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Introduction 

Reactor core simulations are fundamental for eco-
nomical and safe nuclear power plant operation. 
Currently, several different simulation tools are 
available, and nuclear engineers perform calcula-
tions to predict the reactor core state. This work is 
an example of contemporary computational tools 
applied to perform reactor simulations of a large 
pressurized water reactor (PWR). 

The SCALE-PARCS two-step methodology was 
selected by the National Atomic Energy Agency 
(PAA), a Polish regulatory body, as an approach to 
nuclear reactor safety research. It played an essential 
role in the assessment of the fi rst Polish NPP. The 
SCALE-PARCS approach was not tested in Poland 
a priori to the project (in 2015) reported in this 
paper. This work was supported by PAA as a part 
of the effort to assess the methodology. Moreover, it 
was a part of the training and experience-gathering 
process to enhance reactor safety competencies. 
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The primary aim of this work was to perform tests 
and assessments of the SCALE-PARCS two-step 
methodology with a full-core benchmark problem 
based on real plant data. Additionally, development 
and verifi cation of the PWR nuclear reactor math-
ematical model was also a goal. Clearly, Benchmark 
for Evaluation and Validation of Reactor Simulations 
(BEAVRS) is only a single benchmark and its solution 
is only a portion of the larger testing and assessment 
effort. It is worth mentioning that the presented work 
was also a part of the effort to develop methodology 
and computational tools necessary to predict detailed 
core inventory dependent on space and time. 

In the first step, the SCALE package with 
TRITON sequence and NEWT transport solver [1] 
were applied for the lattice physics calculations 
and fuel burnup. Afterwards, TRITON output was 
processed using GenPMAXS tool, which allowed to 
generate a series of few-group constant cross-section 
libraries (PMAXS) for the 3D coarse-mesh nodal-
-diffusion core simulator PARCS [2]. 

The SCALE-PARCS two-step methodology ap-
plied in this work is similar to the US Nuclear Regu-
latory Commission’s (USNCR) approach to reactor 
safety research. It is also in use by other institutions 
worldwide. The methodology performance has a 
potential impact on 100 reactors – one-fourth of 
world nuclear fl eet. Hence, it is as an essential task 
to perform constant validation and verifi cation of 
the code and methodology. 

The BEAVRS was published in 2013 by the 
Massachusetts Institute of Technology (MIT)  
Computational Reactor Physics Group, and it was 
updated several times [3–5]. Its purpose is to allow 
comparison of various reactor physics computer 
codes applied to the full-core calculations with real 
plant data. The benchmark specifi cation contains a 
detailed description of an unknown (real) nuclear 
power plant with a 4-loop PWR 3411 MWth West-
inghouse reactor, which is located in the USA. The 
documentation contains details of the hot zero 
power (HZP) measurements and reactor operating 
conditions for the fi rst and the second fuel cycles. 

Several research reports on BEAVRS solutions 
were published for a large variety of simulation 
methodologies [6–23]. The model developed in this 

work was compared with available benchmark data 
for the fi rst fuel cycle presented in publications [8, 
24]. The SCALE-PARCS two-step sequence was 
tested using BEAVRS data only in a single publicly 
available conference report, PHYSOR-2018, which 
describes the University of Illinois at Urbana-Cham-
paign (UIUC) research fi nanced by USNRC [23]. 
These results were performed using newer SCALE 
6.2.2, and, however, this work was performed using 
SCALE 6.1.2. 

Core models 

For the fi rst fuel cycle, there are nine types of fuel as-
semblies with 17 × 17 lattice, and they are modelled 
as separate 2D TRITON models for lattice physics 
calculations. The fuel has three enrichments, 1.6, 
2.4 and 3.1 wt%, with a different population of burn-
able absorber (BA) in the form of borosilicate rods: 
0, 6, 12, 15, 16 and 20 (see Fig. 1, left). Detailed 
fuel and core design data are available in [3–5], 
and they will not be reported in this paper. 

