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Abstract Cross-sectional homogenization for full-core

calculations of small and complex reactor configurations,

such as research reactors, has been recently recognized as

an interesting and challenging topic. This paper presents

the development of a PARCS/Serpent model for the neu-

tronics analysis of a research reactor type TRIGA Mark-II

loaded with Russian VVR-M2 fuel (known as the Dalat

Nuclear Research Reactor or DNRR). The full-scale

DNRR model and a supercell model for a shim/safety rod

and its surrounding fuel bundles with the Monte Carlo code

Serpent 2 were proposed to generate homogenized few-

group cross sections for full-core diffusion calculations

with PARCS. The full-scale DNRR model with Serpent 2

was also utilized as a reference to verify the PARCS/Ser-

pent calculations. Comparison of the effective neutron

multiplication factors, radial and axial core power distri-

butions, and control rod worths showed a generally good

agreement between PARCS and Serpent 2. In addition, the

discrepancies between the PARCS and Serpent 2 results are

also discussed. Consequently, the results indicate the

applicability of the PARCS/Serpent model for further

steady state and transient analyses of the DNRR.
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1 Introduction

Deterministic and Monte Carlo (MC) lattice physics

codes (e.g., [1–4]) have been widely used to generate

homogenized multi-group cross sections for full-core cal-

culations of power reactors, especially the deterministic

ones. These multi-group constants are generally required

for nodal diffusion codes to predict the behavior of a

reactor core under steady-state and transient conditions.

Recently, coupling modern calculation codes, e.g., Serpent

[1], TRITON [2], HELIOS [3], and PARCS [5], which

have been successfully applied to the modeling of large

power reactors, particularly for few-group cross-sectional

generation and 3D neutronics modeling of small research

reactors [6–8] and generally for small reactor configura-

tions [9] has been recognized as an interesting and chal-

lenging topic. For small and complicated reactor cores such
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as research reactors, the use of continuous-energy MC

codes (such as Serpent) appears to be a more appropriate

choice for homogenized few-group cross-sectional gener-

ation than conventional deterministic codes [6, 10–14].

This is because the tight neutronics coupling of the com-

ponents in research reactors may require full-scale reactor

modeling for homogenized cross-sectional generation, and

such requirements can be satisfied using MC lattice physics

codes, such as Serpent. In addition, the use of MC methods

can facilitate handling of the complex geometries of

research reactors with the least approximation while

allowing the utilization of continuous-energy neutron cross

sections. However, there are existing challenges to the

more accurate and efficient modeling and calculations of

such small reactor configurations, such as correction of

substantial neutron leakage for cross-sectional homoge-

nization of the CROCUS [6] and VR-1 [7] research reac-

tors, proper approximation of the thermal–hydraulic

conditions for full-core diffusion calculations of the LVR-

15 research reactor with PARCS [8], and elevated com-

putational costs associated with MC methods [15, 16],

especially for whole reactor modeling with fine and long

burnup steps.

The aim of this study is to apply the PARCS and Serpent

codes for neutronics analysis of the Dalat Nuclear Research

Reactor (DNRR) [17] (a TRIGA Mark-II reactor [18]

