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1. Introduction

There are efforts under way to develop a high fidelity
multi-physics core analysis system which integrates the
analyses of neutronics, thermal-hydraulic, fuel structural
mechanics, and fuel performance with the current
advancement of computer technology. By considering
the multi-physics effects more comprehensively, it is
possible to acquire precise local parameters which can
result in a more accurate core design and safety
assessment.

A conventional approach of the multi-physics
neutronics calculation for the pressurized water reactor
(PWR) is to apply nodal methods. Since the nodal
methods are basically based on the use of assembly-wise
homogenized parameters, additional pin power
reconstruction processes are necessary to obtain local
power information. In the past, pin-by-pin core
calculation was impractical due to the limited
computational hardware capability. With the rapid
advancement of computer technology, it is now perhaps
quite practical to perform the direct pin-by-pin core
calculation. As such, fully heterogeneous transport
solvers based on both stochastic and deterministic
methods have been developed for the acquisition of
exact local parameters. However, the 3-D transport
reactor analysis is still challenging because of the very
high computational requirement.

Alternative options are to apply multi-group lower-
order transport methods (e.g. SPy) or diffusion methods
on the pin-by-pin core calculations. If group correction
factors (which must be used to complement the
disadvantages caused the by lower-order methods and
pin environment effect approximations) are used, it is
expected that fast pin-wise calculations may be possible
with transport-comparable accuracy. Thereby, pin-by-
pin core analyses based on the multi-group diffusion or
lower order transport method have been studied quite
recently [1, 2].

There are several very well-known and verified
methods to generate the pin-level correction factors,
such as generalized equivalence theory (GET) [3] and
super-homogenization (SPH) [4]. Therefore, rather than
discussing the method to obtain the pin-level correction
factors itself, this study instead rigorously investigates
effects of the pin environment on the homogenized
cross sections of the pins. This study can be used to
provide a baseline data for the pin-level core analysis.

2. Methods and Results
2.1 Reactor Core Model and Calculation

A modified 2-D EPRI-9 benchmark model [5] was
chosen as the reference core in this study. Two
modifications are made: (1) the benchmark model
consists of 17x17 fuel assembly lattice based on
Westinghouse’s AP1000 design [6], and (2) inter-
assembly gap was not modeled to simplify the problem.
Figure 1 depicts radial view of the benchmark problem.
Note that assemblies numbered 1 to 4 are the four target
assemblies in the 2-group constant comparisons. There
are two different types of fuel assemblies in the problem,
which differ mainly in terms of its UO, enrichment
content: FA-1 consists of 3.0 w/o UO, while FA-2
consists of 4.9 w/o UO, fuels. Figure 2 illustrates the
fuel assembly modeled in this work with target pin cells
labeled T1~T21, G, R1~R2 for the 2-group constant
comparisons. Detailed material and temperature
information are listed in Table I.

The Monte Carlo Serpent2 (ver. 2.1.24) code [7] was
used to generate the 2-group constants of the target pin
cells from infinite fuel assembly (FA) lattice
calculations and 2-D whole core calculation. A total of
5,000 cycles including 500 inactive cycles were
simulated separately: 500,000 histories per cycle in the
infinite lattice calculations and 3,000,000 histories per
cycle in the 2-D whole core calculation, resulting in
relative statistical errors of 10°~107 for the evaluated
cross sections. Fully explicit models (fuel rods, clad,
clad gap, coolant, etc.) were used in all simulations.
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Fig. 1. The modified EPRI-9 benchmark problem
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: IO T JOIC D@ (4.9 w/o enriched), Unit: cm™

5 Pkisee . CI0I0IC Relative Error (%) in XS, FA-1 Position (1)

. A5 LA O LA )7 = )7 = el | Pin Zmlal Zabs Vz'ission Zgiwz

SOIOIOODIOIOIOICIOOOIO e Position ™G1 [ G2 | G1 | G2 | GL | G2 Gl

saaamemECRE n a e ) Tl -046 | 090 | 046 | 186 | 0.24 | 191 | 0.12

HOIOIOOOOIOITOTOIOIOOOT T2 -058 | 0.0 | -1.42 | 002 | -1.06 | 002 | -2.86
Tolliod Taroot Fuial i T3 -056 | -0.05 | -1.25 | -001 | -0.85 | -001 | -2.28

E + Tallied Target Fuel Pin T4 0.98 | 0.30 | 487 | 0.36 | 1.63 | 039 | 2.9

: Tallied Target Instrumentation Tube Pin T5 067 | 042 | -1.20 | 097 | -058 | 100 | -147

_ , , 6 008 | 017 | 1.05 | 031 | 0.76 | 031 | 1.35

|E| : Tallied Target Guide Tube Pin T7 -0.60 0.01 -1.41 0.09 -1.00 0.10 -2.64
. . : : T8 059 | -0.02 | -162 | 001 | -111 | 001 | -281