Two additional models for the axial and radial 
reflectors were prepared. The SCALE/TRITON 
guidelines for refl ector simulations prepared by 
the Oak Ridge National Laboratory (ORNL) were 
utilized [25]. In order to simulate radial refl ector, 
the assembly FA5 was applied with the additional 
square region having the same size as an assembly. 
It was fi lled with three regions: steel (core barrel), 
water (downcomer) and steel (vessel). In the case 
of the axial refl ector, the most abundant FA1 as-
sembly was applied with a rectangular region fi lled 
with a homogenous mixture of water and structural 
materials. Moreover, for the sake of simplicity and 
to reduce computational effort, spacer grid models 
were not prepared. 

The average specifi c power for burnup calcula-
tions was equal to 41.7 MWth/tHM. The TRITON 
burnup steps were selected following the code 
recommendations described in [25] where smaller 
steps were applied for the fuel with BAs. Smaller 
steps are necessary to accurately calculate burnable 
absorbers evolution for the time interval with high 
BAs concentrations. For the fuel with BAs burnup 

R P N M L K J H G F E D C B A

1 5 6 5 6 5 6 5
2 5 5 8 1 9 1 9 1 8 5 5 DUMMY

3 5 7 4 1 4 1 4 1 4 1 4 7 5 REFLECTOR

4 5 4 2 4 1 3 1 3 1 4 2 4 5 1 FA 1 1.60% 00BA

5 5 8 1 4 1 3 1 3 1 3 1 4 1 8 5 2 FA 2 2.40% 00BA

6 6 1 4 1 3 1 3 1 3 1 3 1 4 1 6 3 FA 3 2.40% 12BA

7 5 9 1 3 1 3 1 4 1 3 1 3 1 9 5 4 FA 4 2.40% 16BA

8 6 1 4 1 3 1 4 1 4 1 3 1 4 1 6 5 FA 5 3.10% 0BA

9 5 9 1 3 1 3 1 4 1 3 1 3 1 9 5 6 FA 6 3.10% 6BA

10 6 1 4 1 3 1 3 1 3 1 3 1 4 1 6 7 FA 7 3.10% 15BA

11 5 8 1 4 1 3 1 3 1 3 1 4 1 8 5 8 FA 8 3.10% 16BA

12 5 4 2 4 1 3 1 3 1 4 2 4 5 9 FA 9 3.10% 20BA

13 5 7 4 1 4 1 4 1 4 1 4 7 5
14 5 5 8 1 9 1 9 1 8 5 5
15 5 6 5 6 5 6 5

R P N M L K J H G F E D C B A

1

2 SA B C B SA
3 SD SB SB SC
4 SA D SE D SA
5 SC SD
6 B C A C B
7 SB SB
8 C SE A D A SE C
9 SB SB
10 B C A C B
11 SD SC
12 SA D SE D SA
13 SC SB SB SD
14 SA B C B SA
15

Fig. 1. The BEAVRS core. The left-hand side presents the core loading pattern for Cycle 1, and the right-hand side 
presents control banks pattern. 
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scheme, expressed in time intervals (effective full 
power days, EFPDs), were: 5, 15, 7, 25 (7 steps), 40 
(22 steps) days respectively and summing up to 1075 
days (EFPDs) and burnup of ~44.0 GWd/tHM. In 
the case of assemblies without BAs, time intervals 
were: 5, 15, 25 (7 steps), 60 (15 steps) days respec-
tively and summing up to 1065 EFPDs with burnup 
~44.4 GWd/tHM. In the case of burnup calculations, 
the boron concentration was set to be constant and 
equal to the average boron contraction (378 ppm) for 
the benchmarks’ letdown curve. The hot full power 
(HFP) state has moderator density equal to 0.71 g/cc, 
fuel temperature equal to 900 K and moderator tem-
perature equal to 580 K. What is more, the HFP state 
is also a reference state for the branch calculations 
dedicated to the power operation. The HZP reference 
state for the TRITON models and branches was differ-
ent with moderator density 0.74 g/cc, boron inventory 
975 ppm and all temperatures equal to 566 K. Branch 
details are presented in the next sub-section. 

