ABSTRACT

Antunes Acosta Fernandes, Ana Carolina. High-Fidelity Monte Carlo based Multi-physics Transient

Modeling and Simulation. (Under the direction of Dr. Kostadin Ivanov and Dr. Pascal Rouxelin).

While deterministic methods are effective for simple, well-understood reactor core types, they often
introduce approximations that can undermine accuracy, particularly when modeling complex systems.
In contrast, stochastic (Monte Carlo, MC) simulations provide a more detailed and accurate description
by avoiding these approximations. The growing interest in MC neutronics simulations parallels advance-
ments in High Performance Computing (HPC), with a notable increase in publications exploring MC
time-dependent capabilities.

While single-physics MC simulations are useful, most real-world scenarios require consideration of
feedback effects. Coupling neutronics with thermal-hydraulic codes offers a high-fidelity, multi-physics
approach. For neutronics, the Serpent MC code was chosen for its time-dependent capabilities, flexible
multi-physics interface, and extensive validation.

For thermal-hydraulic analysis, the CTF code was selected due to its robust validation, ability to
simulate both sub-channel analysis and 3D Cartesian systems, and its pin-centered model that facilitates
communication with neutronics codes. CTF also features a coupling interface that eliminates the need
for input/output file exchanges, reducing memory usage.

This PhD dissertation presents a multi-physics coupling between the CTF sub-channel code, co-
developed by North Carolina State University and Oak Ridge National Laboratory, and the Serpent
Monte Carlo code, developed by VTT Technical Research Centre of Finland. The coupling is applied to
both steady-state criticality and transient simulations.

Serpent’s standalone transient capabilities were first demonstrated using a series of exercises from
the C5G7-TD Benchmark. Time-step studies assessed the impact of time-step size on simulation results,
and utilized in a validation study where a PULSTAR transient experiment was simulated.

The coupling was then implemented using a “semi-internal” approach: subroutines were added to
CTF to read and write Serpent’s interface files, with both codes running separately using a Picard
iteration method. A pin-to-pin geometry mapping was applied for fuel pins, and a corresponding channel
map was created for coolant data exchange. The Santamarina correlation was used by CTF to calculate
the equivalent Doppler temperature for each pin axial location. For transient simulations, the Operator
Splitting approach was implemented and temporal coupling was synchronized by using the same time-
step size for both codes. For criticality simulations, Serpent’s relaxation routine was used, and CTF
implemented convergence criteria. The Hot Fuel Power (HFP) criticality and transient simulations
produced results that closely matched the behavior of a real PWR.

Contributions of this study include: investigation and optimization of direct time-dependent Monte
Carlo simulations, implementation of spatial mapping and loose external coupling scheme, which uses a
Picard iteration method for criticality coupled simulations between Serpent and CTF, and implementa-
tion of temporal coupling using the Operator-Splitting (OS) approach for transient coupled simulations
between Serpent and CTF.
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1 Introduction

1.1 Thesis' foundation

The neutron transport equation describes the behavior of neutrons through inhomogeneous ssile media
(Cox et al., 2019), and it is the foundation for neutronics transport studies in nuclear reactor physics.
Neutronic calculation methods can be deterministic or stochastic.

A deterministic method discretizes the neutron transport equation in space, angle, and energy to obtain
the scalar ux, thus introducing simpli cations and approximations in modeling and simulation of the system
of interest. Examples of deterministic neutronic models are the point kinetic model, neutron di usion model,
and neutron transport model.

In the point kinetic model, spatial and angular changes in neutron ux are approximated by integrating
these variables over space and angle to represent the system as one point depending only on time. The
neutron di usion model, on the other hand, simpli es angular changes and applies discretization to both
space and energy. The neutron transport model requires discretization of space, angle, and energy.

Spatial discretization involves dividing the computational domain into grids or meshes. The balance
can then be solved at each mesh point using the nite di erence, nite elements, or nal volumes (nodal)
methods. Angular discretization includes spherical harmonics (R method), discrete angles (| or discrete
ordinate methods), and di usion approximation.

The multi-group method employs energy discretization, dividing the energy range into groups. However,
any discretization introduces truncation errors, which can be mitigated with mesh/grid re nement, which
are limited by computational resources (Wang et al., 2020).

While the use of deterministic methods is adequate for simple, well-understood systems, they often intro-
duce approximations that can compromise accuracy, especially when modeling complex systems. However,
recent advancements in High-Performance Computing have brought stochastic (Monte Carlo) simulations
prominence, particularly in neutronics calculations.

Unlike deterministic methods that solve numerical equations, Monte Carlo (MC) methods track particles
from birth to termination within the system, while allowing for intricate descriptions of geometry and
materials. MC does not introduce approximations since it models exactly the 3D geometry and is capable of
treating continuous energy dependence. This approach ensures higher delity in complex geometric models
and potentially more precise solutions for transport equations. However, its stochastic nature demands
signi cantly more computational resources, as a large number of histories are needed to obtain a statistically

signi cant sample.



While Monte Carlo codes o er high resolution, achieving high- delity calculations requires accounting
for feedback e ects. Computational modeling of an operating nuclear reactor involves solving fundamental
physics problems at di erent levels, including the neutron transport process and ssion heat production and
deposition in the fuel, heat transfer from fuel to coolant, and coolant ow and nal heat removal from the
system.

In each single-physics code used, the boundary conditions { such as temperatures, densities, and power {
are obtained from another code, instead of user-de ned. The coupling of neutronics and thermal-hydraulics
codes (multi-physics coupling) is currently the most active topic of research in nuclear reactor multi-physics
(Wang et al., 2020).

The base of a high- delity multi-physics code will typically be a neutronics code, with a secondary
thermal-hydraulics code. While Computational Fluid Dynamics (CFD) applications are valuable, their
computational cost can be prohibitive; subchannel thermal-hydraulics codes, on the other hand, provide
satisfactory results without signi cantly increasing computational time in simulations (Bennett et al., 2016).

A multi-physics coupling is performed using the state-of-the-art Monte Carlo code Serpent (Leppanen
et al., 2015), developed by VTT Technical Research Centre of Finland, and the CTF sub-channel thermal
hydraulics code (Salko Jr et al., 2020), co-developed by North Carolina State University and Oak Ridge
National Laboratory. The coupling is carried out in a semi-internal manner, where routines implemented in
CTF allow for the reading and writing of Serpent's interface les. A Picard iteration approach is used for
criticality calculations, while for transients, an Operator Splitting scheme was implemented.

The following is a summary of the contributions of this PhD thesis:

~ Investigation and optimization of time-dependent Monte Carlo simulations.
" Implementation of spatial coupling and criticality coupled simulations between Serpent and CTF.

" Implementation of temporal coupling and transient coupled simulations between Serpent and CTF.

1.2 Thesis outline

Chapter 2 presents a literature review on Monte Carlo simulations, coupling issues, and the state-of-the-art
on MC/TH coupled simulations.

Chapter 3 presents the numerical framework and the C5G7-TD Benchmark description.

Chapter 4 is focused on the application of Monte Carlo to standalone time-dependent simulations using
Serpent: time-step studies, veri cation results, and validation results.

Chapter 5 presents the coupling implementation for both steady-state and transient applications, and

simulation results.



Chapter 6 presents the conclusions and future work.



2 Theory

2.1 Monte Carlo simulations

A Monte Carlo simulation can be considered as a numerical experiment, once it reproduces a statistical
process in a theoretical way with the process of interest being described by a probability density function.
Then the Central Limit Theorem is used to obtain the average behavior of the particles in the system, along
with the statistical error calculated through the variance (Haghighat, 2020).

A steady-state analysis is what we call a criticality calculation. Although the governing equations do not
need to be formulated, in practice what a Monte Carlo criticality code does is solve the transport equation

for the eigenvaluek:

z z,
r+ «(rE) (irE)= d WE® S(E? E; ° ) ( °rE9

fl B dECEY (E%) d O ( trE): @
As previously mentioned, statistical sampling of the particle behavior is used to infer the system behavior.
A simpli ed way to view the process is: the neutron is initialized (from a source, or as a product of ssion
or precursor decay) in a certain region in the system. A random variable is used to sample the mean free
path of the neutron, taking into account its probability density function (PDF). Another random variable
is then used to sample the probability that the neutron will interact with another particle in the system
during this path (absorption, ssion, leakage) or if the neutron ends this path without interacting; in case
of absorption/ ssion the particle is terminated and the resulting reaction(s) will be simulated. In case of
leakage to another region, the particle may or may not be terminated, depending on the rules governing
that region { for instance, the neutron might be traveling from fuel to moderator, in which we have di erent
PDFs but it is not terminated, or it might travel to the outside region being leaked out of the system and
thus being terminated. If the neutron interacts with a nucleus, the particles resulting from the reaction are
banked for posterior analysis. If no interaction occurs in the aforementioned path traveled, the process is
done again. When this particle is terminated, the banked particles will then be assessed in the same way.
The simulation ends when the user-de ned number of simulated particles is reached. The user must assess
that the number of particles sampled is large enough to describe the system behavior.
A time-dependent analysis, however, requires a di erent approach than that used for criticality calcu-

lations: instead of \solving" only the transport equation, as is done in a steady-state approach. For a



transient analysis, a coupled system of equations must be considered: the time-dependent Boltzmann equa-
tion for neutron transport and the equations for the delayed neutron precursor concentrations (Sjenitzer and

Hoogenboom, 2013):

(1E)@(r;@;tE;t)z+z ro(n GED+ (GEY (15 SEi)=
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Sq(r; E;t)= T iCi(r;t) i(E); (4)
with
= neutron ux

= neutron speed
tr.s = total, ssion, and scattering cross sections
pi = prompt or delayed yield of precursor family i
= delayed neutron fraction
= average neutron yield at ssion

Sq = delayed neutron source

S = external source

Ci = precursor concentration of family i
i = decay constant of family i.

