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Abstract — Research on small modular reactors (SMRs) is gaining importance since they are key for
addressing energy challenges in various sectors. These types of reactors integrate novel technologies that
rely heavily on passive safety systems. Among the most developed light water reactors, SMR designs are
SMART and NuScale. This work analyzes the academic boron-free Karlsruhe Small Modular Reactor
(KSMR), which may fit in SMART, and a core design resembling NuScale. The research aims to explore
the potential of new multiphysics tools under development to predict safety parameters of SMRs during
normal operation and transients. For this purpose, the Purdue Advanced Reactor Core Simulator (PARCS)
and TWOPORFLOW (TPF) codes have been coupled using the Interface for Code Coupling (ICoCo),
orchestrating code execution through a C++ Supervisor program. In this work, a nodewise rod ejection
accident (REA) has been analyzed for two different scenarios. The first is a hot-zero-power scenario for the
KSMR core, and the second is initiated at 75% of nominal power for the NuScale core. Verification of
results has been done though code-to-code comparison. Comparison of the PARCS/TPF results obtained for
both KSMR and NuScale with reference cases shows acceptable differences. Key safety parameters
predicted by the codes for the REA analysis of both cores have also been evaluated against the latest U.
S. Nuclear Regulatory Commission regulation for reactivity initiated accidents showing that all parameters
fulfill core coolability acceptance criteria and fuel rod cladding failure thresholds. The presented work
highlights the transition from the coupling of PARCS with a mixture model code, such as SCF, to a coupling
with a two-phase model code, such as TPF. These findings contribute to a better understanding of SMR
phenomenology during accidental sequences and demonstrate the capabilities of the coupled codes.

Keywords — TWOPORFLOW, PARCS, multiphysics, small modular reactors, rod ejection accident.

Note — Some figures may be in color only in the electronic version.

*E-mail: alejandro.munoz@kit.edu

This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.
org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is
properly cited. The terms on which this article has been published
allow the posting of the Accepted Manuscript in a repository by the
author(s) or with their consent.

I. INTRODUCTION

Over the last years, the development of small mod-
ular reactors (SMRs) has increased because of their
enhanced safety characteristics that rely heavily on the
usage of passive systems. In addition, their reduced
power output is suitable for different electric grids.

1


http://orcid.org/0009-0006-3450-4188
https://crossmark.crossref.org/dialog/?doi=10.1080/00295639.2024.2357953&domain=pdf&date_stamp=2024-06-13

2 CAMPOS-MUNOZ et al. - VERIFICATION OF THE COUPLED CODE PARCS/TWOPORFLOW

SMR designs under development use a variety of cool-
ants and fuel forms with different technology and licen-
sing characteristics.

Currently, there are more than 60 SMR concepts in
various stages of development.!'] While a significant
portion of SMRs relies on well-established light water
reactor (LWR) technology, their smaller cores compared
to conventional LWRs present new challenges for core
physics simulations. Traditional analysis tools, such as
nodal diffusion solvers coupled with one-dimensional
(1D) thermal-hydraulic (TH) codes, may not be fully
suited to address these challenges.!**!

Researchers worldwide are actively investigating the
applicability of high-order neutron physics codes and TH
codes with increased space resolution to ensure accurate
modeling of SMR phenomena.'?! This exploration aims to
enhance the understanding of and simulation capabilities
for SMRs, acknowledging their unique characteristics and
requirements. Multiphysics three-dimensional (3D) core
simulations based on 3D nodal solvers and 3D TH meth-
ods such as subchannel codes make feasible the accurate
prediction of local feedback between neutronic and TH
phenomena and are of great importance in reactor design
and safety.

Several code coupling approaches exist for 3D meth-
odologies for the research community to utilize, e.g.,
reactivity initiated accident (RIA) analysis.*! One of the
most flexible and modular methods for code coupling is
based on the Interface for Code Coupling™ (ICoCo).
Other methods are the Virtual Environment for Reactor
Applications!® (VERA), the Multiphysics Object-
Oriented Simulation Environment!”! (MOOSE), and the
Kraken'™®! framework based on socket communication. An
external coupling approach allows modular independency
and reusability. Contrary to it, coupling interfaces opti-
mize the data transfer between the coupled codes, over-
coming the previous need for disk read-write operations.

On the industry side, classical RIA analysis is based
mainly on 1D methodologies. For example,
Westinghouse Electric Company is using 1D kinetics
(the TWINKLE code for neutronics and the FACTRAN
code for a fuel rod), which is referred to as WCAP-
7588.°1  Later developments aim to use 3D
methodologies.”) For example, in 2003, Westinghouse
adopted a new methodology, WCAP-15807-NP-A,!'"]
based on the SPONOVA 3D solver and the VIPRE sub-
channel code.

For the NuScale RIA analysis, the SIMULATE-3K
code is used in connection with RELAPS to simulate the
integral plant behavior under transients. The departure
from nucleate boiling ratio (DNBR) is predicted by the
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VIPRE-01 subchannel code using the NSP4 correlation
with 1.284 as the safety limit (SL).M'"'! It is worth
noting that in this methodology, fuel cladding failure is
not allowed, so the cladding failure thresholds become
acceptance criteria. This differs from Regulatory Guide
1.236 (RG 1.236),!"* where cladding failure is allowed as
long as the released dose meets the acceptance criteria.

On the other hand, Korea Atomic Energy Research
Institute has developed the TASS/SMR-S code!'*'! for
the safety analysis of SMART100, where a 1D TH ana-
lysis of the core is done to predict the minimum DNBR
and the cladding temperature.

In this research, the ICoCo framework has been
employed to couple the reactor core Purdue Advanced
Reactor Core Simulator (PARCS) and the porous-med-
ium two-phase flow code TWOPORFLOW (TPF). This
approach not only simplifies the integration process but
also enhances the efficiency of data transfer between
these codes, streamlining the research efforts.