The PARCS core model has the same radial no-
dalization as the core loading pattern (Fig. 1), one 
node per one fuel assembly and totally 257 nodes. 
Axial nodalization consists of 20 equally length ac-
tive core axial levels and two refl ector nodes, top 
and bottom. The BEAVRS specifi cation contains 
two different fuel cycle datasets (see Fig. 2) and two 
different PARCS burnup schemes were developed. 
For the boron letdown calculations (100% HFP for 
327.2 EFPDs), a relatively dense burnup scheme 

was applied with points (days) coherent with the 
benchmarks’ boron letdown values. Otherwise, 
the burnup scheme for detailed calculations with 
variable parameters was based on the plant power 
history (see Fig. 3). The fi nal calculations were 
performed with burnup scheme based on the UIUC 
work [23]. The basic approach was to obtain proper 
burnup, as measured at a given point in time. 

The models used to obtain the results presented 
in this report are based on the specifi cation available 
at the time of the research project – revision 1.1.1 
[3]. It is necessary to mention that the benchmark 
revision 2.0.1 was published in 2017 [4] and 2.0.2 
in 2018 [26]. They have some minor updates in 
comparison to revision 1.1.1. The results presented 
in this work were compared with revision 2.0.1 data. 

Branches

Two different branch patterns were prepared for 
this study. The fi rst branch is dedicated only to the 
HZP state, and it is a large branch covering large 
phase space of potential reactor states. It is also 
characterized by a different reference state. It has 
three different boron concentrations, all possible 
control rod branches and two fuel temperature 
branches. Calculations were performed without fuel 
burnup (Table 1) resulting in a substantial reduction 
of computational time. 

Fig. 2. BEAVRS Cycle 1 power operation datasets [4].

Fig. 3. BEAVRS Cycle 1 power history with indicated detector measurements. Based on [4]. 
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The second branch confi guration (Table 2) is 
dedicated for a power operation with fuel burnup. 
In comparison to the HZP branch, it covers phase 
space corresponding to the potential operational 
states. It is worth mentioning that several alternative 

branches were created during the model develop-
ment and it was the most time-consuming part of 
the project. All branch cases were calculated with a 
single moderator temperature as it is the common 
practice in this type of analysis [23, 27, 28]. Model 

Table 1. Branch dedicated to hot zero power calculations 

Number 
units

Control rods 
[1 – in, 0 – out]

Moderator 
density 
[g/cc]

Boron 
concentration 

[ppm]

Fuel 
temperature 

[K]

Moderator 
temperature 

[K]

  0 0 0.74   975 566 566
  1 0 0.71   975 566 566
  2 1 0.74   975 566 566
  3 1 0.71   975 566 566
  4 0 0.74 1500 566 566
  5 0 0.71 1500 566 566
  6 1 0.74 1500 566 566
  7 1 0.71 1500 566 566
  8 0 0.74       0 566 566
  9 0 0.71       0 566 566
10 1 0.74       0 566 566
11 1 0.71       0 566 566
12 0 0.71   975 900 566
13 1 0.71   975 900 566
14 0 0.71 1500 900 566
15 1 0.71 1500 900 566
16 0 0.71       0 900 566
17 1 0.71       0 900 566
18 0 0.74   975 900 566
19 1 0.74   975 900 566
20 0 0.74 1500 900 566
21 1 0.74 1500 900 566
22 0 0.74       0 900 566
23 1 0.74       0 900 566

Table 2. Branch dedicated to power operation 

Number 
units

Control rods 
[1 – in, 0 – out]

Moderator 
density 
[g/cc]

Boron 
concentration 

[ppm]

Fuel 
temperature 

[K]

Moderator 
temperature 

[K]

  0 0 0.71 378 900 580
  1 0 0.74 378 900 580
  2 1 0.71 378 900 580
  3 1 0.74 378 900 580
  4 0 0.71     0 900 580
  5 0 0.74     0 900 580
  6 1 0.71     0 900 580
  7 1 0.74     0 900 580
  8 0 0.71 756 900 580
  9 0 0.74 756 900 580
10 1 0.71 756 900 580
11 1 0.74 756 900 580
12 0 0.69 378 900 580
13 1 0.69 378 900 580
14 0 0.69     0 900 580
15 1 0.69     0 900 580
16 0 0.69 756 900 580
17 1 0.69 756 900 580
18 0 0.71 975 900 580
19 0 0.74 975 900 580
20 0 0.74 975 566 580
21 1 0.71 378 566 580
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development guidelines described in [25] were ap-
plied as far as possible. 