Unlike in a criticality analysis, now we must deal with issues such as the modeling of delayed neutron
population,the treatment of branching neutron chains, the time factor, and initial conditions. All of these
issues were discussed in Sjenitzer and Hoogenboom (2013) and implemented in TRIPOLI4. This study was

used as a basis for transient simulation implementation in Serpent, as discussed in Levinsky et al. (2019).



2.2 Time-dependent MC simulations

Although the physics modeled for an MC time-dependent simulation is the same regardless of the code,
di erent modeling implementation strategies can be used: while Serpent tracks the delayed neutron pre-
cursors to sample delayed neutrons, MCNP directly tracks the delayed neutrons sampled from nuclear data
libraries, without tracking the precursors. Here we will focus on the Serpent implementation.

Transient calculations are performed in two main steps in Serpent: the rst step is a criticality calculation,
which will provide the neutron source for the initial state of the reactor, followed by the second step, which is
the xed source, time-dependent simulations. The user de nes the time interval, with the possibility of using
sub-steps for the simulation. De ning sub-steps can be useful when the time interval is long and population
control is necessary at some points, to keep the neutron population constant: as close to criticality a system
can be, the slightest deviation from that can cause the neutron population to increase or decrease, and
population control ensures that the same number of particles is simulated for each time-step. Di erent time
intervals can be de ned for detectors, if necessary. A source can also be generated at the end of the time

interval, which can be used for the start of a new time step in the simulation.

2.2.1 Criticality source generation

The simulation starts with the generation of a time-independent criticality source, which gives the initial
distributions for live neutrons and delayed neutron precursors. The mean free path nean for a neutron with

energy E traveling over a path where the probability is constant over the path length is:

1

mean (E) = T(E);

®)

with  is the total macroscopic cross section over the path. The mean time between two interactions

tmean iS the time taken by the neutron to travel this path length:

E) 1
t E — mean( — ' 6
e N SN ) ©
where (E) is the velocity of the neutron. The mean interaction frequencyf mean Will then be:
frean(E)= = (E) (E): ™
mean - tmean(E) - tot .

Each neutron should be stored with a propability proportional to P / 1=( « (E) (E)). Serpent saves

neutrons at tentative collision sites with the probability:



p=aA_"_. (8)
path

where w is the incoming neutron weight, is its velocity, pan IS the macroscopic cross section used in
sampling the path length to the tentative collision site and A is a normalization factor related to minimum
neutron speed and minimum cross-section to keep below unity for all cases.

The location, direction cosines, neutron energy, and weight are saved for each live neutron. The total

neutron population N* is also tallied for normalization using an implicit estimator:

zz,
NpYS = , = (r;E)dEdr?: ©)

live
E

The tallying of the initial precursor source is based on tallying the production rate of each delayed neutron
group. The precursor population is assumed to be in steady state, and the stable population of each group
is calculated by dividing the production rate by the decay constant for each group.

The implicit estimate of precursor production rate C* for a group g due to one interaction by a neutron

representing a source population ofv neutrons per second is:

+ _ o(E) (KE) ¢ (rE)
Cg - tot (1 E) w

(10)

with  ¢(r; E) the delayed neutron fraction in group g, is the number of neutrons produced per ssion, ¢
and g are the ssion and total macroscopic cross sections, respectively. A stable precursor concentration

C at steady state will be:

o(r;E) (r;E) f(r;E)W_

Cqy= ;
¢ g tot (I E)

(11)

where 4 is the decay constant of the corresponding delayed neutron precursor group. The production rates
are calculated for each group at each interaction site according to equation 10 with information on the
precursor position, group, and initial concentration as per equation 11. Russian roulette is played before

storing the precursor so the population will remain at a manageable level:

Cy _ p o(E) (KE) ((riE).

w tot (I E) ’

Psuv = P (12)

where Py is the survival probability and P is a user given constant.



2.2.2 Transient simulation

The initial neutron and delayed neutron precursor distributions are set up based on the data from
the rst step. The system must be as close to criticality as possible, and if not, it must be forced into
it (Leppanen et al., 2013). The normalization of the weights of the neutrons is done so that the initial
population corresponds to the one tallied in the source generation step. For each time interval of the
transient simulation, a primary source is rst generated; it is based on the initial population (at t = 0 for
this step) and the initial precursor population for t = 0. From these source distributions, the user de nes a
number of primary particles that are sampled, and the ratio between the sampled live neutrons and emitted

neutrons is approximately equal to the ratio of physical live neutrons and emitted neutrons:

h
N Iﬁ/e N I?\/eyS : ( 13)
NSmt  NEE

These particles are tracked until absorption, leakage, or their arrival at the next time interval. Based on
the exponential decay law, the precursors are also allowed to decay during the de ned time interval.
Only prompt neutrons are produced during ssion simulations, and the implicit estimate of precursors

produced C by group g due to one interaction with a neutron from a population of wi, neutrons is:

Cg = g 7fWir‘| ; (14)

tot

where the values are at the given interaction site and energy. Part of this precursor population will decay
within the time interval:
Cg™ = Cgl expl glteor tim ) (15)

and the remaining part will survive as precursors:

Cg' = Cgexpl gl(teor  tint)]; (16)

with tj,; the interaction time and tgo, the time at the end of the current interval. Again, Russian roulette
is played for Cgm” to determine if an additional neutron should be emitted, and C§"" is added to the end

of the interval precursor concentrations. Population control is applied following the rule in equation 13.



2.3 Coupled neutronic/thermal-hydraulics

Although Monte Carlo simulations o er high resolution, achieving high delity requires accounting for
feedback e ects during transients. For example, an increase in reactivity leads to a temperature rise, causing
changes in cross sections (Doppler broadening) and subsequently decreasing reactivity. Such phenomena are
crucial for reactor safety and must be accurately modeled.

To address this, instead of relying on user-de ned boundary conditions, such as a xed moderator temper-
ature, it is bene cial to couple codes that simulate di erent phenomena. Careful geometry mapping between
the codes ensures that exchanged information matches spatial models accurately. Cross-section generation is
also critical to consider, as system temperatures vary between iterations, and a substantial amount of data
is required.

Temporal coupling presents a challenge since thermal-hydraulics and neutronics operate on di erent
timescales: 1-10 seconds for the former, whereas the neutron ux timescale is on the order of microseconds.

Balancing these di erent timescales requires careful consideration during the coupling process.

2.3.1 Spatial coupling

Geometry mapping between the codes can be xed or exible. The mapping scheme will depend on
the type of thermal-hydraulic model of the core, as well as the type of results needed. While an optimal
mapping, with a Cartesian pin-by-pin correspondence (Fig. 1 a), will yield accurate results for all geometry
cells, it can get computationally expensive when simulating transients. A cylindrical geometry mapping can
also be applied (Fig. 1 b), where the neutronics core and re ector regions are mapped in radial planes of 24
T-H cells constructed by 4 rings and 6 azimuthal sectors. For this scheme, calculations will be faster, but

results will not provide as detailed information as the former.

2.3.2 Temporal coupling

The di erence in the time scales of neutronics and thermal-hydraulics codes pose a challenge when coupled
codes are simulating transients, as making the size of both codes time steps equal may lead to inaccurate
predictions of time-dependent power behavior, depending on the transient (lvanov and Avramova, 2007).

One option is adopting a multiple time-step marching scheme, in which the neutronics code marches
several steps while the thermal-hydraulics code marches only one step.

Another possibility was explored by Sols et al. (2002) with a multiple time-step marching scheme, that
monitors the global (power) and local (neutron ux) temporal changes and automatically adjusts the time

step. A user-speci ed tolerance", that can be 1% for the global change"s and 10% for local change',



Figure 1: Geometry mapping examples (lvanov and Avramova, 2007)

is set as a maximum value; the rate of accumulation of the global changd's=dt is calculated in L, norm

while the rate of accumulation of local change is calculated in.; norm. The required time step size can be

determined:

—
~

1
@

&= 5o (17)
dt
T = & (18)
Tt
Tgstimate = min (TIG< ;TIF) Tnlgin (19)
Tf|i<nal = min (Tgstimate ;Trﬁax ); (20)

where TX,, is equal to the thermal-hydraulic time step size.

2.3.3 Temperature dependence

To accurately account for the temperature e ects in Serpent, cross sections and thermal scattering cross
sections need to be available in a range of temperatures. Generating cross-sections in small temperature

intervals can be time and memory-consuming, considering the large temperature intervals that can be found

10



in a transient simulation. However, Serpent features an on-the- y temperature treatment based on explicit
treatment of the motion of target nuclei at collision sites TMS (target motion sampling method) (Viitanen
and Leppanen, 2012), which simpli es the temperature problem for the cross sections. On the other hand,
thermal scattering cross-sections for a given temperature are obtained through interpolation of data.
Another temperature-related issue is the radial temperature distribution in the fuel pin. The temperature
di erence between the center and periphery of the pin is rather large, and modeling several regions to pre-
cisely specify them in every pin can be overwhelming. Thus, a uniform temperature with similar resonance
absorption to the actual temperature distribution can be used: the Doppler e ective fuel temperature. Row-
lands (1962) proposed a correlation using the central fuel temperaturd, and the fuel surface temperatureTg
(Eq. 21), which was later modi ed by Chabert and Santamarina (1997) including the average temperature

Tave (EQ. 22).