The transient selected for analysis in this work is a
rod ejection accident (REA), which is a design-basis RIA.
The REA is initiated by failure of the housing in the
upper head of the reactor vessel where the control rod
(CR) drive mechanism attaches. The initial power level
affects both the ejected rod worth and the Doppler feed-
back, two of the most critical parameters that determine
the power evolution. The fast ejection of a CR causes a
sharp increase in reactivity in the core, increasing core
power peaking around the location of the ejected rod.
This type of transient should be analyzed with a multi-
physics tool because of the strong reactivity feedbacks
between neutronics and thermal hydraulics. Moreover,
since the rod ejection can occur at any CR position, it is
desired to use 3D simulation tools that can identify the
location of hot spots during the transient evolution. The
power excursion may lead to failure of the first safety
barrier, i.e., fuel cladding, and may release radioactive
material to the coolant.

The present study analyzes a REA in two reactor
cores designed to resemble well-established SMR
designs, each representing a different approach to nuclear
technology development.l'”'® The first reactor core
model, the Karlsruhe Small Modular Reactor (KSMR),
is an academic core developed at Karlsruhe Institute of
Technology (KIT) for beginning-of-life (BOL) conditions
that may fit in the SMART core.['” The second reactor
core model, the NuScale core, for BOL conditions is
based on publicly available information from the
NuScale SMR, developed in the United States.!*"!

This paper is structured as follows. Section II pro-
vides an overview of the regulatory guidelines for RIA,
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and Sec. III presents the methodology applied in the
study. This is followed in Sec. IV by a detailed descrip-
tion of the SMR core models studied. Section V defines
the two REA transients analyzed. Selected results are
then discussed in Sec. VI. Finally, Sec. VII provides the
conclusions, summarizes the main findings, and provides
future research directions.

II. REGULATION APPLIED TO RIA ANALYSIS

This section reviews the status of the U.S. Nuclear
Regulatory Commission (NRC) regulations for RIA in
pressurized water reactors (PWRs). The objective is to
gain an understanding of the NRC acceptance criteria for
REA accidents. Then, the results obtained with the
PARCS/TPF multiphysics approach for REA analysis
can be compared to the new acceptance criteria.

In Regulatory Guide 1.77," the NRC provided the
first guidance for PWR RIA accidents. However, since its
publication in 1974, there have been significant improve-
ments in the comprehension of fuel rod behavior in the
event of prompt power excursions. Therefore, this regula-
tion has been updated over the years.

In 2007, the NRC stablished interim acceptance cri-
teria and guidance in NUREG-0800, “Standard Review
Plan,” Rev. 3, Sec. 15.4.8.1%2] The basis for the revision
was provided in the NRC Memorandum, “Technical and
Regulatory Basis for the Reactivity-Initiated Accident
Interim Acceptance Criteria and Guidance.”® Later,
the status of knowledge, e.g., new empirical data and
new analysis, changed so that the NRC identified further
modifications to the RIA accident guidance in the NRC
Memorandum, “Technical and Regulatory Basis for the
Reactivity-Initiated Accident Acceptance Criteria and
Guidance.”*"!

Finally, in 2020, after a thorough reassessment of the
conclusions drawn from new evaluations, experiments,
and data, the NRC published a new version of the reg-
ulatory guide. There, the acceptance criteria for the PWR
REA included in RG 1.236!"* are related to reactor cool-
ant system (RCS) pressure, core coolability, and the dose
emitted by the RIA. The limits set for these acceptance
criteria are summarized as follows:

1. Core coolability: To ensure that any time the
geometry of the core does not block the coolant flow,
the peak radial average enthalpy cannot exceed 230 cal/g.
It is also stated as an acceptance criterion that a max-
imum of 10% of the total volume of the melting fuel can
be present.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024

2. RCS pressure: The RCS pressure cannot exceed
120% of the design pressure. This is the limit value to
prevent the stresses from surpassing the emergency con-
dition (Service Level C).

3. Radiological consequences: The radiological
consequences are included in Regulatory Guide
1.183%%! and Regulatory Guide 1.195.2

The radiological consequences are directly related to
the fission product released due to the cladding failure.
Therefore, the fuel rod cladding failure thresholds are
considered in the RIA analysis. To know the total number
of failed fuel rods and to ensure that the radioactive dose
does not exceed the limits, RG 1.236 establishes the
following thresholds for the different cladding failure
modes:

1. High temperature: Two different criteria apply
depending on the reactivity value associated to the CR
ejection. If the reactivity exceeds 1 $, it is considered to
be a prompt-critical excursion. For this case, the peak
radial average enthalpy limit is a function of the fuel
cladding differential pressure; see Fig. 1. Otherwise, for
non-prompt-critical excursion, the fuel is assumed to fail
if the DNBR limits are exceeded in PWRs [or the
critical power ratio limit in boiling water reactors
(BWRs)].

2. Pellet-cladding mechanical interaction (PCMI):
This criterion is a function of the excess cladding hydro-
gen content. Different functions are provided depending
on whether the cladding is stress-relieved anneal (SRA)
or recrystallization anneal (RXA), as well as on whether
the cladding temperature is above or below 260°C; see
Figs. 2 through 5.

3. Molten fuel: 1If the fuel temperature exceeds the
fuel melting temperature at any location of the pellet, fuel
cladding failure is assumed.

