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1 INTRODUCTION

The purpose of this report is to provide documentation of the qualification of PARAGON2, a new
Westinghouse neutron transport lattice code. It is also requested that the NRC provide generic approval of
PARAGON? for use with Westinghouse’s nuclear design code system or as a standalone code. The code
will be used primarily to calculate nuclear input data for three-dimensional core simulators. Based on the
qualification of PARAGON2 as documented herein, PARAGON?2 can be used as a standalone or as a direct
replacement for all the previously licensed Westinghouse PWR lattice codes, such as
PHOENIX-P and PARAGON. Thus, other topical reports that reference the Westinghouse nuclear design
code system will remain applicable with PARAGON?2.

A major nuclear design code system in use at Westinghouse since 1988 consists of two primary codes,
PHOENIX-P and ANC. PHOENIX-P is the neutron transport lattice code currently used to provide nuclear
input data for ANC. The qualification and license approval of the use of PHOENIX-P for PWR core design
calculations is provided in Ref. [31]. In 2004, the PARAGON neutron transport lattice code was introduced
as a replacement for PHOENIX-P to provide nuclear input lattice data for ANC. The qualification and
license approval of the use of PARAGON for PWR core design calculations is provided in Ref. [41].

PARAGON?2 is a significantly improved version of PARAGON intended as a replacement for
PHOENIX-P and PARAGON, and its primary use will be to provide the same types of input data that
PARAGON generates for use in three-dimensional core simulator codes. This includes macroscopic cross-
sections, microscopic cross-sections for feedback adjustments to the macroscopic cross-sections, pin factors
for pin power reconstruction calculations, and discontinuity factors for a nodal method solution.

PARAGON?2 is based on collision probability — interface current cell coupling methods. PARAGON2
provides the same flexibility in modeling that was available in PARAGON including exact cell geometry
representation, multiple rings and regions within the fuel pin and the moderator cell geometry, and variable
cell pitch. The solution method permits flexibility in choosing the quality of the calculation through both
increasing the number of regions modeled within the cell and the number of angular current directions
tracked at the cell interfaces. Section 2 will provide further details on PARAGON?2 theory and features.

The qualification of a nuclear design code is a large undertaking since it must address the qualification of
the methodology used in the code, the implementation of that methodology, and its application within a
nuclear design system. For this reason, Westinghouse has historically used a systematic qualification
process, which starts with the qualification of the basic methodology used in the code and proceeds through
logical steps to the qualification of the code as used with the entire system. This process was used when
qualifying PARAGON in Ref. [41]. This same process is followed for the qualification of PARAGON2 in
this report.

Consistent with the qualification process described above, the qualification of PARAGON?2 will consist of
three parts: 1) comparisons to critical experiments and isotopic measurements, 2) comparisons of assembly
calculations with Monte Carlo method calculations (MCNP and SERPENT?2), and 3) comparisons against
measured plant data. The first two parts will qualify the methodology used in PARAGON2 and its
implementation. The third part will qualify the use of PARAGON?2 data for core design and nuclear safety
applications. Where appropriate, comparisons will also be made to PARAGON results.

The current PARAGON?2 cross-section library is a 6064-group library. The PARAGON2 qualification
library has been improved through the addition of more explicit fission products and fission product chains.
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This report is organized in the Sections as described below.

Section 2 presents an overview of the PARAGON?2 theory and its implementation. The nuclear data library
used for this qualification is also described in this section.

Section 3 presents the results of PARAGON?2 calculations for many standard critical experiments. These
include integral experiments as well as MOX and Uranium oxide critical experiments. Section 3 also
presents isotopic comparisons between PARAGON?2 and measurement for several PIE experiments, such
as the Yankee and Saxton isotopic measurements and the PIE data from several plants obtained from the
spent fuel benchmarks database SFCOMPO 2.0.

Section 4 presents reactivity and power distribution comparisons between PARAGON2 and Monte Carlo
(SERPENT?2) calculations for single assembly problems. Various assembly designs similar to those
currently in use in PWR cores are included in these SERPENT2/PARAGON2 comparisons. |

] a,c

Section 5 presents the results of using PARAGON?2 input data with a three-dimensional core simulator
model (in this case ANC) and compares the calculations to actual plant measurements. The parameters
compared are boron letdown curves, BOC HZP critical boron, BOC ITC, and BOC rod worths.
Comparisons of the results of using PARAGON?2 input data with a three-dimensional core simulator model
(ANC) against measured core power distributions are also shown for several cycles. Section 5 also presents
comparisons of PARAGON2/ANC model results against those of PARAGON/ANC for core calculations
for which there are no plant measurements (e.g. shutdown margin, ejected rod, etc.).

Section 6 presents overview of all the results and provides conclusions on the applicability of PARAGON2
as a standalone transport code and as a nuclear data source for a core simulator in a complete nuclear design
code system for core design, safety and operational calculations.

Section 7 addresses the licensing application of PARAGON?2 for use as a standalone transport code and as
a nuclear data source for core simulators.
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2 PARAGON2 METHODOLOGY
2.1 INTRODUCTION

PARAGON?2 is a two-dimensional multi-group neutron (and gamma) transport code. It is an improvement
over the Westinghouse licensed lattice codes PHOENIX-P (Ref. [31]) and PARAGON (Ref. [41]). The
difference between PARAGON and PHOENIX-P is described in Ref. [41]. The main difference between
PARAGON2 and PARAGON resides in the use of an Ultra-Fine Energy Mesh cross-section Library
(UFEML) and the Resonance Scattering Model (RSM) in solving the transport equation. Because of the
ability to accurately predict the cross-section depressions about the resonances using the energy fine mesh
adopted in UFEML, the resonance self-shielding calculation, traditionally needed in lattice codes, is
eliminated in PARAGON?2. |

1*¢. The UFEML and
the RSM will be described in this section followed by the theory of the solvers of each PARAGON2 module.

2.2  PARAGON2 CROSS-SECTION LIBRARY
2.2.1 Ultra-Fine Energy Mesh Cross-section Library

The group structure that PARAGON?2 uses for its cross-sections library is based on 6064 energy grids for
the neutron transport calculations, covering the energy range from 20 MeV to 1.0E-05 eV. For the photon
transport calculations, it employs a 97 energy group structure covering the energy range of 50 MeV to
1 keV. The data in this library is based on the latest basic evaluated nuclear data files released by
Brookhaven National Laboratory (ENDF/B-VII, Ref. [2]). The neutron energy group boundaries have been
studied and carefully selected to best describe the epithermal and thermal energy resonances and the cross-
section behaviors of major isotopes that will be needed in the reactor core simulations. This library was
benchmarked against an even finer group structure (in addition to the continuous energy Monte Carlo
solutions) and was demonstrated to provide an accurate depiction [37].

A modified version of the computer code NJOY [22] was used to generate the new PARAGON?2 cross-
section library that will be designated here as the Ultra-Fine Energy Mesh cross-sections Library (UFEML).
In this new version of NJOY the anisotropic resonance scattering model described in Ref. [45] was
implemented.

The Ultra-Fine Energy Mesh Library (UFEML) is entirely based on ENDF/B-VII, except for a few isotopes
that use the JEFF data. These few isotopes from JEFF were adopted because they were giving [

]*¢. Practically, UFEML will
have the neutron data for all the isotopes present in these evaluations ENDF/B-VII, JEFF or others. The
cross-sections in this library are tabulated only as a function of temperature |

1*¢. Independently, |
]*¢. All the isotopes in UFEML have the Resonance Scattering
Model (RSM) accounted for in the scattering matrices following the method described in Ref. [45], except
for hydrogen in water and carbon in graphite for which the S(a,B) scattering law is used. The photon
production cross-sections are provided in the 97 energy groups and for all the nuclides for which gamma
production data is available in ENDF/B-VII or other equivalent nuclear data libraries. It is important to
mention that the photon generation from neutron nuclear (or atomic) reactions uses the same 6064 neutron
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energy group structure. Since the majority of the gamma data is not sensitive to the temperature (for the
expected applications of PARAGON?2), the tabulation is only done for the cold temperature (300 K).
Internally, however, the code accounts for the temperature dependence in the gamma production via (n, v)
reactions. For a particular isotopic temperature, a linear interpolation in v/T is then used by PARAGON2 to
extract the desired cross-section data from the UFEML table.

Each isotope in UFEML has two scattering matrix moments P, and P; and these matrices are sparse by
nature. The limitation to these two scattering moments can be addressed with the implementation of a new
flux solver that can use higher order anisotropic scattering (like Method of Characteristics). The P,
scattering matrices contain diagonal corrections for anisotopic scattering.

It is important to note that the cross-sections in UFEML are processed from the basic evaluated data files
without any adjustments. [

€. With the old
coarse energy mesh methodology, an artificial reduction of U-238 absorption was necessary for predictions
closer to the plants operation data as described in Ref. [14]. These empirical adjustments are eliminated in
PARAGON2. Many facts contributed to this enhancement. The most important are the fine energy mesh
that adequately treats the resonance calculation phenomenon and the new resonance scattering model.

The adoption of the ultra-fine energy mesh structure permits the elimination of the resonance self-shielding
calculation since this method is only needed for coarse energy mesh structure. In PARAGON2 the
resonance calculation module was eliminated.

2.2.2 Resonance Scattering Model

An important component of PARAGON?2 is the Resonance Scattering Model. This section is dedicated to
describe briefly the theory and physics behind the implementation of the Resonance Scattering Model. The
development and complete theory is presented in Ref. [45].

The scattering source term of the neutron transport equation describes how neutrons collide with the
isotopes of the media (fuel assembly) and consequently provides how the energy and direction of the
neutrons are affected after the collision. In this model, only the elastic scattering nuclear reactions are of
interest. Traditionally, this term is referred to as the transfer scattering kernel (or double differential
scattering kernel) and is expressed as a product of the scattering cross-section and the transfer probability
density. The cross-sections (including scattering) used in the transport equation are usually Doppler-
broadened to account for the motion of atoms in the media (crystalline structure effect) in the course of the
neutron-nucleus reactions. The transfer kernel is treated differently depending on the energy range and the
type of isotope. For light isotopes, such as hydrogen or graphite, the solid-state molecular structure is taken
into account at the thermal energy range (practically below 4 eV) using the well-known S(«, ) scattering
matrices. In the epithermal energy range, the elastic scattering reaction is treated assuming that the energy
of the neutrons is sufficiently high to justify the approximation of the target atom being at rest. In this case
the transfer probability density is simply proportional to 1 / E, where E is the energy of the neutron before
the collision. This simple formula is the result of the preservation of energy and momentum in the two-
body kinematics theory of classical mechanics. For heavy and intermediate mass isotopes, the exact same
approach is used for epithermal energies. For the thermal energy range, an isotropic Maxwellian velocity
distribution is commonly used to describe the agitation of the atoms in the media as a free gas model. In
this case, the transfer density is much simpler than that of the light isotopes. This way of computing the
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transfer kernel was adopted in all deterministic and stochastic based transport codes currently used in the
nuclear industry, with the further simplification of neglecting the effect of lattice thermal vibrations on the
energy transfer probability distribution component of the scattering kernel. This latter assumption of
neglecting the effect of atoms thermal vibration in the crystalline structure was proven not to be accurate in
Ref. [43], especially for resonant isotopes in the epithermal energy domain. The formulation of the Doppler-
broadened transfer kernel derived in Ref. [43] and henceforth dubbed as the Resonance Scattering Model
(RSM) shows: 1) that the transfer probability density is far from behaving as 1 / E, 2) that the energy
dependence outcome of the neutron scattering process is strongly dependent on the presence of scattering
resonances in certain isotopes, and 3) a strong effect of the medium temperature on the scattering event
outcome, as expected.

The formulation of the scattering kernel in Ref. [43] was limited solely to isotropic scattering in the neutron-
nucleus center-of-mass system. In this work, the theory is generalized to cover anisotropic scattering,.

2.2.2.1 Anisotropic Resonance Scattering Kernel

The differential microscopic elastic scattering cross-section at a temperature T is given by (Ref. [43]):

, 2n+1 ,
o1 (B = B i) = ) === 0T, (E = B PyGu)- (1)

2
nz0

The usual notations and definitions are adopted here (see Ref. [43]). Hence, P,(i;qp) is the nt" order
Legendre polynomial, p;,;, is the cosine of the angle between initial and final neutron velocities
corresponding to incident and outgoing energies E and E’ in the laboratory frame.

If the crystalline effect is neglected, the transfer scattering moments are given by

ol (EYH(E — E"H(E — aE")
(1-a)E '

ng(E - E') = (2)

Where, ol (E) is the Doppler-broadened scattering cross-section moment at temperature T and energy E,

)
a= (ﬁ) where A is the atomic ratio, and H (x) is the Heaviside distribution (step function). This model

will be designated as the asymptotic model.

If the atoms motions are accounted for in the neutron-nucleus scattering nuclear reaction, then the transfer
scattering moments formulations are more complex and are given by

o

> kT
ol (E-E') = [Z—EeE/ka tolab (ﬁth) e~ /Ay, (Ddt  (3)
0

Where 8 = (4 + 1)/A, k is the Boltzmann constant and ¢£%”(E) is the convolved scattering cross-section
at 0 K that is subjected to the convolution process. In the above equation, Y, (t) is given by:

Y () = H(t- — OH(t — t1)Gp(emax — 6t + min) + H(t — )G (t — Emin » t + Emin), (4)

1 .
where ty = E(smax * cnin)s Emin = \/(A + 1)Emin/kT s Emax = \/(A + 1)Emax/kT with Ep;, =
min(E, E") and E, 4, = max(E,E"). Also, G, (x_, x,) is defined here as
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21

BKT

GrCxo, x,) = 1302 f e dx f PuGtan)f (S % i) 4 (5)
X_ 0

In the above equations, the cosines of the scattering angle in the center-of-mass and laboratory frames are
used. They are given, respectively, by

_D_+Bcos¢ D, + Bcos ¢

=——— and =
Uem 4x2t2 HUiap 4x25mingmax

with Dy = (e2,4x + x% — t2)(e4in £ x* — t?) and
B? = [(t + X)Z - £rznax] [(t + X)Z - Srz'nin] [srznax - (t— X)Z][Erznin - (t- X)z]

In Eq. (5) the angular distribution f(E, u) was introduced, which gives the correlation between the energy
of the incident neutron and the emission angle after the scattering process. It is a normalized probability
distribution where f (E, u)du is the probability that a neutron of incident energy E will be scattered into the
interval du about an angle the cosine of which is u. This property originates from the representation of the
anisotropy in scattering in the center-of-mass for the cross-section in Eq. (3) as

1
08 (B, K) = 50t (E)F(E, )
For isotropic scattering in the center-of-mass, f(E,u) is equivalent to the P(ucy) of Ref. [43] and

then f(E, ) = P(ucm) = 1.

In the present work, the angular distribution f (E, i) is obtained from “File 4” of the basic evaluated nuclear
data files as available in either ENDF/B-VII or JENDL libraries [56]. Depending on the isotope under
consideration, these data may be given in one of three forms, and in either center-of-mass or laboratory
coordinate systems. In the first form, the distributions are given by tabulating the normalized probability
distribution f(E,u) as a function of the incident energy. In the second form, the angular distribution is
represented as a Legendre polynomial series as

Ny
2l+1
FEm =y =

l

a,(E)P, (1)

In this case, the Legendre polynomial expansion coefficients a;(E) are tabulated as a function of incident
energy. The expansion order N is also given in the file as incident energy dependent. The third form is a
combination of the two previous forms; thus, the data for an isotope could be the tabulation for one part of
the energy domain (usually high energies) and the Legendre expansion for the remaining part. The type of
data depends on the evaluated library used. The details of the implementation of this theory can be found
in Ref. [45].

2.2.2.2 Multi-group Formulation and NJOY implementation

The complexity of Eq. (3) renders it difficult to implement analytically or semi-analytically and thus
imposes extra care both in the coding and in the numerical formulation. In the implementation of the model
embodied by this equation, it is not known a priori if the evaluated angular distribution f (E, ) is available
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as an expansion in Legendre polynomials or in tabulated form. This lack of prior knowledge, forces the use
of numerical integration for all the integrals in this equation.

In the implementations known so far (see references in Ref. [45]), there is no accounting for anisotropy in
scattering in the center-of-mass frame, i.e. f(E, ) = 1, and this makes it possible to compute the inner
integrals on the x and ¢ variables in Eq. (5) analytically, especially for the isotropic (zeroth) moment [43].
It is also possible to compute the integral over the t variable analytically by choosing a linear piecewise
representation for the cross-section 6t (E). These assumptions are good only for the zeroth - and first order
scattering transfer moments; for higher orders, the formulation becomes cumbersome, and using numerical

schemes becomes unavoidable.

The multi-group formulation adds two integrals to the process of evaluating Eq. (1). The two integrals are
over the initial and final energy groups. The multi-group formalism is usually used in lattice physics codes
with relatively broad energy groups (practically between about 70 and 540 groups) along with a pre-
requisite and prior resonance self-shielding treatment. The resonance calculation always includes a method
to account for the resonance interference both in energy (between various isotopes within a local mixture)
and space (between isotopes in different pellet rings and/or different locations in the assembly). Instead of
this approach, the formulation of Eq. (1) was implemented using an ultra-fine energy mesh with 6064
energy groups which reproduce the continuous energy Monte Carlo results [36]. This approach was chosen
to treat a mixture of resonant isotopes better, avoiding altogether the inaccuracy that may occur in the
resonance self-shielding theory. This allows, as shown later, a very-high-fidelity representation of the effect
of the new resonance scattering model introduced in this document and thus a much finer analysis of its
impact and consequences. The formulation of the multi-group scheme follows.

Suppose that the energy domain is discretized according to

[0MeV, 20MeV] = U[Eg,Eg+1].
g
The scattering moments from an initial group g to a final group g’ are given by

Eg+1 Eg’+1
oT(g - g') = f dE f dE' o (E - EY),

Eg Egr

and the total Doppler-broadened scattering moments are given by

om(g) = Z om(@—-9").

g’

After the change of variable % t? - t and expanding o, (E - E') in the above equation, there follows

r A'B3/2 Egy1 Eg/+1 Ie) I0e) 1 1
osn(g = 9") =—f dEf dE’f dtf dxf ———d¢F(E,E', t,x, ) H(t
" 4kTm3/2 Eg Eg 0 0 —14/1 &2
— L ){HE- - OH o —0)H(x —x )+ HE' - —x0)H(x—x"1)},  (6)
Where,
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’A+1 ,A
6 = —kT Y = M,X_: Q,IEmax—y\/f,x_'_:Q/Emin_l_y\/E’

xli = V\/E t 9\/ Emin »

And,
E t 2
KT~ BT~ *
T(E,E,, t; X, E) = O-St‘rab(t) E Pn(.ulab)f(t: :uCM) .

Equation (6) is valid for upscattering (g’ < g) and downscattering (g’ = g). The approach taken in
numerically computing all the integrals in this expression is outlined in Ref. [45]. In addition, Ref. [45]
contains a more detailed discussion on the equations and variables listed above.