4 5
Trow = §Tc+ §Ts (21)
1
Tsan = Tave T8(Tc Ts) (22)

2.3.4 Coupling strategies

The coupling solution strategies can be divided into tight coupling and loose coupling. In tight coupling,
the equations are solved without decoupling them; loose coupling means they are solved separately (neutron
transport and thermal-hydraulics), in which case the coupling is realized by exchanging information on the
boundary condition between them, so existing codes can be fully utilized.

Itis our interest here to work with existing codes so we focus on loose coupling methods, which are also the
most common in literature (Wang et al., 2020). Loose coupling can be further divided into internal or external
coupling; internal coupling refers to embedding neutronic code as a sub-code into the thermal-hydraulic code
or embedding the thermal-hydraulic code as a sub-code into neutronic code, with data exchanged through
memory. External coupling uses an external interface (or control program), independently developed to
transfer the coupling parameters in the form of input and output les. Figure 2 shows a schematic of the
solution strategies and approaches.

On the left-hand side of the gure, we see the aforementioned tight and loose coupling strategies. For
a tight coupling strategy, where the equations are solved together, we are left with one large-scale partial
di erential equation; the main solution approach is the JFNK (Jacobian-Free Newton-Krylov) method. Loose

coupling is our focus here, and it can be done internally or externally; either can use the Picard iteration or
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Figure 2: Classi cation of N/TH solution strategies and solution approaches (Wang et al., 2020)

the operator splitting (OS) method, with the former being implicit and the latter, explicit.

The operator splitting (OS) method is a traditional, widely applied solution approach. Starting with the
neutronic code and original initial condition, the solution at the end-point of the time subinterval is used as
the initial condition for the thermal-hydraulics code. That means the data is exchanged once per time step,
and that requires smaller time steps to obtain accurate solutions.

The Picard iteration method is similar to the OS method, adding an outer iteration between the two
codes. For each time step, the neutronics code is run for initial conditions and information is passed to the
TH code, which in turn returns the data of interest to the neutronics code; convergence criteria are then

applied and the time step simulation is run multiple times until convergence is reached.

2.3.5 Convergence criteria and relaxation acceleration technique

The coupled code convergence can be de ned in a number of ways. Bennett et al. (2016) and Daeubler

et al. (2014) used the following:

Tiﬁu”em Tiﬁrevious

max;; T Previous ; (23)
i5j

where is the user de ned convergence criteria,T is the component (fuel or coolant) temperature in Kelvin,
i is the rod or sub-channel number andj is the axial node number. If the condition is true for all rods and
axial levels, convergence has been met and the total calculation is over. If false for any, another iteration is
run. Daeubler et al. (2015) presents a similar technique, but the authors opt for the use of the Euclidean
norm of Doppler temperature or moderator density.

A relaxation acceleration technique was implemented in the coupled MCNP6/CTF code (Bennett et al.,
2016). The relaxation speeds up the convergence, therefore reducing the number of iterations needed and

computational time. In a coupled MC/TH calculation, the steady state ux is calculated as:

=f(T; ); (24)
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with T the temperature distribution and the density distribution of the component, and both depend on

the ux from the previous iteration:

S G G I G ) E (25)

wheren is the iteration number and is the statistical noise added by the Monte Carlo method. The coupled

convergence criteria will be modi ed as:

Tcurrent TPprevious | current previous
; I i;

d : (26)

maxg; previous previous
T + B

The magnitude of the statistical noise then limits the convergence of the coupled solution, which brings
us to a technique that allows us to account for the statistical noise. The ux can be de ned as the sum of

the previous uxes:

n+l _ 1 .
b= 2RO @7)

and now the error decreases with increasing number of iterations. Then we can rearrange the previous

equation to obtain a weighted function of the current value of the ux and the previous value of the ux:

X1 i 1 ny — 1 n 1 ny.
R( )+HR( )= 1 o +HR( ): (28)

n+l — 1 E 1
n

n 1 i=1
It was shown that with 1600 cycles, convergence is not reached without relaxation, whereas with a fourth
of the number of cycles (400) and relaxation applied, the results converged.
Similar relaxation techniques were applied for di erent MC/TH coupling codes in Waata (2006), Ivanov
et al. (2011), Ivanov et al. (2013), Ivanov et al. (2014), Daeubler et al. (2014), Daeubler et al. (2015), Faucher

(2019), Safavi et al. (2020), and Yu et al. (2020b).

2.4 Literature review

While criticality MC simulations have been widely popular, there has been a recent surge in e orts
towards implementing transient MC simulations. Romero-Barrientos et al. (2023) modi ed the open-source
code OpenMC (Romano et al., 2015), implementing time-dependent simulations using forced precursor decay,
similar to Serpent, but with individual precursors instead of precursor groups. Both codes calculate the mean
generation time , but while Serpent does not calculate ¢+ values, OpenMC(TD) (the modi ed version of

OpenMC presented in the study) does. In this code, population control is performed using combing. Ajami
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et al. (2022) presents the implementation of transient capabilities in MC3-TD code, where precursors are
generated in ssion events { unlike Serpent, which uses implicit estimates. Delayed neutrons are emitted
from precursor groups, and population control is conducted using Russian roulette along with the dynamic
control method. The implementation of kinetic capabilities for TRIPOLI-4 is presented in Faucher et al.
(2018): precursors are created at ssion events and undergo forced decay. Population control is user-de ned,
with options for either Russian roulette or splitting, or combing. Time-dependence implementation of a
GPU-based MC code, GUARDYAN, is presented in Bemczki et al. (2020). Once again, forced precursor
decay is utilized. Some GPU-speci c features implemented in GUARDYAN include the use of Woodcock
(delta-)tracking, and population control between time-steps is importance-based instead of using Russian
roulette. In MCSP (Mazaher et al., 2019), precursors are implicitly estimated, and forced decay is performed
considering precursor groups. Population control is applied using implicit capture and Russian roulette. The
most recent study presents time-dependence implementation in the McCARD code (Jang and Shim, 2023),
where the combing method is applied for population control, and the delayed neutron treatment employs
forced precursor decay with precursors being sampled in ssion reactions. This study presents results for
some of the C5G7-TD Benchmark problems, which will be later referenced in this work.

MC-TH coupling is also an increasingly popular subject of investigation. Table 1 summarizes the works
found in the literature for Monte Carlo and 1D/2D TH coupling. Most of the publications cited worked on
steady-state implementations, except for Kitcher and Chirayath (2017), which worked on a fuel depletion
problem, and Faucher (2019), Ferraro et al. (2020), and Ferraro et al. (2021) that worked on transient
simulations.

While the majority of applications were towards PWRs, followed by other types of LWRs, Krecicki
and Kotlyar (2022) work is applied to Nuclear Thermal Propulsion reactors (NTP), which are a candidate
technology for cis-Lunar and Mars missions by the National Aerospace and Space Administration (NASA).
Vazquez et al. (2012) applied their development towards the simulation of a Sodium-cooled Fast Reactor
(SFR), using the two most popular codes: MCNPX (a version of MCNP) and COBRA-IV (a version of
COBRA).

Considering all versions collectively, MCNP appears in 8 out of the 27 studies reviewed, followed by
Serpent, which was used in 6 studies. For thermal-hydraulics (TH) codes, various versions of COBRA were
employed in 14 studies, including 6 that speci cally used the CTF variantég, "equal to the number of studies
that utilized the second most popular TH code, SUBCHANFLOW.

External coupling is found to be more popular than internal coupling, likely due to the ease of externally
coupling two codes { where there is no need to have access to any of the code structures. Guo et al.

(2017) introduced a hybrid coupling method, in which the data of CTF are transferred through external
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Table 1: Comprehensive list of Monte Carlo codes and 1D/2D TH codes coupling method (updated from
Wang et al. (2020))

# Monte Carlo 1D/2D TH code Organization/Country Application  Coupling  References
code methods

1 GUARDYAN  SUBCHANFLOW  Budapest University of LWR External Raznan et al. (2025)
Technology and Economics

2 MCNP4 STAFAS Universitat Stuttgart/Germany HP-LWR External Waata (2006)

3 MCNP4C COBRA-EN University of Isfahan/Iran LWR External Safavi et al. (2020)

4 MCNP5 ATHAS Xi'an Jiaotong University/China ~ SCWR External Shan et al. (2010),

Liu et al. (2013)

5 MCNP5 SUBCHANFLOW  Karlsruhe Institute PWR External Ivanov et al. (2011),
of Technology/Germany Ivanov et al. (2013)

6 MCNP5 SUBCHANFLOW  Karlsruhe Institute PWR Internal Ivanov et al. (2014)
of Technology/Germany

7 MCNP6 CTF North Carolina State PWR Internal Bennett et al. (2016)
University/USA

8 MCNP6 CINDER'90 Texas A&M University/USA PWR External Kitcher and Chirayath (2017)

9 MCNPX COBRA-IV Ciemat, Avda. SFR External Vazquez et al. (2012)
Complutense 40/Spain

10 MC21 CTF Bechtel Marine Propulsion LWR External Kelly III et al. (2017)
Corporation/USA

11 MC21 COBRA-IE Naval Nuclear Laboratory/USA LWR External Aviles et al. (2017)

12 MCU ATHLET National Nuclear Research HPLWR External Pham et al. (2017)
University/Russia

13 MCS CTF Ulsan National Institute LWR External Yu et al. (2018),
of Science and Technology/ Yu et al. (2019)
Republic of Korea Yu et al. (2020a)