A summary of the NRC guidance evolution for RIA
is provided in Table I. It is noteworthy that the nuclear
regulatory bodies in different countries set different
values for the acceptance criteria and fuel rod cladding
failure thresholds listed in this section, or even set differ-
ent parameters such as the average burnup limit per fuel
assembly (FA).[3’27’28] On the other hand, design compa-
nies also set their own limits and acceptance criteria for
RIA-related safety analysis. Sometimes, the industry lim-
its are more restrictive than the regulatory ones, as is the
case for Westinghouse (WCAP-7588 in 1975 and WCAP-
15807-NP-A in 2003)""'% and NuScale (TR-0716-50350
in 2020, updated in 2023).H'!-1%2]
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Fig. 1. High-temperature cladding failure (reactivity > 1 $).
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Fig. 2. PCMI cladding failure (RXA cladding and
Tcladding > 2600C)
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Fig. 3. PCMI cladding failure (SRA cladding and
Tcladding > 26OOC)
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Lined Cladding AHg,, = Minimum ( 150, 4.5E+5 * H_ 19 + 33)

Unlined Cladding AHg,,= Minimum ( 150 , 4.5E+5 * H,2° + 33)
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Fig. 4. PCMI cladding failure (RXA cladding and
Tcladding < 2600C)
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Fig. 5. PCMI cladding failure (SRA cladding and
Tcladding < 260°C)
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Ill. EXTERNAL COUPLING METHODOLOGY

At KIT, extensive experience has been accumulated
in utilizing the ICoCo framework for the development of
both multiphysics and multiscale couplings. Notable cou-
plings achieved under the ICoCo framework include

1. Serpent2/SCF/TRANSURANUSE?
2. TRACE/SCF3!
3. PARCS/SCF.B%

The following sections describe the PARCS code, the
TPF code, and the interface and coupling scheme used in
the analysis.

I1I.A. Nodal Neutron Diffusion Code PARCS

PARCS is a 3D reactor core simulator, which solves
the steady-state and time-dependent multigroup neutron
diffusion or low-order neutron transport equations in
Cartesian or hexagonal fuel geometries. PARCS, as a
stand-alone code, includes both a simple single-phase
TH fluid model, which may be adequate for PWR analy-
sis, and a two-phase TH model called PARCS Advanced
TH Solver (PATHS), which may be appropriate for BWR
analysis. For models that require more sophisticated mod-
eling of the TH system behavior, PARCS can be coupled
with an external TH system analysis code.**]

111.B. Thermal-Hydraulic, Porous-Medium, Two-Phase
Flow TPF Code

TWOPORLOW is a TH simulation code currently
under development at KIT. It has the capability to simu-
late single- and two-phase flow in a porous medium using
a 3D Cartesian geometry. The code represents solid struc-
tures, such as fuel rods, like blocking volumes and areas.
Face and volume porosities are used to calculate convec-
tion and diffusion of momentum by applying the

Fractional Area Volume Obstacle Representation
(FAVOR) technique.**! A velocity vector related to the
porosity ¢ is defined as

. Or Vix
V/C = gﬂ v ka Y ( 1 )
(02 VkZ

where subscripts x,y,z = Cartesian coordinates; k£ = fluid
phase. Equations containing this information are analo-
gous to the equations for flow in porous media.

TPF calculates the steady-state and transient solution
of the mass, momentum, and energy conservation equa-
tions for each fluid phase with a semi-implicit numerical
procedure based on the implicit continuous Eulerian
approach.13>-¢)

To predict heat transfer on the fuel rod surface, the
Gnielinski®”!  correlation is employed while the
Westinghouse-3 (W-3) correlation is used for predicting
the critical heat flux. TPF uses internal material correla-
tions and properties, including conductivity, specific heat,
density, emissivity, and thermal expansion.

l1I.C. Interface for Code Coupling

ICoCo is written in C++ and defines mother classes
that control each code. ICoCo defines methods for a
common mother class named “Problem,” which facilitate
initialization, time advancement, saving and restoring,
and field exchange.!” Table II presents the ICoCo meth-
ods implemented in PARCS and TPF.

To implement ICoCo in a code, two major require-
ments must be complied with. The first one is a high
modularization of the code, and the second is a compul-
sory MED format mesh. Data field interpolation is per-
formed using MEDCoupling library functions. A C++
Supervisor program carries out the execution of codes
and data manipulation.”"!

TABLE 1T
ICoCo Methods Implemented in PARCS and TPF

Initialization Time Advance Field Exchange
setDataFile() solveSteadyState() getnputFieldNames()
initialize() computeTimeStep() getOutputFieldNames()
presentTime() initTimeStep() setinputMEDField()
terminate () solveTimeStep() getInputMEDFieldTemplate()

validateTimeStep() getOutputMEDField()

@ANS
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111.D. PARCS/TPF Coupling Scheme

In a two-way coupling scheme, the neutronics code
PARCS and the TH code TPF collaborate synergistically
to enhance the accuracy and fidelity of reactor simula-
tions. This coupling is essential for capturing the close
relation between neutronics and TH phenomena within
the reactor core.

In this scheme, PARCS takes on the role of providing
a detailed 3D power distribution map. Unlike stand-alone
TH traditional approaches that rely on simplified radial
and axial power profiles, PARCS offers a more precise
and spatially resolved power distribution. This enhanced
power distribution serves as input to the TPF code.

On the other hand, TPF computes 3D distributions of
key parameters, including fuel temperature, coolant tem-
perature, and coolant density for each phase. These dis-
tributions play a crucial role in predicting local safety
parameters such as DNBR, fuel enthalpy, fuel centerline
temperature, cladding outer surface temperature, and
coolant temperature.

The exchange of data between PARCS and TPF is
achieved through a domain overlapping nodewise feed-
back mechanism. This mechanism allows for seamless
communication between the two codes, ensuring that
the most up-to-date information is utilized during each
iteration of the simulation. A visual representation of the
iterative process that underlies the PARCS/TPF coupled
calculations is shown in Fig. 6.

IV. DEVELOPED SMR CORE MODELS FOR THE RIA
ANALYSIS

In this section, a short description of two SMR core
designs selected for the RIA analysis, i.e., KSMR and
NuScale, is provided. Subsequently, the models

Steady-state

PARCS

developed for the neutronic (PARCS) and TH (TPF)
analysis are described.