A new FORTRAN module, RSM, that implements the model presented above has been added to the NJOY
code system [22]. This module is used to create an UFEML, based on the 6064-energy-group structure
previously mentioned [37]. All the cross-sections in UFEML are tabulated only as a function of temperature
since with this type of energy mesh the conventional resonance treatment is not needed. In this model, |

]*¢. All the isotopes in UFEML have the resonance scattering accounted for
in the scattering matrices following the method presented in this document, except two: hydrogen (in H,O)
and carbon in graphite, which use the asymptotic model (i.e. 1/E in the epithermal range and S(a, ) in
the thermal range). For consistent comparison and for quantification of the impact of the new resonance
scattering model, an equivalent library based on the asymptotic model for all the isotopes was generated.
These two libraries are based on the ENDF/B-VII and JEFF evaluated nuclear data files. These libraries are
used to perform the analyses presented in the following sections. The analyses were performed using the
lattice physics transport code PARAGON2.

2.2.2.3 Continuous-Energy Transfer Kernel

The first verification of the algorithm implemented within the RSM module aimed at reproducing the
isotropic continuous energy transfer kernel o,(E = E’) of Eq. (3) as reported in Ref. [43]. This can be
achieved by using an energy mesh with very thin groups, such that

Sgﬁ{)ig'lglﬁo O';rn(g - g,) = ng(E - E,) ’

where §; = E; — Eg44 and 6y, = Eg, — Eg,11 and where E and E’ are the mid points of energy groups g
and g’, respectively.
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To be consistent with previously published results, Figure 2-1 through Figure 2-3 present the energy transfer
probability defined by

where,
ago(E) = z a5o(g — g")-
gl

Note the comparison in Figure 2-1 through Figure 2-3 is to the scattering cross-section at 0 K, which is
represented as the black line.
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Figure 2-3: Continuous-energy transfer kernel for various initial neutron energies around the third
resonance of U-238 at 1100 K.

Figure 2-1 through Figure 2-3 display the transfer probability for several starting neutron energies around
the first three important resonances of U-238. Each figure also shows how the shape of this probability
changes around the resonance as previously discussed in Ref. [43]. These figures clearly reproduce the
results in Ref. [43]. The effect of the scattering anisotropy and the shape of the multi-group kernel are
discussed in detail in Ref. [45]. The use of color is to illustrate the impact of the resonance on the
upscattering phenomenon (for example, the green colors are for the initial neutron energies that are very
close to the peak of the resonance scattering cross-sections).
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2.2.2.4 Impact of the RSM on Neutronics Parameters
2.2.2.4.1 Doppler Benchmarks

The effect of the use of the new RSM approach on reactivity is evaluated via its application to the analysis
of selected cases of the Mosteller’s Doppler reactivity benchmarks [29]. This is accomplished using the
lattice code PARAGON2 and comparing results obtained utilizing both RSM and asymptotic (ASYMP)
UFEML cross-section libraries. The results are reported in Table 2-1. The Hot Zero Power (HZP) and the
Hot Full Power (HFP) cases correspond to fuel temperatures of 600 and 900 K, respectively. The material
compositions, pin cell dimensions and other detailed benchmark descriptions are given in Ref. [29]. The
PARAGON?2 code, with its associated UFEML library, will be qualified against a Monte Carlo solution in
subsequent sections. Here, the focus is on comparing the PARAGON?2 results obtained with and without
the resonance scattering model discussed in Section 2.2.2. As per expectations, the RSM effect depends on
the temperature and on the actual isotopic composition of the material (including enrichment levels). The
effect becomes stronger as the temperature increases and tends to lower the reactivity. In the last column of
Table 2-1, the Doppler Coefficients of Reactivity (DCR) are compared. Within the table, the DCR is denoted

by px, with the subscript “x = 0” standing for RSM and “x = a” standing for asymptotic. As defined in
1

Ref. [29], py = g—:, where §;, = W - @ and 67 = 300 K (the difference between the two temperatures
at which the multiplication factor is evaluated). The difference in DCR between the RSM and asymptotic
models is in the range of 7% to 9%. For a typical reactor core, this corresponds to a ~ 100 pcm difference
in reactivity, which is relatively large since in the design and safety analysis practice the accuracy on Ap
Doppler defect is estimated at 200 pcm. If it is assumed that the DCR is analogous to the Doppler
Temperature Coefficient (DTC) that is part of the important Isothermal Temperature Coefficient (ITC), then
the difference seen in the DCR seems to be significant. This difference in DCR translates to ~0.7 to
~1.3 pcm/°F, which is almost half of the + 2 pcm/°F tolerance that is desired in measurement comparisons
on the ITC (note, the ITC is sum of DTC and the moderator temperature coefficient (MTC)).

The results obtained for UO; in this study are consistent with those of Ref. [18] but slightly lower. There
are many reasons to explain why the present results are different from those reported in this or other
references. The reasons include the following:

1. RSM scattering matrices (in the present implementation) account for the anisotropy in the
center-of-mass frame.

2. The scattering matrices incorporate the RSM-based P1 anisotropic corrections (consistent with
the libraries used for core design applications).

3. All isotopes (except H-1) are treated using the RSM model (including cladding material).

4. The Monte Carlo solution used in Ref. [18] restricts the application of the resonance scattering
formalism to only a limited portion of the energy domain.

This claim is amply supported by a simple verification. For this verification, all the cases in this benchmark
were modeled again, but with a cross-section library in which only the U-238 isotope is treated using the
RSM model while all other isotopes are treated using the asymptotic scattering model. With these new runs,
the 9% to 10% range differences are reproduced for UO, fuel, matching the results that were reported in
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Ref. [18]. Results for the mixed-oxide (MOX) cases were mixed: some of the cases showed an increase
while others decreased. Furthermore, the difference range was | 1.

Table 2-1: PARAGON2 Results for Pin Cell Doppler Benchmark Using UFEML Cross-section
Library

It is important to note that the contribution of heavy isotopes to the scattering process is dominated by
U-238 due to its many resonances and to its high concentration in ordinary reactor fuel. However, turning
off the RSM contribution of non-heavy isotopes in the previous runs shows that the RSM contribution of
the less heavy isotopes in the DTC calculation is not negligible.

2.2.2.4.2 Effect of Fuel Temperature

To quantify the temperature effect on the resonance scattering, the fuel temperature is varied from 600 to
2500 K and compared the reactivity difference between the asymptotic and RSM models; i.e.,

keAfS; MP _ kgf}" . The cladding and moderator are kept at the same 600 K temperature throughout the

computational test. Figure 2-4 shows the results for both the 5 wt% UO; and the 8 wt% reactor-recycle
MOX pin cells of the Mosteller benchmark. As expected, the difference between the two models increases
with temperature and could exceed 500 pcm at high temperatures. The model temperatures of the nonfuel
materials for these transient situations are not realistic but are used to allow us to single out the differences
that arise with changes in fuel temperature. In this work, this effect was also studied on three models of
typical 17x17 PWR-type fuel assembly, assuming the same fuel temperature variations. One of these
assemblies contains an IFBA, the second incorporates a gadolinia absorber, and the third is a zoned MOX
assembly. All three are standard fuel types. The results are shown in Figure 2-5, in which the same trend is
observed as for a single pin cell in Figure 2-4. The magnitude of the difference in this case is slightly less
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than that found for the pin cell case, yet it remains significant. A priori, a large difference was expected in
the case of MOX fuel because of the heterogeneity of its composition, but the results show almost the same
effect as for the UO, fuel. However, a closer look at the compositions reveals that the major contributor to
the temperature- and resonance-related changes in the effective multiplication factor is U-238, which is
present with the largest number density for all these mixtures, including MOX.

In this analysis, a flat temperature was used within the fuel pellet. In reality, this temperature is not spatially
constant but exhibits a profile. To evaluate the impact of this assumption, the pellet was subdivided into ten
equal-volume zones and the typical UO, temperature profile given in Table 2-2 was used. In the
computational runs the temperature distribution was normalized in such a way that its average is equal to
the flat value used in the study just discussed above, i.e., values from 600 to 2500 K. The results are reported
in Figure 2-4, in which it can be seen that for the reactivity prediction, the pellet temperature profile has
practically no effect and the results are very close to the flat temperature results. [45]

Table 2-2: UO;, Temperature Profile for Ten Equal-Volume Rings in the Pellet

Ring Number* Fuel Temperature (K)
1 1070.30
1029.80
990.35
951.88
914.40
877.90
842.36
807.75
774.04
10 741.23
*The numbering is from center to periphery, and this case is normalized to the average of 900 K.
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2.2.2.4.3 Impact on the Multi-group Fluxes

The effect of the RSM on the multi-group fluxes is assessed using the cases with a fuel temperature of
1200 K. Two models are investigated, one with a single fuel region, the other with ten equal-volume regions
within the fuel pellet but still with a flat temperature profile. The relative difference between the asymptotic
and the RSM results is computed for all of the 6064 UFEML energy groups. The results are plotted in
Figure 2-6 for both the 8 wt% reactor-recycle MOX and the 5 wt% UO; pin cells. For the majority of the
energy groups the difference is relatively small, but for some groups, near the resonances, very large
differences arise. For the single region model, and around the 36 eV resonance of U-238 (third resonance),
the group-wise difference can exceed 50% for the MOX and UO, fuels. When the pellet is discretized into
multiple regions, the difference is even larger and can go beyond 100% in some middle rings, again at the
same energy groups around the third resonance of U-238. Though not shown in any of the figures, the same
effect of large differences was obtained when a temperature profile is used in the pin cell modeling. As
expected, Figure 2-6 shows significant deviations in the resonance range. It also shows that the deviations
are not all in the same direction (i.e., there are positive and negative differences), which explains the
moderate magnitude of the differences obtained for the k.q eigenvalues. Indeed, had all the deviations been
in the same direction, the difference in reactivity would have been larger. Another important fact seen in
Figure 2-6 is the disparities at high energy, which are attributed to the anisotropy model in the RSM module
(see Ref. [45] for more explanation).

The gadolinia pin cell results in Figure 2-6 pertain to one of the pins in the case of the assembly that contains
gadolinium. This pin was modeled with ten equal-volume rings and a constant temperature of 1200 K. For
the high energy and the resonance ranges, the same trend is observed in the flux differences, in both
magnitude and direction. However, in the thermal range, in contrast to the pure fuel pin results, large
differences are observed for pins of this type. Another remarkable characteristic of this gadolinia case is
that the difference is almost constant across the rings, while for pure fuel, the differences tend to be low at
the periphery and high from the mid-thickness to the center of the pin. This is probably an artifact of the
transport property of the thermal versus epithermal neutrons as they migrate from one region to another in
a way that depends on their respective mean free paths.

In Ref. [45], more cases are studied including new fuel concepts and the impact of RSM on the depleted
fuel. The above results show a large impact of the RSM on micro-energy groups fluxes because the
resonance scattering cross-section amplifies the upscattering phenomenon. However, the impact on the
global parameters such as reactivity or total reaction rate is not as large as the differences seen at a micro
level because of compensatory effects.

WCAP-18443-NP October 2019
Revision 0



Westinghouse Non-Proprietary Class 3 2-15
20 T T T T T 40 T T T T T
10F 20
g A0k g 20F
= =
2 El
Tl 2t T e
¥l st ¥l s} - : ::::; p
af . ol ST
: "% e
50 «100 : 2 :g:lgg -
] = = = ring 10
- . . . . . » . . . . .
1071° 10 0% 10* 102 10° 10? 1010 10 10% 10* 102 10° 10?
Neutron Energy (MeV) Neutron Energy (MeV)
(a) UOz2 pin cell with one fuel region (b) UO; pin cell with ten regions in the fuel
20 40
0r 20
of ol
® -0f ®
3| 1l
? g 20 ? ?_ 40 [
2 [%n 2 [Rs
¢ ¢
% -30 % -80 -
ol ] ol
S0 100 ) . s
B -2 :’?‘m
-60 L = ! L + 120 L L . + + =
10710 10 10% 10% 102 10° 102 10710 10 10 10% 102 10° 102
Neutron Energy (MeV) Neutron Energy (MeV)
(c) MOX pin cell with one fuel region (d) MOX pin cell with ten regions in the fuel
100 T T T T T
50 p
SN ]
3
i
£ sl ]
<
-100 - B
150 . , . . :
10710 10° 10 10+ 10 10° 10?
Neutron Energy (MeV)
(e) Flux differences in a pin cell with gadolinia
Figure 2-6: Comparison of Asymptotic and RSM multi-group fluxes
(Energies shown on the x-axis are the middle point of the UFEML group structure)
WCAP-18443-NP October 2019

Revision 0



Westinghouse Non-Proprietary Class 3 2-16

2.3  PARAGON2 THEORY - AN OVERVIEW

This section is to provide a brief overview into the PARAGON2 modules. PARAGON?2 uses the same flux
solver, depletion solver and leakage correction model as PARAGON. These modules are described in
Ref. [41], but for the sake of completeness, the description of these modules are repeated in this section.

2.3.1 Theory of PARAGON2 Modules
2.3.1.1 Flux Calculation Module

The neutron (or gamma) flux, obtained from the solution of the transport equation, is a function of three
variables: energy, space and angle. For the energy variable, PARAGON?2 uses the multi-group method
where the flux is integrated over the energy groups. For the spatial variable, the assembly is subdivided into
anumber of sub-domains or cells and the integral transport equation is solved in the cells using the collision
probability method. The cells of the assembly are coupled using the interface current technique (Ref. [40]).
At the interface, the solid angle is discretized into a set of cones (Refs. [39] and [40]) where the surface
fluxes are assumed to be constant over each angular cone. PARAGON?2 has been written in a general way
so that the cell coupling order is limited only by the computer memory. The collision probability method is
based on the flat-flux assumption, which will require subdividing the cells into smaller zones. Thus, for
each cell in the assembly, the system of equations to be solved is given by the discretized one energy-group
transport equation:

(69 = PLJ7 + Y59
! ]f = Psgs]g + Psgvﬁ)
Jg = BIJ]
Where for an energy group g (neutron or photon):

e $9 is the volume flux for the spatial grid,

. ]_f are the angular moments of the currents at cells interfaces,

e P PI,PJ and PJ, are the escape, transmission, first flight, and surface to volume collision
probabilities,

o BY isthe albedo boundary condition matrix at the external surfaces and

e 59 isthe spatial vector source.

The solution of the above algebraic system of equations over the entire assembly is obtained by the response
heterogeneous matrix method, which uses current-flux iterations (Refs. [40] and [55]). The details
describing this module can be found in Refs. [39], [40], and [41].

2.3.1.2 Homogenization Module

The next step in PARAGON?2 calculation after the flux solution is the leakage correction. The purpose of
this module is to compute the multi-group diffusion coefficients and the multi-group critical flux (spectrum)
for the entire homogenized assembly (or parts of the assembly, like baffle/reflector regions). The same B,
theory used in PARAGON is also used in PARAGON2. The critical flux is obtained by solving the
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fundamental mode of the transport equation. This theory is described in Ref. [41] and will not be repeated
here.

For each energy group, the micro-region fluxes are corrected by the ratio of the fundamental mode fluxes
and the assembly averaged fluxes to get the final micro-region critical fluxes.

The second model of PARAGON (Ref. [41]) to compute the critical flux has also been maintained in
PARAGON?2. In this model, the neutron source is modified by adding an artificial absorption cross-section
DgB2 in each micro-region of the assembly. In this case, the diffusion coefficients are first computed by
using the previous model. In case of fuel assemblies, the two models are comparable. The second model is
mainly used in the case of critical experiments for which a measured buckling (B?) is usually available.

2.3.1.3 Depletion Module

The assembly composition changes following neutron irradiation are obtained by calculating the isotopic
depletion and buildup in the heterogeneous geometry, using an effective one-group collapsed flux and cross-
sections. PARAGON?2 uses the same solver and method as PARAGON (Ref. [41]), including the predictor-
corrector technique.

The code detects automatically the regions to be depleted, but the user has the option to hold any region in
the assembly as non-depletable. For the boron depletion, the user has a choice of depleting it according to
a letdown curve that is provided through the input or exponentially (i.e. depletion chain). Note that gamma
heating is taken into account in the evaluation of the flux level during the burnup depletion using the same
approach as in PARAGON.

The development of PARAGON2 took advantage of the new evaluated data of the elements in
ENDEF/B-VII (actinides, fission products, burnable absorber materials, etc.) to improve the core depletion
predictions. |

] a,c

An additional change introduced in PARAGON?2 is the energy dependent fission product yields. An
effective yield is generated inside PARAGON?2 to perform the depletion using isotopic energy-dependent
yields directly obtained from the ENDF/B-VII basic nuclear data. For PWR applications, this has little
effect compared to the old method that is based on an average yield (i.e. energy independent). Another
important change is [ |

These newly adopted depletion chains were benchmarked with even more detailed chains |

]*¢. Since PARAGON?2 is using a large number of energy groups
and the assembly modeling can employ a detailed representation of the fuel pins (multi-rings), the usage of
the optimal depletion chains was paramount to achieve acceptable running times. Any more complex or
detailed depletion chains would not contribute to the accuracy of the results.

2.3.1.4 Other Modeling Capabilities

PARAGON?2 maintained other important modeling capabilities for core design applications with changes
in fuel temperature as described in the following section.
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2.3.1.4.1 Photon Transport Calculation

PARAGON? uses the same theory and module of PARAGON for the coupled Neutron-Photon transport
calculation [35]. The photon transport calculation is carried out using 97 energy groups coupled with the
gamma production from neutron captures computed using 6064 neutron energy groups. The gamma source
includes prompt fission gamma and gamma rays from other neutron reactions such as capture, inelastic
scattering, (n,a), etc. if the necessary data are available in the basic evaluation nuclear data file
(ENDF/B-VII or others). | 1€

PARAGON?2 computes [
1*¢. The gamma heats are generated in the user defined detailed geometry.

2.3.1.4.2 Temperature Model

Through the input, PARAGON is provided with |
1*¢. The user can provide [
]a,c'

Different sets of these tables form different “media” that are later assigned to different zones of different
cells in the assembly model. Same table can also be used by PARAGON2. However, since PARAGON2
[

1*¢. The two approaches are equivalent
and can be used in design.

2.3.1.4.3 Doppler Branch Calculation

As was approved by the NRC for use in the PARAGON code (Ref. [41]), a doppler branch calculation
capability has been built into PARAGON2. This capability permits fuel temperature variations to be
modeled while keeping all other parameters constant. Results of these calculations are used to generate
changes [ ]*¢, which
are passed to the core models to capture Doppler effects. |

]a,c.
2.3.1.4.4 Thermal Expansion

A model to expand the radii of the cylindrical region has been implemented in PARAGON?2. [

]*¢ The code uses this
capability mainly in the case of the Doppler branch calculation. It also has a flag to turn it on in any
calculation step.

2.3.1.45 Interface Module

PARAGON? has the flexibility of printing many types of micro- and macro-based physics parameters.
Hence, the user can request to edit the fluxes, partial currents, surface fluxes, different reaction rates,
isotopic distribution etc. The editing could be done for micro-regions, for an average over a cell, for an
average over a group of cells, and/or for any number of energy groups (i.e. the code can collapse to any
number of groups for editing).
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PARAGON? uses files to store the data needed for core calculations. Those files are processed by other
codes used for core modeling and analysis.

2.3.1.4.6 Reflector Modeling

PARAGON?2 generates the reflector constants using a |

] a,c
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3 CRITICAL EXPERIMENTS AND ISOTOPICS MEASUREMENTS
3.1  CRITICAL EXPERIMENTS
3.1.1 Integral Experiments

The purpose of the designated integral critical experiments is to assess the PARAGON?2 predictions of fine
neutronics parameters such as resonance integrals, radial profile distribution of reactions rates, and radial
distribution of the isotopic concentrations for burned fuel and permit the use of PARAGON?2 in such
calculations. The prediction of reactivity as a function of uranium enrichment and geometrical data will
also be assessed using these types of experiments. As appropriate, PARAGON?2 with cross-section libraries
using either the resonance scattering model or asymptotic model will be used in these analyses to contrast
the differences of these two physics models.