14  MONK COBRA-EN University of Cambridge/United PWR External Alam et al. (2019)
Kingdom

15 OpenMC COBRA-EN Nuclear Research Reactor BWR External Mylonakis et al. (2014)
Laboratory/Greece & PWR

16  OpenMC COBRA-EN Nuclear Research Reactor BWR Internal Mylonakis et al. (2015)
Laboratory/Greece & PWR Mylonakis et al. (2017)

17 RMC COBRA-EN Tsinghua University/China PWR Internal Liu et al. (2015)

18 RMC CTF Tsinghua University/China PWR Internal Li et al. (2023)

19 RMC CTF Tsinghua University/China BWR External Li et al. (2021)

20 RMC CTF Tsinghua University/China PWR Hybrid Guo et al. (2017)

21  Serpent2 ntpThermo Georgia Institute NTP External Krecicki and Kotlyar (2022)
of Technology/USA

22 Serpent2 RELAP5 University of lllinois at PWR External Wu and Kozlowski (2015)
Urbana-Champaign/USA

23  Serpent2 SUBCHANFLOW  Karlsruhe Institute of PWR External Daeubler et al. (2014)
Technology/Germany

24 Serpent2 SUBCHANFLOW  Karlsruhe Institute of PWR Internal Daeubler et al. (2015),
Technology/Germany Ferraro et al. (2020)

Ferraro et al. (2021),

25  Serpent2 COBRA-TF The University of Liverpool/ ABWR External Atkinson et al. (2021)
United Kingdom

26  Serpent2 RELAP5 Jordan University of Science PWR External Abu Saleem et al. (2018)
Technology/Jordan

27  SuperMC SUBCHANFLOW  Chinese Academy LWR External Yu et al. (2020b)
of Sciences/China

28 TRIPOLI-4 SUBCHANFLOW  Universie Paris-Saclay/France PWR External Faucher (2019)

input/output les, while RMC does that internally without the need of printed input and output les; that

was accomplished by introducing routines to RMC, which is the main code and invokes CTF as the secondary

code.
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3 Numerical Framework and Benchmark Description

3.1 Serpent

Serpent is a continuous-energy Monte Carlo neutron and photon transport code developed and maintained
by VTT Technical Research Centre of Finland (Leppanen et al., 2015) since 2004, and it has been in public
distribution since 2009. The current base version 2.2 was released in May 2022.

Serpent uses a hybrid MP1/OpenMP approach for parallelizing calculations, along with a multi-physics
interface (VTT Technical Research Centre) that facilitates the coupling with other codes. The interface relies
on a super-imposed data structure that enables passing temperature and density distributions into the trans-
port simulations without modi cations to the underlying geometry model, supporting Cartesian/hexagonal
mesh, 1.5 dimensional £;r) coordinate system, unstructured mesh based on OpenFOAM le format, and
point-average data.

The data libraries for neutron and photon transport physics are used in the ACE format, the same
format used by other MC codes. To avoid excessive generation of library les in various temperatures, the
Doppler-broadening preprocessor is able to increase the temperature of a free atom cross section below the
energy region of unresolved resonances, which is performed analytically based on Solbrig's kernel. That
method works well for criticality simulations or transients with xed temperatures. For calculations with
TH feedback, an on-the-y temperature treatment using the target motion sampling method (TMS) was
implemented, which performs temperature corrections on reaction rates during the MC transport simulation
(Viitanen and Leppanen, 2012).

We covered on Section 2 the theory on MC simulations and code implementation, so the present section
is succinct.

Serpent's transient capabilities, along with its rather exible multi-physics interface and TMS on-the-

y temperature treatment make it an excellent candidate for its use in a multi-physics coupling targeting

transient simulations.

3.2 CTF

CTF is an improved version of COBRA-TF developed and maintained by the RDFMG at NCSU. The
original code was developed in 1980 by the Paci c Northwest Laboratory and began as a T/H rod-bundle
analysis code, and has been continuously improved over the past decades. While the original code includes
ow regime-dependent two-phase heat transfer, inter-phase heat transfer and drag, droplet breakup, and

guench-front tracking, among others, CTF's improvements include: transition to FORTRAN 90 source
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code; enhanced user-friendliness with improved error checking and free-format input deck; quality assurance
with extensive V&V matrix; turbulent mixing, void drift and direct heating model improvements; enhanced
computational e ciency by implementation of new numerical solution schemes; and better coded physical
model and user modeling documentation.

CTF is a two- uid, three-phase thermal-hydraulics code. The foundation for modeling ow: setting up
the transport equations for each unique uid, discretizing them, applying them to a mesh of the volume,
and solving them by a numerical iterative approach. Each of the three elds { liquid Im, liquid droplets,
and vapor { is modeled with its own set of conservation equations, with the exception of liquid and droplet
Ims, which are assumed to be in thermal equilibrium and share an energy equation. The equations are then
simultaneously solved using the Semi-Implicit Method for Pressure-Linked equations (SIMPLE). But rst,
the equations must be put into nite-di erence form, and applied and solved over a mesh of nite volumes.

Let us present the generalized conservation equations.

The generalized phasic mass conservation equation is presented in Eq. 29:

@@gkk)w (k)= L+ MJ: (29)

Here, thek subscript denotes the eld (I for liquid Im, v for the vapor eld, or e for the entrained droplet
eld). The equation shows us that the change of mass with time and the advection of the eld mass into
or out of the volume equals the mass transfer into or out of phasd (L), by evaporation/condensation or
entrainment/de-entrainment, plus the mass transfer in the mesh cell due to turbulent mixing and void drift
MJ).

Now, we look at the momentum conservation equation:

*@{ kK kVik)+ @@>$ k kU Vi) + @@)g k kVk Vi) + @@é Kk kWi Vi) =

@ (30)
k k8 kPP [ () +TH]+ ME+ g+ m);
with
ro(eld)=-% (31)
F(vg)= o+ r () (32)
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roC )= 2% () (33)

~9%0 ~009and ~%%%re the volumetric wall drag and form losses of the entrained, vapor, and liquid phases,
respectively. We can read Eq. 30 as the change of volume momentum with time plus the advection of momen-
tum equals gravitational force, pressure force, viscous and turbulent shear stress, momentum source/sink due
to phase change and entrainment, interfacial drag forces, and momentum transfer due to turbulent mixing.

The generalized energy equation is presented in Eq. 34:

@{ k khi)+r (kW)=

@
LK@ e e e (2E

(34)

where the rst two terms are change of phase energy with respect to time and advection of phase energy
into or out of the cell, and the three terms on the right-hand side of the equations arek-phase conduction
and turbulence heat ux, energy transfer due to phase change, volumetric wall heat transfer, and pressure
work.

Before solving the conservation equations, the meshes must be de ned. CTF approaches the volume
meshing using two staggered meshes: the scalar mesh, used to de ne the scalar variables, and the momentum
mesh, used to de ne the velocity eld. The momentum mesh is actually comprised of transverse momentum
cells and axial momentum cells, so technically there are three meshes (except if no gaps are de ned, in which
case no transverse momentum cells will be created). The mesh generation process relies on basic information
provided by the user, including several model sections, channels per section, scalar mesh cells per channel,
and channel connection information.

Once the meshes are de ned, the nite-di erence forms of the equations can be solved; we show here the
nal form for the mass, momentum, and energy conservation equations. Assumptions applied and derivation
of these forms can be found in the CTF Theory Manual (Salko Jr et al., 2020).

Let us see the nite-di erence form for the mass conservation equation for liquids (Eq. 35) and droplets

(Eq. 36):

n b Xa
L0, t( )i XsAcs+ [ )"y 1Amib lib [ 1 )"uy Am;ialia
ib= ja=1
o (35)
+ [ )"WialLlk X;3= (@ ) S+ Source;
k=1
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XoAca + (e )"uy 1Amb Jib [( e )"urj Am;ialia
ib=1 ia=1
- (36)
+ (e )W laLk Xy = S + Source;
k=1

where the n superscript represents the previous time step valuena indicates top face, andnb the bottom
face scalar cellsn~means that the scalar cell from which the term comes is dependent on the ow direction;
Lk Xj isthe cross-sectional area in the transverse direction of mass convectiowy is the transverse velocity
of the gap under consideration. Both Egs. 35 and 36 still show that the change of mass with time ( rst
terms) and the advection of the eld mass into (sum term applied to nb) or out of the volume (sum term
applied to na) equals the mass transfer by evaporation/condensation, entrainment/de-entrainment in phase
k (sum term applied to nk) and mass transfer in the mesh cell due to turbulent mixing and void drift (right

hand side of the equations).

The vapor nite-di erence form of the momentum equation is shown in Eq. 37:

[( \Y vVv)k ( \Y vVv)E]

r Xy Yk Zg=
« ) !
b A ngb N A
[( v vW) ullip — 4 [Cv vW)™vIib %1
iib =1 jib =1 |
e Amig , € Amijij K
[( \Y vVv)ﬁUC]iia ~ + [( \Y vVv)ﬁu\r/]]jja 2
iia =1 iia =1
( %y r‘lkx+ y )
+ [ v vW)"W Ik, Xsliy (v vWw)"™Wlk,. , Xaolky+ (37)
ky:l ky+ y=1 |
i - L L
Kii , Kij 2
+ [( \Y% vVv)ﬁW\r)]kii 2 XJ : + [( \ vVv)ﬁW\r/]]kjj 2 XJ %
Kii =1 Kij 2=1 )
nkihe+ nkiiyz+ :
Lk 2+ 2 Lk z+ z
[ v vVv)HWC]kU 2 XJ“7+ [ v vVv)ﬁW\r}]kﬁ 2 XJ”?
Kii 7+ 2=1 Kij z+ 2=1
(Pii ij ) C;k;J XJ Zk w;v;J i;vl;J ive;d + v+ SOUI’CG\,;]' .