loaded with Russian VVR-M2 fuel) with a configuration

significantly different and more complicated than those

reported in previous studies, including the CROCUS [6],

VR-1 [7], and LVR-15 [8] research reactors. The ultimate

goal is to apply these two codes (namely PARCS and

Serpent) to further transient and safety analyses of the

DNRR and is aimed at updating the safety analysis report

of the DNRR for the extension of its operation in the

future. As the DNRR has a complex geometry with various

components (such as fuel bundles, neutron trap, water gaps,

irradiation channels, beryllium blocks, control rods, rotary

specimen rack, graphite reflector, horizontal beam ports,

thermal column, and thermalizing column), precise simu-

lation of the DNRR is difficult, especially when using

traditional deterministic codes. Therefore, MC codes, such

as MCNP [19] and Serpent, appear to be the appropriate

choice for simulating the complicated geometry of the

DNRR. The MC code Serpent 2 was selected in this study

for modeling of the DNRR owing to its flexible capability

of generating homogenized few-group cross sections based

on both the lattice and full-scale reactor configurations for

nodal diffusion codes, such as PARCS. Moreover, the full-

scale DNRR model with Serpent can be used as a reference

to verify PARCS calculations that use the few-group cross

sections generated by Serpent. The general methodologies

for few-group cross-sectional homogenization of the

DNRR with Serpent and full-core diffusion calculations of

the DNRR with PARCS were adopted herein similar to

Refs. [6, 7]. Nevertheless, the full-scale DNRR modeled

with Serpent covers the active core through the reactor tank

to take advantage of the actual whole-core leakage spec-

trum for few-group cross-sectional homogenization and

thereby, eliminates the need for neutron leakage correction,

as reported for small reactor cores [6, 7]. Furthermore, to

enable the full-core diffusion calculations of the DNRR

with PARCS, a supercell model with Serpent was devel-

oped for cross-sectional homogenization of a shim or

safety rod and its surrounding fuel bundles.

In this study, we propose and discuss a PARCS and

Serpent coupled model (hereafter referred to as the

PARCS/Serpent or PARCS model) for neutronics analysis

of the DNRR loaded with low-enriched uranium (LEU)

fuel. The full-scale model of the DNRR with Serpent 2 was

used to generate the fuel and non-fuel few-group cross

sections for the core and out-core regions, while a supercell

model was used to generate the few-group cross sections

for a shim or safety rod and its surrounding fuel bundles,

for the PARCS calculations. The PARCS nodalization of

the DNRR was based on the full-scale DNRR model with

Serpent, with an equivalent configuration up to the graphite

reflector. Subsequently, the effective neutron multiplica-

tion factor, radial and axial core power distributions, and

control rod worths of the DNRR were determined with

PARCS utilizing the few-group cross sections generated by

Serpent. The full-scale DNRR model with Serpent was also

used as a reference to verify the PARCS/Serpent calcula-

tions. The comparative results show a generally good

agreement between PARCS/Serpent and Serpent, indicat-

ing the applicability of the developed PARCS/Serpent

model for further steady-state and transient analyses of the

DNRR.

2 Description and DNRR models

The 250 kW TRIGA Mark-II reactor, a pool-type mul-

tipurpose research reactor designed and manufactured by

General Atomics, was installed in the Dalat Nuclear

Research Institute (DNRI), Vietnam, in the early 1960s.

The reactor was upgraded to 500 kW in the early 1980s

and was named the DNRR. In this upgrade, the main

structures of the TRIGA Mark-II reactor remained, while

the reactor core was loaded with Russian VVR-M2 type

HEU (highly enriched uranium with 36% 235U enrichment)

fuel bundles [20, 21] and cooled by natural convection. In

accordance with the framework of the program on Russian

Research Reactor Fuel Return (RRRFR) and the program

on the Reduced Enrichment for Research and Test Reactor

(RERTR), the DNRR core was partially converted to LEU

fuel with 19.75% 235U enrichment in September 2007. The
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full-core conversion to LEU fuel was performed during the

period from November 24, 2011, to January 13, 2012 [17].

The horizontal and vertical cross-sectional views and the

main specifications of the DNRR loaded with Russian VVR-

M2 type LEU fuel bundles are shown in Fig. 1a, b, and

Table 1, respectively. The reactor core consists of hexagonal

cells and includes fuel bundles, control rods, dry and wet

irradiation channels, beryllium blocks, and a neutron trap (see

Fig. 1c). TheLEUfuelbundle is aVVR-M2typecomposedof

UO2-Al dispersion cladded in aluminum, as displayed in

Fig. 2a. The total 235U mass in each LEU fuel bundle is

* 49.7 g, distributed in three coaxial fuel tubes in which the

Fig. 1 (Color online)

Horizontal (a) and vertical

(b) cross-sectional views of the
DNRR (BT: horizontal beam

port) and radial layout of the

DNRR core configuration with

92 LEU fuel bundles (c) (SR:
safety rod, ShR: shim rod, and

AR: automatic regulating rod)
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outer tube has a hexagonal shape, and the two inner tubes are

cylindrical. The reactor control rod system consists of seven

control rods, including two safety rods (composed of boron

carbide), four shim rods (composed of boron carbide), and one

automatic regulating rod (composed of stainless steel) (see

Fig. 2b). Aluminum cylinders (with a thickness of 0.5 mm)

cover the dry andwet channels,while the neutron trap (located

at the core center) is awater cylinder that is 6.5 cm in diameter

and 60 cm in length and is surrounded by the beryllium

blocks, which have the same outer shape and dimensions as

the fuel bundle. In addition, a ring of serrated berylliumblocks

is located between the active core and graphite reflector to act

as an additional reflector.