IV.A. Boron-Free KSMR Core

The boron-free KSMR core is an academic core
design for BOL that fits into the SMART reactor.'”]
The core’s basic FA design follows standard PWR tech-
nology with a 17x17 fuel rod array, 24 guide tubes, and a
central instrumentation tube. To address its boron-free
concept, FAs are designed with fixed burnable poison
(BP) rods (20 or 24) to manage excess reactivity at
BOL using Al,0O3; mixed with B4C. Fuel rods contain
UO, enriched with less than 5% and SRA Zircaloy-4
claddings.*®

The KSMR core comprises 57 FAs of six types,
featuring radial and axial enrichment and BP variations,
shown in Table III. The core includes 53 rodded FAs,
organized into regulating banks (RBs) and a safety shut-
down bank (SB). The RBs consist of 33 CRs with 16 Ag-
In-Cd (AIC) and 17 hybrid CRs. The SB consists of 20
CRs made of B4C. The FA types and CR positions are
shown in Fig. 7 while the nominal operating conditions
are given in Table IV.

IV.A.1. Neutronic PARCS Model of the KSMR Core

The PARCS neutronic model for the KMSR core was
adopted from previous studies conducted in the frame-
work of the McSAFER project,”! where the hybrid nodal
kernel was used. As presented by Alzaben!'” and
Mercatali et al.,*?! for the fresh core, in total, 32 different
material compositions are used for FAs and reflectors in
the KSMR core. For each material composition, two-
group nodal cross sections (energy cut set at 0.625 eV)
were generated using the Serpent2 code. These cross
sections consider a range of temperatures, from 26.85°C

Transient

PARCS

start —p—>

TPF

SS convergence?

time —— end

TPF ---a- s

t, <t end?

P: Power

Ty: Fuel temperature
T¢: Coolant temperature
pc: Coolant density

Fig. 6. PARCS/TPF coupling iterative scheme.
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TABLE III
KSMR Fuel Assembly Enrichment
Axial Axial
Enrinchment of Enrinchment of
Fuel Assembly Number of BP 5y Fuel Assembly Number of BP 33y
Type Rods (Wt%) Type Rods (Wt%)
1 20 34 4 24 2.5
3.2 3.0
3.0 4.0
3.2 2.0
2.0 5 24 2.5
2 20 2.0 3.8
3 20 2.5 2.0
2.0 6 24 2.5
4.2 3.0
2.0 2.0

. Fuel Assembly

Regulating Bank
CR 1

Regulating Bank
CR3

Regulating Bank
CR 4

Regulating Bank
CRS

Regulating Bank
CR 6

Shutdown Bank
CR2

*Numbers represent fuel assembly type

Fig. 7. KSMR FAs and CR layout.

TABLE IV

KSMR Nominal Operation Core Parameters

Parameter Value

Total thermal power 330 MW(thermal)

System pressure 15 MPa
Inlet coolant temperature 296°C
Core mass flow rate 2006 kg/s

to 1826.85°C for fuel temperature, and from 26.85°C to
341.85°C for coolant temperature. Group constants were
generated for both rodded and unrodded cases.

@ANS

The KSMR core geometry is represented in
PARCS with an 11x11 radial grid, 9%9 representing
the active part, and 22 axial levels. Among these levels,
20 represent the active core while 1 is dedicated to each
of the lower and upper reflectors. A PARCS homoge-
nized cell model mesh for one FA can be seen in Fig. 8.
The mesh cell size measures 21.5 x 21.5 x 10.0 c¢m,
with an active length of 2.0 m. The bottom reflector has
a length of 36.31 cm, and the top reflector extends to
49.92 cm.

IV.A.2. Thermal-Hydraulic TPF Model of the KSMR Core

The TH core model for the KSMR design utilizes
data from Alzaben!'! to create representations for both
FAs and coolant within the porous-medium code. The
core is discretized into a 9x9 radial mesh grid with 20
axial levels, matching the PARCS neutronic model.
Mesh cells measure 21.5 x 21.5 x 10.0 cm, with an
active length of 2.0 m. Each FA is represented using a
3D Cartesian mesh, considering all 289 rods through a
representative rod-centered subchannel, as shown in
Fig. 9.

TPF requires data for each 3D cell, including poros-
ity and key geometric parameters essential for TH calcu-
lations, such as hydraulic diameter. These values,
calculated based on the geometric data of 264 fuel rods
and 25 guide tubes, are summarized in Table V.

For the heat conduction solver, representative fuel rods
are divided radially into nine concentric zones: six zones
within the pellet with radii of 0.0, 7.8436E-04, 1.5687E-03,
2.3530E-03, 3.1374E-03, and 3.9218E-03 m; one zone for
the gap with external radius of 3.9987E-03 m; and two
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Fig. 8. KSMR FA spatial homogenization in PARCS code.

.: Fuel Rod

Burnable Poison
Rod

Control Rod

Guide Thimble

-

Fig. 9. KSMR assembly-wise fuel centered channel representation in TPF code.

TABLE V

KSMR FA Geometrical Parameters for TPF

Parameter Value
Fuel rod outside diameter 9.1404E-3 m
Guide tube outside diameter 0.0122 m
Fuel assembly pitch 0.2150 m
Hydraulic diameter 1.2145E-3 m
X, Y porosities 0.28
Z porosities 0.56

zones within the cladding with radii of 4.2844E-03 and
4.5702E-03 m. Porosities in the X and Y directions were
calculated using 12 fuel rods and 5 guide tubes, while the Z-
direction porosity was calculated with 264 fuel rods and 25
guide tubes.