Eq. 38 shows the liquid momentum equation in nite-di erenced form:
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The entrained momentum equation in nite-di erenced form is presented in Eqg. 39.

[( e Ve)k (e 1Ve)l

n Xy Yk Zg=
« ) !
Xe Amii ° o Amgij
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( i 2 L i - Lo
Kii - Kij -
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2
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(Pi Pi) exs Xo Zk  wey iverd v+ Source; :

(38)

(39)

In Egs. 37, 38, 39,niib represents the number of scalar cells below transverse momentum cédlon the

i side that convect transverse momentum across the bottom face amjjb for the top face; similarly in niia,

njja , for the scalar cells above transverse momentum ceK.

The vapor and liquid energy equations in nite-di erence form are presented in Eq. 40 and Eq. 41,
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respectively:
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With meshes and equations ready, the equations can be solved. The steps from the SIMPLE algorithm

within the CTF application are:

1. Guess the pressure eldp { user-de ned in CTF;

2. Solve the momentum equations to obtain uid velocities { transverse momentum equations are solved

rst, and then the axial momentum equations;

3. Use the continuity equation to solve for the pressure eld correctionp® { both continuity and energy
equations are used in an \inner iteration", with a pressure correction equation for every cell in the
mesh, creating a large matrix that can be solved by direct Gaussian elimination or iterative Krylov

methods;

4. Calculate the corrected pressure eld,p, by adding p° to p { additionally, back-substitution is per-

formed to obtain current values for other independent variables (e.g., void and enthalpy);
5. Calculate the corrected velocity eld using the corrected pressure eld;

6. Solve remaining discretized equations that in uence the ow eld { including interfacial area transport
equation for tracking the interfacial area of the droplet eld and possible fuel rod heat transfer and

decay heat equations;
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7. Treat the corrected pressurep as the new guessed pressugg and repeat steps 1-6 until convergence
is reached { if convergence criteria are not met, CTF attempts the current iteration again, but with a

smaller time-step.

Although the governing equations are time-dependent, CTF can simulate a pseudo-steady-state, where

it evaluates a set of simulation convergence criteria to determine if the solution has become steady.

3.3 C5G7-TD Benchmark

The C5G7-TD benchmark has been approved by the Organization for Economic Cooperation and De-
velopment Nuclear Energy Agency (OECD/NEA) Nuclear Science Committee (NSC) Working Party on
Scienti ¢ Issues in Reactor Systems (WPRS). The simulated core is a miniature light water reactor (LWR)
with sixteen fuel assemblies: eight uranium dioxide (UQ) assemblies and eight mixed oxide (MOX) assem-
blies, surrounded by a water re ector. The assemblies follow a 17x17 con guration, featuring 264 fuel pins,
24 guide tubes for control rods, and one instrument tube for a ssion chamber in the central grid cell. The
pin cell pitch is universal at 1.26 cm, as well as the pin radius of 0.54 cm. In the 3D model, a top water
re ector is modeled in which the control rod banks are present in the unrodded case; control rod insertion is
then only possible from the top of the active core. There is also a bottom re ector with only water. Figure 3
shows the quarter core description for the 3D model; for ease of reference, the assemblies are numbered 1 to 4
as shown. The UQ assemblies have a single enrichment, while the MOX assemblies have three enrichments

of 4.3%, 7.0%, and 8.7%; the assembly compositions can also be seen on Figure 3.

Table 2: Cell geometry and composition

Medium External radius (cm)
Fuel 0.4095
Fuel cell Void 0.4180
Zirconium clad 0.4750
Void 0.4800
Aluminum clad ! 0.5400
Guide tube Moderator 0.3400
cell Guide tube 0.5400

The benchmark is carried out in 3 consecutive phases:

Phase [: Kinetics Phase { veri cation of methods/codes for heterogeneous time-dependent neutron

transport calculations without feedback

1This clad is used to simulate hot conditions at room temperature (decrease of moderation ratio), and is only used on Phase
| of the Benchmark. In Phase Il, the moderator lIs the cell beyond the Zr-clad external radius.
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Figure 3: 3-D con guration for the C5G7-TD benchmark problem and fuel pin compositions with numbering
scheme (Boyarinov et al., 2018)

Phase Il: Dynamics Phase { veri cation of methods/codes for heterogeneous time-dependent neutron

transport calculations with feedback; and

Phase IlI: High- delity Phase { uncertainty propagation in high- delity multi-physics calculations.

Both phases | and Il feature 2 and 3-D exercises. The 2-D control rod insertion is approximated as a
ramp change of the material composition { a linear replacement of the moderator- lled guide tube material
by the control rod material. In practice, initially with a fully withdrawn control rod bank, for a 10% control

rod insertion, the cross-section values in the guide tube region will be:

K= ST+0:( R SHto t< 1s

<= ST+0:1( R SH2 t)1s t< 2s (42)
x()= Pt 25
with  ,(t) the total cross section for the region at timet, ST the guide tube material cross section, and
R the control rod material cross section. However, Serpent does not allow for the use of group-generated

cross-sections. In an e ort to simulate the exercises, some attempts were made to nd a corresponding

parameter mixing that works with a continuous-energy cross-section library. In the rst attempt, the atomic
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compositions of the materials were mixed in the region, and the multi-group cross-sections were generated
by Serpent for comparison with the ones provided on the Benchmark. No correlation was found between the
values. The second attempt employed the same practice, but using mass compositions of materials instead
of atomic ones. Again, no correlation was found between the two sets of cross-sections. Area percentages
lled with control rod materials in various settings within the guide tube were also simulated, none of which
yielded satisfactory results considering the behavior reported by deterministic codes. With that, the 2-D
exercises were excluded from this work altogether, and we focus on the 3-D exercises of Phase | and Phase

3.3.1 Phase | { Kinetics

Two exercises are de ned to simulate transient events in a 3D model. TD4 exercise simulates control rod
insertion/withdrawal. Starting from an unrodded core, di erent control rod banks are inserted at a constant
speed and subsequently removed. There are 5 test problems, as can be seen in Figure 4 a): TD4-1 transient
is initiated by the insertion of rod bank 1 to 1/3 of the way within the rst 2 s, and subsequently withdrawn
at the same velocity, in a way that the core will be back to its unrodded state att = 4s. TD4-2 has the
insertion of the control rod bank 3 to 2/3 of its depth in the rst 4 s and its removal at the same velocity.
TD4-3, 4, and 5 have two di erent banks inserted at di erent times to various depths, as can be seen in

Figure 4.
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(a) TD4-1 (b) TD4-2

(c) TD4-3 (d) TD4-4

(e) TD4-5

Figure 4: Description of TD4 rod movements (Boyarinov et al., 2018)

Exercise TD5 is comprised by four dierent scenarios with relative moderator density change. The
transient in TD5-1 is initiated by decreasing moderator density to 90% of its initial value on assembly 1 for

the rst 2 s and then returning it to its original value in the next 2 s. At the same time, the density on
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assembly 3 is changed to 95% of its initial value from 1 s to 2 s, returning to the original con guration at

t = 3s. Figure 3 shows all of the variations of TD5 exercise series.

(a) TD5-1 (b) TD5-2

(c) TD5-3 (d) TD5-4

Figure 5: Description of TD5 relative density changes (Boyarinov et al., 2018)

3.3.1.1 Results treatment

The assembly powers are given as:

Pra (1) .
PCOI’e (t) ,

Ppowershare (t) = (43)

where Ppowershare (t) is the power share of the core normalized fuel assembly power at timg Pra (t) is the
radial distribution of ssion rate on the fuel assembly basis at time t, and Py (t) is the relative total core
ssion rate at time t.

The pin powers were reported considering the average power of the centermost pin:
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P h=1 eyt

Ppin (t)= Igcorie(tr;; (44)

where Ppi, (t) is the power share of the core normalized pin power at and time, Py (t) is the pin power at
axial level h and time t, n is the total number of axial levels, and Py (t) is the relative total core ssion

rate at time t.
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3.3.2 Phase Il { Dynamics

The core model is the same as that speci ed in the previous phase. For the exercises with prompt feedback,
the height of the fuel region is 128.52 cm, while in the exercises accounting for the complete feedback, the
fuel assembly is extended axially to the full length of that in a power reactor: 365.76 cm. For each transient,

the scenario begins from either the HZP (hot zero power) or HFP (hot full power) conditions (Table 3).

Table 3: De nition of initial conditions

Condition Cladding Moderator Fuel temperature, Average core power
temperature, T ¢ (K) temperature, T m (K) T+t (K) density, P o (W/cm 3)
HZP 551 551 551 10 10 6
HFP 600 562 Location dependent 100

Exercises TD8 and TD9 are de ned for the modeling of prompt feedback on fuel temperature in a 3D
geometry. In TD8, the control rods are initially inserted 1/3 of the way to the active core in the HZP state,
and retracted at two di erent speeds until the core returns to the unrodded condition. The Type a transient
approximates the rod ejection accident in PWRs and assumes the control rod will be fully removed from
the core within 0.1 s, and Type b considers the working speed of the control rod in PWRs and result in the
complete withdrawal of a control rod from its initial position within 20 s. There are 5 test problems in TD8,

listed below:
" TD8-1a/lb: withdrawal of bank 1 for scenario Type a/b.
" TD8-2a/2h: withdrawal of bank 3 for scenario Type a/b.
" TD8-3a/3b: withdrawal of bank 4 for scenario Type a/b.
" TD8-4a/4b: withdrawal of bank 1, 3, and 4 simultaneously for scenario Type a/b.

