Calculations

Modern computer codes based on deterministic methods are generally referred to as discrete
ordinates or Sy codes. These codes are based on discretizing the spatial, energy, and angular
variables in the Boltzmann equation and solving the resulting set of equations using numerical
methods to obtain the particle flux as a function of position, direction, and energy.

B.1.1 Spatial Discretization

In discrete ordinates calculations the problem geometry is divided into mesh cells. For reactor
shielding applications, the number of spatial mesh cells can range from thousands to millions. For
the majority of discrete ordinates codes, a regular structured mesh is employed. Typical mesh
geometries for these codes are 2D and 3D Cartesian geometry and 1D, 2D, or 3D cylindrical
geometry.

Many shielding analyses are based on models with a 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 or biological shield, but not the fuel assemblies,
core internals, or, in the case of the model used in this study, the steel support columns that are
embedded in the bioshield concrete.

B.1.2 Energy Discretization

Energy discretization in discrete ordinates calculations is based on the use of multigroup cross-
section data. In this method, the variation of neutron and gamma cross sections is approximated
by averaging the true (continuous energy) data over energy groups. The accuracy that can be
obtained with a multigroup library is dependent on the energy variation in the CE data (which can
be extremely complex) and on the ‘weighting function’ that is used to average the multigroup data.
Figure B-1 shows the CE data for the total cross section for *Fe (the predominant isotope in
elemental iron) as a function of neutron energy, as well as multigroup data from the VITAMIN-B7
and BUGLE-B? libraries [32].
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B.1.3 Angular discretization

In discrete ordinates radiation transport calculations, the directional variation of the neutron or
gamma flux is represented using a set of discrete directions (or ordinates) to represent the
continuous angular variable. The angular flux is calculated along each of these ordinates. The
scalar flux, which is the typical quantity of interest in radiation shielding calculations, is obtained by
integrating the discrete angular flux values using numerical quadrature, with each angular ordinate
having a specified quadrature weight.

The selection of an appropriate quadrature set is dependent upon the characteristics of the
problem being analyzed. Level-symmetric (Sn) quadrature sets have been widely used for many
years for discrete ordinates calculations. While Sy sets are widely used for shielding calculations,
they are not optimal for geometries where particle transport along directions near a coordinate
axis, such as streaming of neutrons in the cavity gap between the RPV and the bioshield, is
important. Abu-Shumays quadruple range (QR) quadratures [28], [29], [57] to provide superior
accuracy for problems in which there are material discontinuities across octants of the unit sphere,
such as the edges of fuel assemblies and gaps near any of the coordinate axes.

Figure B-2 and Figure B-3 illustrate S8 and S16 level symmetric quadratures, and QR8T and
QR12T quadruple range quadratures. Level symmetric SN sets all include (N/2) levels in each
octant of the unit sphere. Thus, an S8 quadrature has four levels and an S16 quadrature has
eight. These quadratures are rotationally invariant (i.e., they are invariant under arbitrary 90°
rotations about the coordinate axes).

The notation QRNT refers to a QR set with N polar angles (i.e., angles with respect to the Z axis)
and a triangular arrangement of azimuthal angles on each polar level. Thus, a QR8T quadrature
has the same number of polar levels and total angles as an S16 set. The QR sets are not
rotationally invariant but instead have more angular ordinates near the coordinate axes.

The QR12T quadrature shown in Figure B-3 serves as the reference quadrature for comparisons
of Denovo solutions with different quadratures in Section 3.1
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B.2 Stochastic (Monte Carlo) Calculations

Radiation transport computer codes based on stochastic methods, including MCNP® and Shift,
are generally referred to as Monte Carlo codes. Unlike discrete ordinates calculations, which solve
a system of equations to obtain the flux distribution in space, energy, and angle, Monte Carlo
calculations are based on the simulation of individual 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 (e.g., scattering) as it is
transported 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 regions of interest
can be obtained through the use of particle tallies. These tallies, which are discussed below,
can be very localized or can encompass large portions of the model.

Monte Carlo calculations inherently provide higher-fidelity solutions than discrete ordinates
calculations, as they do not require the discretizations in energy, space, and angle that are
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.

Monte Carlo calculations can use either CE or MG cross section data. Continuous energy cross-
section libraries are generally used, as they eliminate the approximations encountered with MG
libraries and hence provide more accurate solutions.