Fig. 2. Fuel assembly design with target pin cells for tally — 028 T 09 T 026 | 198 T 022 | 202 013

T10 054 | 005 | -1.19 | -0.02 | -1.03 | -0.03 | -2.58

. . . T11 1.12 -0.42 4.76 0.13 1.55 0.15 3.33

Table I: Materials and temperatures modeled in the problem T12 066 | 010 | 161 | 032 | 107 | 033 266
T13 -056 | 0.00 | -1.40 | 002 | -1.16 | 002 | -2.39

Region Material Temperature T14 045 | 090 | 028 | 182 | 023 | 1.88 | -0.11

(K) T15 110 | 044 | 492 | 0.02 | 161 | -00L | 2.83

Fuel Uo0, (FA-1 3 w/o, 800 T16 059 | 028 | -1.13 [ 0.61 | -059 | 0.62 -153
FA-2 4.9 W/O) T17 0.09 0.14 0.95 0.22 0.74 0.22 1.34

: T18 -0.46 0.56 -0.68 1.39 -0.23 144 -0.79

F“e: gf‘p Helium 625 Ti19 056 | 0.04 | -1.40 | 009 | -1.00 | 009 | -2.77

Fue IC ad ZIRLO 625 T20 061 | 001 | -1.60 | -010 | -1.13 | -010 | -2.38

Coolant & T21 103 | 032 | 462 | 031 | 153 | 0.33 3.16

reflector Water (no boron) G -0.58 0.00 -1.14 | -0.03 _ _ -2.49

Control rod (CR) | Ag-In-Cd (black rod) R -0.59 | -004 | -126 | -004 | _ - -2.44

CRoa Oxygen 600 R2 058 | -0.01 | -0.96 | -0.01 _ 1 -2.04

CR glapd 5304 Relative Error (%) in XS, FA-1 Position (2)

H H i z ) 122 ission )
Guide thimble ZIRLO o ol abe ! it
Baffle SS304 Gl | G2 | 61 [ G2 | 61 [ G2 Gl

T1 -055 | 037 | -1.15 | 065 | -062 | 067 | -1.56
T2 -0.55 -0.02 -1.46 -0.28 -1.16 -0.29 -2.72

In summary, two separate MC Serpent2 calculations Ii 105;’ %0315 'j-?;‘ gjf 116171 gj: 51127
were performed to tally the homogenized target pin cell T 56 010 T2t 017 T 97 [o18 | 237
2-group constants: (1) infinite FA (reference data for the 6 013 | 014 | 103 | 027 | 066 | 028 | 145
comparison) and (2) 2-D whore core calculations. These I; 823 %%3:1 igg 882 23‘; ggg ;:3
two _calculatlons were subse_quently compared to To 051 005 145 T 009 | 200 [ 010 | 275
quantify effects of the pin environment on the 2-step T10 -051 | 004 | -124 | 006 | -0.97 | 006 | -2.60
pin—wise PWR core analysis. T11 1.11 -0.45 4.78 0.17 1.46 0.19 2.93

T12 -0.50 -0.03 -1.54 -0.02 -1.10 -0.02 -2.50

- ] T13 057 | -0.05 | -1.57 | 040 | -1.04 | 011 | -254

2.2 Position-dependency of the 2-group Cross-sections T14 052 | 006 | -1.40 | 004 | -1.00 | 005 | 272
Ti5 115 | 048 | 514 | 010 | 178 | 013 | 283

. . . T16 0.38 -0.27 0.50 -0.46 -0.31 -0.47 -0.08

The 2-group homogenized pin cross sections (XS) T 038 | 065 | 286 | 124 | 229 | 126 | 466
determined using Serpent2’s built-in functions are T18 087 | -133 | 2.36 | 2.02 | 056 | 207 | -0.60
tabulated in Tables Il and 111 according to its FA types 1) 133 | -019 | 515 | 044 | 126 | 047 | 309

. . . - T20 1.14 -0.15 4.73 0.75 1.16 0.78 2.99

and Iocatlon_s. It is clear that_m FA-1 o_f position 1, To1 167 1 031 | 943 | 249 | 393 | 258 684

where fuel pins and baffle are in contact (i.e., T4, T11, G 051 | -002 | -074 | -006 | _ _ 2.25

; ; ; R1 059 | 001 | -1.90 | -0.02 | _ _ -2.59
T15, and T21 pins), there are quite noticeable = oas T oor T i o0 - - ST

differences between the two sets of the homogenized 2-
group constants. In fact, the fast-group errors are over
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Table 111: Comparison of major cross sections for FA-2
(3.0 w/o enriched), Unit: cm™

Relative Error (%) in XS, FA-2 Position (3)