TD8-5a/5h: withdrawal of bank 1-4 simultaneously for scenario Type a/b.

With the initial HFP conditions and all the control rods fully withdrawn, the fuel temperature distribution
needs to be determined for the initial steady state. For TD9, selected control rod banks start being inserted
at t = 0s, following two types of scenarios: Type a approximates the fall of control rods following a reactor
trip and assumes the control rod drops at a constant speed so that it can be fully inserted in 1.5 s, while
Type b insertion takes 20 s and goes to 1/3 of the way at a constant speed. There are 5 test problems in

TDO:
~ TD9-1a/lb: withdrawal of bank 1 for scenario Type a/b.

~ TD9-2a/2b: withdrawal of bank 3 for scenario Type a/b.
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" TD9-3a/3b: withdrawal of bank 4 for scenario Type a/b.

TD9-4a/4b: withdrawal of bank 1, 3, and 4 simultaneously for scenario Type a/b.

TD9-5a/5h: withdrawal of bank 1-4 simultaneously for scenario Type a/b.

Modeling of complete feedback is simulated in the next exercises, aiming to model more realistic dynamic
behavior of the reactor core during transient events by considering the complete thermal-hydraulic feedback,
including fuel temperature, moderator temperature, and density. Here, there are 6 mixing vane-type spacer

grids (MVGs) along the active fuel region, and speci cations are presented in Table 4.

Table 4: Design information of the MV type spacer grids

Number 6

Material Zircaloy-4

Mass (g) 875
Height (mm) 38.10
Mixing vanes Yes

Axial locations (mm)? 632, 1154, 1976, 2198, 2720, 3242
Bundle average spacer
pressure loss coe cient 1.0

Table 5 shows the boundary condition as derived from a full-scale power reactor. In the HFP condition,
the core power is scaled down from a full-size PWR by maintaining the volumetric power density (100

Wicm 3).

Table 5: Boundary condition of the complete feedback exercises

Parameter Value

System pressure (MPa) 15.5
Inlet coolant temperature (K) 560

Active core ow (kg/s) 328.485

Bypass ow (kg/s) 23.3224

With the speci ed settings, exercises TD10 and TD11 are de ned. TD10 is like TD8 except for the
extended fuel assembly length { 365.76 cm instead of 128.52 cm {, and the same is true for TD11 and TD9,

so the description of the exercises can be found above.

2De ned as the distance from the center of the inner strap relative to the bottom of the fuel region
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4 Standalone Monte Carlo Time-Dependent Simulations

4.1 Standalone Serpent Setup and Cross-Section Veri cation

Because Serpent does not have the capability of using macroscopic multi-group cross-section data for
simulations, ENDF/B-VIII was used as a continuous-energy library. Large discrepancies were observed for
the 2-D steady-state case when compared to the Benchmark reference results (MCNP group-wise results
(Hou et al., 2017)). A 2-D continuous-energy MCNP model was created in order to verify the cross-section
discrepancies, using the same data libraries and statistics as the Serpent model (60,000 particles in 800
cycles, with initial 200 cycles discarded, and initial k-e guess of 1.7), and results are shown in Table 6.
The presented results conrm that the dierence in calculated reactivity is due to the dierent sets of
cross-sections used in each model.

Table 6: k-e ective values for various 2-D models

Model k-e
Serpent (continuous energy) 1.17037 0.01%
MCNP (continuous energy) 1.17031 0.01%

MCNP (group cross-sections (Hou et al., 2017)) 1.18949 0.07%

The relative ssion rate was compared between the MCNP reference model and the Serpent model,

showing good agreement, as depicted on Figure 6.

(a) MCNP (Hou et al., 2017) (b) Serpent

Figure 6: Initial core ssion rate distribution for the 2D model

Serpent simulations were run on INL's HPC (Idaho National Laboratory's High Performance Computing)

Sawtooth server, using 60 nodes and one MPI task per node. Each MPI task launched 48 OPENMP threads
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distributed over 48 cores, with a total of 2,880 cores. The default value for the neutron and precursor factors
of the RAM memory bu er size was increased to 20 with the use ofet nbuf and set pbuf cards.

In order to run a time-dependent simulation, the system must be as close to criticality as possible, which
could be achieved through boron concentration change or control rod levels, but those would a ect the
simulation results in this case. The ssion neutron production was then scaled by inserting the k-e value
obtained from the rst criticality simulation in the card set ke ; the inverse k-e is used as a multiplicative
constant for the nubar, a ecting both prompt and delayed neutron production.

Dynamic k values were based on the time-dependent neutron balance (NB) (Fridman and Huo, 2020):

gain _ P(t) )
loss  C(t)+ F(t)+ L(t) S(t)’

Kettng (1) = (45)

whereP, C, F, L, and S are the core average neutron production, capture, ssion, leakage, and scattering
production rates tallied by Serpent over time.

No ¢ results for transients were reported, as Serpent does not have it implemented.

Serpent results are presented along with the RMC reported results for the benchmark, since RMC is a

hybrid stochastic/deterministic code and all other participants have used purely deterministic codes.

4.2 Time-step studies

Initially, a 0.025 s time step was chosen, considering the associated geometry changes. At the end of each
step, large source les (3 GB) were produced, serving as the initial state for the subsequent time step.
Simulation times ranged from 8 hours for cases involving moderator density variations (TD5) to 60 hours
for scenarios with multiple control rod banks movements (TD4).

Using geometry transformation cards enabled the simulation of the entire transient in a single le, with
the same 0.025 s time step. This approach eliminates the need for writing and reading separate source les,
reducing memory requirements and accelerating calculations. The running time decreases on average by 60%
as compared to the time needed in the previous approach. The previous approach can still be useful in cases
where transformation cards are not su cient to describe system changes and a new system description can
be de ned while using the previous neutron source, ensuring the continuation of the transient while keeping
information of previous time steps.

The in uence of time step on accuracy and computational cost was assessed, accounting for the limitations
of expensive Monte Carlo calculations. For each of four di erent time-step sizes, 50 runs of a single case
were performed to obtain statistical data. The maximum standard deviation in ssion rate values, calculated

from the 50 results for each time step, is presented in Table 7.
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Table 7: Results of time-step studies

Time-step (s) Max. Fission Rate Running time
Std. Deviation

0.1000 0.0137 3h24min
0.0500 0.0136 6h30min
0.0250 0.0195 12h22min
0.0125 0.0161 21h56min

While smaller time steps enhance simulation accuracy, they also necessitate more frequent application
of population control - once per time step. For instance, in a 16-second simulation, a 0.1-second time step
requires 160 applications, whereas a 0.0125-second time step requires 1,280 applications. Population control
introduces error, and thus looking at the table may lead us to believe that a 0.1 s is somewhat more accurate
than a 0.0125 s time step simulation, while using signi cantly less computational resources. To show that
this is not true, plots with the di erence between the reference values (RMC) and mean values for the 50
runs of each time step studied is shown in Figure 7. The averages for the 50 runs for each time step were
used for comparison with RMC results. Fission rate di erences are presented in a relative percent value,

while the Dynamic k (kqyn ) plot shows the absolute di erence in pcm.

Figure 7: Di erences between di erent Serpent time step results and RMC results

While the ssion rate di erences are visible, the kqyn di erences were so distant that a logarithmic scale

had to be set for the y-axis.

When considering Table 7 and Figure 7, the time step of 0.025 s showed adequate for Serpent standalone
simulations, with results accuracy in an adequate range but not using as many resources as a 0.0125 s time

step requires.
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4.3 \Veri cation results

The 3-D exercises from the rst phase of the C5G7-TD benchmark were modeled and simulated in Serpent.
Results are presented alongside RMC results, as RMC is a hybrid stochastic-deterministic code and no purely
stochastic results were reported for comparisons.

While dynamic k results are presented with the absolute error between the codes in pcm, the relative
ssion rate is presented with the relative error between them in percentage.

The relative assembly powers are presented in a single plot for all four assemblies per exercise; each
assembly has results represented in a single color with the RMC results presented in a dotted line and
Serpent results in a \x"-type marker.

Finally, the pin powers show a comparison of the total power of the centermost pin (index 1-1 in Figure

3) between both codes with time, showing the relative error between them in percentage.

43.1 TD4-1

The exercise consists of the insertion of the control rod bank 1 to 1/3 of its depth in the rst 2 seconds
and its removal at the same velocity. Figure 8 shows the whole core results obtained by Serpent compared

to RMC results. Figure 9 shows the assembly and pin results.

Figure 8: TD4-1 whole core results
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Figure 9: TD4-1 assembly and pin results (assemblies A2 and A3 have overlapping results)

4.3.2 TD4-2

The exercise consists of the insertion of control rod bank 3 to 2/3 of its depth in the rst 4 seconds and
its removal at the same velocity. Figure 10 shows the whole core results obtained by Serpent compared to

RMC results, and Figure 11 shows assembly and pin results.