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 fluence, heating rate, and dose
rate analyses in the bioshield for the model used in the current study, as the concrete, liner (if
present), rebar, embedded support columns, and cantilever beams can all be represented with
none of the meshing artifacts that occur with discrete ordinates codes. For example, the
embedded support columns could not be properly represented using either a cartesian or
cylindrical mesh in a discrete ordinates code.

B.2.1 Monte Carlo tallies

The population in one or more regions of interest can be obtained through the use of particle
tallies. Typical tally types in Monte Carlo codes include cell tallies, surface tallies, and mesh
tallies.

Cell tallies are used to obtain the particle flux or response in one or more cells that are part of
the model geometry definition. For example, if a segment of rebar in the biological shield is
modeled as a single cell, a cell tally for that rebar will provide the average flux (or heating rate or
dose rate) for the entire rebar segment.



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

Mesh tallies provide estimates of the flux in every voxel of a cartesian or cylindrical mesh that is
superimposed over the problem geometry. MCNP® allows mesh tallies to be translated and
rotated relative to the origin of the coordinate system. This allows cartesian mesh tallies to be
used for the embedded steel columns and cantilevers, which are not orthogonal to the
coordinate axes, in the current analysis.

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
(see B.3), highly detailed mesh tallies are now feasible for many shielding analyses.

Monte Carlo tallies provide estimates of the mean (i) and variance (o) for the tally quantities of
interest. The standard approach for reporting tally results is to provide the mean and the relative
error. The tally relative error RE is defined as

RE =

o
M )
where o, the standard deviation, is the square root of the variance. It is also common to report

confidence intervals based on the estimated mean and standard deviation. A typically reported
quantity is the 95% confidence interval Clgs, where

Clogs = [u— 1.960,u + 1.964].

Monte Carlo cell, surface, and mesh tallies are generally considered to be reliable provided the
relative error for each tally value is less than 10%. In the present analysis, relative errors of less
than 2% were typically obtained, and relative errors of less than 1% were common in the
locations where the peak flux, heating rate, and dose rate values occur. An example of a dose
rate tally at an elevation that includes vertical and hoop rebar as well as embedded support
columns is discussed in Section B.4

B.3 Hybrid Radiation Transport

The primary limitation in the use of Monte Carlo radiation transport analyses has historically
been the amount of computer time required to obtain a well-converged solution (i.e., a solution
with acceptable relative errors), particularly for deep penetration shielding calculations that use
mesh tallies to obtain the solution over a large portion of the calculational model. A variety of
variance reduction (VR) methods have been developed over the years in an attempt to reduce
the computational time required to obtain satisfactory relative errors.

Hybrid radiation transport methods refer to a class of techniques that are used to obtain a
solution to the Boltzmann transport equation using a combination of deterministic and stochastic
calculations. The deterministic calculations in a hybrid calculation sequences are used to
generate VR parameters that are then used in a Monte Carlo transport calculation to obtain the



desired quantities of interest. Details of the hybrid radiation transport method can be found in
[58]. The hybrid calculations in the current analysis were performed using the ADVANTG and
MCNP® codes.

B.4 Example Mesh Tally Results

A combination of cylindrical and cartesian mesh tallies was used for the neutron flux, total heating
rate, and gamma dose rate calculations. Values in the bioshield concrete were obtained using a
cylindrical mesh tally with radial intervals of 1 cm from the inner surface of the concrete to a depth
of 60 cm, axial intervals of approximately 2.5 cm, and azimuthal intervals of 1°. The cylindrical
mesh tallies for the rebar hoops have a single radial interval, axial intervals of approximately 2.5
cm, and azimuthal intervals of 1°. The cylindrical mesh tallies for the vertical rebar have a single
radial and azimuthal interval, and axial intervals of approximately 2.5 cm. The cartesian mesh
tallies for the embedded support columns and cantilever beams have intervals that are typically in
the range of 2-2.5 cm.

Figure B-4 shows the gamma dose rate at an elevation of 245 cm for a case with Type 04
concrete and #8 rebar with a 3-inch concrete cover. This view includes vertical and hoop rebar
segments and an embedded support column. The radial and azimuthal mesh lines are shown in
light gray. The data are presented using a flooded contour plot, in which the color in each mesh
tally cell indicates the magnitude based on the colorbar at the top of the plot. Contour lines are
also shown, with the number of each contour line corresponding to the parenthetical values on the
colorbar scale.

The relative errors in the gamma dose rate for this location are shown in Figure B-5. As noted in
Section B.2.1 the relative errors for this tally data are less than 2%, and typically less than 1%.
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