Pin 2 otat Zabs VE fission 2192
Position Gl | G2 | 61 | &2 Gl | G2 G1
T1 018 | -001 | -053 | 0.05 | -0.31 | 0.05 -1.10
T2 017 | 0.01 | -0.26 | -0.14 | -0.25 | -0.15 | -0.94
T3 -0.16 | -0.04 | -0.48 | -0.08 | -0.19 | 008 | -1.06
T4 035 | -0.67 | -142 | -1.49 | -1.35 | -154 | -3.71
T5 019 | -001 | -0.45 | 0.01 | -0.21 | 0.02 -1.20
T6 -0.14 | -028 | -0.66 | -0.72 | -0.75 | -0.75 | -2.23
T7 019 | -001 | -0.41 | -0.09 | -031 | 010 | -0.98
T8 -0.16 | 0.00 | -0.47 | -0.10 | -0.33 | -0.11 | -0.94
T9 -0.16 | -0.02 | -056 | -0.16 | -0.38 | -0.17 | -0.84
T10 -0.15 | -0.01 | -0.39 | -0.02 | -0.26 | 001 | -0.88
T11 038 | -064 | -1.44 | -151 | -1.34 | -157 | -3.52
T12 -0.17 | 0.00 | -0.48 | -0.09 | -0.24 | -0.10 | -0.81
T13 014 | -001 | -0.45 | 0.03 | -031 | 0.04 -0.66
T14 020 | 002 | 038 | -0.05 | -0.25 | -0.05 | -0.88
T15 034 | -068 | -1.33 | -1.44 | -1.40 | -1.49 | -3.39
T16 018 | 025 | 074 | -062 | 0.76 | -0.65 | -2.14
T17 011 | -054 | -0.92 | -1.26 | -1.19 | -1.31 | -3.29
T18 034 | 046 | -1.18 | -0.90 | -1.03 | -0.92 | -2.95
T19 036 | -0.70 | -1.35 | -1.53 | -1.39 | -159 | -3.70
T20 037 | 065 | 142 | -150 | -1.46 | -156 | -352
T21 048 | -1.19 | -212 | -259 | 206 | 269 | -5.20
G -0.16 | 0.01 | 034 | 0.00 B _ -0.73
R1 -0.14 | -0.03 | -0.46 | -0.03 B B -0.69
R2 012 | 003 | 031 | -0.06 B _ -0.66
Relative Error (%) in XS, FA-2 Position (4)
Pin 2 otal Zabs VE figsion 2192
Position G1 G2 G1 G2 G1 G2 G1
T1 018 | -0.01 | -0.42 | -0.01 | -0.26 | 001 | -1.09
T2 018 | 002 | 042 | -0.05 | 021 | -0.06 | -0.94
T3 019 | -003 | -0.34 | -0.04 | -028 | 004 | -0.9
T4 019 | 0.02 | -048 | 000 | 028 | 0.00 -1.01
T5 -0.16 | -0.01 | -0.30 | -0.01 | -0.18 | 001 | -0.85
T6 020 | 0.02 | 046 | -0.02 | 024 | -0.02 | -1.10
T7 019 | -0.02 | -050 | -0.02 | -0.32 | 002 | -0.85
T8 017 | 001 | 040 [ 000 | 035 | 001 -0.89
T9 019 | 0.02 | -0.44 | -0.03 | -0.27 | 003 | -1.05
T10 021 | 005 | -056 | 0.00 | -0.35 | 0.00 -0.85
T11 019 | 0.02 | -0.44 | -022 | -033 | 024 | -1.00
T12 020 | 0.02 | 059 | -0.06 | 033 | -0.07 | -0.73
T13 -0.19 | -0.02 | -057 | 0.04 | -0.36 | 0.04 -0.91
T14 018 | 0.01 | 045 | -0.04 | 023 | -0.04 | -0.96
T15 017 | -0.02 | -0.34 | -0.04 | -017 | 004 | -0.83
T16 020 | 001 | 042 | -0.04 | 017 | -0.04 | -0.90
T17 011 | -011 | -0.44 | -020 | 049 | 021 | -1.26
T18 018 | 0.01 | -040 | 001 | 027 | 001 -1.10
T19 017 | 0.00 | -0.49 | -0.08 | -0.37 | 008 | -0.99
T20 -0.16 | 001 | 057 | -0.05 | 039 | -0.05 | -0.84
T21 022 | -024 | -0.87 | -055 | -0.76 | 057 | -2.04
G 021 | 0.00 | -050 | -0.01 B _ -1.07
R1 017 | -0.04 | -0.71 | -0.05 B B -0.84
R2 019 | 0.01 | 026 | 0.00 -0.85

The fuel pins can be grouped according to its pin
environment depending on its relative position in the
assembly. For instance, in FA-1 of position 2, T4, T11,
T15, T19, and T20 pin cells can be grouped together as
they border a similarly flat baffle-reflector region,
resulting in similar XS discrepancies. T21 (corner pin)
is not included in the above group since it is actually in
contact with L-shape baffle-reflector region, which
subsequently leads to the biggest XS discrepancies of all
21 target pin cells. One notes that T17 is significantly
affected by T21 since T21 is located in the immediate
3x3 pin neighborhood of T17. Therefore, XS errors of
T17 closely imitate discrepancy trend of T21.