Figure 10: TD4-2 whole core results
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Figure 11: TD4-2 assembly and pin results

4.3.3 TD4-3

The exercise consists on the insertion of control rod bank 3 to 2/3 of its depth in the rst 4 seconds and
its removal at the same velocity, concomitant with the insertion of control rod bank 1 to 1/3 of its depth in
2 seconds starting att = 2s and subsequent removal at the same velocity. Figure 12 shows the whole core

results obtained by Serpent compared to RMC results, and Figure 13 shows local (assembly and pin) results.

Figure 12: TD4-3 whole core results

4.3.4 TD4-5

At t = 0s, control rod bank 1 starts to be inserted at constant velocity, reaching 1/3 of the core att = 2s.

Fromt =2sto t =4s, bank 1 is removed completely as bank 3 is inserted concomitantly to 1/3 of the way.
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Figure 13: TD4-3 assembly and pin results

Fromt =4sto t = 65, there is no rod movement, and bank 3 is removed at the same velocity it was inserted
fromt = 6stot = 8s. We can see the whole core simulation Serpent results in Figure 14 and local results

in Figure 15, with RMC results plotted as a reference.

Figure 14: TD4-5 whole core results
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Figure 15: TD4-5 assembly and pin results

435 TD5-1

TD5 exercises are based on moderator density changes in given assemblies. In TD5-1, moderator density
in assembly 1 decreases to 90% of its nominal value in the rst two seconds, while from=1stot = 2s,
assembly 3 has its moderator density decreased to 95% of its nominal value, returning to its original value
fromt =2stot =3s, while assembly 1 returns to its original value fromt =2sto t = 4s. Serpent local and
global results for the simulation are presented in Figures 16 and 17, respectively, along with RMC results

for reference.

Figure 16: TD5-1 whole core results
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Figure 17: TD5-1 assembly and pin results

4.3.6 TD5-2

Assembly 1 has its moderator density decreased to 80% of its initial value fromm=0sto t = 2s, returning
to the original value from t = 2s to t = 4s. Concomitantly, from t = 1s to t = 2s, moderator density is
decreased to 95% of its nominal value in assembly 3, returning to nominal fromh = 2s to t = 3s. Figure 18
shows global values, and Figure 19 shows global values for the Serpent simulations along with RMC results

for reference.

Figure 18: TD5-2 whole core results
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Figure 19: TD5-2 assembly and pin results

4.3.7 TD5-3

In this exercise, three assemblies have their moderator density varied: fromh=0s to t = 2, assembly
1 has its density decreased to 80% of its nominal value, while assembly 3, to 90%, and assembly 4 to 95%.
They all return to their nominal values at the same velocity of the rst step, completing the transient at
t =4s. Global (Figure 20) and local (Figure 21) results for the Serpent simulation are presented along with

RMC results for reference.

Figure 20: TD5-3 whole core results
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Figure 21: TD5-3 assembly and pin results

4.3.8 Discussion

The simpler control rod insertion exercises (TD4-1, TD4-2, and TD4-3) demonstrate great agreement
with RMC results, with the maximum absolute error in kgyn, Staying below 60 pcm and relative ssion rate
errors peaking at less than 7%. However, Exercise TD4-5 shows a higher absolute error, exceeding 100 pcm.
The relative assembly powers for all exercises align well with RMC results, re ecting the expected behavior
observed in the global ssion rate data.

In contrast, the TD5 exercises involve less localized perturbations, focusing on moderator density changes
rather than control rod insertions. Overall, the di erences between the results are smaller than those observed
in the TD4 series.

These results con rm that Serpent has accurately predicted the system's behavior across various transient

scenarios, with the potential for even ner resolution depending on the number of simulated particles.

4.4 Serpent Standalone Validation

With the aim of validating Serpent transient standalone simulations, a PULSTAR experiment was sim-
ulated. A control rod calibration experiment was chosen since the cold conditions allow for the transient
neutronic simulation without thermal-hydraulic feedback.

With the reactor critical at low power (100 W), one of the safety rods is inserted as far into the core
as possible while maintaining criticality, and the remaining two scrammable rods are fully withdrawn. The
inserted rod is then withdrawn to introduce a small amount of net positive reactivity in the core. After the

equilibrium of delayed and prompt neutrons has been established (at about 60 s to 100 s after withdrawing
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the rod), the stable reactor period can be measured. In practice, the doubling time was measured, which

relates to the stable reactor s period by:

s = (46)

In2)"
The simulation was performed in the following manner:

A criticality simulation with the control rod inserted to the initial measurement position, cold condi-

tions, and low power, generates a neutron source for the transient.

~ The transient simulation starts at the same conditions, with control rod movement to the nal mea-
surement position during the rst 4 s, and another 120 s are simulated without further perturbations

to the system. After 70 s into the simulation, the doubling time can be tracked and obtained.

The objective is to compared the doubling time inferred from the measurements, with the doubling time
predicted by Serpent.

To simulate the experiment, an accurate initial core composition is required. For this purpose, a review
of the PULSTAR core con gurations and burnup history was conducted, followed by depletion calculations
using Serpent. The corresponding core data and depletion history can be found in Appendices A and B.

The depletion calculations were performed using Serpent's burnup module, along with theet rfw and
set rfr cards to save and reuse the composition of depleted materials in subsequent runs|eliminating the
need for explicit isotope tracking across all material de nitions. The fuel depletion was tracked per assembly,
where a single composition for all pins in each assembly is carried over to the next core con guration. For
reinserted assemblies that were not present in the previous run, the composition was manually added to the
input. To manage depletion data on a per-assembly basis, a unique material card was assigned to each fuel
assembly, allowing it to carry its speci c composition between runs.

The simulations used 800,000 neutrons per cycle, with 800 active cycles and 100 skipped cycles. The
Serpent model employed a simpli ed geometry approach in which fuel pins were modeled without end plugs.
All simulations used the ENDF/B-VIII cross-section library, and other model parameters were consistent

with those listed in Table 9. Figure 22 presents radial and axialSerpent plots for Core Con guration 4.
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(a) Radial (b) Axial

Figure 22: PULSTAR Serpent model (Core 4)

4.4.1 Experiment results

The measurements for the experiment conducted at the PULSTAR facilities are presented in Table 8.

Table 8: PULSTAR Control Rod Calibration Measurements

Initial CR Final CR Position (s) (s) (s) s ()
position (in) position (in) variation (in) 1 S measurement 29 measurement average
8.70 9.33 0.63 35.50 36.03 35.8 51.7
9.33 10.07 0.74 26.76 27.00 26.9 38.8
10.07 10.94 0.87 21.01 21.82 21.4 30.9
10.94 11.75 0.81 23.46 23.62 235 33.9
11.75 12.54 0.79 24.03 24.82 24.4 35.2
12.54 13.40 0.86 22.33 22.33 22.3 32.2
13.40 14.31 0.91 22.59 22.21 22.4 32.3
14.31 15.27 0.96 23.53 23.46 235 33.9
15.27 16.38 1.11 21.77 21.76 21.8 315
16.38 17.70 1.32 23.52 23.34 23.4 33.8
17.70 19.28 1.58 25.88 27.07 26.5 38.2
19.28 21.99 2.71 23.51 23.70 23.6 34.1
21.99 24.00 2.01 106.31 103.30 104.8 151.2

The depletion calculations from Core 0 to Core 11 were performed to generate an initial condition for Core
12, enabling control rod movement simulations with a nuclide inventory that reasonably re ects current core
conditions. This approach was necessary because control rod calibration measurements were not available

for the earlier cores. At present, Core 12 is the only con guration for which control rod calibration data is
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available. After reaching the Core 12 con guration (Appendix B), a neutron source was generated through a
criticality simulation, and the Serpent input for a transient simulation was created, following the instructions
previously mentioned. The simulation results were left for future work. It is expected that the results of at
least two of the cases presented in the Table will be available soon and published in a journal paper as a

follow up to this thesis.
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5 Serpent/CTF Coupling

5.1 Geometry mapping

The coupling interface between Serpent and CTF includes temporal and spatial coupling components.
The temporal coupling could be classi ed as loose external coupling, which uses a Picard iteration method
for steady-state global iteration convergence and the Operator-Splitting (OS) approach for transient appli-
cations. The spatial coupling is based on the mapping schemes described as follows. Given the small size of
our core for the veri cation case (C5G7-TD), where detailed information is crucial, an optimal pin geometry
mapping was implemented, where the same pin number is attributed to a pin in Serpent and CTF. However,
for coolant mapping, a correspondence between the Serpent model, with the pin index, and the channels
modeled on CTF had to be determined. Figure 23 shows a representation of the mapping, where red indexes
correspond to the Serpent model (white blocks are fuel pins and yellow blocks are guide tubes), and blue
blocks with black indexes correspond to channels in the CTF model. Fuel pin number 1, for instance, is
surrounded by channels 1, 2, 36, and 37, and each of these four channels is accounted for with a 1/4 weight.
This data was written to a table that is used by CTF for information exchange between the codes.

Serpent features a coupling interface that streamlines information exchange with thermal-hydraulics
codes. This interface enables users to assign di erent properties (density, temperature) to di erent regions
of the geometry, as speci ed in the user-de ned interface (fc) les. By removing the need for multiple
geometry segments, this approach simpli es the input le and enhances the integration with the thermal-
hydraulics code.

The interface for providing data to Serpent o ers several options: point-averaged data, mesh-based data,
or user-de ned functional dependencies. Given CTF's architecture and the square lattice geometry for the
implementation, mesh-based data exchange was the most appropriate choice.