In this study, the DNRR loaded with the LEU fuel (see

Fig. 1) was modeled using the MC code Serpent 2 for

homogenized few-group cross-sectional generation and

was nodalized using the nodal diffusion code PARCS for

full-core diffusion calculations utilizing these few-group

constants generated by Serpent. Using Serpent, the com-

plex geometry of the DNRR, including the fuel bundles,

control rods, in-core irradiation channels, beryllium blocks,

horizontal beam ports, graphite reflector, rotary specimen

rack, thermal column, and thermalizing column, was sim-

ulated with high accuracy. To simplify the simulation

model without a significant impact on the neutronics

characteristics of the DNRR core, the upper and lower parts

of the fuel bundles, beryllium blocks, and dry and wet

irradiation channels were described as homogeneous mix-

tures of aluminum and water. The calculation model with

Serpent 2 covers the active core to the reactor tank in the

radial direction with a diameter of 198.72 cm and in the

axial direction with a height of 174.5 cm. The radial and

axial layouts of the DNRR core modeled in Serpent 2 are

illustrated in Fig. 3a and b. The DNRR model with PARCS

was simulated based on the full-scale DNRR model with

Serpent with the same height and equivalent radial con-

figuration up to the graphite reflector (see Fig. 4).

3 Codes and methods

PARCS, which was chosen by the U.S. Nuclear Regu-

latory Commission (NRC) as its best estimate core neu-

tronics code, is a three-dimensional reactor core simulator

that solves the steady-state and time-dependent multi-

group neutron diffusion and low-order transport equations

in orthogonal and non-orthogonal geometries [5]. PARCS

can be used as a standalone code or coupled directly to the

thermal hydraulics system code TRACE or RELAP5,

which provides the temperature/flow field information to

PARCS during transient calculations. PARCS uses the

nodal cross sections generated by lattice physics codes,

such as Serpent, TRITON, HELIOS, or CASMO [22]. In

this investigation, the finite difference method (FDM)

solver in PARCS code version v32m10co (distributed by

the US NRC to the Regulator Body of Vietnam, Vietnam

Agency for Radiation and Nuclear Safety, under the Code

Assessment and Maintenance Program (CAMP) agree-

ment) was selected for the DNRR full-core two-group

diffusion calculations. The interface discontinuity factors

and the multi-group diffusion option are not supported by

the FDM solver in PARCS. Therefore, the spatial node

sizes used for the PARCS nodalization of the DNRR with a

hexagonal node size of 3.5 cm and hexagonal node height

of 2.0 cm on average were chosen such that they were

sufficiently small to achieve convergence in space [6, 7].

Serpent is a three-dimensional continuous-energy MC

reactor physics burnup calculation code developed at the

Table 1 Main specifications of the DNRR

Reactor type Pool type

Nominal thermal power 500 kW

Coolant and moderator Light water

Core cooling mechanism Natural convection

Reflector Graphite, beryllium, and light water

Active core height 60 cm

Core equivalent diameter 44.2 cm

Fuel pitch 3.5 cm

Fuel type VVR-M2 type, dispersed UO2-Al with 19.75% enrichment, aluminum cladding

Number of control rods 7 (2 safety rods, 4 shim rods, and 1 regulating rod)

Safety and shim rod material B4C

Automatic regulating rod material Stainless steel

Vertical irradiation channels 4 (1 neutron trap, 1 wet channel, and 2 dry channels)