3.1.1.1 Helistrand’s Experiments — U-238 Resonance Integrals
Description of the experiments

The Hellstrand’s experiments for measuring U-238 resonance integral (RI) were performed in a Swedish
heavy water reactor. Fuel rods of uranium metal or uranium oxide were placed in a cadmium-covered oven
and irradiated in the central channel of the reactor. Additional details on these experiments are described in
Refs. [11]-[13]. The main neutron reaction is neutron capture in U-238 that transmutes into Np-239. The
activity of Np-239 is proportional to the neutron capture of U-238. The samples of the original experiments
include uranium metal and oxide (UO,). The capture rate measured by the experiment is primarily in the
resonance energy range. The RI, which is the U-238 capture rate, needs to be normalized for comparison
among different sample temperatures. The measured epithermal flux outside the sample was used to
normalize the RI to the unit epithermal flux. The detailed information of the reactor core is not important
in evaluating the resonance integrals, because the idea of the experiment was to create a 1/E spectrum
outside of the sample. The amplitude of the flux that relates to the core configuration is not important
because RI is normalized to the unit 1/E epithermal flux.

PARAGON?2 Modeling description

In Ref. [21], a simplified model that mimics the 1/E flux surrounding the fuel sample was developed. This
same model is also adopted in this study. Thus, a 2D 3x3 array of assembly blocks (with 7x7 pins per
assembly) are modeled in PARAGON2. The center block contains the fuel cell sample and the other cells
of this block are moderator cells (without fuel). The flux in this moderator of this central region is used for
normalization of the reaction rate as suggested in Ref. [21]. Both uranium metal and oxide samples are
modeled using heavy water as the moderator. As suggested in Refs. [11]-[13] and [21], the energy domain
for the epithermal capture U-238 reaction rates is chosen to be between 0.39 eV and 110 keV.
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Results

The temperature coefficients were simulated for the sample radius of 0.4 cm for both uranium oxide and
metal. Fuel temperatures were varied from 300 to 1500 K. The following formulas from Ref. [13] were
used to compute the Hellstrand experimental resonance integral values:

Oxide: RI = RIp[1+ 0.00824(VT — |/Tp)]
Metal: RI=RIp[1+ 0.00642(VT —/T,)]

Where, Rl is the U-238 resonance integral for fuel temperature T and Rl is the corresponding value for the
temperature T, = 300 K.

Figure 3-1 and Figure 3-2 show the U-238 predicted PARAGON?2 resonance integrals compared to the
Hellstrand experimental values. PARAGON2 results using the RSM demonstrate good agreement with the
experiments. Using RSM, PARAGON?2 coefficient values are |

€. As
expected, the asymptotic results show deviation from the experiment as the fuel temperature increases. The
good agreements, of PARAGON?2 with experiment, show the importance of the resonance scattering model
and the fine energy mesh in predicting the temperature coefficients and Doppler Effect.

The uranium metal results show larger deviations compared to the oxide case. This discrepancy is most
likely attributed to the inaccuracy of the measurement as explained in Ref. [12].

Refs. [11]-[13] contain also the absolute U-238 resonance integral correlated to the /S/M, where S/M is
the surface to mass ratio of the fuel pellet in cm?/g. The experimental correlations are given by the
following formulas:

Oxide: RI(barns) = 4.15 + 26.6,/S/M
Metal: RI(barns) = 2.95 + 25.8,/S/M

Note that the equation for the metal case has been obtained from Ref. [12]. This formulation is a correction
of the one published in Ref. [11] and it has been obtained after conduction of new more precise experiments.

PARAGON2 with RSM was used to model different fuel rod sizes. The experiment fuel temperature is
assumed to be 300 K. Figure 3-3 and Figure 3-4 show the comparison of PARAGON?2 results against the
experiments for both oxide and metal fuels. Good agreement between experimental values and PARAGON?2
predicted values is seen in these figures. [

] a,c

This analysis provides a proof that PARAGON?2 does predict accurately the resonance integral for all fuel
rod sizes and for heavy fuel density (such as metal fuel).
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— =] abc
Figure 3-1: Temperature Coefficient of the U-238 Resonance Integral — Uranium Oxide
— = abc
Figure 3-2: Temperature Coefficient of the U-238 Resonance Integral — Uranium Metal
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Figure 3-3: Resonance Integral — Uranium Oxide

Figure 3-4: Resonance Integral — Uranium Metal
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3.1.1.2 Radial U-238 Resonance Capture Distribution
Description of the experiment

The relative U-238 resonance neutron capture per atom was measured for cylindrical, 0.387 in. diameter
rods of uranium metal, UO, (density 10.5 g/cm®) and U-Zr alloy (74.9 wt% U, 25.1 wt% Zr) placed in a
water hole in the TRX critical facility. In all cases, the uranium was enriched to 1.3 wt% U-235. The density
of U-238 atoms in each alloy was the same as in the UO, fuel. The measurement techniques are similar to
the ones used in Hellstrand’s experiments including measurement for the radial distribution of the U-238
resonance capture. The experiments and results are described in Ref. [51].

PARAGON?2 modeling description

The references available for this experiment have little information for purpose of developing a detailed
model. Therefore, a single pin cell was modeled in PARAGON?2. Since the geometry of the TRX experiment
is hexagonal, and PARAGON?2 cannot model this geometry, the square cell modeled is developed by
preserving the fuel to moderator ratio. Small volume rings are used at the measurement points to simulate
the foils used in the experiments.

Results

Figure 3-5, Figure 3-6, and Figure 3-7 provide the comparison between the measured relative U-238 capture
resonance reaction rates for UO,, uranium metal and U-Zr fuel pellets. These figures show good
PARAGON? predictions of the radial reaction rates distributions for all fuel types. The consistency of the
results, across all fuel types, confirms the accuracy of PARAGON2 UFEML to predict detailed micro
reaction rates. [

] a,c
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— =] abc
Figure 3-5: U-238 Spatial Distribution of the Resonance Capture in UO; Pellet
— = ab,c
Figure 3-6: U-238 Spatial Distribution of the Resonance Capture in U-metal Pellet
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ab,c

Figure 3-7: U-238 Spatial Distribution of the Resonance Capture in U-Zr Alloy
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3.1.1.3 CRIEPI-Experiment: Isotopics and Burnup Radial Distributions
Post Irradiation Examinations Description

To assess PARAGON?2 predictions of the radial distributions of the burnup and actinides concentrations
(uranium and plutonium isotopes) within the pellet, the PIE experiments, described in Refs. [23] and [49],
were considered. The discharge average burnup of the UO; sample in this experiment is ~74.5 GWd/t and
the burnup of the peripheral region was estimated at about 150 GWd/t.

The same pin cell model used in Ref. [23] is used here to compute the radial distribution of the burnup and

isotopic concentrations. However, | ]*¢ within the pellet,
is used to better simulate the profile variations of different parameters. The pin cell was depleted up to the
discharge burnup. | 1€
Results

In Figure 3-8, the spatial burnup distribution obtained with PARAGON?2 is compared to PIE measurements
reported in Ref. [49]. PARAGON?2 predicts accurately the measured burnup including the peak at the pellet
periphery. Figure 3-9 and Figure 3-10 show the uranium (U) and the plutonium (Pu) spatial concentrations,
respectively, within the pellet. The uranium concentration decreases rapidly in the peripheral region. In
response to the decrease in the uranium, the plutonium concentration increases rapidly in the peripheral
region. PARAGON2 does predict accurately the profile variations of these actinides.
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Figure 3-8: UO; Pellet Radial Burnup Distribution

Figure 3-9: Radial Uranium Concentration Distribution in UO, Pellet
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Figure 3-10: Radial Plutonium Concentration Distribution in UO, Pellet
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3.1.1.4 Strawbridge-Barry Critical Experiments
Description of the experiments

The Strawbridge and Barry critical experiment contains 101 uniform, light water lattices. These
experiments contain 40 uranium oxide and 61 uranium metal cold clean experiments (Ref. [54]). These
critical experiments have historically been included in Westinghouse code qualifications since they cover a
wide range of lattice parameters and therefore provide a severe test for the lattice code to predict reactivities
accurately over a broad range of conditions.

Since the Strawbridge-Barry critical experiments are uniform lattices for which experimental bucklings
have been reported, these experiments have been treated as single pin cells in PARAGON?2. The ranges of
lattice parameters covered by these experiments are:

Enrichment (w/o U-235) :  1.04 to 4.069
Boron concentration (ppm): 0 to 3392
Water to uranium ratio: 1.0 to 11.96
Pellet diameter (cm):  0.44 to 2.35
Lattice pitch (cm): 0.95 to 4.95
Clad material: none, aluminum, stainless steel
Lattice type: square, hexagonal
Fuel density (g/cm3): 7.5to 18.9

Since the current version of PARAGON2 does not model hexagonal fuel, the hexagonal pin cells were
replaced by equivalent square pin cells that preserve area of the moderator.

Results

A summary of the results is shown in Table 3-1. This table shows reactivity predictions for various
groupings of the experiments. The comparison is done between experimental data (ke values) and Monte
Carlo results (MCNP kinr values). Of interest is the result for all UO, experiments. The mean ks for these
forty experiments is [ ]*¢. The mean ke for all experiments
was | 1*¢. As for the comparison with Monte Carlo, the two
codes give almost the same results with a mean delta Kinr of [

1*¢. Figure 3-11 through Figure 3-14 show the PARAGON?2 results as a function of water to uranium
ratio, enrichment, pellet diameter, experimental buckling, and soluble boron concentration (seven criticals
had soluble boron). The results in these figures show excellent performance for PARAGON?2 over the entire
range of each parameter with no significant bias or trends for any lattice parameter. The comparisons to
MCNP (Ref. [58]) show that PARAGON?2 is equivalent to continuous energy Monte Carlo solution for all
fuel types.
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Table 3-1: Strawbridge-Barry Critical Experiment Data vs. PARAGON2 Predictions

Figure 3-11: Strawbridge-Barry Critical Experiment: PARAGON?2 Prediction vs. Lattice Water to
Uranium Ratio
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a,b,c

Figure 3-12: Strawbridge-Barry Critical Experiments: PARAGON2 Prediction vs. Fuel
Enrichment

Figure 3-13: Strawbridge-Barry Critical Experiments: PARAGON?2 Prediction vs. Pellet Diameter
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ab,c

Figure 3-14: Strawbridge-Barry Critical Experiments: PARAGON?2 Prediction vs. Experimental
Buckling
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3.1.2 Critical Experiments
3.1.2.1 Babcock & Wilcox Spatial Criticals

A large physics verification program sponsored by USAEC and B&W was conducted at B&W’s Lynchburg
Research Center during the 1970’s. These criticals provide reactivity and power distribution measurements
for typical PWR lattices at cold conditions for various configurations of fuel rods, guide thimbles, and
several different burnable absorbers [28] and [30].

Since PARAGON?2 can handle large problems, these criticals were modeled directly in PARAGON2. For
each critical, the PARAGON?2 kinr was compared to the kinr calculated by the Monte Carlo code MCNP for
the same configuration. Both codes use the same basic cross-section library based on ENDF/B-VII for all
calculations in this report. In addition, the axial buckling provided in the references was used with the
PARAGON? reactivity result to calculate k.. Details for each configuration are provided in the references.

Table 3-2 presents the PARAGON2 and MCNP results for B&W Core XI for loadings 1 through 9. Core XI
contained low enriched uranium clad in aluminum in a 15x15 lattice. For each of the nine loadings, Table
3-2 shows the number of fuel rods, water rods and Pyrex burnable absorbers, the MCNP calculated ki,r and
standard deviation, the PARAGON?2 calculated kins, and the PARAGON?2 k.s calculated using the axial
buckling. The mean PARAGON?2 kinr for the nine configurations was [

]*¢, which is within | ]*¢ of the mean MCNP Kkiyr of |

]*¢. The mean PARAGON2 ke was | ]*¢ . Power
distributions for three of these criticals are shown in Figure 3-15 (loading 2), Figure 3-16 (loading 6), and
Figure 3-17 (loading 9). The results shown in these figures demonstrate that the predicted PARAGON2
power distribution agrees very well with measurement with the average difference being about [ 1.

Table 3-3, Table 3-4, Table 3-5, and Table 3-6 present PARAGON?2 results for B&W cores with gadolinia
rods and with and without control rods. Table 3-3 shows results for cores with the number of gadolinia rods,
varying from 0 to 36 in 15x15 lattices of 2.46 wt% enriched fuel. Table 3-4 shows results from the same
cores in the presence of B4C control rods. Table 3-5 shows results from cores with varying number of
gadolinia rods (0 to 36) with and without control rods in 15x15 lattices of 4.02 wt% enriched fuel. Table
3-6 simulates a CE 16x16 lattice with 2x2 water rods with 4.02 wt% enriched fuel and from 0 to 32 gadolinia
rods. As in the B&W Pyrex experiments shown in Table 3-2, MCNP was run for all configurations for Kiar
comparisons to PARAGON2. The maximum difference between the mean MCNP and PARAGON2 kinr
values for these tables is | 1*¢. The mean PARAGON?2 ke varies from critical by [
]*¢. The standard deviations are all below | 1.

Comparisons of measured and PARAGON?2 predicted power distributions for three of these experiments
are provided in Figure 3-18 (Core 5, 28 gadolinia rods), Figure 3-19 (Core 12, no gadolinia rods), and
Figure 3-20 (Core 14, 28 gadolinia rods). As with the Pyrex cores, the power distributions of these cores
were very well predicted by PARAGON?2 with the mean measured to predicted rod power difference being
[ ]1*¢ for all three-core configurations.
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The reactivity results for all twenty-nine B&W critical experiments were very good with a mean keg of

[ 1*¢. The average difference between the measured and
PARAGON?2 power distribution for the six experiments shown in Figure 3-15 through Figure 3-20 was
[ I

Table 3-2: Results for B&W Core X1 with Pyrex Rods

_ Table 3-3: Results for B&W Cores with 2.46 wt% U-235 and Gadolinia Rods
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Table 3-4: Results from B&W Cores with 2.46 wt% U-235, Gadolinia Rods, and Control Rods

Table 3-5: Results from B&W Cores with 4.02 wt% U-235, Gadolinia Rods, and Control Rods

_ Table 3-6: Results from B&W Cores with 4.02 wt% U-235, CE 16x16 Lattice with 2x2 Water Rods _
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Figure 3-15: B&W Critical Experiments: Core XI, Loading 2 Center Assembly Rod Power
Distribution
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Figure 3-16: B&W Critical Experiments: Core XI, Loading 6 Center Assembly Rod Power
Distribution
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Figure 3-17: B&W Critical Experiments: Core XI, Loading 9 Center Assembly Rod Power
Distribution
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Figure 3-18: B&W Critical Experiments: Core 5, 28 Gadolinia Rods Center Assembly Rod Power
Distribution
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Figure 3-19: B&W Critical Experiments: Core 12, No Gadolinia Rods Center Assembly Rod Power
Distribution
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Figure 3-20: B&W Critical Experiments: Core 14, 28 Gadolinia Rods Center Assembly Rod Power
Distribution
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3.1.2.2 KRITZ High-Temperature Critical Experiments

The KRITZ high-temperature critical experiments series (Ref. [47]) provide critical benchmark data for
uranium-fueled, water moderated lattices at high temperatures. These experiments were run at temperatures
up to 519 K covering temperatures close to the range used in light water reactor cores. The details of the
experiments are provided in Ref. [47]. Twelve KRITZ experiments were modeled in PARAGON2. The
modeled experiments included two lattice configurations (39x39 and 46x46) over a temperature range from
314.4 to 519.0 K with boron concentrations from essentially zero to 175 ppm. The axial bucklings provided
in the reference were used to calculate kes. Table 3-7 summarizes the results of the PARAGON?2 calculations
for these critical experiments. For each experiment, the table shows the lattice configuration, the soluble
boron concentration, the water temperature, the axial buckling used to determine kesr, and the PARAGON2
calculated kes. The mean ke for all twelve experiments was |

1*¢. The very small standard deviation shows that PARAGON?2 predicts very consistently across
the large temperature range of these experiments within the accepted deviations. MCNP was run for all
configurations for ki,r comparisons to PARAGON?2. The average difference between the mean MCNP and
PARAGON? kinr values for these critical experiments is [ 1.

Table 3-7: PARAGON?2 Results for KRITZ Experiments
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3.1.2.3 MOX Critical Experiments
3.1.23.1 KRITZ-2 Experiment

The KRITZ data also contains an experiment with MOX fuel: KRITZ-2:19. The objective of the KRITZ-
2:19 experiment was to attain criticality of a rectangular array of mixed oxide Zircaloy-2-clad fuel rods in
light water by regulating the concentration of boron in the water and by adjusting the water level. Criticality
was achieved at isothermal conditions at room temperature (294.3 K) (cold experiment) and at elevated
temperature (509.1 K) (hot experiment). The configuration of these experiments is an array of 25x24 rods
with a pitch of 1.81 cm. The fuel used was composed of 0.16 wt% U-235 uranium enriched and 1.5 wt%
PuO; of total plutonium. The plutonium composition vector and other details of these experiments are
obtained from Refs. [52] and [53].

The cold and hot experiments were modeled in PARAGON?2 using the full radial 2D experimental
configurations. An equivalent 2D MCNP model was also developed for reactivity comparison. The absolute
differences in kiyr between the two codes are | 1 for respectively cold and hot
experiments. Figure 3-21 shows fission reaction rates comparison between the measurement and
PARAGON? predictions for both hot and cold cases. The standard deviations of these differences are
| 1*¢ for cold and hot experiments, respectively. These differences are within the maximum
2¢ errors of the experiments (10 is estimated to be [ 1*). The large differences in Figure 3-21 are
obtained at peripheral pins where the power is low. |

] a,c

Figure 3-21: KRITZ 2:19 Critical Experiment: Relative Fission Rate Differences of Measurement
and PARAGON?2
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3.1.2.3.2 VENUS-2 Critical Experiment

The VENUS critical facility is a PWR mock-up *“zero power” critical reactor located at SCK-CEN in
Belgium (Ref. [25]). The central part of the VENUS-2 MOX core consists of UO; fuel pins with MOX fuel
pins loaded on the periphery of the core. The VENUS-2 core consists of twelve “15x15” subassemblies
with a pitch of 1.26 cm and a full core height of 50 cm. Each of the four central assemblies contains 3.3
wt% U-235 enriched UO; fuel pins and 10 Pyrex pins. The 8 peripheral assemblies contain both UO, and
MOX fuel, with the 7 internal rows containing 4.0 wt% U-235 enriched UO; and the 8 external pins
containing MOX fuel (UO>-PuO») enriched with 2.0 wt% in U-235 and 2.7 wt% in high-grade plutonium
with the major plutonium isotopes. The VENUS-2 experimental data contain fission rates for 121 of the
325 fuel rods in 1/8th of the core. These 121 pins consist of 41 pins with 3.3 wt% UQ,, 35 pins with 4.0
wt%, and 45 pins with 2.0/2.7 wt% MOX.