IV.B. NuScale Core

The NuScale!?”’ SMR is an integral PWR design
with natural circulation and passive safety systems for
efficient heat removal from the core. The NuScale core
in this study was based on publicly available informa-
tion from NuScale!'®! and the benchmark definitions by
Fridman et al.**]

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024

The NuScale FA is a 17x17 design, half the length of
conventional PWR fuel, with UO, fuel rods enriched with
less than 5% and RXA M5 cladding material. %% As
Fig. 10 shows, the core comprises 37 FAs, including 16
assemblies hosting CRs organized into RBs and SBs,
each with 8 rodded FAs. The core has six types of FAs,
featuring enrichment variations, shown in Table VI. The
CRs use a combination of AIC and B,C as absorber
materials. Table VII outlines the nominal operational
conditions for the NuScale reactor.

Fuel Assembly
Regulating Bank
Group 1

Regulating Bank
Group 2

Shutdown Bank
Group 3

Shutdown Bank
Group 4

*Numbers represent fuel assembly type

Fig. 10. NuScale FAs and CR layout.
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TABLE VI

NuScale Fuel Assembly Enrichment

Axial Enrinchment of 23°U

Fuel Assembly Type (Wt%)
1 1.50
2 1.60
3 2.50
4 2.60
5 4.05
6 4.55 + 16 pins Gd,04

TABLE VII

NuScale Nominal Operation Core Parameters

Parameter Value

Power 160 MW(thermal)
System pressure 12.8 MPa

Inlet coolant temperature 258.33°C

Core mass flow rate 544.29 kg/s

IV.B.1. Neutronic PARCS Model of the NuScale Core

The PARCS neutronic model for NuScale was devel-
oped in collaboration with the Universidad Politécnica de
Madrid research group, a partner in the McSAFER project,-
1] where the hybrid nodal kernel was used. The VTT
research group, also within McSAFER, generated cross
sections with the Serpent2 code using the library ENDF/
B-VIL1, following Fridman et al. benchmark definitions.!

This effort resulted in 14 different material composi-
tions for FAs and reflectors in the NuScale core. For each
composition, two-group nodal cross sections were gener-
ated, with the two-group energy cut being 0.625 eV.
Considering a range of conditions, fuel temperature was
from 773.15°C to 2073.15°C, coolant density was from
0.3 to 0.9 g/cm’, and coolant poison concentration was

00000000000000
000000 00000
0000000 00000

o 11 [ o)
00 o 000
cssssss oo
$33223: 328 @] run
e od r‘ Guide
::8 o9 [\ ]Thimble
e
00
b o0
00000000000000000
00000000000000000

Fig. 11. NuScale FA spatial homogenization in PARCS code.
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from 0 to 2000 ppm. Group constants were calculated for
rodded and unrodded cases.

In PARCS, the NuScale core is represented with a
9%9 radial grid, 7x7 representing the active part, and 22
axial levels. Of these, 20 represent the active core, with
one each for the lower and upper reflectors. As Fig. 11
shows, the PARCS homogenized cell model mesh for a
FA has a cell size of 21.5 x 21.5 x 10.0 cm and an active
length of 2.0 m. The bottom reflector extends to 11.62 cm
while the top reflector reaches 27.13 cm.

IV.B.2. Thermal-Hydraulic TPF Model of the NuScale Core

The TH core model for the NuScale design incorpo-
rates data from Fridman et al.*”! for both FAs and coolant,
within the porous-medium code. The core is discretized into
a 7x7 radial mesh grid with 20 axial levels, matching the
dimensions of the PARCS neutronic model. Mesh cells have
dimensions of 21.5 x 21.5 x 10.0 cm, with an active length
of 2.0 m. Each FA is represented using a 3D Cartesian
mesh, encompassing all 289 rods through a representative
rod-centered subchannel; see Fig. 12. For the heat conduc-
tion solver, representative fuel rods are divided radially into
nine concentric zones: six zones within the pellet with radii
of 0.0, 8.1153-04, 1.6230E-03, 2.4345E-03, 3.2461E-03,
and 4.0576E-03 m; one zone for the gap with external
radius of 4.1402E-03 m; and two zones within the cladding
with radii of 4.445E-03 and 4.7498E-03 m. Key TH data for
each 3D cell are summarized in Table VIII, derived from
geometric data for 264 fuel rods, 24 guide tubes, and 1
instrumentation tube. Porosities in the X and Y directions
were calculated using 12 fuel rods and 5 guide tubes, while
the Z-direction porosity was calculated with 264 fuel rods
and 25 guide tubes.

V. REA TRANSIENT DEFINITION

Following the description of the cores of the two
SMRs (KSMR and NuScale) in the previous section, the

=)
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Fig. 12. NuScale assembly-wise fuel centered channel representation in TPF code.

TABLE VIII
NuScale FA Geometrical Parameters for TPF
Parameter Value

Fuel rod outside diameter 9.4996E-3 m
Guide tube outside diameter 0.0122 m
Fuel assembly pitch 0.2150 m
Hydraulic diameter 1.112E-3 m
X, Y porosities 0.18
Z porosities 0.53

aim of Sec. V is to describe the key parameters of the
REA transient scenarios. The boundary and initial condi-
tions are also given.

V.A. KSMR REA

The key parameters for the KSMR core REA transi-
ent are summarized in Table IX, and the initial and
boundary conditions are summarized in Table X. The
analysis starts from the hot-zero-power (HZP) state,
which represents the most challenging scenario.l*?! In
the initial CR configuration for criticality, all RBs are
fully inserted while SB is fully extracted. The CR with
the highest worth is at position D8 (see Fig. 7). This
analysis assumes no SCRAM, but in case it would, a
CR insertion time is approximately 2 s, which signifi-
cantly exceeds the power excursion duration.