Furthermore, corner pin T18 is also not included in the
aforementioned group since it has one extra fuel pin in
its 3x3 pin neighborhood domain.

The fuel pins T7, T8, T10, T12, and T13 which are
located in the central south-west quadrant of the FA can
be grouped together since they have similar 3x3 pin
neighborhood (1 or 2 GT in the domain). It is observed
that T7 and T8 show almost identical XS errors albeit
T7 has two GTs in its 3x3 pin neighborhood while T8
has one only. There are two main reasons for this
observation: (1) GTs are uniformly distributed inside
FA such that most fuel pins inside the 17x17 FAs have
at least one GT in its 3x3 pin domain, and (2) mean free
paths of fast and thermal neutrons are ~150% and ~70%
of the pin pitch respectively; i.e. the fuel pins are tightly
coupled in the domain. Therefore, the impact of adding
one more GT in the neighborhood domain is not as
strong as one would expect.

In the case of GTs G, R1, and R2 for both types of
FA, they are all positioned on the inside of the FA and
surrounded by the same number of fuel pins. Therefore,
their XS errors are very similar depending on the FA.

Patterns of relative errors in FA-2 of positions 3 and
4 can also explained by the above observations. In
general, errors in FA-2 are smaller than those of FA-1
because FA-2s are positioned in the interior region of
the core. In other words, they are less affected by the
very different baffle-reflector spectrum.

Position-dependency of baffle and reflector XS was
also quantified in this work. The target baffle squares
(labeled B1 to B5 of 2x2 pin size) and reflector slabs
(labeled W1 to W4 of 15x2 pin size, and W5 of 15x15
pin size) are shown in Figure 1. All homogenized XSs
of the target baffles and reflectors were generated using
the MC Serpent2 code from the 2-D whole core
calculation. B1 and W1 regions were chosen as baseline
for XS comparison because they are the closest to
typical 1-D spectral geometry model for a baffle-
reflector simulation. The results are tabulated in Tables
IV and V. One important observation from this
comparison is that the absorption and down-scattering
XSs of corner baffles (B2 and B5) show relatively bad
agreement with those of flat baffle (B1). In fact, there is
a sudden jump in fast-group absorption XS in W5. The
strong position-dependency of the baffle and reflector
cross sections is due to the significant neutron spectral
differences between the regions.
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Table IV: Comparison of major cross sections for baffle

Unit: cm™
Generated Baffle XS at Reference position
Pin Position Zioa s g2
G1 G2 Gl G2 G1

Bl 5.2953E-01]9.7836E-01|4.2232E-03|1.2930E-01|1.206 7E-03)
Relative Error (%) in XS

Pin Position o Zans Zyiog2
Gl G2 Gl G2 Gl

B2 -0.47 -1.36 -6.34 -9.6 -12.05
B3 0.42 0.1 1.54 0.7 3.3
B4 0.44 0.1 1.51 0.67 2.8

B5 -0.31 0.82 5.86 5.8 12.49

Table V: Comparison of major cross sections for

reflector, Unit: cm™
Generated Reflector XS at Reference position

Pin Position o Zas Zyiog2
Gl G2 Gl G2 Gl
w1 6.5937E-01] 1.7766E+00| 3.3591E-04 8.9112E-03 4.1208E-02
Relative Error (%) in XS
Pin Position oo Zax Zyiog2
Gl G2 Gl G2 Gl
W2 1.69 0.03 3.92 0.05 6.35
W3 -0.04 0.17 2.66 0.28 2.22
W4 -0.42 0.32 4.76 0.54 3.58
W5 -2.73 0.52 10.69 0.87 4.54

3. Conclusions

In this study, position-dependency of the fuel pin
homogenized cross sections in a small PWR core has
been quantified via comparison of infinite FA and 2-D
whole core calculations with the use of high-fidelity MC
simulations. It is found that the pin environmental affect
is especially obvious in FAs bordering the baffle-
reflector regions. It is also noted that the down-
scattering cross section is rather sensitive to the
spectrum changes of the pins. It is expected that the pin-
wise homogenized cross sections need to be corrected
somehow for accurate pin-by-pin core calculations in
the peripheral region of the reactor core.

The impact of pin homogenized cross sections
position-dependency will be further studied by
comparing its core multiplication factor and pin power
distribution against those evaluated using the high-
fidelity fully explicit whole core transport calculation
and the conventional 2-step reactor analysis procedure.
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