VENUS-2 two-dimensional full core was modeled directly in PARAGON2. The PARAGON2 kinr was
compared to the kir calculated by the Monte Carlo code MCNP for the same configuration. In addition, the
axial buckling provided in the references was used with the PARAGON?2 reactivity result to calculate kefr.
Details of the experiment are provided in Ref. [25].

The PARAGON?2 ke obtained is [ 1*¢, which is in a good agreement with the experiment.
PARAGON2 ki is close to MCNP value. The difference in ki,r between MCNP and PARAGON?2 is
[ 1™ 1

]a,c

Figure 3-22 shows the pin fission reaction rates distribution in 1/8th of the core. Table 3-8 summarizes the
relative differences between measured (M) and PARAGON2 (P) computed fission reaction rates,
(M/P-1) (%), for the full core and different fuel assembly types. Table 3-8 shows also the comparison for
the whole core and for the measured locations (pins) only. The non-measured values (204 pins) in the whole
core were obtained by interpolations (Ref. [25]). The uncertainty of the measured data is | 1*€in UO,
and | 1*¢ in MOX pins. The standard deviation for individual fuel assembly types is small and within
a maximum of [ 1 (especially if only measured locations are considered). The standard deviation
for the whole core is slightly larger and the maximum absolute error is within | 1€ (or | |
for measured pins only). The standard deviations of all the differences are within 1o or 2¢ of the
measurement uncertainties. | |

In Table 3-8, the averages of the differences for individual assemblies show an over-prediction of MOX
rods (periphery) and an under-prediction in the UO; rods (a slight tilt). This trend is also clearly visible in
Figure 3-22, where M-P is using global normalization. This same trend in predictions is also observed in
the aggregate simulation results obtained by different codes and libraries presented in Ref. [25]. Overall
PARAGON?2 results are very similar to other deterministic and Monte Carlo codes results described in Refs.
[1] and [25] especially the codes using same cross-sections library ENDF/B-VII. The average deviation in
Table 3-8 corresponds to the average deviation about the mean.
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Table 3-8: VENUS-2 Experiment: Results of Fission Reaction Rates between Measurement and
PARAGON2

Figure 3-22: VENUS-2 Experiment: Fission Reaction Rate Difference between Measurement and
PARAGON2
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3.1.2.4 NCA Critical Experiments

Toshiba NCA [3] is a tank type light water moderated nuclear facility that is operated at room temperature
and at atmospheric pressure. Water is normally filled in the core tank at the room temperature. The level of
the water is adjusted to achieve the criticality of the core. There are two main regions in the core of the
tank: a driver region which is normally built with fuel rods with 2 wt% enrichment and a test region (where
measurement is done) which is configured according to the experiments needs. The details of the facility
are given in Ref. [3].

Five configurations (Core-1 to Core-5) were designed to mimic current commercial cores in operation. For
all the experiments, the rods are arranged in a square geometry with a pitch of 1.52 cm. All the fuel pellets
used have a radius of 0.50 cm. The cladding for the fuel rods is made of Aluminum with an external radius
0f 0.59 cm and a thickness of 0.08 cm. The uranium enrichment used in these experiments ranges between
2 wt% and 4.9 wt%. Tungsten rods and gadolinium burnable absorber rods were also used. Core-4 and
Core-5 simulates the hot full power PWR operating conditions by using 1000 ppm of boron and polystyrene
blocks. Figure 3-23 shows, in details, the layout of different cores. Full descriptions of these experiments
are provided in Refs. [42] and [57].

It is important to note that the fission rates have been measured multiple times to reduce the measurement
uncertainties. It was found that the (delta) standard deviation of the repeatability of the measurements is
[ 1*¢, which is taken as the uncertainty on the measured fission rate values. In addition, for
reactivity measurement (critical mass), the repeatability of water height is within ~+4mm. Therefore, the
uncertainty is roughly estimated to be within [ 1<

All five experiments were modeled using PARAGON2 and MCNP codes. Both 3D and 2D MCNP models
were considered. The 3D results were used to confirm the accuracy of the cross-section data and as a
benchmark of the experiment. These results are described in Refs. [42] and [57]. In Table 3-9, PARAGON2
predictions are compared to the equivalent 2D MCNP. Ref. [42] describes in detail these simulations. The
results show good reactivity agreement between continuous energy Monte Carlo and PARAGON?2. All the
tungsten rodded cases (Core-1, Core-2, and Core-3) seem to be well predicted. |

] a,c

For pin power distribution, the comparison of PARAGON?2 fission rates predictions to the experimental
data is displayed case-by-case in Figure 3-24. For all the cores, all the differences are below two-standard
deviations of the experimental errors (20). |

]*¢ The Root Mean Square (RMS) of the differences ranges
from [ 1*¢ (Core-1) to | 1*¢ (Core-3) indicating an overall good fission rates prediction of
PARAGON?2 calculations. Detailed statistical comparisons are reported in Ref. [42], where it was concluded
that all the statistical tests indicate that overall PARAGON?2 results are very similar to measured data. It is
important to point out that the location of the maximum power is well predicted by PARAGON?2 in all
cases.

WCAP-18443-NP October 2019
Revision 0



Westinghouse Non-Proprietary Class 3 3-29

Table 3-9: NCA Experiments: Reactivity Differences between 2D MCNP and PARAGON?2

ab,c

Core-1 Experiment Core-2 Experiment

Core-3 Experiment Core-4 Experiment

Fuel 2wt% enrichment

Fuel 3wt% enrichment

Fuel 3.9wt% enrichment

Fuel 4.9wt% enrichment

Fuel 2wt% uranium & 5wt% Gadolinium enrichment
Water hole cell
Stainless Steel cell

CeII with Tungsten rods

CeII with polystyrene

Core-5 Experiment

Figure 3-23: NCA Experiments: Core Configurations
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Figure 3-24: NCA Experiments: Comparison of Measured vs. PARAGON?2 Predicted Pin Fission Rates
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3.1.25 Critical Experiments with Erbia-Urania Fuel

In 1991, CE performed a series of critical experiments at the RPI RCF in order to measure and compare
predicted values of different parameters, including local power distributions of importance herein for lattice
configurations similar to a standard 16x16 CE fuel design, but with Erbia-Urania fuel. At the center of the
experimental cores was a 16x16 array of CE fuel, surrounded by a fixed driver region of SPERT (Special
Power Excursion Reactor Test) fuel and by a large water reflector. While the driver geometry remained
fixed, the number of Erbia pins in the central 16x16 array was varied to accommodate a range of erbium
loadings, where the cores are identified by the number of Erbia pins and the total number of all pins: 00/468,
20/468, 44/468, 56/468. The CE fuel was of pitch 1.29 cm and consisted of UO; fuel rods enriched to 3.65
wt% and UO»-Er,0s fuel rods of 1.5 wt% Erbia which slightly displaced some of the urania. The SPERT
fuel was of pitch 1.71 cm and consisted of UO; enriched to 4.8 wt% and clad in 304 stainless steel (SS).
Refs. [10] and [26] provide further detail on the experimental configurations.

The four experiments were modeled as a full 2D quarter core in PARAGON2. The central region with CE
fuel is represented exactly as described in Ref. [26], |

] a,c

An equivalent 2D MCNP model was created to benchmark PARAGON?2 reactivity. The maximum absolute
difference in kinr between MCNP and PARAGON? results is [ 1> (obtained for 44/468 case).
This difference is within the delta range seen in other critical experiments (Monte Carlo runs have lc
standard deviation of | 1*9).

The main purpose of this benchmark is to compare the PARAGON?2 predicted pin power distribution against
the measurements. Figure 3-25 through Figure 3-28 show the measured minus predicted differences in
percent relative to prediction [(Measured — Predicted)/Predicted] for all four configurations. The root mean
square for all these cores varies between | ]*¢ and is within the measurements uncertainty.
The absolute maximum differences vary between | ]*¢. The largest difference is seen in
case 20/468 and it occurs at the center of the core. Similar differences and trends were also obtained with
the licensed code used in Ref. [26], including for the case 20/468.

The differences obtained for measured pin power distribution and for reactivity comparison against Monte
Carlo show that PARAGON2 can accurately predict the fuel with Erbium burnable absorbers.
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ab,c
- Figure 3-25: CE-RPI Experiments: Power Distribution Comparison for Core 00/468 -
E— = ab,c
_ Figure 3-26: CE-RPI Experiments: Power Distribution Comparison for Core 20/468
ab,c
Figure 3-27: CE-RPI Experiments: Power Distribution Comparison for Core 44/468
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Figure 3-28: CE-RPI Experiments: Power Distribution Comparison for Core 56/468
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3.2  ISOTOPICS DATA

The depletion capability of PARAGON2 will be assessed in this section by modeling several PIE
benchmarks. Benchmarks were selected based on several criteria:

Coverage of a wide range of burnup,

coverage of multiple fuel lattice and reactor designs,

coverage of a wide range of enrichment,

samples with more detailed experimental data (not only a single or few isotopes), and
available input data for ease of modeling.

ISANE R A

PIE benchmarks chosen for this work contain isotopic concentration data for samples from small segments
of fuel rods in assemblies from past operation at the Gosgen-1, TMI-1, Calvert Cliffs-1, Turkey Point-3,
and Vandellos-2 plants. These rods are at various enrichments, measured burnup, are from various fuel
lattice designs and have undergone different exposure conditions (burnable absorbers, etc.). Table 3-10
summarizes the features of the selected benchmarks.

Table 3-10: Summary of Sample Characteristics

U-235 Discharge

Enrichment Burnup Lattice

Plant Sample (Wt%) (GWD/MTU) | Type

Gosgen-1 GU1 3.500 59.66 15x15
Al 45.90
Bl 55.00

TMI-1 CoD1 4.010 £3.50 15x15
C2D2 52.70
CcC 37.12

Calvert Cliffs LL 3.038 27.35 14x14
P 44.34

Turkey Point 4 2.556 30.50 15x15
E58-88 43.50

Vandellos | E58-263 4.500 63.01 17x17
E58-773 74.57

Most input for this work comes from the Spent Fuel Isotopic Composition (SFCOMPO 2.0) relational
database used to facilitate the search and visualization of experimental assay data of spent nuclear fuel
(Refs. [8] and [27]). Each of the samples taken contains different levels of detail regarding operational
characteristics for the assembly containing the chosen fuel rods. Therefore, modeling of each sample is
described and derivation of the needed input parameters discussed are on a plant by plant basis and the
assembly/assemblies and sample data are described likewise.

Within the data for an individual sample, multiple experimental dates are present such that different isotopes
are evaluated on different days. Multiple decay calculations are then performed at different decay times and
isotopics extracted from the associated decay calculation corresponding with the proper decay time for each
isotope determined.
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The modeling of each benchmark was set up to approximate the core operating history for each isotopic
data set.

The detailed descriptions of the selected benchmarks are openly available in SFCOMPO 2.0 database and
will not be repeated in this report (available online at the time of writing this report).

3.2.1 Gosgen-1 Modeling

The Gosgen nuclear power plant is a single unit PWR power plant of KWU design located in Switzerland.
SFCOMPO 2.0 contains sample PIE data for rods exposed in three different assemblies. The assemblies
were modeled as 3-Loop 15x15 design types.

Assembly 1240 contains one sample (Rod 14H13, Sample GU1) exposed in Cycles 12, 13, 14 and 15.
Isotopic content is available for a significant number of isotopes, and as a result, a model is set up for this
sample. Note, however, that fuel rods around the sample were replaced in Cycles 14 and 15. This was not
incorporated into the modeling and therefore the modeling could be improved. The axial height on the fuel
rod of sample GUI is 960.5 mm from the fuel bottom (of the active length). The planar pin arrangement of
this assembly design is shown in Figure 3-32.

First, the fuel and moderator temperatures of the core (and sample height) are modeled as close as possible
using the data available in SFCOMPO 2.0 database. Loading is derived from the given density, fuel pellet
outer diameter and the total number of fuel rods in the core. The value is derived assuming all fuel is
3.5 wt% U-235 (the sample enrichment).

Relative power was derived from the given sample and core burnup for each cycle. Data is available for
total sample burnup and cycle burnup whose ratio provides the relative power, which would give conditions
similar to what the sample experienced.
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Figure 3-32: Planar Pin Arrangements for Assembly 1240 for Cycles 12-13 (upper left), Cycle 14
(upper right), and Cycle 15 (bottom)

3.2.2 TMI-1 Modeling

The Three Mile Island (TMI) Nuclear Generating Station is currently a single unit station. It is a B&W
design with the general characteristics given in SFCOMPO 2.0 database. SFCOMPO 2.0 (Refs. [8] and
[27]) contains sample PIE data for rods exposed in two different assemblies.

Assembly NJOSYU contains data for two rods with many samples. Rod D5 contains Sample A1, B1, and
B2. Note that sample B2 is on the level of a spacer grid and it was shown in Ref. [7] that due to the details
of the spacer grid not being available, modeling in this area suffers in accuracy. As a result, models for
samples Al and B1 are developed.

Additionally, data for 13 samples along Rod H6 are available, however, at this time, only two were chosen
for modeling. These two, samples C2D1 and C2D2, contain full sample specific power in
Watts/g(initial U). Assembly burnup information is not available. Other samples contain the sample burnup
that can be used as a scaling factor from the derived burnups for samples C2D1 or C2D2 specific power
data. The pin arrangement of assembly NJO5SYU is given in Figure 3-33. The axial height locations of the
samples, from the rod bottoms (active length) are 2,670 mm and 3,421 mm for samples Al and Bl
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respectively of Rod D5, and 1,972 mm and 2,332 mm for samples C2D1 and C2D2 respectively for Rod
He.

To generate a more accurate representation of the B&W lattice, the model input used in the code system
was similar to the lattice used in Gosgen. Figure input is required for both cycles, first to insert Burnable
Poison Rods (BPRs) and then to pull them out for Cycle 10 and retain the proper lattice. Core loading is
calculated as with the Gosgen models and is very close ( | 1*9) to the SFCOMPO 2.0 listed
82.5 MTU. This is used then to derive a core Watts/g assuming full power operation. Step burnups were
derived from the given specific power as a function of elapsed time.

Moderator temperature was set by converting moderator density given in SFCOMPO 2.0 to moderator
temperature at constant pressure.

@ Discrete absorber- 1 @ Instrument tube & Fuel-1

Figure 3-33: Planar Pin Arrangement for Assembly NJO5YU from Cycles 9 and 10
3.2.3 Calvert Cliffs-1 Modeling

The Calvert Cliffs Nuclear Power Plant is a 2-unit plant. Unit 1, from which PIE data is available, is a
2-loop CE design with the general characteristics given in SFCOMPO 2.0 database. SFCOMPO 2.0
(Refs. [8] and [27]) contains sample PIE data for rods exposed in three different assemblies.

Assembly D047 contains one rod (Rod MKP 109) with multiple samples available with PIE data. This is a
single enrichment zone assembly. Only three samples contain data for multiple isotopes. As a result, models
for these three samples (CC, LL, and P) are developed. The planar pin arrangement for this assembly and
rod location can be seen in Figure 3-34.

Sample axial heights from the rod bottom are 123.2 mm, 270.3 mm, and 1,637 mm, respectively for samples
LL, CC, and P of Assembly D047.

Moderator temperature input was determined by assuming a linear heat rise from the given inlet and outlet
temperatures since local conditions are desired (meaning moderator temperature should correspond to the
sample temperature). Loading was input as 82.5 MTU from SFCOMPO 2.0. The only power data available
is for the entire rods that underwent PIE examination.
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Rod burnup was determined from the given kW/m as a function of elapsed days (histogram). This was done
using the core height, fuel density and loading for a rod, and determining rod burnup from this data. A rod
burnup histogram is obtained. The final rod burnup is then compared to the sample burnup, and the ratio
used to adjust the rod burnup to scale the burnup for each sample. Then, soluble boron is given as a
pointwise function of elapsed days. The elapsed days do not always coincide with the power histogram data
and data was linearly interpolated to define all points on the boron letdown curve as a function of burnup.

Assembly D047

® Guide tube @ Fuel-3

Figure 3-34: Planar Pin Arrangement of Assembly D047 for Cycles 2, 3,4, and 5

3.24 Turkey Point-3 Modeling

The Turkey Point Unit 3 nuclear power plant is a PWR power plant of Westinghouse design located in the
United States with general characteristics given in SFCOMPO 2.0 database. SFCOMPO 2.0 contains
sample PIE data for rods exposed in three different assemblies. All samples have the same enrichment with
varying burnups. Only one sample was chosen for analysis in this report.

Assembly D01 contains one sample (Rod G10, Sample 4) exposed in Cycles 2, 3, and 4. The axial height
on the fuel rod of sample 4 is 65.5 in. The planar pin arrangement of this assembly design is shown in
Figure 3-35.

Since Turkey Point is a standard Westinghouse plant, the default input data were used (15x15 3-Loop plant).
Updates to the default were made as necessary to match SFCOMPO 2.0 database.

Soluble boron data is given as a constant 450 ppm for each cycle. Relative power was calculated by
comparing the reactor and sample power. The reactor thermal power was provided by SFCOMPO as
2,192 MW. The uranium loading was calculated manually and this was used to calculate the assembly
power in MW/MTU. This could then be compared to the sample power given by SFCOMPO. The sample’s
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cycle burnups were not provided and were calculated by multiplying the cycles elapsed days by the sample
power.

...igg
228
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|. Guide tube @ Instrumenttube @ Fuel|

Figure 3-35: Planar Pin Arrangement for Assembly D01
3.2.5 Vandellos Modeling

The Vandellos Unit 2 nuclear power plant is a PWR power plant of Westinghouse design located in Spain
with general characteristics given in SFCOMPO 2.0 database. SFCOMPO 2.0 contains sample PIE data for
rods exposed in three different assemblies.

Rod WZR0058 contains samples exposed in Cycles 7-11 with varying burnups. Three were chosen E58-
88, E58-263, and E58-773 that are at axial positions of 88 mm, 263 mm, and 773 mm from the bottom of
the fuel stack, respectively. Isotopic content is available for a significant number of isotopes, and as a result,
a model is set up for these samples. Rod WZR0058 was located in Assembly EC45 for Cycles 7-10 and
then moved to EF05 for Cycle 11. Assembly EC45 was made up of entirely 4.5 wt% fuel, while all but
three rods were 4.24 wt% in Cycle 11. The planar pin arrangements of these assemblies are shown in Figure
3-36 and Figure 3-37. The sample was modeled as if it stayed in EC45 for all cycles. The samples spent
most of its time in EC45. Additionally, when moved to EF05 although this assembly has a lower
enrichment, it also had a lower assembly burnup. Therefore, this is an acceptable approximation for the
purposes of this report. More information can be found in Ref. [6].