Horizontal beam ports 4 (1 tangential and 3 penetrant)
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VTT Technical Research Centre of Finland [1]. The code

allows the modeling of complicated reactor geometries for

criticality calculations, fuel cycle studies, etc. Furthermore,

it also has various powerful capabilities such as automated

burnup sequence for spatial homogenization, coupled

multi-physics calculations, transient simulations,

sensitivity calculations, reactor geometry pre-implementa-

tion, and fast running time. Serpent 2 has been widely used

in calculations of nuclear reactors, in particular for TRIGA

reactors [23, 24]. In this study, the full-scale DNRR model

with Serpent 2 (Fig. 3a and b) was applied to generate

homogenized few-group cross sections for full-core

Fig. 2 The VVR-M2 type LEU fuel bundle (a) and vertical cross sections (b) of the (b1) automatic regulating rod and (b2) shim/safety rods in

the DNRR
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diffusion calculations with PARCS and was also used to

verify the PARCS/Serpent results. Using this model while

noting that the DNRR uses graphite, beryllium, and light

water as reflectors, the neutron leakage from the DNRR can

be considered insignificant compared to those from the

CROCUS [6] and VR-1 [7] research reactors. This could

eliminate the need for neutron leakage correction, as

reported for small reactor cores [6, 7] and allow the use of

the out-scatter approximation for calculations of the dif-

fusion coefficients for the DNRR. The ENDF/B-VII.1

nuclear data library [25] was used in the Serpent calcula-

tions. The energy cutoff was selected as 2.020 eV for two-

group cross-sectional generation. The WIMS 172 energy

group structure [26] was used as the intermediate multi-

group structure for the collapse of the two-group cross

sections with Serpent [13]. We noted that the full-scale

DNRR model with Serpent used in this study was verified

against that with the MCNP5 Monte Carlo code [27],

which has been extensively validated against experiments

and other calculation results obtained with different codes

[17, 28–30].

The full-scale DNRR model with Serpent was used to

extract the fuel and non-fuel two-group cross sections, as

illustrated in Fig. 3c. To account for the locations of the

Fig. 3 (Color online) Radial (a) and axial (b) layouts of the full-scale DNRR modeled with Serpent. Radial layouts of the full-scale DNRR

model with Serpent (c) and of the supercell model with Serpent (d) for homogenized few-group cross-sectional generation
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fuel bundles, cross-sectional homogenization was per-

formed for separate fuel bundles that were not adjacent to a

shim or safety rod. Additionally, the non-fuel hexagonal

nodes (homogenized cells) outside the DNRR core, as

depicted in Fig. 4, were located at their equivalent posi-

tions in the full-scale DNRR model with Serpent for their

two-group cross-sectional generation, along with the cross-

sectional generation for the in-core regions. The purpose

was to take advantage of the actual full-core leakage

spectrum for the homogenized two-group cross-sectional

generation. Based on this approach, two-group cross-sec-

tional data for 30 hexagonal nodes were generated to rep-

resent the out-core regions in the PARCS calculations.

Similarly, two-group cross sections of the beryllium

blocks, neutron trap, and other non-fuel regions in the core

were also generated.

Fig. 4 (Color online) Radial

(a) and axial (b) layouts of the
DNRR modeled with PARCS
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Homogenized few-group cross sections of the automatic

regulating rod (composed of stainless steel) with the

smallest worth as compared to those of the shim and safety

rods (composed of B4C) were also generated using the full-

scale DNRR model with Serpent. To ensure an accurate

solution from the FDM solver in PARCS when the highly

absorbing material B4C is present in the active core, the

supercell model with Serpent (in which the absorption part

of a shim or safety rod was homogenized with the sur-

rounding fuel bundles) was used to generate the homoge-

nized cross sections of the shim/safety rods and the

neighboring fuel bundles when these control rods were

inserted into the active core. The supercell model for a

shim or safety rod and the surrounding fuel bundles was

modeled as a radially infinite axially finite 3D geometry.

The axial parts of the control rods and the surrounding fuel

bundles, along with the water layers above and below the

fuel bundles, were modeled as in the full-scale DNRR

model. The radial layout of the supercell model is illus-

trated in Fig. 3d. In this model, six fuel bundles and a

control rod were enclosed by a hexagonal boundary to

enable the application of the reflective boundary condition

in Serpent for the radial direction, and the vacuum

boundary condition in the axial direction [31]. The super-

cells for the shim and safety rods can be embedded directly

in the full-scale DNRR model with Serpent for their cross-

sectional homogenization. However, this would require

generating the cross-sectional sets of the supercells one by

one when moving these control rods and would, therefore,

be a time-consuming task. Using a separate supercell

model, as previously mentioned, overcomes this disad-

vantage and takes advantage of the use of only one cross-

sectional set generated for all of the shim and safety rods.