Results and discussion 

Hot zero power (HZP)

Figure 4 presents the axial distribution of radially 
averaged detector measurements (yellow circles) 
provided with BEAVRS specifi cation compared with 
PARCS calculated axial thermal fl ux and axial power 
radially averaged distributions. A reasonable agree-
ment was obtained with a slight underestimation of 
the fl ux (lower leakage) at the bottom of the core. The 
reason is the bottom refl ector modelling as the same 
model was used for the top and bottom refl ector. It is 
also possible to observe the lack of small fl ux depres-
sions due to the absence of spacer grid modelling. 

The axial power distribution calculated with 
PARCS and reference solution obtained with NECP-
-VIOLET code ([8]) is compared in Fig. 5. In this 
case, one can also observe slight underestimation of 
the PARCS power distribution, and it is due to the 
same reasons as in the case of the fl ux distribution, 
as the power distribution is strongly related to the 
thermal fl ux distribution. 

The left-hand side of Fig. 6 presents the axially 
averaged radial thermal fl ux distribution calculated 
with PARCS compared with measurements pre-
sented in the BEAVRS specifi cation. The BEAVRS 

data was corrected for a tilt effect discussed in the 
revision 2.0.1 [4]. The obtained root mean squared 
error (RMSE) for the thermal fl ux and BEAVRS is 
~5%. Underestimation of the fl ux inside the core 
was observed with the highest relative difference 
(RD) value equal to –9.5%. Otherwise, an overes-
timation was observed for the outer boundary of 
the core with the highest difference +7.8%. The 
obtained deviations are not substantially different 
from the alternative results available in the literature 
[8, 22, 23]. For example in UIUC paper [23], they 
obtained RMSE equal to 5.38% in comparison to our 
value 4.89% (see Fig. 6). The reason for these dif-
ferences is the radial refl ector modelling and limited 
capabilities of the SCALE-PARCS sequence. During 
test calculations, not reported in this paper, a strong 
infl uence of the radial refl ector model was observed 
with opposite effect as in Fig. 4 – underestimation of 
the fl ux at the boundary and overestimation at the 
centre of the core. Similar effects were also observed 
during studies of different PWR cores [29]. 

Higher fl ux at the vicinity of the refl ector leads 
to higher leakage reduction of the k-eff. On the 
contrary, higher fl ux at the outer ring increases the 
fi ssion reaction rate, as the fuel has high enrichment 
in that region and causes an increase of the neutron 
multiplication. Otherwise, the reduced fl ux at the 
centre of the core results in a reduction of the fi ssion 
reaction rate in this region. The balance of those ef-
fects contributes to the reduction of the neutron mul-
tiplication of the core, which was observed. Another 

Fig. 4. Comparison of the BEAVRS radially averaged fl ux measurements (yellow dots) with PARCS radially averaged 
power (red) and thermal fl ux distribution (blue) [4]. 

Fig. 5. Comparison of the PARCS radially averaged axial power distribution with axial power distribution calculated 
with NECP code [8].



92 P. Darnowski, M. Pawluczyk

source of uncertainty can be the fact that the detector 
measurements do not exactly measure thermal fi ssion 
reaction rate (fi ssion chambers), in the benchmark, 
there is no explicit description of this issue. The fast 
fl ux is minor in comparison to the thermal fl ux and 
accounting for it does not produce a signifi cant dif-
ference in the results. 

The right-hand side of Fig. 6 presents a com-
parison of the PARCS calculated radial power 
distribution with the reference solution obtained 
with CASMO-4E [8]. The effects and deviations, 
analogous to the thermal fl ux, were observed. The 
maximum relative power outer boundary deviation 
is ~9%, and the maximum inner deviation is ~–6%. 

The comparison of the BEAVRS and PARCS 
critical boron inventory is presented in Table 3. The 
lowest difference is –8 ppm (–1.8%) for the case 
with D-bank inserted and the highest is –38 ppm 
(–7.5%). Observed results are in agreement with 
the industrial limit of 50 ppm [30]. Hence, it might 
be considered a satisfactory result. 