Input data for modeling was chosen as a 3-loop, Category 2 plant, which will use the Westinghouse 17x17
3-loop default data for this type of plant. Direct input is used to override the default data as needed to match
the values in SFCOMPO 2.0 database. Soluble boron data is given pointwise as a function of elapsed days;
however, sample burnup is given as a function of the elapsed days. Therefore, detailed point-wise data is
given for soluble boron letdown. Relative power was derived by comparing the sample power (MW/MTU)
to the overall core thermal power (MW/MTU). Local moderator temperature was given for each cycle and
was input to the code.
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Figure 3-36: Planar Pin Arrangement for Assembly EC45
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Figure 3-37: Planar Pin Arrangement for Assembly EF05

3.2.6 Evaluations and Analyses

The final pin burnups in PARAGON?2 were iterated on until the values were considered to be sufficiently
close to the sample burnups. Comparisons of the PARAGON?2 predictions and the measured data from the
SFCOMPO database were performed using the following formula:
PARAGON2 Value
Experimental Value

C/E—l,%=( —1)*100

Figure 3-38 through Figure 3-49 show PARAGON?2 predictions compared to measurements for all the
samples described in the previous sections. Each figure has actinides and fission products comparisons.
Individually some isotopes may show large differences, but there is nothing that is unusual for this type of
analyses. Within the same sample, variations in measurement are broad. The uncertainties reported for
measurement could exceed | ]*¢. The basic cross-section
and numerical solution uncertainties are also contributing to these discrepancies. All the calculations of
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these samples were done using 2D assemblies with infinite boundary conditions, which in itself is a
significant approximation that could lead to large differences, despite the fact that local conditions seen by
the sample were modeled as accurately as possible. Overall, for actinides the average relative differences
(values in Figure 3-38 through Figure 3-49) are | 1*¢. For
fission products, the corresponding values are |

]*¢. These results are acceptable and fall within the usual discrepancies seen in this type of
comparison. Therefore, the depletion module of PARAGON?2 produces the expected accuracy results.

3.2.7 Saxton and Yankee Isotopics Data

The spectrograph-measured isotopics data for Saxton Cores 2 and 3 with mixed oxide fuel, Yankee cores
1, 2, and 4 with stainless steel clad fuel, and Yankee Core 5 with zircaloy clad fuel have been compared to
PARAGON?2 isotopic concentrations. The measured data for these isotopics used in Ref. [41] are
documented in Refs. [4], [9], [33], and [50] for Saxton and [24] and [32] for Yankee. Since the measured
fuel rods for both the Saxton and Yankee cases were far enough away from lattice heterogeneities that they
were exposed to the asymptotic flux spectrum, PARAGON2 pin cell calculations were used for these
comparisons. The pin cell cases were set up to approximate the core operating history for each isotopic data
set.

The Saxton Cores 2 and 3 isotopic comparisons for the major isotopes are shown in Figure 3-50 through
Figure 3-62. Comparisons for the Yankee Cores 1, 2, and 4 stainless steel clad UO, fuel isotopics are shown
in Figure 3-63 through Figure 3-75. Comparisons for Yankee Core 5 zircaloy clad UO; fuel isotopics are
shown in Figure 3-76 through Figure 3-88.

As noted in Ref. [41], the Saxton isotopic case was particularly challenging since it is for a mixture of PuO,
in a natural uranium matrix. In addition, the wet fraction was changed at an intermediate burnup due to the
removal of fuel rods for isotopics measurements. As seen in the figures, PARAGON?2 matches the measured
values in both shape and magnitude.

The Yankee core data represent a typical UO; light water lattice with two clad materials. The figures
comparing measured to PARAGON?2 isotopics for these data also show very good agreement throughout
the isotopic burnup range.

The isotopic comparisons for both the Saxton and Yankee isotopics show no significant trend for any isotope
with burnup. These excellent results demonstrate the capability of PARAGON?2 for predicting the depletion
characteristics of both UO, and PuO, LWR fuel over a wide range of burnup conditions.
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Figure 3-38: PARAGON?2 vs. Measured Isotopics for Rod 14H13, Sample GUI of Gésgen-1
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Figure 3-39: PARAGONZ2 vs. Measured Isotopics for Rod D5, Sample Al of TMI-1
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Figure 3-40: PARAGON?2 vs. Measured Isotopics for Rod D5, Sample B1 of TMI-1
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Figure 3-41: PARAGONZ2 vs. Measured Isotopics for Rod H6, Sample C2D1 of TMI-1
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Figure 3-42: PARAGON?2 vs. Measured Isotopics for Rod H6, Sample C2D2 of TMI-1

WCAP-18443-NP October 2019
Revision 0



Westinghouse Non-Proprietary Class 3 3-50

Figure 3-43: PARAGON?2 vs. Measured Isotopics for Rod MKP109, Sample CC of Calvert Cliffs-1
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Figure 3-44: PARAGON?2 vs. Measured Isotopics for Rod MKP109, Sample LL of Calvert Cliffs-1
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Figure 3-45: PARAGONZ2 vs. Measured Isotopics for Rod MKP109, Sample P of Calvert Cliffs-1

WCAP-18443-NP October 2019
Revision 0

a,b,c



Westinghouse Non-Proprietary Class 3

3-53

Figure 3-46: PARAGON?2 vs. Measured Isotopics for Sample 4 of Turkey Point
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Figure 3-47: PARAGON?2 vs. Measured Isotopics for Sample E58-88 at 43.5 GWD/MTU of
Vandellos
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Figure 3-48: PARAGON?2 vs. Measured Isotopics for Sample E58-263 at 63.01 GWD/MTU of
Vandellos
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Figure 3-49: PARAGON?2 vs. Measured Isotopics for Sample E58-773 at 74.57 GWD/MTU of

Vandellos

WCAP-18443-NP

October 2019
Revision 0

ab,c



Westinghouse Non-Proprietary Class 3

3-57

Figure 3-50: Saxton Fuel Performance Evaluation Program: PARAGON2 U-235/U Prediction vs.

Burnup

Figure 3-51: Saxton Fuel Performance Evaluation Program: PARAGON2 U-236/U Prediction vs.

Burnup
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Figure 3-52: Saxton Fuel Performance Evaluation Program: PARAGON2 U-238/U Prediction vs.

Burnup

Figure 3-53: Saxton Fuel Performance Evaluation Program: PARAGON2 Pu-239/Pu Prediction vs.

Burnup
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Figure 3-54: Saxton Fuel Performance Evaluation Program: PARAGON2 Pu-240/Pu Prediction vs.

Burnup

Figure 3-55: Saxton Fuel Performance Evaluation Program: PARAGON2 Pu-241/Pu Prediction vs.

Burnup
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Burnup

Figure 3-56: Saxton Fuel Performance Evaluation Program: PARAGON2 Pu-242/Pu Prediction vs.

Figure 3-57: Saxton Fuel Performance Evaluation Program: PARAGON2 Pu-239/U-238 Prediction

vs. Burnup
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Figure 3-58: Saxton Fuel Performance Evaluation Program: PARAGON2 Pu-239/Pu-240
Prediction vs. Burnup

Figure 3-59: Saxton Fuel Performance Evaluation Program: PARAGON2 Pu-240/Pu-241
Prediction vs. Burnup
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Figure 3-60: Saxton Fuel Performance Evaluation Program: PARAGON2 Pu-241/Pu-242

Prediction vs. Burnup

Figure 3-61: Saxton Fuel Performance Evaluation Program: PARAGON2 U-236/U-235 Prediction

vs. Burnup
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Figure 3-62: Saxton Fuel Performance Evaluation Program: PARAGON2 U-236/U-238 Prediction

vs. Burnup

Figure 3-63: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 U-235/U

Prediction vs. Burnup
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Figure 3-64: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON U-236/U

Prediction vs. Burnup

Figure 3-65: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 U-238/U

Prediction vs. Burnup
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Figure 3-66: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 Pu-239/Pu

Prediction vs. Burnup

Figure 3-67: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 Pu-240/Pu

Prediction vs. Burnup
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Figure 3-68: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 Pu-241/Pu

Prediction vs. Burnup

Figure 3-69: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 Pu-242/Pu

Prediction vs. Burnup
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Prediction vs. Burnup

Figure 3-70: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 Pu-239/U-238

Figure 3-71: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 Pu-239/Pu-240

Prediction vs. Burnup
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Figure 3-72: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 Pu-240/Pu-241

Prediction vs. Burnup

Figure 3-73: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 Pu-241/Pu-242

Prediction vs. Burnup
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Figure 3-74: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 U-236/U-235

Prediction vs. Burnup

Figure 3-75: Yankee Core Evaluation Program (Stainless Steel Clad): PARAGON2 U-235/U-238

Prediction vs. Burnup

a,b,c

ab,c

WCAP-18443-NP

October 2019
Revision 0



Westinghouse Non-Proprietary Class 3

3-70

Figure 3-76: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON2 U-235/U Prediction

vs. Burnup

Figure 3-77: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON2 U-236/U Prediction

vs. Burnup
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Figure 3-78: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON2 U-238/U Prediction

vs. Burnup

Figure 3-79: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON?2 Pu-239/Pu Prediction

vs. Burnup
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Figure 3-80: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON?2 Pu-240/Pu Prediction

vs. Burnup

Figure 3-81: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON2 Pu-241/Pu Prediction

vs. Burnup
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Figure 3-82: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON?2 Pu-242/Pu Prediction
B vs. Burnup —abc

Figure 3-83: Yankee Core Evaluation Program (Zircaloy Clad) PARAGON2 Pu-239/U-238
Prediction vs. Burnup
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Figure 3-84: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON2 Pu-239/Pu-240
Prediction vs. Burnup

Figure 3-85: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON2 Pu-240/Pu-241
Prediction vs. Burnup
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Figure 3-86: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON2 Pu-241/Pu-242

Prediction vs. Burnup

Figure 3-87: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON2 U-236/U-235

Prediction vs. Burnup
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Figure 3-88: Yankee Core Evaluation Program (Zircaloy Clad): PARAGON2 U-235/U-238
Prediction vs. Burnup
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4 MONTE CARLO BENCHMARKS

SERPENT2 Monte Carlo code [19] will be used in this analysis, instead of MCNP, in order to use its
depletion capability. However, SERPENT2 is equivalent to the MCNP code, in that the effective
multiplication factors and homogenized few-group cross-sections are within the statistical accuracy of the
reference MCNP results when equivalent inputs are used

Ten assembly configurations were calculated in both PARAGON2 and the Monte Carlo code SERPENT?2.
These assembly configurations were chosen to cover a variety of lattice types, burnable absorbers, a large
enrichment range, and both UO, and MOX. Specifically, the following describes the parameter range
covered by these configurations:

e — 3,C

The RSM in SERPENT2 models was limited to some selected isotopes (Ref. [36]) in contrast to
PARAGON2 models where all isotopes use the RSM. In addition, the RSM theoretical models of the two
codes are slightly different. Therefore, the asymptotic results were chosen for most of the reported Monte-
Carlo comparisons instead of the RSM results.

Table 4-1 presents the reactivity results of the assembly calculations for cold (300 K), HZP (600 K) and
HFP conditions at zero burnup and enrichment less than 5 wt%. The temperatures used in HFP are 900 K
for fuel and 600 K for clad and moderator regions. For each assembly configuration, the table presents the

lattice type, the enrichment, the number and type of burnable absorber present and the difference in pcm
between the PARAGON2 and SERPENT?2 k-infinities for cold, HZP, HFP and HFP with control rods

inserted. [ ]*€ As it can be seen from the
table, the mean difference between the PARAGON2 and SERPENT?2 kiys values was very good and in the
interval between | ]*€. All the absolute
differences are less than | 1*¢. The agreement between the two codes is very good for all conditions

and all fuel types. The SERPENT2 runs were performed with sufficient neutron histories to achieve [
]1*¢ for all the k-infinities including during the depletion.

Figure 4-1 through Figure 4-10 display the HFP delta reactivity (PARAGON2 minus SERPENT2) in pcm
as a function of burnup as well as the k-infinities of both codes. The kixr values plotted correspond to the
asymptotic scattering model. The deltas (8, = kE? — k52) are presented for both asymptotic and resonance
scattering models. The RSM models used a fuel temperature of [ ]*¢ to emphasize the impact the
upscattering phenomenon (other temperatures are kept the same as in the asymptotic case). For both the
asymptotic and the RSM calculations, the maximum average difference between SERPENT2 and
PARAGON2 is | ]*¢. The maximum absolute
difference obtained is | ]*¢. Combining all the assembly cases, the statistics for the asymptotic
runs are given in Figure 4-11 for all the burnup points. Overall, the results in Figure 4-11 are very good
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with an average difference of only | 1*¢. More in-depth
analysis is in Ref. [37].

Figure 4-12 through Figure 4-21 present comparisons between SERPENT2 and PARAGON2 rod power
distributions for the ten assemblies listed in Table 4-1. For each power distribution figure, the comparison
was made at 0 MWD/MTU (BOL), 10 GWD/MTU (MOL) and 70 GWD/MTU (EOL). These figures
demonstrate that PARAGON?2 rod power predictions are well predicted. The maximum standard deviation

is | ]*€ and, for the individual pins, the maximum absolute error obtained for all calculations of all
burnups is [ 1*¢. For the overall statistics given in Figure 4-22, the standard deviation of the relative
differences is [ 1*¢. The predictions of PARAGON?2 are very good and very consistent across all

burnups and all fuel types. Sufficient histories were run so that the SERPENT2 1o standard deviation for
each rod power was less than 1 percent in all cases.

In Figure 4-23, PARAGON?2 is compared to SERPENT?2 for all selected assemblies. The comparison was
first made for the CZP conditions, where the temperature was set to 300 K for all regions in the assemblies.
The results obtained were very good. Indeed, the absolute maximum difference between two codes is
l ] for all cases and all enrichments with an average of |

] a,c

Next, the PARAGON2 calculations were done for HZP condition where the isothermal temperature used is
600 K. The results obtained were, again, very good and slightly better than the cold case, with an average
of | ]*¢. The maximum absolute
difference is also slightly better with a value of [ 1*€.

The HFP results for cases with control rods inserted are also displayed in Figure 4-23 for zero burnup. The
fuel temperature in these cases is 900 K, while the temperature of the other assembly regions (clad,
moderator, etc.) is set to 600 K. The results for these HFP cases are good. The maximum absolute difference
is | 1*¢, with an average of | 1> 0

] a,c

WCAP-18443-NP October 2019
Revision 0

ac



Westinghouse Non-Proprietary Class 3 4-3

For all enrichments, the assemblies described above were depleted up to | ]*¢ using
SERPENT2 and PARAGON?2. Figure 4-24 through Figure 4-29 contains the comparisons of the reactivity
as a function of burnup. Each figure has four plots corresponding to the enrichments considered. The
y-axis of these figures gives the delta (6, = kE? — k52) in pcm between PARAGON2 and SERPENT2. All
the calculations used the elastic asymptotic scattering model.

For all burnup points of all cases, the absolute average difference between SERPENT2 and PARAGON?2 is
[ ]*€ with a maximum standard deviation of | ]*¢. The maximum absolute difference
obtained is | 1*¢. Combining all the assembly cases and all enrichments, the statistics for all the
runs are given in Figure 4-30 for all the burnup points. Overall, the results in Figure 4-30 are very good
with an average difference of only [ ]*¢. The statistical
two-sample t-test null hypothesis was also performed to compare PARAGON2 and SERPENT2
distributions (test of mean difference = 0). The P-value obtained is [ 1*¢, indicating that there is not a
statistically significant difference between the two results at the 95% confidence level. Therefore, this
analysis confirms that PARAGON2 can reproduce the Monte Carlo continuous energy neutron
multiplication factors with the desired accuracy | ] on average.

The analyses performed show that the power distribution comparison between PARAGON2 and
SERPENT?2 is similar [

]*¢ For both assemblies, the maximum absolute difference between

PARAGON?2 and SERPENT2 is | ]*¢, with a maximum standard deviation of [ 1*¢. Overall,
the differences seen | ¢ are very similar | <.
Thus, the same conclusion applies here and again the predictions of PARAGON?2 are remarkably very good
and very consistent | 1.
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Table 4-1: Numerical Benchmarks — Reactivity Comparison of PARAGON2 and SERPENT2 At
Zero Burnup
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Figure 4-11: Summary of ki Differences between PARAGON2 and SERPENT2
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Figure 4-22: Summary of Pin Power Distributions
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5 PLANT QUALIFICATION
5.1 INTRODUCTION

The PARAGON? results discussed in the prior sections demonstrated the accuracy of the code in predicting
the results of critical experiments and isotopic evaluations. However, the primary use of PARAGON?2 will
be to generate nuclear data for use in various core simulators. Thus, the most important qualification for
PARAGON?2 is a comparison between plant measurements and core simulation results based on
PARAGON?2 nuclear data.

This section discusses the ANC [20] results for PWR core calculations with nuclear data supplied by
PARAGON2. Comparisons are made between PARAGON2/ANC results and their corresponding plant
measurements where available or PARAGON/ANC results for the same calculations to demonstrate
throughout this section and Appendices A-N the accuracy and predictability of PARAGON2/ANC. Plant
cycle data are contained within Appendices A-N and are summarized in this section. The RSM is used for
all results presented in this section.

The following sections are summarized below:

e Section 5.2 provides a detailed description of the plant cycles that were considered in the
comparison between PARAGONZ2/ANC and plant measurement or PARAGON/ANC when
measurement data is unavailable.

e Section 5.3 provides a detailed analysis of the comparison of PARAGON2/ANC to plant
measurement for parameters that are considered for Startup Physics Testing: ARO HZP BOC ITC,
ARO HZP critical boron concentrations, and total control rod worth. Additionally, Doppler Power
Coefficients are provided as part of the Combustion Engineering startup test program for the
Combustion Engineering plants (Plants J, M, and N) to further demonstrate the applicability of the
RSM used within PARAGON?2.

e Section 5.4 provides a detailed analysis of the comparison of PARAGON2/ANC to plant
measurement for HFP critical boron concentration as a function of burnup and the HFP radial
assembly average power distributions and HFP axial power distributions for BOC, MOC, and EOC
for a given subset of plants. Also, Section 5.4 provides a detailed confirmation of the Westinghouse
uncertainties approved in Ref. [17].

e Section 5.5 provides a detailed analysis of the comparison of PARAGONZ2/ANC to
PARAGON/ANC for safety type calculations such as Steam line Break (i.e. Shutdown Margin),
dropped rod, and rod ejection calculations for a given subset of plants. Moreover, Section 5.5.1
provides a detailed analysis of the comparison of PARAGON2/ANC to PARAGON/ANC and plant
measurement for near EOC MTC.
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5.2  DESCRIPTION OF PLANT CYCLES USED FOR COMPARISONS

The approach to choosing a representative set of plants was to encompass a wide variety of plants designs
as it relates to plant vendor, fuel lattice types, burnable absorber types, and fuel rod dimensions. The key
representative set must cover the following criteria:

Table 5-1 contains a comprehensive list of the variety of plant designs and their associated plant and fuel
features that provide a representative data set for the qualification of PARAGON?2. In addition, Table 5-2
through Table 5-15 catalog the plant cycles, types of RCCAs, burnable absorbers, and fuel pellets used,
enrichment range, and cycle length for each cycle considered for this report. As an aside, the representative
set contains several data points that represent Cycle 1 data to demonstrate the accuracy of PARAGON?2 in
a first cycle. These cycles are accommodated with more Cycle 1 data in Ref. [44]. For use in benchmarking
the results, Table 5-16 contains a list of acceptance criteria that define the applicability of PARAGON2
based results.

Not all cycles are used for every type of calculation performed in this report. A particular cycle may not be
used in a particular calculation because of a lack of a complete data set or demonstrated anomalous behavior
correlated to known measurement error. For comparisons against PARAGON/ANC calculations, a
representative subset of the plants shown in Table 5-1 was used. In all calculations, the particular cores
being used for that calculation are clearly identified.

The large data set chosen for this qualification serves two purposes: 1) it demonstrates the robustness of
PARAGON? and its library to analyze over a large range of cycle designs, and 2) it serves to qualify
PARAGON?2 to analyze each feature by direct comparison of results.