This approximation can be considered reasonable and

acceptable, taking into account the similar locations of

these control rods in the DNRR core (Fig. 1a and c). The

homogenized cross sections were then generated for the

supercell, including a shim or safety rod and six fuel

bundles. Similarly, homogenized cross sections of the

aluminum followers (see Fig. 2b) of the shim/safety rods

were also generated. Owing to such homogenization for

use in the PARCS model, the power distributions of the

fuel bundles surrounding the shim/safety rods must be

reconstructed after the PARCS calculations. This power

reconstruction was performed based on the reference power

distributions calculated using Serpent, as explained below.

The power distribution ratio of each fuel bundle among

the six bundles adjacent to a control rod, i.e., the form

factor for the above-mentioned power reconstruction, was

determined for the cases of inserted control rods simulated

by PARCS as follows:

f 0i;P ¼ fi;P �
f 0i;S
fi;S

; ð1Þ

where fi represents the power distribution ratio of each fuel

bundle among the six bundles surrounding a control rod;

fi,S and fi,P are the values of fi in the all-rods-out case

calculated by Serpent and PARCS, respectively; f0i,S is the

value of fi in the cases of inserted control rods calculated by

Serpent; f0i,P is the form factor determined in the cases of

inserted rods for the power reconstruction after the PARCS

calculations.

The values of fi,S, fi,P, and f’i,S were calculated as

follows:

fi ¼
Pi

P6
k¼1 Pk

; ð2Þ

where Pi is the power distribution value of each fuel bundle

adjacent to the control rod.

Each value of f0i,P was determined using Eq. (1), and

normalized using Eq. (3):

f 00i;P ¼
f 0i;P

P6
j¼1 f

0
j;P

: ð3Þ

The reconstructed power distribution for each fuel

bundle among the six bundles surrounding a control rod

was then determined for the cases of inserted rods simu-

lated by PARCS as follows:

P00
i;P ¼ f 00i;P �

X7

j¼1
P0
j;P; ð4Þ

whereP0
j,P (j = 1,…,7) are the power distributions of the

seven homogenized cells (resulting from the supercell

model) calculated by PARCS in the cases of the inserted

rods and P00
i,P (i = 1, …, 6) are the reconstructed power

distributions of the six fuel bundles adjacent to an inserted

rod.

Finally, the full-scale DNRR model with Serpent was

used as the reference to verify the PARCS/Serpent model

for the DNRR under steady-state conditions. The parame-

ters of the DNRR to be calculated and compared, including

the effective neutron multiplication factor, radial and axial

core power distributions, and control rod worths, are pre-

sented and discussed in the following section.

4 Results and discussion

4.1 Effective neutron multiplication factor

Table 2 lists the values of the effective multiplication

factor (keff) obtained by Serpent and PARCS in the cases of

(a) full insertion of the four shim rods and the automatic

regulating rod in the core, (b) criticality condition (the
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insertion of the four shim rods is 42 cm, and that of the

regulating rod is 26 cm), and (c) complete withdrawal of

the four shim rods and the regulating rod from the core. In

all calculations, the two safety rods were assumed to be

completely withdrawn from the core as they were used

only for emergency shutdown. We also noted that the cross

sections of the absorption parts of the four shim rods

generated from the supercell model were used in Cases (a)–

(b) when they were present in the active core; whereas the

cross sections of the aluminum followers and the absorp-

tion parts of the two safety rods and the four shim rods

generated by the full-scale DNRR model were used in Case

(c) and Cases (a)–(b) when some of their absorption parts

were located outside the active core.

There was generally good agreement among the keff
values calculated using PARCS and Serpent. The PARCS

results were also observed to underestimate the keff values

predicted using the Serpent. An excellent agreement of -

91 pcm between PARCS and Serpent was found for Case

(c) while their maximum disagreement of - 459 pcm was

observed for Case (a), which is in line with those reported

in Ref. [6] ( - 418 pcm), Ref. [9] ( - 526 pcm), and Ref.