Table 4 presents calculations of the multiplica-
tion factor for the same states as in critical boron 
concentration calculations but with boron inventories 
being equal to the BEAVRS’s values. The results are 
correspondent to Table 3 but expressed in terms of 
reactivity, again showing similar differences. The ARO 
(all rods out) case deviation is 220 pcm, and it is sat-
isfactory value. The highest deviation, for the A, B, C, 
D, SE, SD, SC case is ~450 pcm, and it is a relatively 
large value. It can be observed, that the results devia-
tion increases with the increase of the control banks 
population inserted into the core (Tables 3 and 4). 

Control rod banks worth results are presented 
in Table 5. Banks pattern is visible in Fig. 1(right). 
All PARCS calculations were performed with 
975 ppm of boron. The highest difference was 
obtained with A, D, C, B banks inserted, and the 
difference is about –31% (–174 pcm), otherwise 
the lowest difference is –3.3% (–26 pcm) for 
D-bank inserted only. The maximum difference 
may be considered as moderate. The differences 

Fig. 6. Left – comparison of the thermal fl ux distribution calculated with PARCS and tilt corrected detector responses 
described in BEAVRS specifi cation [4]. Right – comparison of the radial power distribution calculated with PARCS 
and results obtained with CASMO-4E from Ref. [8]. 

Table 3. Comparison of the BEAVRS critical boron concentrations [14] with PARCS results for Cycle 1 hot zero power 
control banks insertion tests 

Parameter
Critical boron concentration [ppm]

BEAVRS V238 groups Difference [ppm]
ARO 975 957 –18
D in 902 894   –8
C, D in 810 796 –14
A, B, C, D in 686 655 –31
A, B, C, D, SE, SD, SC in 508 480 –38
ARO – all rods out. 

Table 4. Effective multiplication factors calculated for different control rod states for the PARC core with BEAVRS 
values of boron concentration [4] 

Parameter Boron concentration 
[ppm]

Effective multiplication factor [-]

BEAVRS V238 groups Difference [pcm]
ARO 975 1.00000 0.99781 –220
D in 902 1.00000 0.99902   –98
C, D in 810 1.00000 0.99837 –164
A, B, C, D in 686 1.00000 0.99628 –373
A, B, C, D, SE, SD, SC in 508 1.00000 0.99553 –449
ARO – all rods out. 
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can be explained by investigation of banks loading 
pattern and thermal fl ux measurements. It can be 
observed that the difference is low regarding reactivity 
when the control banks are inserted into the region 
of the core with more accurate flux prediction. 
For example, the case with only D-bank inserted 
(see Fig. 1, i.e. location D-12) has a fl ux difference 
equal to only 1.6%. Otherwise, insertion of bank B 
in the B, D, C cases introduces overestimation of the 
worth even if the control rod worth (CRW) for D and C 
was underestimated. The thermal fl uxes in positions of 
B-bank (i.e. F-14, B-10) are overestimated, and con-
trol rod effects are stronger than in the BEAVRS case. 

The obtained HZP results (Tables 3–5) are consid-
ered as satisfactory in the framework of the research 
project, especially considering the applied model 
simplifi cations and the applied computational tools. 

Fuel cycle results 

In general, the so-called boron letdown curve is a 
measure of the excess reactivity of the core, and 
for the BEAVRS, it was calculated for 327.2 days 
(EFPDs) at 100% full power with all control rods 
removed. The comparison of the boron letdown 
curves for PARCS, BEAVRS [4] and reference 
Serpent-ARES (high accuracy) results prepared by 
Finnish VTT [24] is presented in Fig. 7. 

An excellent agreement was observed for PARCS 
(Fig. 7) for burnup lower than 6 GWd/tHM; oth-

erwise, results are slowly diverging with the fi nal 
deviation being less than 30 ppm at the end of the 
cycle (EOC). All results are characterized by a sub-
stantial margin to 50 ppm limit and are satisfactory. 