5.3 STARTUP TEST RESULTS COMPARISONS

Three common tests are performed during PWR startups to demonstrate the accuracy of predictions to plant
measurements: ARO HZP critical boron concentration, ARO isothermal temperature coefficient, and HZP
rod worth measurements with exception for some CE reactor cores where an additional measurement is
taken for Doppler Power Coefficient. These measurements are taken in the just-loaded core at zero power
critical conditions. This eliminates complexities, which come into play in analyzing a core at power,
including the depletion power history, feedback effects and B-10 depletion, which are not yet present. Thus,
these tests provide a good measure of the accuracy of the code system since the core conditions are well
defined and can be simulated with high reliability in the ANC code.
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For each of the aforementioned startup physics testing parameters, Table 5-17 through Table 5-20 list the
results for the plants listed in Table 5-1. Each table lists the mean, standard deviation, number of data points
(otherwise known as observations), minimum value, maximum value, and 95/95 one-sided tolerance limits
(where applicable) for each plant and their combined contribution for the measured-minus-predicted results.
For plant cycle specific information, Appendices A through N list the PARAGON2/ANC and measurement
results used in the calculations.

The comparison of HZP ARO critical boron concentrations between PARAGON2/ANC and plant
measurement is listed in Table 5-17. The mean and standard deviation of the measured-minus-predicted
differences show good agreement. In addition, the 95/95 one-sided tolerance limit is within the listed
acceptance criterion for HZP ARO critical boron concentration in Table 5-16. The conversion from units of
ppm to pcm was done by applying a conservative | ]*¢ boron worth multiplier to the 95/95 one-
sided tolerance limit for ppm differences. The boron worth multiplier conservatively bounds the actual
boron worths for each plant type at startup conditions.

The comparison of HZP ARO ITC values between PARAGON2/ANC and plant measurement is listed in
Table 5-18. The mean and standard deviation of the measured-minus-predicted differences show good

agreement. In addition, the 95/95 one-sided upper tolerance limit is within the listed acceptance criterion
for HZP ARO ITC in Table 5-16.

The comparison of HZP total rod worths between PARAGON2/ANC and plant measurement is listed in
Table 5-19. The mean and standard deviation of the measured-minus-predicted differences show good
agreement. In addition, 95/95 one-sided tolerance limit is within the listed acceptance criterion for HZP
total rod worth in Table 5-16.

The comparison of the Doppler Power Coefficient between PARAGON2/ANC and plant measurement is
listed in Table 5-20. The mean and standard deviation of the measured-minus-predicted differences show
good behavior when compared to measurement.

5.4 HFP DEPLETION AND RADIAL POWER DISTRIBUTION COMPARISONS

Along with providing accurate predictions for the use in HZP startup physics testing, the core must be
evaluated at HFP conditions and throughout cycle life as well. To evaluate the accuracy of PARAGON?2 in
HFP conditions, global core reactivity and radial and axial power distributions are compared.

For HFP core reactivity tracking, a statistical analysis was performed on PARAGON2/ANC measured-
minus-predicted differences for HFP critical boron concentrations as a function of burnup for each plant
and their corresponding cycles as listed within Appendix A through Appendix N. The measured-minus-
predicted differences for a given plant were analyzed as a single data set and on a per-cycle basis. The
evaluation of the whole data set and as a per-cycle basis is to establish the accuracy of PARAGON2 based
nuclear data on a global and microscopic scale. Table 5-21 contains the combined statistics for all the
measured-minus-predicted differences across each of the plant cycles listed in Table 5-2 through
Table 5-15. For HFP conditions, many factors could drive the boron measured-minus-predicted differences
to exceed [ ]*¢, among these factors the unknown B-10 depletion assay, the exact core power level,
or the approximated power history especially for early initial cycles.
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From reviewing the HFP critical boron concentration statistics, the following conclusions can be determined
from Table 5-21 and Appendices A through N:

1. PARAGON2/ANC shows good agreement with plant measurement. For a variety of fuel
characteristics, cycle lengths, plant types, PARAGONZ2/ANC still predicts core behavior
reasonably well and within the acceptance criteria provided in Table 5-16. This demonstrates that
PARAGON?2 provides accurate plant predictions for a wide variety of plant conditions and core
features. The 95/95 one-sided tolerance limit was determined using non-parametric statistics. The
conversion from units of ppm to pcm was done by applying a conservative [ 12¢ boron
worth multiplier to the 95/95 one-sided tolerance limit for ppm differences. The boron worth
multiplier conservatively bounds the actual boron worths for each plant type at full power operating
conditions.

2. Some plant cycles present evidence of significant B-10 depletion, but the B-10 depletion data was
not available to correct the measured-minus-predicted comparisons. The measured-minus-
predicted boron concentrations for Plants A and N demonstrate the effect of not correcting for
B-10 depletion. The larger measured-minus-predicted differences can be attributed to the lack of
B-10 depletion when compared to the rest of the data set, which do consider B-10 depletion.

The full core radial power distributions were compared for a subset of plants to demonstrate the accuracy
of PARAGON2/ANC: Plants D Cycle 28, F Cycle 30, and H Cycle 22. The radial power distribution
comparisons are listed in Appendix D, F, and H for the selected plants. From the radial power distribution,
the following conclusions can be determined:

1. Among the subset of plants that have radial power distribution comparisons, the root-mean-square
deviation for measured-minus-predicted differences show good results.

2. Additionally, radial and total peaking factors (Fan, Fo) standard deviations demonstrate good
agreement to measurement and are within the acceptance criteria listed in Table 5-16. The
methodology for developing the peaking factor uncertainties is based on the methodology used in
Ref. [17]. [

]2¢ The radial peaking factor
uncertainty is a combination of the total standard deviation of the radial power distributions and
the total standard deviation of the critical experiments outlined in Section 3. The total peaking
factor uncertainty consists of the radial peaking factor components plus the combined standard
deviation of the axial power distributions. Table 5-22 through Table 5-24 contain the standard
deviations for each uncertainty component.

The following equations define the peaking factor uncertainties as defined by Ref. [17]:

a,c

WCAP-18443-NP October 2019
Revision 0



Westinghouse Non-Proprietary Class 3 5-5

The combination of uncertainties outlined in Ref. [17] and previously listed assumes independence
about the uncertainty components and normality. The 95/95 one-side tolerance limit is calculated
the same as in Ref. [17] with a multiplier of [ ]2¢ about the combined standard deviation.

[

]2¢ The results of the Monte Carlo
sampling show the methods outlined in Ref. [17] are applicable for the confirmation of the
Westinghouse peaking factor uncertainties.

Considering a 95/95 one-sided tolerance limit, the radial and total peaking factor uncertainties
described in Ref. [17] bound the radial and total peaking factor uncertainties calculated by
PARAGONZ2/ANC for the given subset of plants with the equations above. The results are listed
in Table 5-16.

Core-wise axial power distributions for key times in life are presented for a select subset of plants to
demonstrate the accuracy of PARAGON2/ANC compared to plant measurement: Plant D Cycle 28, F Cycle
30, and H Cycle 22. The axial power distributions are listed in Appendix D, F, and H. After reviewing the
axial power distributions, the axial power profile is accurately depicted using PARAGON2/ANC.

5.5 PARAGON/ANC VERSUS PARAGON2/ANC COMPARISONS

The PARAGON/ANC nuclear code system has been licensed by the NRC since 2004 and has had extensive
use in PWR safety and design calculations [41]. As part of the qualification of PARAGON?2, comparisons
have been made between the results of core calculations of the two systems to demonstrate predictive
capability of PARAGON2/ANC for operating PWR cores to the same or better accuracy. Thus, any
uncertainties or biases appropriate for PARAGON/ANC are also appropriate for PARAGON2/ANC. In this
section, comparisons are made between PARAGON/ANC and PARAGON2/ANC results for the steamline
break rod worths and peaking factors, dropped rod worths and peaking factors, EOC HFP ARO MTC, and
ejected rod worths and peaking factors.

For each parameter, the following plants were selected to act as a representative set of the whole set outlined
in Table 5-1: Plant D Cycles 26 and 27, Plant F Cycles 29 and 30, Plant G Cycles 11 and 12, and Plant H
Cycles 20 and 21. The comparisons for the aforementioned plant cycles are made in Table 5-26 through
Table 5-29.

The calculations comparing the ARI worth minus the worth of the highest worth stuck control rod (called
the worst stuck rod or WSR) were performed in full core geometry at BOC HZP conditions. These
calculations are of interest for confirming plant shutdown margin and contribute to input used in the steam
line break accident scenario. The WSR configuration peaking factors (Fo, Fan, and Fz) are also compared
since these results may be of interest in the calculation of steam line break or other accident power
distributions.

Table 5-27 summarizes the results of the steam line break related parameters, ARI-WSR and peaking
factors, for the aforementioned plant cycles for both code systems. It can be concluded from the results that
PARAGON2/ANC show similar results to PARAGON/ANC.
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The calculations for the dropped rod scenario are performed at HFP EOC conditions in full core geometry
with all the rods out of the core (ARO). Then, each control rod will be dropped to the ARI position and the
maximum among all the control rods is considered the limiting condition. The parameters of interest for
this calculation are the same as the ARI-WSR calculations which are the dropped rod worth, total peaking
factor (Fq), nuclear enthalpy rise hot channel factor (Fan), and axial peaking factor (Fz).

Table 5-28 summarizes the results from EOC dropped rod calculations for the aforementioned plant cycles
with PARAGON/ANC and PARAGON2/ANC. It can be concluded from the results that PARAGON2/ANC
show similar results to PARAGON/ANC.

The calculations for the rod ejection event are performed at BOC and EOC for both HFP and HZP
conditions. The control rods are placed at their respective control rod insertion limits and are ejected
instantaneously. To capture the instantaneous nature of the event, all feedback effects are frozen to the pre-
ejection condition. The parameters of interest for rod ejection are the ejected rod worth and total peaking
factor (Fo).

Table 5-29 summarizes the results for the rod ejection event for the aforementioned plant cycles with
PARAGON/ANC and PARAGON2/ANC. It can be concluded from the results that PARAGON2/ANC
show similar results to PARAGON/ANC.

5.5.1 Near EOC MTC Plant Measurement

At EOL, one of the key safety analysis input parameters is the most positive MDC / most negative MTC.
The MDC values used in the safety analysis are based on predictions which are confirmed to remain
conservative by performing the near-EOL Moderator Temperature Coefficients (MTC) surveillance at
approximately 300 ppm and HFP conditions.

Several benchmark plant/cycles were selected for comparison of the near EOL MTC predictions to plant
measurement data: Plant B Cycles 17-21, Plant G Cycles 11-15, and Plant H Cycle 21. These cycles were
chosen to cover a broad range of PWR core characteristics such as cycle length, power density, neutron
spectrum, and fuel lattice types. The plants selected also cover a variety of at-power MTC measurement
techniques currently used by the industry. Thus, the set of benchmarks chosen represents a good unbiased
sample of the larger data set used in Reference [5]. The measured versus predicted PARAGON2/ANC
results are provided in Table 5-25 and show good agreement between measurement and prediction,
consistent with the results previously reported in Reference [5].

Along with plant measurement, a comparison between PARAGON/ANC and PARAGON2/ANC is shown
in Table 5-26. The plant cycles that were evaluated were the following: Plant D Cycles 26 & 27, Plant F
Cycles 29 & 30, Plant G Cycles 11 & 12, and Plant H Cycles 20 & 21 (See Section 5.5). The good agreement
between PARAGON2/ANC and PARAGON/ANC demonstrate that the implementation of
PARAGON2/ANC would not introduce any additional uncertainty and/or bias in performing a near EOC
measurement and EOL MTC predictions with accuracy consistent with the previously approved
PARAGON/ANC methodology.
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Additionally, the predictive correction term defined in Reference [5] was set as a tolerance limit based on
the difference between measured-to-predicted BOC HZP MTC values. Following the same definition in
Reference [5], the HFP predictive correction term for PARAGON2/ANC combines the HZP BOC ITC
predictive correction and HFP xenon and burnup sensitivities. Based on the HZP BOC ITC statistics listed
in Table 5-18, the HZP predictive correction term is |

]*¢ and is representative of the 95/95 upper CI. Combined

with the sum of the HFP xenon and burnup sensitivities of | 1*€ (Reference [5]), the predictive
correction term using PARAGON2/ANC is | 1>, which is nearly identical to the PHOENIX-
P/ANC calculated HFP predictive correction of | ]*¢ from Reference [5]. Therefore, the
current HFP predictive correction value of | ]*€ from Reference [5] will continue to be used with
PARAGON2/ANC.

The results presented in this section demonstrate that PARAGON2/ANC can predict accurately the near
EOC MTC measurement. Additionally, the data presented in Table 5-25 lie within the population
established in Reference [5]. Therefore, PARAGON2/ANC can be a direct replacement to
PHOENIX-P/ANC that was used in Reference [5] and to PARAGON/ANC. Consequently, the plants with
the exemption of the most negative EOL MTC measurement obtained with either PHOENIX-P/ANC or
PARAGON/ANC can retain this exemption when using PARAGON2/ANC without submitting new NRC
licensing requests.
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Table 5-1: Benchmark Plant Description

Fuel Rod
Number of Diameter
Plant Designation Vender Loops Assemblies Lattice Type (in.)
A Y 4 193 W 17x17 0.374
B Y 4 193 W 17x17 0.360
C W 2 121 W 16x16 0.374
D W 3 157 W 17x17 0.360
E Y 2 121 W 14x14 0.422
F Y 2 121 W 14x14 0.422
G W 4 193 W 17x17 0.374
H Y 4 193 W 15x15 0.422
I Y 3 157 W 17x17 0.374
J CE 2 241 CE 16x16 0.382
K W 3 157 W 17x17 0.360
L W 3 157 W 17x17 0.374
M CE 2 217 CE 14x14 0.440
N CE 2 177 CE 16x16 0.374
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Table 5-2: Benchmark Cycle Details — Plant A
Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
AC1 Hf PYREX Solid 2.10-2.90 11,971
AC2 Ag-In-Cd PYREX Solid 2.10-3.60 9,447
AC3 Ag-In-Cd PYREX Solid 2.60-4.00 13,752
ACI15 Ag-In-Cd IFBA Solid/Annular 2.60-4.80 19,417
ACl16 Ag-In-Cd IFBA Solid/Annular 2.60-4.80 17,659
AC17 Ag-In-Cd IFBA Solid/Annular 2.60-4.60 17,247
ACI18 Ag-In-Cd IFBA Solid/Annular 2.60-4.60 19,381
AC19 Ag-In-Cd IFBA Solid/Annular 2.60-4.60 18,930
Table 5-3: Benchmark Cycle Details — Plant B
Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
BC17 Ag-In-Cd IFBA Solid/Annular 4.20-4.95 21,709
BC18 Ag-In-Cd IFBA Solid/Annular 4.20-4.95 24,520
BC19 Ag-In-Cd IFBA Solid/Annular 4.20-4.95 22,933
BC20 Ag-In-Cd IFBA Solid/Annular 4.20-4.95 21,983
BC21 Ag-In-Cd IFBA/WABA  Solid/Annular 4.20-4.95 24,240
Table 5-4: Benchmark Cycle Details — Plant C
Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
CC25 Ag-In-Cd IFBA Solid/Annular 2.60-4.95 21,010
CC26 Ag-In-Cd IFBA Solid/Annular 2.60-4.95 19,506
CC27 Ag-In-Cd IFBA Solid/Annular 2.60-4.95 20,385
CC28 Ag-In-Cd IFBA Solid/Annular 2.60-4.95 20,195
CC29 Ag-In-Cd IFBA Solid/Annular 2.60-4.85 20,923
Table 5-5: Benchmark Cycle Details — Plant D
Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
DC25 Ag-In-Cd IFBA Solid/Annular 4.20-4.60 21,361
DC26 Ag-In-Cd IFBA Solid/Annular 4.20-4.60 21,506
DC27 Ag-In-Cd IFBA Solid/Annular 4.20-4.60 21,088
DC28 Ag-In-Cd IFBA Solid/Annular 4.20-4.95 20,650
WCAP-18443-NP October 2019

Revision 0



Westinghouse Non-Proprietary Class 3

5-10

Table 5-6: Benchmark Cycle Details — Plant E

Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
EC36 Ag-In-Cd IFBA Solid/Annular 2.60-4.95 18,312
EC37 Ag-In-Cd IFBA Solid/Annular 2.60-4.95 19,154
EC38 Ag-In-Cd IFBA Solid/Annular 2.60-4.95 18,955
EC39 Ag-In-Cd IFBA Solid/Annular 2.60-4.95 19,749
EC40 Ag-In-Cd IFBA Solid/Annular 2.60-4.95 19,594
Table 5-7: Benchmark Cycle Details — Plant F
Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
FC25 Ag-In-Cd Gadolina Solid/Annular 2.88-4.95 20,357
FC26 Ag-In-Cd Gadolina Solid/Annular 2.52-4.95 19,323
FC27 Ag-In-Cd Gadolina Solid/Annular 2.52-4.95 17,683
FC28 Ag-In-Cd Gadolina Solid/Annular 2.52-4.90 22,420
FC29 Ag-In-Cd Gadolina Solid/Annular 2.52-4.95 21,810
FC30 Ag-In-Cd Gadolina Solid/Annular 2.52-4.95 24,000
Table 5-8: Benchmark Cycle Details — Plant G
Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
GCl1 B4C/Ag-In-Cd [ 12c Solid 2.10-3.10 16,942
GC2 B4C/Ag-In-Cd Solid 2.10-3.70 18,063
GC3 B4C/Ag-In-Cd Solid/Annular 2.10-4.40 19,338
GCl11 Ag-In-Cd Solid/Annular 3.20-4.60 17,898
GC12 Ag-In-Cd Solid/Annular ~ 3.20-4.60 19,590
GC13 Ag-In-Cd Solid/Annular ~ 2.80-4.60 19,034
GC14 Ag-In-Cd Solid/Annular 2.80-4.95 18,919
GC15 Ag-In-Cd | Solid/Annular  2.80-4.95 19,143
Table 5-9: Benchmark Cycle Details — Plant H
Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
HC19 Ag-In-Cd IFBA/WABA  Solid/Annular 3.20-4.95 24,844
HC20 Ag-In-Cd IFBA/WABA  Solid/Annular 3.20-4.95 23,739
HC21 Ag-In-Cd IFBA/WABA  Solid/Annular 3.20-4.95 25,085
HC22 Ag-In-Cd IFBA/WABA  Solid/Annular 3.20-4.95 26,024
HC23 Ag-In-Cd IFBA/WABA  Solid/Annular 3.60-4.95 23,767
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Table 5-10: Benchmark Cycle Details — Plant |

Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
IC1 Ag-In-Cd PYREX Solid 2.10-3.10 14,893
Table 5-11: Benchmark Cycle Details — Plant J
Burnable Enrichment End of Cycle
CEA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
ICI B4C/Ag-In-Cd B4C Solid 1.90-3.30 17,092
Table 5-12: Benchmark Cycle Details — Plant K
Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
KC1 Hf PYREX Solid 1.60-3.10 11,965
Table 5-13: Benchmark Cycle Details — Plant L
Burnable Enrichment End of Cycle
RCCA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (wt%) (MWD/MTU)
LC22 B4C/Ag-In-Cd Gadolina Solid 2.80-4.70 20,569
LC23 B4C/Ag-In-Cd Gadolina Solid 2.80-4.70 20,350
LC24 B4C/Ag-In-Cd Gadolina Solid 2.81-4.70 19,850
Table 5-14: Benchmark Cycle Details — Plant M
Burnable Enrichment  End of Cycle
CEA Absorber Fuel Pellet Range Burnup
Cycle Material Type Type (w/o) (MWD/MTU)
MC13 B4C/Ag-In-Cd Erbia Solid 3.40-4.47 21,175
MC14 B4C/Ag-In-Cd Erbia Solid 3.40-4.47 19,789
MC15 B4C/Ag-In-Cd Erbia Solid 3.40-4.47 20,360
MCIl16 B4C/Ag-In-Cd IFBA/Erbia Solid/Annular 2.60-4.60 22,247
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Table 5-15: Benchmark Cycle Details — Plant N
Enrichment  End of Cycle
CEA Burnable Fuel Pellet Range Burnup
Cycle Material Absorber Type Type (w/0) (MWD/MTU)
NC1 B4C/Ag-In-Cd BsC Solid 1.93-2.94 12,451
NC15 B4C/Ag-In-Cd  B4C/Gadolina Solid 2.30-4.48 17,384
NC16 B4C/Ag-In-Cd  Gadolina/Erbia Solid 2.30-4.48 19,686
NC17 B4C/Ag-In-Cd  Gadolina/Erbia Solid 2.30-4.54 19,802
NC18 B4C/Ag-In-Cd Erbia/IFBA Solid/Annular 3.81-4.54 20,954
NCI19 B4C/Ag-In-Cd IFBA Solid/Annular 3.75-4.63 19,788
NC20 B4C/Ag-In-Cd IFBA Solid/Annular 3.57-4.63 19,981
NC21 B4C/Ag-In-Cd IFBA Solid/Annular 3.57-4.16 19,747
NC22 B4C/Ag-In-Cd IFBA Solid/Annular 3.58-4.38 21,214
NC23 B4C/Ag-In-Cd IFBA Solid/Annular 3.55-4.38 19,936
NC24 B4C/Ag-In-Cd IFBA Solid/Annular 3.55-4.43 18,602
NC25 B4C/Ag-In-Cd IFBA Solid/Annular 3.00-4.43 17,579
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Table 5-16: Summary of Validation Criteria and Results
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Low Power Startup Physics Comparisons
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Table 5-19: HZP Total Rod Worth Statistics
Table 5-20: CE Specific Doppler Power Coefficient Comparison Statistics
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HFP Depletion Comparison
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Table 5-23: Critical Experiment Statistics
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Table 5-24: HFP Axial Power Distribution Statistics

Table 5-25: Near EOC HFP ARO MTC Measurement to PARAGON2/ANC Statistics

ab,c

WCAP-18443-NP October 2019
Revision 0



Westinghouse Non-Proprietary Class 3 5-19

Table 5-26: Near EOC HFP ARO MTC PARAGON2/ANC to PARAGON/ANC Statistics
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PARAGON/ANC vs. PARAGON2/ANC Comparison

Table 5-27: Steam line Break/Shutdown Margin Statistics
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Table 5-29: Rod Ejection Statistics
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6 CONCLUSION

The objective of this report was to provide the information and data necessary to license PARAGON2; both
as a standalone transport code and as a nuclear data source for a core simulator in a complete nuclear design
code system for core design, safety and operational calculations. PARAGON?2 is a new transport code
developed by Westinghouse and is based on collision probability methods and is written entirely in
FORTRAN. PARAGON2 can provide nuclear data, including both cross-sections and pin power
information, to a core simulator code such as ANC.

Section 2 presented an overview of the PARAGON?2 code and theory. The main enhancements implemented
in PARAGON?2 are the adoption of an UFEML and the implementation of the RSM. With UFEML,
PARAGON? reproduces the continuous energy solutions and therefore bypass the usage of the traditional
resonance self-shielding calculation that is typically used in lattice physics codes.

The qualification presented in this report followed a systematic qualification process, which has been used
previously by Westinghouse to qualify nuclear design codes. This process starts with the qualification of
the basic methodology used in the code and proceeds in logical steps to qualification of the code as applied
to a complete nuclear design code system.

6.1 PARAGON2 BENCHMARKING

Consistent with the qualification process described above, Section 3 presented the results of PARAGON2
run as a standalone code for a series of critical experiments; these experiments included integral
experiments and critical experiments. The integral experiments comprise the Hellstrand, TRX,
Strawbridge-Barry criticals, and CRIEPI experiments. The critical experiments encompass the KRITZ high
temperature criticals, a large number of spatial criticals from the B&W physics verification program, the
KRITZ-2 MOX experiment, the VENUS-2 MOX experiment, the NCA experiments, the RPI experiments,
and [ ]*¢. Some of these experiments
provided both reactivity and power distribution measurements.

The analyses of the PIE experiments were also presented in Section 3. Various samples from many reactors
were considered, covering several PWR fuel lattices, enrichments and burnups. Actinides and fission
products were considered in the comparison between measurement and PARAGON?2 predictions.

In Section 4, PARAGON?2 predictions were compared to Monte Carlo continuous energy solutions. The
comparisons included all PWR lattice types, a variety of burnable absorbers, a range of UO, enrichments
[ 1*¢, and several fuel composition types. Comparisons included all
reactor operating conditions (CZP to HFP, control rod insertions, etc.), and assembly depletions.

6.1.1 Critical Experiments
6.1.1.1 Integral Experiments

The Hellstrand’s experiments for measuring U-238 RI were analyzed. Irradiated fuel rods of uranium metal
and uranium oxides provide measured capture rates at epithermal energy range that are compared to
PARAGON? predicted values. PARAGON2 with RSM model compared better to the experiments than the
asymptotic model. PARAGON2 RI coefficient values are |

] a,c
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The resonance integrals as a function of fuel rod size were also analyzed and PARAGON?2 predictions
compared well with experiment values.

The relative U-238 resonance neutron capture per atom was measured for cylindrical, 0.387-in. diameter
rods of uranium metal, UO,, and U-Zr alloy placed in a water hole in the TRX critical facility. The measured
radial distribution of the U-238 resonance capture was compared to PARAGON?2 predictions for the three
fuel rod types. The measured capture reaction rate profile within the pellet for all fuels was accurately
predicted by PARGAON?2 as demonstrated in the figures provided in Section 3.

The CRIEPI PIE experiment for a UO; pin was analyzed and outlined in Section 3.1.1.3. The discharge
average burnup of the UO, sample in this experiment is ~74.5 GWd/t and the burnup of the peripheral
region was estimated at about 150 GWd/t. The measured radial distributions of the burnup and actinides
concentrations (uranium and plutonium) were compared to the PARAGON?2 predicted values. PARAGON2
predicts accurately both the measured burnup including the peak at the pellet periphery and the profile
variations of the uranium and plutonium actinides within the depleted fuel pellet.

The Strawbridge-Barry 101 criticals cover a wide range of lattice parameters and therefore provide a severe
test for the lattice code. Since these experiments are uniform lattices, the criticals were run as single pin
cells in PARAGON?2. There are 40 UO; experiments among the 101 criticals. The mean ke for these
experiments calculated by PARAGON2 is [ 1*¢. The mean ke
for all experiments was | ]*¢. As for the comparison with
Monte Carlo, the two codes give almost the same results, with a mean delta kiy¢ of |

1*¢. The results of these criticals were plotted as a function of water to uranium ratio,
enrichment, experimental buckling, and pellet diameter. No biases or trends were seen as a function of any
of these parameters.

PARAGON2’s good predictions of the experimental values of:
1) the total pellet U-238 capture resonance integral as a function of the temperature,
2) the U-238 capture profile within a fuel pellet,
3) the radial distribution of burnup and actinides concentrations within a depleted pellet, and
4) the reactivity of large number of pin cells covering wide range of lattice parameters,

show that: 1) the fine energy mesh method adopted in PARAGON?2 and its cross-section library is accurate,
and, 2) the resonance scattering model is important to accurately predict the fuel temperature Doppler effect
that results from U-238 capture.

6.1.1.2 Critical Experiments
6.1.1.2.1 B&W Spatial Critical Experiments

The B&W spatial criticals provided data on both reactivity and power distribution for a variety of uranium-
oxide fueled lattices. A total of twenty-nine configurations were analyzed: nine with pyrex rods, six with
gadolinia rods, five with gadolinia rods and control rods with 2.46 wt% U-235 enrichment, six with
gadolinia and control rods with 4.02 wt% U-235, and three with gadolinia and 2x2 water rods simulating a
CE type core. kinr comparisons were made between PARAGON2 and the Monte Carlo code MCNP for all
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twenty-nine experiments. In addition, the measured axial bucklings were used with the PARAGON2 results
to calculate k.r. The reactivity results for all configurations were very good with the overall ke for the
twenty-nine experiments being [ 1™~

Rod power distribution comparisons of PARAGON?2 results against measurements were provided for six
of the experiments — two with no burnable absorbers, two with gadolinia burnable absorbers, and two with
Pyrex burnable absorbers. The average difference between the measured and PARAGON2 power
distribution for the six experiments was [ <.

6.1.1.2.2 KRITZ High Temperature Critical Experiments

The KRITZ high temperature criticals provide critical benchmark data for uranium-fueled, water moderated
lattices at high temperatures. The criticals were run at temperatures as high as 519 K. Twelve KRITZ
experiments were modeled in PARAGON?2. The mean ket for the twelve experiments was |

1*¢. No significant trends across the large temperature range of these criticals
were observed. The small standard deviation shows that PARAGON?2 predicts very consistently across the
large temperature range.

6.1.1.2.3 MOX Ciritical Experiment
6.1.1.2.3.1 KRITZ-2 Experiment

KRITZ-2:19 experiment was designed to attain criticality of a rectangular array of mixed oxide Zircaloy-
2-clad fuel rods in light water by regulating the concentration of boron in the water and by adjusting the
water level. Criticality was achieved at isothermal conditions at room temperature (294 K) (cold
experiment) and at elevated temperature (509 K) (hot experiment). The fuel used was composed of
0.16 wt% U-235 uranium enriched and 1.5 wt% PuO, of total plutonium.

The cold and hot experiments were modeled in PARAGON2 and MCNP using the full radial 2D
experimental configurations. The absolute differences in kinr between the two codes are |

]1*¢ for respectively cold and hot experiments. The measured fission reaction rates were compared
to PARAGON? predictions for both hot and cold cases. The standard deviations of these differences are
[ ]** for cold and hot experiments, respectively.

6.1.1.2.3.2 VENUS-2 Experiment

The central part of the VENUS-2 MOX core consists of UO; fuel pins with MOX fuel pins loaded on the
periphery of the core. The VENUS-2 core consists of twelve “15x15” subassemblies. Each of the four
central assemblies contain 3.3 wt% U-235 enriched UQO, fuel pins and 10 Pyrex pins. The 8 periphery
assemblies contain both UO, and MOX fuel, with the 7 internal rows containing 4.0 wt% U-235 enriched
UO; and the 8 external pins containing MOX fuel (UO,-Pu0O;) enriched with 2.0 wt% in U-235 and 2.7 wt%
in high-grade plutonium with the major plutonium isotopes. The VENUS-2 experiment was designed to
study the MOX and UO, assembly interactions.

VENUS-2 two-dimensional full core was modeled directly in PARAGON?2. The axial buckling provided in
the references was used with the PARAGON?2 reactivity result to calculate kes.

The PARAGON?2 k.fr obtained is [ 1*¢, which is in a good agreement with the experiment. The
measured pin-wise fission reaction rates were compared to PARAGON2 values. The standard deviation for
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individual fuel assembly types is small and within a maximum of |

1*¢. The standard deviation for the whole core is slightly larger and the maximum
absolute error is within [ ]*¢. The standard deviations of all the
differences are within 1o or 26 of the measurement uncertainties.

6.1.1.3 NCA Critical Experiments

Toshiba NCA is a tank type light water moderated nuclear facility that is operated at room temperature and
at atmospheric pressure. The level of the water is adjusted to achieve the criticality. The central region of
the core is configured according to the experiments needs, while the driver region is normally built with
fuel rods with 2 wt% U-235 enrichment.

Five configurations (Core-1 to Core-5) were designed to mimic current commercial cores in operation. For
all the experiments, the cores are arranged in a square geometry with same rods pitches and sizes. The
uranium enrichment used in these experiments ranges between 2 wt% and 4.9 wt%. Tungsten rods and
gadolinium burnable absorber rods were also used. Core-4 and Core-5 simulates the hot full power PWR
operating conditions by using 1000 ppm of boron and polystyrene blocks.

All five experiments were modeled using PARAGON2 and MCNP codes. The 3D results of MCNP were
used to confirm the accuracy of the cross-section data used. PARAGON?2 predictions were compared to the
equivalent 2D MCNP. The results show good reactivity agreement between continuous energy Monte Carlo
and PARAGON?2. All the tungsten rodded cases (Core-1, Core-2 and Core-3) seem to be well predicted
(absolute difference | 1*9). Core-4 and Core-5 show slightly larger differences because of
polystyrene blocks inserted.

Measured fission rates distributions were compared to PARAGON?2 predictions. For all the cores, all the
differences are below two-standard deviations of the experimental errors (20). |

]*¢ The Root Mean
Square (RMS) of the differences ranges from [ 1> indicating an
overall good fission rates prediction of PARAGON2 calculations.

6.1.1.4 Critical Experiments with Erbia-Urania Fuel

A series of critical experiments were conducted by CE at the RPI RCF to measure and compare predicted
values of different parameters including local power distributions for lattice configurations similar to a
standard 16x16 CE fuel design but with Erbia-Urania fuel. The number of Erbia pins in the central 16x16
array was varied to accommodate a range of erbium loadings. The CE fuel consisted of UO; fuel rods
enriched to 3.65 wt% and UO,-Er,0;s fuel rods of 1.5 wt% Erbia.

The main purpose of this benchmark is to compare the PARAGON?2 predicted pin power distribution against
the measurements for CE fuel types with Erbia. The root mean square for all these cores varies between
[ 1> and is within the measurements uncertainty. The absolute maximum differences vary
between | ]*¢. The differences obtained for measured pin power distribution and for
reactivity comparison against Monte Carlo are similar in magnitude to other experiments analyzed.
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6.1.2 Isotopics Data

Several PIE benchmarks from SFCOMPO 2.0 database were analyzed. Benchmarks were selected based
on several criteria; such as coverage of a wide range of burnup, coverage of multiple lattice and reactor
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designs, and coverage of a wide range of enrichment. PIE benchmarks chosen for this work contain isotopic
concentration data for samples from small segments of fuel rods in assemblies from past operation at the
Gosgen-1, TMI-1, Calvert Cliffs-1, Turkey Point-3, and Vandellos-2 plants.

For each case, single assembly PARAGON2 modeling was performed mimicking the operating conditions
as much as possible. The final pin burnups in PARAGON2 were iterated on until the values were considered
to be sufficiently close to the sample burnups. PARAGON2 predictions were compared to measurements
for all the samples. Overall, for actinides the average relative differences is |
1*¢. For fission products, the corresponding values are |
1*¢. These results are acceptable and fall within the usual discrepancies in the analyses
of the PIE experiments.

The spectrograph-measured isotopics data for Saxton Cores 2 and 3 with mixed oxide fuel, Yankee cores
1, 2, and 4 with stainless steel clad fuel, and Yankee Core 5 with zircaloy clad fuel have been compared to
isotopic concentrations from PARAGON?2 calculations simulating the power history corresponding to these
cores. These isotopic comparisons show no significant trend for any isotope with burnup. These excellent
results demonstrate the capability of PARAGON?2 for predicting the depletion characteristics of both UO»
and PuO, LWR fuel over a wide range of burnup conditions.

6.1.3 Numerical Benchmarks

Ten different assembly configurations were calculated in both PARAGON2 and the Monte Carlo code
SERPENT2. These assembly configurations were chosen to cover a variety of lattice types, fuel
composition types (including MOX), and burnable absorbers over a given enrichment range |

1*¢. Seven Westinghouse and three CE assemblies were included in these calculations.
The PARAGON2 and SERPENT?2 calculations were compared for both reactivity and power distribution.

For CZP, HZP and HFP conditions | ]1*¢, the mean difference in reactivity between
the PARAGON2 and SERPENT?2 calculations over the ten assemblies was very good and in the interval
between | ]*€. All the absolute differences
are less than [ 1*¢. The differences of kinr values of both codes as a function of burnup were also
compared. The maximum average difference between SERPENT2 and PARAGON?2 is |

]*¢. Combining all the assembly cases, overall, the results are
very good with an average difference of | 1.

The comparison between the SERPENT2 and PARAGON2 power distributions showed very good

agreement. The maximum standard deviation is | ]*¢ and, for the individual pins, the maximum
absolute error obtained for all calculations of all burnups is | ]*¢. For the overall statistics, the
standard deviation of the relative differences is | 1.
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The agreement between PARAGON2 and Monte Carlo is very good and very consistent |

1*¢. Therefore, this analysis confirms that PARAGON2 can
reproduce the Monte Carlo continuous energy neutron multiplication factors with the desired accuracy
| 1> in average, and the Monte Carlo continuous energy pin power with the desired standard
deviation accuracy of | 12

6.2 PLANTS COMPARISONS

The primary use of PARAGON?2 will be to generate nuclear data for use in Westinghouse core simulator
codes. Thus, the most important qualification for PARAGON?2 is comparisons of results of core calculations
using PARAGON?2 supplied nuclear data against measured plant data. This report presented ANC results
for PWR core calculations with nuclear data supplied by PARAGON2, which were compared to
corresponding plant measurements where available and to PARAGON/ANC results for some important
safety related calculations. These calculations demonstrated the accuracy of the PARAGON?2 nuclear data
when applied to a complete nuclear design system. The calculations also demonstrated that PARAGON2
could replace all the previously licensed Westinghouse PWR lattice codes, such as PARAGON and
PHOENIX-P, for use in all the previously licensed Westinghouse methodologies for PWR applications.

6.2.1 Startup Test Results Comparisons

Comparisons were made in Section 5.3 for PARAGON2/ANC predictions against measurements for the
key startup physics parameters: ARO HZP BOC ITC, ARO HZP critical boron concentrations, total rod
worths, and individual control rod bank worths. PARAGON2/ANC demonstrates a good agreement to
measurement and provides an accurate representation of the reactor core during HZP startup physics testing.
The conclusion is based on the results listed in Table 5-16.

Doppler Power Coefficients predictions were compared to plant measurements for the CE reactor cores to
demonstrate the accuracy of the RSM in PARAGON2. The Doppler power coefficients are a CE specific
parameter evaluated during startup physics testing of some cycles. Based on the results provided in
Table 5-20, The DPC values show good agreement when compared to measurement.

6.2.2 HFP Depletion Results Comparison

Comparisons were made in Section 5.4 for PARAGON2/ANC predictions against measurements for the
key HFP depletion parameters: HFP ARO critical boron concentrations and HFP radial power distributions
at key times in core life. The HFP ARO critical boron concentrations were reviewed to demonstrate the
acceptance level for all present and future applications of PARAGON?2. Table 5-21 shows good agreement
with the average and standard deviation of the measured-minus-predicted differences for all the plants listed
in Table 5-1. Moreover, PARAGON2/ANC demonstrates a good agreement to measurement and provides
an accurate representation of the reactor core during HFP conditions as it pertained to reconstructing
assembly-wise power distributions. The peaking factor (Fan, Fo) statistical uncertainties to be applied to all
Westinghouse calculations bounds the uncertainties determined for PARAGON2/ANC. The conclusions
are based on the results listed in Table 5-16.