Serpent's power output can be provided in two formats: either using the same mesh from the input or
directly measured at the fuel pins. Initially, power at the fuel pins was selected, as it was more straightforward
for CTF's interpretation. However, when incorporating moving geometries (such as varying lattices at
di erent heights, e.g., for control rod insertion), it became apparent that Serpent returned two sets of results
for the di erent lattices within the same le. This posed a challenge, as CTF does not have information
about the moving geometry and therefore could not correctly interpret the relevant data.

To resolve this issue, it was decided to obtain the power at the same mesh used for temperatures and
densities. Although this required modi cations to CTF's reading routine, it now ensures that changes in

geometry will not impact the mesh-based power data, leading to more reliable and consistent results.

44



Figure 23: Pin and channel numbering scheme for mapping

5.2 Temperature treatment

The Santamarina correlation is used by CTF to determine the equivalent Doppler temperature in each

pin height:
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1
Taoppler = Tave TS(TC Ts); (47)

where Taye is the average pin temperature in the region,T. is the central pin temperature and Ts is the pin
surface temperature.

Serpent features an on-the- y temperature treatment based on explicit treatment of the motion of target
nuclei at collision sites (Viitanen and Leppanen, 2012), properly adjusting the cross sections for di erent
temperatures throughout the transient. The thermal scattering cross sections are obtained for di erent
temperatures using data interpolation. Thus, there is no need to generate extra cross section libraries for

various temperatures, which saves time and computing resources.

5.3 Files for coupling simulation

To facilitate data exchange between the codes, a semi-internal approach was used for the coupling, where
the geometry mapping and a routine that reads and writes Serpentifc les are embedded in CTF's source
code.

The input les needed for running a coupling simulation are:

CTF input le: a regular CTF input deck, describing the core geometry, pin types, materials, and

boundary conditions.

Serpent input le: a regular Serpent input le, with the description of the core geometry, materials,
boundary conditions, with the coupling settings added: the communication les to exchange informa-
tion between Serpent and CTF, the interface les de ned by material, and the maximum number of

iterations for a Picard iteration approach.

Mapping tables: two les containing 1) the mapping of Serpent fuel pins to heated structures in CTF,

2) the mapping of Serpent fuel pins to moderator channels in CTF, according to Figure 23.

Coupling interface (.ci) le, containing the arguments for running both CTF and Serpent, the map-
ping table names, the argument for generating the Serpent interface les, the Doppler temperature
coe cients, CTF convergence criteria, coupled convergence criteria, relaxation options, and an option

to make copies of all interface les for each time step, in case of transient simulations.

5.4 CTF implemented routines

The SERPENTCoupling type extends CTF's neutronics coupling interface to include the procedures

speci ¢ to Serpent. It contains the following procedures:
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init _SERPENT : reads the coupling interface le (.ci); builds the mapping using the tables; writes the

interface les to be read by Serpent.

solveSteadySERPENT : sends a signal to Serpent (keep asleep, resume, next time step, end simulation,
or error); keeps CTF asleep until Serpent sends a signal back; when Serpent sends the signal to resume,

calls the updatePowerSERPENT subroutine.

updatePowerSERPENT : updates power in CTF local memory. Reads the Serpent output interface
le, checks for the number of active cells and fuel pins, then proceeds to read power values; applies
power relaxation to avoid big oscillations in the residuals, and writes the linear power density to a le,

for eventual debugging.
updateFeedbaclSERPENT : updates the feedback parameters and writes it to a Serpent interface le.

solveTransient SERPENT : runs the simulation without iteration, moving on to the next time step

when it is done. Only called in transient simulations.

setGlobalTimeStepSERPENT : sets the global time step as the minimum between Serpent and CTF

time step. Only called in transient simulations.

stopCodeSERPENT : sends a signal to terminate Serpent when the end of the time interval is reached.

5.5 Coupled calculations: criticality simulations

Figure 24 shows a schematic of the coupling: with initial inputs for both CTF and Serpent, CTF is started
and does the rst run. When the rst CTF simulation is done, the results are written to the .ifc les, and
Serpent is manually started in a separate process. As Serpent is running the simulation, CTF is on standby,
waiting for Serpent's output le. Once Serpent's results are obtained, Serpent goes into sleeping mode, and
CTF uses the data for the next run and checks convergence; if convergence is reached, CTF terminates and
sends a signal for Serpent to do the same. Otherwise, CTF runs another iteration while Serpent is sleeping,

and after the run is done, it sends a signal that will cause Serpent to start another iteration.
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Figure 24: Schematic for Serpent/CTF criticality coupling
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5.5.1 Relaxation
Serpent has an implemented relaxation routine that uses the stochastic approximation based method; the

power distribution at iteration n is calculated by

L =Pyt Pt dPh Y P (48)
i=1 *©n

rel rel rel
i

where P" is the unrelaxed power distribution tallied on iteration n, P * is the relaxed power distribution

after the previous iteration, s; is the active neutron population simulated on iteration i and d is an under-

relaxation factor that can be de ned by the user.

5.5.2 Convergence criteria

Convergence check is done by CTF and takes into account the following variables:
" coolant temperature;

~ coolant density;

~ fuel surface temperature;

"~ fuel centerline temperature; and

" 3-D linear power.

For each of the variables, both the L-2 and L-inf norms must present smaller values than 1.0E-03.

5.6 Results: HFP simulations

The criticality coupled simulation converged in 161 iterations with a k-e ective of 1.13620 0.01%.
Three-dimensional temperature maps for coolant and fuel are shown in Figure 25, and the temperature

distributions (at the radial center of the model) versus core height can be seen in Figure 26. As expected, it

is possible to see the increase of coolant temperature as it removes heat from the fuel and travels upwards

through the core. The maximum coolant temperature is 580 K at the very top of the active fuel; the
maximum fuel Doppler temperature is 781 K. These parameters are consistent with those of a regular PWR.

These results will be compared to a set of results from other coupled systems in the future.
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(a) Coolant (b) Fuel

Figure 25: Coolant and fuel tridimensional temperature distributions for the C5G7-TD HFP criticality
coupled simulation (quarter core plots)
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(a) Coolant

(b) Fuel

Figure 26: Coolant and fuel temperature distributions versus core height for the C5G7-TD HFP criticality
coupled simulation
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Figure 27: Tridimensional power distribution for the C5G7-TD HFP criticality coupled simulation (quarter
core plot)

Figure 28: Power distribution versus core height for the C5G7-TD HFP criticality coupled simulation
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5.7 Coupled calculations: time-dependent simulations

The previous coupling implemented for criticality simulations (Section 5.5) was used as a starting point
for the development of the time-dependent coupling. A converged criticality solution is needed as a starting
point for the simulation, providing the neutron source for Serpent. In the next step, which is the time-
dependent simulation itself, the coupling implementation employs the Operator Splitting method: each code
runs only one time step, they exchange information, and then move on to the next time step (Figure 29).
That approach is chosen because of the large computational cost of each iteration. With initial converged
steady-state results and small enough time steps, information exchange happens with enough frequency to

ensure accurate results.
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Figure 29: Schematic for Serpent/CTF time-dependent coupling
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5.8 Results: HFP control rod drop simulation

Exercise TD-11 of the benchmark has the core at HFP condition initially with all control rods fully
withdrawn. The fall of control rod banks after a reactor trip is then simulated, with the control rods
dropping at constant speed to be fully inserted in 1.5 s. To ensure stability of the system, a transient of 12
seconds was simulated, in which bank 1 control rod drop occurs between 2.0 s and 3.5 s. The time step for

both Serpent and CTF was de ned as 0.05 s. Figure 30 shows a schematic of the control rod insertion.

Figure 30: Control rod movement over time in simulation

The behavior of dynamic k is plotted in Figure 31 along with the average fuel temperature. While the
control rod insertion impact on dynamic k is immediate, the average fuel temperature shows a smoother
drop over time. Although not very perceptible on the plot, dynamic k is slowly increasing after the drop;
the average increase rate front = 3:5s to t = 12s is of 43 pcm/s.

Figure 32 shows the power over time. Because the power response is almost concomitant with the control
rod insertion, smaller time intervals are shown betweert =2s andt = 3s. It is possible to see the change in
power shape aftert = 2s, and at the end of the control rod movement att = 3:5s, the power is close to zero
in all reactor regions, and that condition is maintained throughout the transient, until t = 12s.

Next, Figure 33 shows the fuel temperatures during the transient. Fuel temperatures have a longer
feedback time than power, so a plot was generated for every second of the transient. Because only the
neutron source is provided as initial condition for the transient (and not temperatures and densities), we
see higher temperatures att = 2s compared tot = 1s, as the temperatures are converging to their actual

values at each time step iteration. Att = 3s, temperatures are still increasing, showing that the control rod
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Figure 31: TD11-1a: Dynamic k and average fuel temperature over time

insertion feedback is still not happening. It is possible to see a decrease in fuel temperature starting at= 4,
and in the next two seconds, the plots show a more accentuated decrease in upper core fuel temperatures,
following the control rod insertion path. At t = 12s, the temperature pro le is no longer shifted and the

Trwet = T12s Ta2s = -60 K in the hottest pin . The fuel temperatures plotted are Doppler equivalent
temperatures.

Finally, Figure 34 shows the coolant temperatures over time. Coolant temperatures are the last ones to

re ect the impact of the control rod insertion. We see peak temperatures att = 4 s, after which they slowly
go down until t = 12s. The T is around -4 K in the hottest point, which is much smaller in magnitude

than Ttuel -
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