TABLE IX
Calculation Parameters for KSMR REA

Parameter Value
Highest CR worth 148 $
Rod ejection duration 0.05s
End of transient simulation 30s
Time step 0.0005 s

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024

The acceptance criteria of RG 1.236 to be applied,
which are independent of the RIA parameters, are the
following:

1. Peak radial average fuel enthalpy < 230 cal/g.

2. Maximum of 10% of the fuel can reach the
melting temperature.

3. RCS pressure does not exceed 120%.

The fuel rod cladding failure thresholds in RG 1.236
due to high cladding temperature depend on the reactivity
due to REA. As the highest CR worth is 1.4839 $, greater
than 139 §, the thresholds to be considered correspond to
those shown in Fig. 1 (minimum value 100 cal/g).
Besides, the fuel failure by PCMI depends on the clad-
ding type and its initial temperature. Since the cladding
type for the KSMR fuel is SRA and its initial temperature
is higher than 260°C, the thresholds to be evaluated are
those shown in Fig. 3 (minimum value 70 cal/g).

V.B. NuScale REA

The NuScale REA parameters and initial condi-
tions are summarized in Tables XI and XII. The
selected scenario considers ejection of a single regulat-
ing CR at 75% of nominal power. This scenario has
been selected based on the results of the REA analysis
in the NuScale Design Certification Application
(DCA), Chap. 15, where it can be observed that the
maximum radial average fuel enthalpy occurs when the
NuScale initial power is between 70% and 80%.!'" The
CR position that leads to a critical state at the selected
conditions is with all CRs fully extracted, except for
RB2, which is 56% withdrawn.*’!

The sequence of events in this transient is as follows:

1. At ¢t < 0.0 s, the system is made critical at the
core state and power level specified for the transient
scenario.

@ANS
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TABLE X
Initial and Boundary Conditions for KSMR REA
Control Rod Position
Inlet Cladding Operating Regul- Shut
Tempera- Tempera- Press- ating down
Power Flow Rate ture ture ure Boron Banks Banks
1.0E-4% ~0.0 MW 2006 kg/s 296°C 296°C 15.0 MPa 0.0 ppm 0% with- 100%
(thermal) drawn with-
drawn
TABLE XI cladding failure threshold, the highest CR worth is
Calculation Parameters for NuScale REA less than 1 $, so the parameter to consider for high
cladding temperature failure is the departure from
Parameter Value nucleate boiling (DNB) limit. On the other hand, the
) cladding type for NuScale fuel is RXA, and the initial
Highest CR worth 0.23 $ cladding temperature distribution is higher than 260°C
Rod ejection duration 0.1s . . .
End of transient simulation 40 s at any radial and axial location because the coolant
Time step 0.001 s inlet temperature is 262°C. Therefore, the thresholds

2. At 0.0 s <t <0.1 s, the CR at position A4 (see
Fig. 10) is ejected from the core at constant speed
within 0.1 s.

3. At 0.1 s <t <2.0 s, transient evolution without
external changes is applied to the system, pure reactivity
feedback interaction.

4. Ats <t<3.0s, the CRs are inserted at constant

speed within 1.0 s, and all rods are inserted except for A4
(ejected) and BS5 (stuck).

5. At s < t < 4.0s, transient evolution without
external changes is applied to the system.

Since they are independent of the RIA parameters,
the RG 1.236 acceptance criteria to be applied are those
commented for KSMR.With regard to the fuel rod

to be met for the maximum fuel enthalpy rise are
shown in Fig. 2 (the minimum threshold value is 50
cal/g).

VI. RESULTS AND DISCUSSION

In this section, the selected results from the REA
transient analysis, conducted for the first time with
PARCS/TPF, are compared with those calculated by
PARCS/SCF*>*! for the KSMR core and with ANTS/
SCF™** for the NuScale core. The comparison includes
maximum values for power, reactivity insertion, fuel
temperature, cladding temperature, and the minimum
DNBR to verify the results obtained with PARCS/TPF.
In each of Figs. 13, 14, and 15, both coupling results, the
reference ones and those obtained in the analysis, are
shown.

TABLE XII
Initial and Boundary Conditions for NuScale REA
Control Rod Position
Inlet Cladding
Flow Tempera- Tempera- Opera-ting
Power Rate ture ture Pressure Boron RB2 Rest
75% 120 MW 521.6 kg/s 262°C >262°C 12.75 MPa | 1260 ppm | 56% with- | 100% with-

(thermal) drawn drawn

@ANS
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Fig. 13. KSMR REA global power evolution.
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Fig. 14. KSMR REA total reactivity evolution.

VI.LA. KSMR REA Analysis

For the KSMR core, the global power evolution and
total reactivity during the transient were obtained. A
peaking value of 5045% of nominal power was reached
at 0.16 s. This power excursion lasted less than 0.2 s (see
Fig. 13) because of a fast insertion of —2.2 $, led by the
Doppler reactivity feedback (see Fig. 14) until reaching
about 20% of the nominal power at the end of the tran-
sient calculation. Maximum fuel, cladding, and coolant
temperatures were also analyzed; see Fig. 15. A fast
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Fig. 15. KSMR REA maximum temperature evolution.

increase of 550°C in the maximum fuel temperature can
be seen; also, the maximum cladding temperature has a
fast increase of 55°C, and the maximum coolant tempera-
ture has a slow increase of 38°C.

It should be noted that the system is not initially
critical; therefore, PARCS normalized the fission
source at the beginning of the transient calculations.
In consequence, the reactivity at the beginning of the
transient is zero. The difference in total reactivity,
observed in Fig. 14, is due to a different moderator
density reactivity feedback. This reactivity effect is
driven by the different mass flow distribution predicted
by each code.

On the other hand, the code-to-code comparison of
the evolution of global parameters, e.g., total power and
reactivity predicted by PARCS/TPF and PARCS/SCF,
indicates good agreement. Table XIII presents selected
parameters, revealing that all values exhibit a relative
difference of less than 10%, and only small differences
are found in the fuel and cladding temperatures.