[7] ( - 551 pcm) for small reactor cores. The trend in the

difference between PARCS and Serpent, as listed in

Table 2, can be explained by the presence of highly

absorbing materials of the inserted shim rods in the active

core for Cases (a)–(b), which renders the FDM solver of

PARCS less accurate than when solving Case (c). Table 2

also indicates good agreement of 108 pcm in the keff value

when using the following two different cross-sectional sets

for the aluminum followers of the shim and safety rods in

Case (c): (1) the cross cross sections of the aluminum

followers of the control rods homogenized with the sur-

rounding fuel bundles generated using the supercell model

and (2) the cross sections of the aluminum followers and

the surrounding fuel bundles generated separately using the

full-scale DNRR model. In addition, the deviation of the

radial power distributions when using these two different

cross-sectional sets for the aluminum followers was con-

firmed to be as small as 0.6%. As this study aimed to verify

the PARCS/Serpent model developed against the reference

full-scale DNRR model at steady states, the cross sections

of the aluminum followers of the control rods generated

using the full-scale DNRR model were used for verification

purposes. However, the cross-sectional sets of the alu-

minum followers of the control rods homogenized with the

surrounding fuel bundles generated using the supercell

model should be used for transient calculations of the

DNRR, as being planned in future studies.

4.2 Radial and axial core power distributions

In this section, the radial and axial core power distri-

butions were calculated and analyzed using PARCS in

comparison with the reference Serpent calculations. The

two cases, including the core critical condition [Case (b)]

and the complete withdrawal of the shim rods and regu-

lating rod [Case (c)], as listed in Table 2, were considered.

Figure 5a and b, which displays the radial power distri-

butions calculated by Serpent and PARCS, shows good

agreement between the two codes. The difference in the

radial power distributions calculated by PARCS and Ser-

pent was, however, as high as * 10%, which appeared at

the peripheral fuel bundles located adjacent to the beam

ports No. 4 and 3 (see Fig. 1a). This discrepancy may be

mainly attributed to the homogenization of the void region

of beam port No. 4 and, to a lesser degree, that of beam

port No. 3 in the core periphery with the adjacent graphite

in the PARCS model, which leads to more neutron

reflection back to the core and therefore, higher power

density calculated by PARCS in this core periphery as

compared to the Serpent results. Thus, treating such void

regions in the PARCS/Serpent model to improve this dis-

crepancy between PARCS and Serpent models should be

carefully considered in future studies. In contrast, the dif-

ference in the radial power distributions calculated by

PARCS and Serpent was as high as * -8% at the fuel

bundles adjacent to the inner beryllium blocks. This can be

explained by the effect of the homogenization of the neu-

tron trap and the beryllium in the PARCS model, which

results in less neutron reflection back to the adjacent fuel

bundles and hence results in a lower power density as

calculated by PARCS in this region in comparison with the

Serpent values. Nonetheless, a difference within * 10% in

Table 2 Comparison of keff
calculated using PARCS (P) and

Serpent (S)

Position of control rods (cm) keff

Case Four shim rods Regulating rod Serpent PARCS P–S (pcm)

a Full insertion Full insertion 0.97355 ± 0.00007 0.96896 - 459

b 42 26 1.00083 ± 0.00007 0.99789 - 294

c Complete withdrawal Complete withdrawal 1.08118 ± 0.00007 1.08027

1.08135*

- 91

17*

*The PARCS result in the case of using the cross sections of the aluminum followers for the control rods

homogenized with the six surrounding fuel bundles generated using the supercell model
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the radial power distributions (i.e., the radial thermal flux

distributions) in the DNRR predicted by PARCS and Ser-

pent was found to be comparable to the discrepancies

reported within * 15% for the CROCUS [6] and VR-1 [7]

research reactors.

The maxima of the relative power distributions calcu-

lated using PARCS and Serpent were found at cell 4–5 in

both cases, indicating that the radial power profile calcu-

lated by PARCS agrees well with that predicted by Serpent.