The comparison of the PARCS results with 
BEAVRS boron concentration measurements per-
formed at the time of detector measurements is pre-
sented in Fig. 8. The case was calculated with xenon 
and samarium transient option, on the contrary to 
the boron letdown, which was calculated for equilib-
rium conditions. The most signifi cant difference was 
observed for an operating point near the end of the 
fi rst outage. It was the only point with a deviation 
higher than the 50-ppm limit. Otherwise, during and 
after outages, large variations are possible as poison 
transients are present. All other results are within 
the limit with about 10 ppm difference at the begin-
ning of cycle (BOC). The EOC boron concentration 
difference to the BEAVRS is about 30 ppm (Fig. 8). 
The observed agreement is satisfactory, especially 
considering complex conditions, variable power 
operation with boron and control rods manoeuvring 
and three outages (Fig. 2). 

Conclusions 

The HZP state and the fi rst fuel cycle of the BEAVRS 
PWR were simulated using PARCS 3.2 core simulator 
and SCALE 6.1.2 neutronics package with TRITON-
-NEWT sequence. The applied methodology and 

Table 5. Comparison of the BEAVRS control rod bank worth [4] with PARCS results 

Parameter all@ 975 ppm boron
Control rod bank worths [pcm]

BEAVRS V238 groups Difference [pcm]
D in   788   762   –26
C with D in 1203 1149   –54
B with D, C in 1171 1303 132
A with D, C, B in   548   374 –174
SE with D, C, B, A in   461   342 –119
SD with D, C, B, A, SE in   772   746   –26
SC with D, C, B, A, Se, SD in 1099   974 –125

Fig. 7. Comparison of the BEAVRS boron letdown curve [4] with PARCS branch case 1 and case 2 and state-of-the-art 
results obtained by VTT and reported in [24]. 
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codes were tested against the benchmark, and 
acceptable results were obtained. It can be conclud-
ed that the SCALE-PARCS two-step methodology 
is an appropriate and effective tool for PWR reactor 
fuel cycle simulations and nuclear safety assessment. 

This work is a part of the effort to test and assess 
SCALE-PARCS two-step sequence for regulatory 
research applications, and it has signifi cance for 
the Polish NPP programme. Clearly, simulations of 
single benchmark solution do not allow to assess 
the sequence completely, but it is an important step. 

The satisfactory HZP results were obtained 
with deviations within industrial limits. The fuel 
cycle calculations are considered satisfactory. The 
observed EOC differences for boron letdown curve 
and detailed calculation based on the measurements 
were less than 30 ppm. 

The calculations were performed using 238-neu-
tron groups library (ENDF-VII). It is worth mention-
ing that similar calculations were also performed 
with an older 44 neutron group library (ENDF-V), 
and obtained results were characterized by a signifi -
cant difference to the benchmark. Hence, they were 
not reported in this paper. 

Several different alternative branches were devel-
oped during the research. The presented two branches 
fulfi lled their role, but it is believed that they can be 
merged into a single, more straightforward branch. 
Alternatively, more detailed branches can be devel-
oped for more violent transients. Otherwise, the 
branch calculations and development were the most 
time-consuming elements of the project. Moreover, 
it may be considered to enhance the models for both 
HZP and HFP in the course of future activities. Es-
pecially, studies of spacer grids effects and refl ector 
modelling improvement should be considered. 

Dozens of alternative BEAVRS results are avail-
able in literature. Some of them are more accurate so-
lutions obtained with high-fi delity methods like Monte 
Carlo; other results are less accurate: all were obtained 
with different computational tools and methodologies 
[8, 16, 19, 22, 24]. Only a single report describing 
BEAVRS simulations using PARCS-SCALE is pub-
licly available [23]. Their results were obtained using 

PARCS 3.2 – SCALE 6.2.2 and 56-group ENDF/B-VII 
library. Considering the importance of the two-step 
sequence, a single reference solution can be consid-
ered as insuffi cient. This paper provides comparison 
data obtained using older SCALE 6.1.2, PARCS 
3.2 and ENDF/B-VII 238 group library. It can be a 
valuable reference for researchers studying BEAVRS 
benchmark with different computer codes. 

It can be concluded that the BEAVRS benchmark 
is a unique test to validate PWR reactor simulations 
and should be used as a standard test for software 
testing in the future reactor safety research. 

Finally, this work is a fi rst verifi cation of the PWR 
model, which will be applied as a reference reactor 
for further nuclear safety research. It is planned to 
apply it as an NPP model in the development of core 
inventory prediction tools and in-core fuel manage-
ment computational tools. 
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