An evaluation of the core damage coolability accep-
tance criteria established by RG 1.236 has been done; see
Table XIV. The RCS pressure and dose rate evaluation
are beyond the scope of this work since different kinds of
simulations are needed. The radial average hy,; (see
dashed line in Fig. 16) reaches a peak value of
50.39 cal/g, which is well below 230 cal/g; the maximum
occurs just after the maximum power is reached at 0.16 s.
No fuel melting is predicted during the transient, meeting
the acceptance criteria of <10% fuel volume. Therefore, it
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TABLE XIII
KSMR REA Compared Results
Parameter PARCS/TPF PARCS/SCF Difference
Initial kg 0.95518 0.95518 0.0%
Maximum power 16 650.81 MW(thermal) 15 954.18 MW(thermal) 4.36%
(5045.7%) (4834.6%)
Maximum reactivity insertion 139 8% 139 % 0.0%
Maximum fuel temperature 849.79°C 875.34°C 25.55°C
Maximum cladding temperature 351.17°C 347.27°C 3.9°C
Maximum fuel enthalpy 50.39 cal/g 51.82 cal/g 2.76%
Minimum DNBR 1.87 1.71 9.36%
TABLE XIV

KSMR RIA Acceptance Criteria, Cladding Failure Thresholds, and PARCS/TPF Results

Parameter RG 1.236 Limits (2020) KSMR PARCS/TPF Results
Acceptance criteria Peak radial average /Ay, (cal/g) 230 50.39
Fuel melting <10% fuel volume No fuel melting (7 = 850°C)
Cladding failure thresholds | Peak radial average /., (cal/g) 100 50.39
Rise in radial average 4y, (cal/g) 70 ~49
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Fig. 16. KSMR safety parameters followed during the REA (left) and 3D maximum power distribution (right).

can be stated that the values obtained fulfill the core
damage coolability acceptance criteria.

Then, the fuel rod cladding thresholds are evalu-
ated. Since this is a prompt-critical excursion (reac-
tivity > 139 §), RG 1.263 establishes a minimum
value of 100 cal/g for the radial average Ay, which

@ANS

is well met by PARCS/TPF calculations; see dashed
line in Fig. 16. Moreover, RG 1.263 establishes a
minimum value for the maximum Ag,,, rise of 70 cal/
g for SRA fuel at temperature above 260°C. The
maximum /g, rise calculated with PARCS/TPF is
about 49 cal/g.
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Last, the power peaking is displayed in the solid line
of Fig. 16, which shows that 3D approaches are able to
calculate a time-dependent Fp, as opposed to 1D meth-
odologies where the Fy is fixed. Additionally, Fig. 17
shows the axially integrated radial power peaking factor
at the beginning of the transient and at the time where the
peak power is observed. It must be noted that the applied
coupled codes using 3D nodal diffusion solvers and sub-
channel thermal hydraulics are able to predict the peak
power at the ejected CR position, as expected.

VI.B. NuScale REA Analysis

Similar to the KSMR case, the global power was
followed along the transient. The reactivity insertion
due to the rod ejection is 167.69 pcm, which is less
than 1 §, so a slow power increase of 30% is driven,
reaching maximum power at 0.66 s. The power is reduced
up to 100% of the nominal power by Doppler reactivity
feedback. Afterward, SCRAM occurs 2 s after the begin-
ning of the REA, so that after 3 s, the power is reduced to
less than 5% of the nominal power. The power and
reactivity evolution are shown in Figs. 18 and 19,
respectively.

Selected parameters of the transient predicted by
PARCS/TPF are compared with the ones predicted by
ANTS/SCF within the McSAFER project. Table XV pre-
sents selected maximum and minimum parameter values,
revealing that the relative differences between them are
less than 5%. The observed discrepancy in the initial
critical boron concentration could be related to the differ-
ences in the energy groups used for generating nuclear

t=0.0s

cross sections. It should be noted that the solution from
PARCS/TPF is node-averaged without pin-power recon-
struction whereas the solution from ANTS/SCF is pin-
wise with pin-power reconstruction. Therefore, a compar-
ison of local maximum fuel temperatures is not presented.
Nevertheless, Fig. 20 displays the maximum fuel and
cladding temperature  evolution obtained  with
PARCS/TPF.

Since the present analysis focuses on RIA core
behavior, the results obtained from PARCS-TPF can be
compared with the core damage coolability acceptance
criteria to determine whether it meets them. To know
whether the RIA meets the RCS pressure or the dose
acceptance criteria, it would be necessary to involve
other types of simulation codes. The radial average
hser teaches a maximum value of 39.66 cal/g, just
after SCRAM, well below 230 cal/g; see dashed line in
Fig. 21. Regarding the fuel temperature, the maximum
fuel temperature obtained is 740.13°C, which is also
well below the melting temperature. Therefore, it can
be stated that the values obtained fulfill the core damage
coolability acceptance criteria.

In addition, it has also been analyzed whether the
fuel rod cladding failure thresholds are excessive. The
value obtained for the radial average hy,, rise, about
2.5 cal/g, is far from the minimum value established by
RG 1.236 for RXA fuel at a temperature above 260°C,
50 cal/g, Fig. 2. On the other hand, the minimum DNBR
is 6.16, which is significantly below the limit value of 1.3
(W-3); see dotted line in Fig. 21. It should be noted that
the DNBR limit applied in the NuScale approach corre-
sponds to the NSP4 correlation, which is not publicly

2.8

2.0

Axially Integrated F, (-)

0.0
t=0.16s

Fig. 17. KSMR axially integrated radial power peaking factor at beginning of the transient (left) and at the power peak (right).
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available. As a conclusion, it can be said that according to
the results obtained with PARCS/TPF, there is no fuel
cladding failure.

Moreover, the power peaking Fp, which is also time
dependent as in the KSMR analysis, has been obtained;
see the solid line in Fig. 21. Complementarily, Fig. 22
shows the axially integrated radial power peaking factor
at the beginning of the transient and at the time where the
peak power is observed. It must be noted that the coupled
codes based on the 3D nodal diffusion solvers used in this
analysis are able to predict strong local perturbations of
the power caused, e.g., by the ejection of a CR and
shifting the peak value around the ejected CR.