When the control rods were inserted in the core at the

critical state [Case (b)], the relative power distributions of

the fuel bundles adjacent to these control rods decreased

owing to the high neutron absorption of the inserted shim

rods while those of the fuel bundles far from the inserted

shim rods increased, as compared to the all-rods-out case

[Case (c)]. Consequently, the radial power profile calcu-

lated by PARCS and Serpent in Case (b) became less flat

than that in Case (c), and the disagreement between the

PARCS and Serpent in predicting the radial power distri-

butions in Case (b) increased, especially for the fuel bun-

dles located near the inserted control rods.

The axial power distributions in cells 4–5, 7–10, and

11–8 (see Fig. 1c) calculated by PARCS and Serpent are

shown in Fig. 5c and d. These cells were chosen for

Fig. 5 (Color online) Comparison of the radial power distributions at

the critical state (a), at the all-rods-out condition (b) (upper cell value:
Serpent; middle cell value: PARCS; lower cell value: relative percent

difference in PARCS and Serpent), and of the axial power distribu-

tions in cells 4–5, 7–10, and 11–8 at the critical state (c) and at the all-
rods-out condition (d) calculated by PARCS and Serpent
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comparison of the axial power distributions obtained by the

two codes because cell 4–5 is located near the inner

beryllium blocks and has the highest relative radial power,

while cells 7–10 and 11–8 are those next to the regulating

rod and shim rod ShR4, respectively, which can clearly

show the effects of control rod insertion and homoge-

nization of the void regions of beam ports No. 3 and 4

adjacent to the core periphery with the nearby graphite in

the PARCS model. Figure 5c and d exhibits an accept-

able agreement of less than (1) * 12% for cell 4–5,

(2) * 9% for cell 7–10, and (3) * 14% for cell 11–8

between the axial power distributions obtained with

PARCS and Serpent. In addition, the difference in the axial

power distributions in these cells obtained with PARCS

and Serpent became more significant when the control rods

were inserted in the core [Case (b)] as compared to the all-

rods-out case [Case (c)]. The axial power distributions in

cell 4–5 calculated by PARCS for both cases underesti-

mated those predicted by Serpent, as explained above for

the fuel bundles adjacent to the inner beryllium blocks.

Meanwhile, the axial power distributions in cells 7–10 and

11–8 calculated by PARCS tended to overestimate those

predicted by Serpent around the core midplane toward the

core bottom. This may be due to the presence of beam ports

No. 3 and 4 in this core axial region (see Fig. 4b) and

consequently the effect of homogenization of the void

regions of these beam ports near the core periphery with

the adjacent graphite in the PARCS model, as discussed

above.

4.3 Control rod worths

Control rod worth calculations were performed using

PARCS and Serpent based on the initial critical reactor

condition [Case (b) as listed in Table 2] from which each

control rod was fully inserted into the core and then

gradually withdrawn from the core to determine its worth.

The worths of the shim, safety, and regulating rods cal-

culated by PARCS and Serpent are listed in Table 3 and

displayed in Fig. 6. Table 3 indicates that a good agree-

ment within * 6% in the rod worths was obtained with

PARCS and Serpent, which is consistent with the reported

discrepancy within * 8% for the VR-1 research reactor

[7]. Additionally, Fig. 6a and b indicates that the worths of

the shim and regulating rods calculated by PARCS gen-

erally overestimated those obtained by Serpent.

The worth of SR1 was also larger than that of SR2 in

both the PARCS and Serpent calculations because of the

fact that SR1 is located in the higher power density region,

i.e., with higher thermal neutron fluxes, owing to the

presence of the wet irradiation channel (see Fig. 5a). In a

Table 3 Comparison of the

control rod worths calculated

using PARCS (P) and Serpent

(S)

Control rod Serpent (pcm) PARCS (pcm) P–S (pcm) Difference (%)