6.2.3 Other Comparisons

Comparisons were made in Section 5.5 for PARAGON2/ANC predictions against PARAGON/ANC results
as it relates to key safety parameters: ARI-WSR rod worth and peaking factors for shutdown margin,
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dropped rod worth and relevant peaking factors for the dropped rod accident, ejected rod worth and relevant
peaking factors for the rod ejection accident, and EOL MTC. PARAGON2/ANC demonstrates good
agreement with PARAGON/ANC results for each of the aforementioned parameters and summarized in
Table 5-25 through Table 5-29. Particularly for plants with the exemption of the most negative EOL MTC
measurement obtained with either PHOENIX-P/ANC or PARAGON/ANC, the exemption can be
maintained when using PARAGON2/ANC and does not require any new NRC licensing requests.

6.3 CONCLUSION

The data presented in this report provide the basis for the qualification of PARAGON?2 both as a standalone
transport code and as the nuclear data source for core simulator codes. In Sections 3 and 4, standalone
PARAGON?2 was qualified against a wide variety of criticals and Monte Carlo calculations. In Section 5,
PARAGON?2 was qualified as a supplier of core simulator code nuclear data through comparisons of the
PARAGON? results with ANC as the core simulator against measured data and against PARAGON/ANC
for a wide variety of plant designs and problems. The report demonstrates that PARAGON?2 can replace all
the previously licensed Westinghouse PWR lattice codes, such as PHOENIX-P and PARAGON, for use in
all the previously licensed Westinghouse methodologies for PWR applications. The uncertainties used in
the current safety analysis will remain bounding.
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7 SUMMARY AND LICENSING CRITERIA

The data and conclusions shown in the previous sections provide a qualification basis for PARAGON?2 as
a standalone code and as a supplier of assembly lattice nuclear data to a core simulator. PARAGON2
predictions were compared to Monte-Carlo continuous energy solutions, to clean critical experiments, and
to plant measurement data. These comparisons demonstrated consistent representation across all fuel types
(i.e. no trends as a function of geometry, material compositions, or lattice type). The main reason behind
this high degree of accuracy was that the ultimate goal and philosophy used in developing PARAGON2
was to attempt to obtain close agreement between PARAGON2 and Monte-Carlo continuous energy
solutions.

PARAGON? can produce results that are in close agreement with Monte-Carlo continuous energy by using
a UFEML. The cross-sections derived from UFEML depend only on the temperature and energy mesh used
for multi-group solution. This is in contrast with the approach used in other legacy lattice physics simulation
codes that generate state dependent cross-sections inside the code using a resonance self-shielding method
before the flux solution. [

]a,c
7.1 IMPLEMENTATION OF PARAGON2

Based on the qualification of PARAGON?2 as documented herein, PARAGON?2 can be used as a standalone
or as a direct replacement for all the previously licensed Westinghouse PWR lattice codes, such as
PHOENIX-P and PARAGON. Thus, other topical reports that reference the Westinghouse nuclear design
code system will remain applicable with PARAGON?2.

7.2 FUTURE UPDATES TO PARAGON2

It is a well-established understanding in reactor physics that the Monte Carlo continuous energy solution is
the highest order neutron transport method that can be achieved. Monte Carlo has less approximations than
any other deterministic transport method. Therefore, any deterministic code with equivalent physics models
that can produce results that are in close agreement with Monte Carlo is likely to achieve the highest
possible accuracy. [

] a,c

With the continuous improvements in computing time as well as in the quality of the basic nuclear data,
Westinghouse intends to periodically improve its cross-section library and its lattice physics code series
PARAGON2. |

] a,c
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7.3 SUMMARY

The data provided in this report demonstrates that PARAGON?2 is equivalent to continuous energy Monte
Carlo solutions, and that the PARAGON2/ANC code system accurately predicts plant measurement data.
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APPENDIX A SUMMARY OF PLANT A

The following section contains the numerical benchmarking results for Plant A. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table A-1

b. ARO Critical Boron Concentration — Table A-2

c. Total Rod Worths — Table A-3

d. Individual Control Rod Bank Worths — Table A-4 through Table A-8

2. HFP Depletion

a. ARO Critical Boron Concentration Statistics — Table A-9
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Table A-1: HZP ITC —Plant A
Table A-2: HZP ARO Ciritical Boron Concentration — Plant A
Table A-3: HZP Total Rod Worths — Plant A
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Table A-4: HZP Individual Control Rod Bank Worths — Plant A Cycle 2

ab,c

Table A-5: HZP Individual Control Rod Bank Worths — Plant A Cycle 15

a,b,c

Table A-6: HZP Individual Control Rod Bank Worths — Plant A Cycle 17

ab,c
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Table A-7: HZP Individual Control Rod Bank Worths — Plant A Cycle 18
] ab,c
Table A-8: HZP Individual Control Rod Bank Worths — Plant A Cycle 19 _
ab,c
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A-5

Table A-9: HFP Critical Boron Concentration vs. Burnup — Plant A
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APPENDIX B  SUMMARY OF PLANT B

The following section contains the numerical benchmarking results for Plant B. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table B-1

b. ARO Critical Boron Concentration — Table B-2

c. Total Rod Worths — Table B-3

d. Individual Control Rod Bank Worths — Table B-4 through Table B-6

2. HFP Depletion

a. ARO Critical Boron Concentration Statistics — Table B-7
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B-2

Table B-1: HZP ITC —Plant B

Table B-2: HZP ARO Critical Boron Concentration — Plant B

Table B-3: HZP Total Rod Worths — Plant B
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Table B-4: HZP Individual Control Rod Bank Worths — Plant B Cycle 18

ab,c

Table B-5: HZP Individual Control Rod Bank Worths — Plant B Cycle 20

ab,c

Table B-6: HZP Individual Control Rod Bank Worths — Plant B Cycle 21

ab,c
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Table B-7: HFP Critical Boron Concentration vs. Burnup — Plant B
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APPENDIX C  SUMMARY OF PLANT C

The following section contains the numerical benchmarking results for Plant C. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table C-1

b. ARO Critical Boron Concentration — Table C-2

c. Total Rod Worths — Table C-3

d. Individual Control Rod Bank Worths — Table C-4 through Table C-8

2. HFP Depletion

a. ARO Critical Boron Concentration Statistics — Table C-9
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Table C-1: HZP ITC - Plant C
Table C-2: HZP ARO Critical Boron Concentration — Plant C
Table C-3: HZP Total Rod Worths — Plant C
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Table C-4: HZP Individual Control Rod Bank Worths — Plant C Cycle 25

a,b,c

Table C-5: HZP Individual Control Rod Bank Worths — Plant C Cycle 26

a,b,c

Table C-6: HZP Individual Control Rod Bank Worths — Plant C Cycle 27

ab,c
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Table C-7: HZP Individual Control Rod Bank Worths — Plant C Cycle 28

Table C-8: HZP Individual Control Rod Bank Worths — Plant C Cycle 29
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Table C-9: HFP Critical Boron Concentration vs. Burnup —Plant C
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APPENDIX D SUMMARY OF PLANT D

The following section contains the numerical benchmarking results for Plant D. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table D-1
b. ARO Critical Boron Concentration — Table D-2
c. Total Rod Worths — Table D-3
2. HFP Depletion
a. ARO Critical Boron Concentration Statistics — Table D-4
b. Radial Power Distributions — Table D-5 through Table D-8

c. Axial Power Distributions — Table D-9 through Table D-12
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Table D-1: HZP ITC - Plant D
Table D-2: HZP ARO Critical Boron Concentration — Plant D
Table D-3: HZP Total Rod Worths — Plant D
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Table D-4: HFP Critical Boron Concentration vs. Burnup —Plant D
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Table D-5: Assembly Average Radial Power Distribution — Plant D Cycle 28 BOC
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Table D-6: Assembly Average Radial Power Distribution — Plant D Cycle 28 MOC1
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Table D-7: Assembly Average Radial Power Distribution — Plant D Cycle 28 MOC2

a,b,c
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Table D-8: Assembly Average Radial Power Distribution — Plant D Cycle 28 EOC
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Table D-9: Core Axial Power Distribution — Plant D Cycle 28 BOC

ab,c

Table D-10: Core Axial Power Distribution — Plant D Cycle 28 MOC1

ab,c
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Table D-11: Core Axial Power Distribution — Plant D Cycle 28 MOC2

Table D-12: Core Axial Power Distribution — Plant D Cycle 28 EOC

a,b,c
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APPENDIXE  SUMMARY OF PLANT E

The following section contains the numerical benchmarking results for Plant E. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table E-1

b. ARO Critical Boron Concentration — Table E-2

c. Total Rod Worths — Table E-3

d. Individual Control Rod Bank Worths — Table E-4 through Table E-8

2. HFP Depletion

a. ARO Critical Boron Concentration Statistics — Table E-9
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Table E-1: HZP ITC - Plant E

Table E-2: HZP ARO Ciritical Boron Concentration — Plant E

Table E-3: HZP Total Rod Worths — Plant E
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Table E-4: HZP Individual Control Rod Bank Worths — Plant E Cycle 36

a,b,c

Table E-5: HZP Individual Control Rod Bank Worths — Plant E Cycle 37

a,b,c

Table E-6: HZP Individual Control Rod Bank Worths — Plant E Cycle 38

ab,c

Table E-7: HZP Individual Control Rod Bank Worths — Plant E Cycle 39

ab,c
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Table E-8: HZP Individual Control Rod Bank Worths — Plant E Cycle 40
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Table E-9: HFP Critical Boron Concentration vs. Burnup — Plant E
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APPENDIXF  SUMMARY OF PLANT F

The following section contains the numerical benchmarking results for Plant F. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table F-1

b. ARO Critical Boron Concentration — Table F-2

c. Total Rod Worths — Table F-3

d. Individual Control Rod Worths — Table F-4 through Table F-9
2. HFP Depletion

a. ARO Critical Boron Concentration Statistics — Table F-10

b. Radial Power Distributions — Table F-11 through Table F-14

c. Axial Power Distributions — Table F-15 through Table F-18

WCAP-18443-NP October 2019
Revision 0



Westinghouse Non-Proprietary Class 3 F-2
Table F-1: HZP ITC —Plant F
Table F-2: HZP ARO Critical Boron Concentration — Plant F
Table F-3: HZP Total Rod Worths — Plant F
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Table F-4: HZP Individual Control Rod Bank Worths — Plant F Cycle 25

a,b,c

Table F-5: HZP Individual Control Rod Bank Worths — Plant F Cycle 26

a,b,c

Table F-6: HZP Individual Control Rod Bank Worths — Plant F Cycle 27

Table F-7: HZP Individual Control Rod Bank Worths — Plant F Cycle 28

ab,c
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F-4

Table F-8: HZP Individual Control Rod Bank Worths — Plant F Cycle 29

Table F-9: HZP Individual Control Rod Bank Worths — Plant F Cycle 30
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F-5

Table F-10: HFP Critical Boron Concentration vs. Burnup — Plant F

WCAP-18443-NP

October 2019
Revision 0

ab,c



Westinghouse Non-Proprietary Class 3 F-6

Table F-11: Assembly Average Radial Power Distribution — Plant F Cycle 30 BOC
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Table F-12: Assembly Average Radial Power Distribution — Plant F Cycle 30 MOC1
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Table F-13: Assembly Average Radial Power Distribution — Plant F Cycle 30 MOC2
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Table F-14: Assembly Average Radial Power Distribution — Plant F Cycle 30 EOC
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Table F-15: Core Axial Power Distribution — Plant F Cycle 30 BOC

Table F-16: Core Axial Power Distribution — Plant F Cycle 30 MOC1
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Table F-17: Core Axial Power Distribution — Plant F Cycle 30 MOC?2

Table F-18: Core Axial Power Distribution — Plant F Cycle 30 EOC
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APPENDIX G  SUMMARY OF PLANT G

The following section contains the numerical benchmarking results for Plant G. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table G-1

b. ARO Critical Boron Concentration — Table G-2

c. Total Rod Worths — Table G-3

d. Individual Rod Worths — Table G-4 through Table G-10

2. HFP Depletion

a. ARO Critical Boron Concentration Statistics — Table G-11
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Table G-1: HZP ITC - Plant G

Table G-2: HZP ARO Critical Boron Concentration — Plant G

Table G-3: HZP Total Rod Worths — Plant G
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Table G-4: HZP Individual Control Rod Bank Worths — Plant G Cycle 1
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Table G-5: HZP Individual Control Rod Bank Worths — Plant G Cycle 2
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Table G-6: HZP Individual Control Rod Bank Worths — Plant G Cycle 3
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Table G-7: HZP Individual Control Rod Bank Worths — Plant G Cycle 12

ab,c

Table G-8: HZP Individual Control Rod Bank Worths — Plant G Cycle 13

ab,c

Table G-9: HZP Individual Control Rod Bank Worths — Plant G Cycle 14
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Table G-10: HZP Individual Control Rod Bank Worths — Plant G Cycle 15

WCAP-18443-NP

October 2019
Revision 0

a,b,c



Westinghouse Non-Proprietary Class 3

G-6

Table G-11: HFP Critical Boron Concentration vs. Burnup — Plant G
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APPENDIXH SUMMARY OF PLANT H

The following section contains the numerical benchmarking results for Plant H. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table H-1
b. ARO Critical Boron Concentration — Table H-2
c. Total Rod Worths — Table H-3
d. Individual Rod Worths — Table H-4 through Table H-6
2. HFP Depletion
a. ARO Critical Boron Concentration Statistics — Table H-7
b. Radial Power Distributions — Table H-8 through Table H-11

c. Axial Power Distributions — Table H-12 through Table H-15
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H-2

Table H-1: HZP ITC - Plant H

Table H-2: HZP ARO Critical Boron Concentration — Plant H

Table H-3: HZP Total Rod Worths — Plant H
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Table H-4: HZP Individual Control Rod Bank Worths — Plant H Cycle 21
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Table H-5: HZP Individual Control Rod Bank Worths — Plant H Cycle 22

Table H-6: HZP Individual Control Rod Bank Worths — Plant H Cycle 23
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H-4

Table H-7: HFP Critical Boron Concentration vs. Burnup — Plant H
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Table H-8: Assembly Average Radial Power Distribution — Plant H Cycle 22 BOC
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Table H-9: Assembly Average Radial Power Distribution — Plant H Cycle 22 MOC1
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Table H-10: Assembly Average Radial Power Distribution — Plant H Cycle 22 MOC2
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Table H-11: Assembly Average Radial Power Distribution — Plant H Cycle 22 EOC
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Table H-12: Core Axial Power Distribution — Plant H Cycle 22 BOC
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Table H-13: Core Axial Power Distribution — Plant H Cycle 22 MOC1
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Table H-14: Core Axial Power Distribution — Plant H Cycle 22 MOC2

Table H-15: Core Axial Power Distribution — Plant H Cycle 22 EOC
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APPENDIX | SUMMARY OF PLANT 1

The following section contains the numerical benchmarking results for Plant I. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC —Table I-1
b. ARO Critical Boron Concentrations — Table I-2

2. HEP Depletion

a. ARO Critical Boron Concentration Statistics — Table 1-3
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Table I-1: HZP ITC - Plant |
Table 1-2: HZP ARO Critical Boron Concentration — Plant |
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Table 1-3: HFP Critical Boron Concentration vs. Burnup — Plant |
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APPENDIX J SUMMARY OF PLANT J

The following section contains the numerical benchmarking results for Plant J. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table J-1
b. ARO Critical Boron Concentration — Table J-2
c. ARO CE Specific DPC — Table J-3

2. HFP Depletion

a. Critical Boron Concentration Statistics — Table J-4
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Westinghouse Non-Proprietary Class 3 J-2
Table J-1: HZP ITC —Plant J
Table J-2: HZP ARO Ciritical Boron Concentration
Table J-3: HZP ARO CE Specific DPC - Plant J
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J-3

Table J-4: HFP Critical Boron Concentration vs. Burnup — Plant J
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APPENDIX K  SUMMARY OF PLANT K

The following section contains the numerical benchmarking results for Plant K. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. ARO ITC — Table K-1

b. ARO Critical Boron Concentration — Table K-2
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Table K-1: HZP ITC - Plant K

Table K-2: HZP ARO Critical Boron Concentration — Plant K
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APPENDIX L  SUMMARY OF PLANT L

The following section contains the numerical benchmarking results for Plant L. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table L-1

b. ARO Critical Boron Concentration — Table L-2

c. Total Rod Worths — Table L-3

d. Individual Rod Worths — Table L-4 through Table L-6

2. HFP Depletion

a. ARO Critical Boron Concentration Statistics — Table L-7
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L-2

Table L-1: HZP ITC —Plant L

Table L-2: HZP ARO Critical Boron Concentration — Plant L

Table L-3: HZP Total Rod Worths — Plant L
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Table L-4: HZP Individual Control Rod Bank Worths — Plant L Cycle 22
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Table L-5: HZP Individual Control Rod Bank Worths — Plant L Cycle 23

a,b,c

Table L-6: HZP Individual Control Rod Bank Worths — Plant L Cycle 24
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L-4

Table L-7: HFP Critical Boron Concentration vs. Burnup — Plant L
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APPENDIXM SUMMARY OF PLANT M

The following section contains the numerical benchmarking results for Plant M. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. AROITC - Table M-1

b. ARO Critical Boron Concentration — Table M-2

c. ARO CE Specific DPC - Table M-3

d. Total Rod Worths — Table M-4

e. Individual Rod Worths — Table M-5 through Table M-6

2. HFP Depletion

a. ARO Critical Boron Concentration Statistics — Table M-7
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M-2

Table M-1: HZP ITC —Plant M

Table M-2: HZP ARO Critical Boron Concentration — Plant M

Table M-3: HZP ARO CE Specific DPC - Plant M

Table M-4: HZP Total Rod Worths — Plant M
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M-3

Table M-5: HZP Individual Control Rod Bank Worths — Plant M Cycle 13

Table M-6: HZP Individual Control Rod Bank Worths — Plant M Cycle 14
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M-4

Table M-7: HFP Critical Boron Concentration vs. Burnup —Plant M

WCAP-18443-NP

October 2019
Revision 0

a,b,c



Westinghouse Non-Proprietary Class 3 N-1

APPENDIX N  SUMMARY OF PLANT N

The following section contains the numerical benchmarking results for Plant N. HZP startup physics
statistics, HFP depletion statistics, and radial power distributions (where applicable) are contained herein
and listed below:

1. HZP Startup Physics

a. ARO ITC - Table N-1

b. ARO Critical Boron Concentration — Table N-2
c. ARO CE Specific DPC — Table N-3

d. Total Rod Worths — Table N-4

e. Individual Rod Worths — Table N-5

2. HFP Depletion

a. ARO Critical Boron Concentration Statistics — Table N-6
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N-2

Table N-1: HZP ITC —Plant N

Table N-2: HZP ARO Ciritical Boron Concentration — Plant N

Table N-3: HZP ARO CE Specific DPC — Plant N

Table N-4: HZP Total Rod Worths — Plant N
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Table N-5: HZP Individual Control Rod Bank Worths — Plant N Cycle 1
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N-4

Table N-6: HFP Critical Boron Concentration vs. Burnup — Plant N
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