On the other hand, the values obtained in the RIA
analysis in the NuScale DCA!"'! are shown in column 5,
Table XVI. It is important to note that deterministic
safety analyses are bounding analyses with a high degree
of conservatism, both in the hypotheses adopted and in
the methodologies used. On the other hand, the analysis
performed with the TPF/PARCS codes is a best estimate
analysis; therefore, significant differences and larger
safety margins are obtained.

VI.C. Computational Loads

An important aspect for industrial use of coupled codes
with 3D solvers and subchannel thermal hydraulics is the
needed computational effort for RIA analysis. Table XVII
compares the simulations done with PARCS/TPF for both
cases and the reference PARCS/SCF simulation. For the
KSMR REA transient, the run time is shorter for PARCS/
TPF, and the memory usage is the same. Having a better TH
modeling does not translate into a more expensive simula-
tion using this coupled system. The speed efficiency of
PARCS/TPF is demonstrated to be a fast-running tool.
The improvement of the PARCS/TPF calculation time
could be related to the fact that SCF needs two MED
meshes for data transfer, one for the coolant and one for

TABLE XV

NuScale REA Compared Results

NuScale PARCS/TPF ANTS/SCF Difference

Initial k. 1.00090 — —

Initial critical boron concentration 1260.0 ppm 1228.0 ppm 2.60%
Maximum power 166.83 MW(thermal) 163.04 MW(thermal) 2.32%

(104.27%) (101.9%)

Maximum reactivity insertion 167.69 pcm 166 pcm 1.01%
Maximum cladding temperature 334.49°C 333.5°C 0.99°C
Minimum DNBR 6.16 59 4.41%
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NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2024



VERIFICATION OF THE COUPLED CODE PARCS/TWOPORFLOW - CAMPOS-MUNOZ et al. 17

——

700 4

1
|
6 1
=~ 6001
© I
= 1
5 1 wm= PARCS/TPF Fuel_max
& : e PARCS/TPF Clad_max
R,500 1
g I
< I .
= g CR fully ejected
I t=0.1s
4004 :
1
|
1

0 1 2 3 4
Time (s)

Fig. 20. NuScale REA maximum temperature evolution.

the fuel. Contrarily, TPF needs just one. The data manage-
ment among these meshes contributes to the improvement
of the overall calculation time for PARCS/TPF. Both
KSMR coupled calculations were simulated in a server
with an AMD EPYC 7542 CPU; the execution of the
coupled code was serial.

Vil. CONCLUSIONS AND OUTLOOK

The PARCS/TPF multiphysics coupling system has
been successfully developed at KIT. In this work, a REA
analysis has been performed for two SMR designs:

KSMR and NuScale. The following conclusions can be
drawn from this work:

1. The presented work highlights the transition
from the coupling of PARCS with a mixture model
code, such as SCF, to coupling with a two-phase model
code, such as TPF. This transition allows a better TH
description.

2. The accuracy and reliability of the PARCS/TPF
code have been verified by means of extensive code-to-
code comparisons. The results revealed good agreement
of the PARCS/TPF predictions compared with those of
the reference solutions.

3. The TPF competitiveness in CPU time paves the
way for further applications of this code, e.g., exploration
of pin/subchannel level analysis of SMR cores for which
purpose TPF will be coupled to a transport solver under
development at KIT, named “PARAFISH.” This improve-
ment will allow the prediction of local safety parameters
with greater accuracy for SMR.

In this work, the first verification steps for PARCS/
TPF results were presented. In the future, a validation
procedure for this new tool will be conducted.
Subsequent analyses could incorporate calculations with
uncertainties in both neutronic and TH parameters,
although such analyses were beyond the scope of this
work. As presented, the couple code PARCS/TPF is
currently developed only for LWRs. One interesting
topic for further development involves analyzing reactor
technologies other than LWRs, given that TPF has the
potential to simulate different working fluids.

CRifully ejected
t=0.1s

i Max. power
t=10.66s

-

= Fq

T S s e— m— w—

|
i = = Peak Fuel H ===

Min DNBR

10

Max. power distribution

4.4e+05
[ 4.0e+5
— 3.5e+5
— 3.0e+5

— 2.5e+5
— 2.0e+5

Power (W_th)

— 1.5e+5

— 1.0e+5
[ 5.0e+4
1.5e+04

2 3
Time (s)

— ]

i

Fig. 21. NuScale safety parameters followed during the REA (left) and 3D maximum power distribution (right).
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Fig. 22. NuScale axially integrated radial power peaking factor at beginning of the transient (left) and at the power peak (right).

TABLE XVI

NuScale RIA Acceptance Criteria, Cladding Failure Thresholds, and PARCS/TPF Results

NuScale
Methodology TR- NuScale
RG 1.236 Limits | 0716-50350_revl | NuScale DCA PARCS/TPF
Parameter (2020) Limits Results Results
Acceptance criteria Peak radial average 230 230 82.2 39.66

hfuel (cal/g)
Fuel melting

<10% fuel volume | No fuel melting No fuel melting | No fuel melting

(T < 2644°C) (T = 1285°C) (T =1740°C)
Cladding failure DNBR Minimum 1.284 (NSP4) 1.838 (NSP4) 6.16 (W-3)
thresholds DNBR > SL-

DNB
Rise in radial average | 50 75 (failure cladding | 27.8 ~2.5
hfier (cal/g) threshold in
2007)
TABLE XVII
Code Performance Comparison (KSMR Case)
REA Case Transient Duration Time Step CPU Time Memory Usage

PARCS/SCF KSMR 3s 0.0005 s 37.6 min 1.5 Gbyte
PARCS/TPF KSMR 3s 0.0005 s 34.5 min 1.5 Gbyte
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