AR 495 493 - 2 - 0.4

ShR1 2,687 2,722 35 1.3

ShR2 2,767 2,771 4 0.2

ShR3 2,817 2,760 - 57 - 2.0

ShR4 2,562 2,720 158 6.1

SR1 2,311 2,173 - 138 - 6.0

SR2 2,218 2,140 - 78 - 3.5

Fig. 6 (Color online) Worths of the shim rods (a) and worth of the

automatic regulating rod (b) calculated using PARCS and Serpent
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similar manner, the worth of ShR4 is smallest among the

four shim rods, as it is located in the lower power density

region which is mainly caused by the presence of beam

ports No. 3 and 4 adjacent to the core boundary. In par-

ticular, the worth of ShR4 calculated by PARCS overesti-

mated that calculated by Serpent by * 6% because of the

higher power density in this region predicted by PARCS

when compared to Serpent, as discussed in Sect. 4.2. The

agreement between PARCS and Serpent in predicting the

control rod worths was also closely related to their agree-

ment in the power distribution prediction, as shown in

Fig. 5a.

5 Conclusion

This paper proposed a PARCS/Serpent model for neu-

tronics analysis of the DNRR with a hexagonal configu-

ration significantly different and more complicated than the

CROCUS, VR-1, and LVR-15 research reactors with

rectangular geometries. Homogenized two-group cross

sections were generated using the full-scale DNRR model

with Serpent 2 and used for the full-core diffusion calcu-

lations with PARCS. Using the full-scale DNRR model, the

need for neutron leakage correction for the DNRR could be

eliminated and the whole-core leakage spectrum could be

utilized for cross-sectional homogenization, taking into

account the tight neutronics coupling of the components in

the DNRR. In addition, the supercell model with Serpent

for cross-sectional homogenization of a shim or safety rod

and its neighboring fuel bundles allows the utilization of

the FDM solver of PARCS for full-core diffusion calcu-

lations of the DNRR. In addition, the full-scale DNRR

model with Serpent can be used as a reference for verifi-

cation of the PARCS/Serpent results is also an advantage.

A comparison of the keff, radial and axial core power

distributions, and control rod worths calculated by PARCS

and Serpent showed a generally good agreement between

the two codes, indicating the applicability of the PARCS/

Serpent model developed for further steady-state and

transient analyses of the DNRR.

The differences in the keff, core power distributions, and

control rod worths obtained by PARCS and Serpent were

also consistent with those reported for other small reactor

cores, including the CROCUS [6], VR-1 [7], and LVR-15

[8] research reactors. However, the PARCS results for the

DNRR were attributed to the inherent drawbacks of dif-

fusion theory in the presence of highly absorbing materials

or void regions and proximity to the core/reflector bound-

aries. The discrepancy in the radial power distributions

obtained by PARCS and Serpent was found to be less than

5% for most of the fuel bundles, except at some core/

reflector boundaries where it was as high as (1)

approximately –8% at the fuel bundles adjacent to the inner

beryllium blocks and (2) * 10% at the core peripheral

locations near beam port No. 4. The largest deviation in the

axial power distributions was found to be as high as 14%

for the analyzed cells located in close proximity to those

core/reflector boundaries. Thus, we strongly suggest that

special treatments for the reflector cross sections in those

regions of the DNRR, e.g., by considering the transport

cross-sectional optimization solution proposed in Ref. [32]

for a diffusion solver or applying a radial reflector dis-

continuity factor iteration scheme recently proposed for

VR-1 [33], should be closely examined in future studies.

The cross-sectional homogenization approach, based on

the full-scale DNRR model with Serpent and the developed

supercell model, has the flexibility of analyzing the full

range of operating states of the DNRR owing to the auto-

mated burnup sequence for cross-sectional homogenization

in Serpent. Although the full-scale DNRR calculations with

Serpent for cross-sectional homogenization, especially for

branch or history variations, are slightly computationally

expensive owing to the nature of the MC method, they can

be easily offset by rapid full-core calculations with

PARCS. Another advantage of the PARCS/Serpent model

for DNRR is that it can be directly coupled with the U.S.

NRC thermal hydraulics system code TRACE or RELAP5

for 3D coupled neutron kinetics/thermal hydraulics calcu-

lations of the DNRR. Future studies will further improve

the PARCS/Serpent model for DNRR to reduce the dis-

crepancies between PARCS and Serpent, as well as to

validate them against experimental data during reactor

startup, thereafter apply them to transient and safety anal-

yses of the DNRR.
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