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ARTICLE INFO ABSTRACT

Keywords: Nuclear reactor systems that use fuel dissolved in a liquid have the potential for enhanced safety characteristics,

SCALE improved fuel-cycle outcomes, and more efficient isotope-production configurations. In these reactor systems,

Molter{ salt reactor the fueled liquid may simultaneously undergo irradiation, physical and chemical removal processes, and

l;)eplletloln fueling. The modeling and simulation of this transmutation and decay with material additions and removals is
uel cycle

Nuclide removal an ongoing research area. An accurate simulation tool is critical to the reactor and fuel-cycle design, reactor

Continuous feed deployment, and source-term characterization for these advanced reactor systems. The work described herein

MSRE involved implementing, testing, and applying the capability to perform reactor physics simulations within the
Oak Ridge National Laboratory-developed SCALE suite for nuclear systems analyses and design, leveraging
much of its pedigree in quality-assurance and reactor-analysis capabilities. The functionalities to simulate
irradiation with material feeds and removals had been added in ORIGEN, and the TRITON reactor physics
sequence was extended to calculate the total removed material and track external nonirradiated mixtures to
estimate separate processing or waste streams. Results from these capabilities align with analytical expectations
obtained from ORIGEN for simplified test cases and with expectations for a molten salt reactor application.
This implementation, available with the SCALE 6.3 release, provides for a more efficient and accurate material
accountability methodology, allowing for the characterization, design, and analysis of the complete isotopic
material inventory of advanced liquid-fueled systems for a variety of applications.

1. Introduction This flexibility provides for varied deployment, operation, and fuel-

ing/refueling scenarios that may generate additional gaseous and solid

Liquid-fueled molten salt reactors (MSRs) are among several poten-
tial advanced nuclear reactor technologies currently being proposed
by reactor developers. Favored for their potential for inherent safety
characteristics and improved fuel-cycle outcomes, MSR designs range in
power level (microreactor up to 1 GWth), carrier salt type (e.g., chlo-
ride or fluoride salt), fuel type (e.g., uranium or thorium), neutron
energy spectrum (e.g., thermal, intermediate, and fast), and fuel cycle.

waste streams unique to MSRs and other technologies containing a
liquid fuel form. Predicting the material flowing through these types
of systems is important for reactor design, safety analyses, source term
characterization, safeguards analysis, and processing system design
(e.g., off-gas system [OGS] design) (Betzler et al., 2019b).

Some liquid-fueled MSR designs will be loaded with the majority
of their total fuel inventory at reactor startup. For these systems,
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the fuel-cycle characteristics—the additional fuel and waste streams
moving into and out of the liquid fuel mixture—are key parameters
to accurately capture in the reactor physics simulation.? Appropriately
accounting for the flow of the fuel and waste streams will provide for a
more accurate characterization of reactor physics parameters over long
time periods (i.e., months to years) as fission products and actinides
accumulate in the liquid fuel mixture. These material flows are not to
be confused with the physical movement of the liquid fuel into and out
of irradiation zones (e.g., from the core to heat-exchange machinery),
which presents a separate characterization problem on timescales of
seconds to hours. However, resolving these short-time phenomena is
beyond the scope of this paper.®

No established tool currently exists for reactor physics and fuel-
cycle design and evaluation of liquid-fueled MSRs, but significant works
in fast and thermal MSR design and analyses have yielded workable
tools that perform relevant reactor physics analyses (Bauman et al.,
1971; Nuttin et al., 2005; Sheu et al.,, 2013; Powers et al., 2013;
Fiorina et al., 2013; Aufiero et al., 2013; Heuer et al., 2014; Ahmad
et al., 2015; Park et al., 2015; Jeong et al., 2016; Rykhlevskii et al.,
2019a; Hombourger et al., 2020; Zhuang et al., 2020). In general, these
tools use or extend the capabilities of typical transmutation and decay
solvers used for the analysis of solid-fueled reactor systems in one of
two ways: (1) using the existing solvers with additional bookkeeping
scripts® to effectively model semicontinuous operations using iterative
simulations and (2) extending the existing solvers to include continuous
removal and feed of isotopes or elements during irradiation (Aufiero
et al., 2013). This includes the development of the generic Python script
known as ChemTriton (Betzler et al., 2017c), which provides a flexible
framework to simulate a variety of MSR fuel-cycle concepts (Betzler
et al., 2016b,a, 2017d; Gentry et al., 2017; Skirpan et al., 2017; Betzler
et al.,, 2017b, 2018) by iteratively using SCALE (Wieselquist et al.,
2020) to characterize the material flow behavior.

The work described herein involved integrating the capabilities
demonstrated by ChemTriton directly into SCALE by extending ex-
isting solvers to quantify and track continuous feeds and fractional
removals during the irradiation of a given mixture. This steady inte-
gration process consisted of methodically moving through precursor
drift analyses (Betzler et al., 2017a), various testing versions of SCALE
and beta releases (Betzler et al., 2019a), and external collaborator
analysis activities (Rykhlevskii et al., 2019b; Vicente Valdez et al.,
2020; Soares et al., 2020; Cornejo et al., 2021; Lo et al., 2022). The
underlying quality assurance pedigree, reactor system analysis capabil-
ities, and SCALE user base provide a robust basis on which to build
a reliable liquid-fueled reactor analysis capability. SCALE’s depletion
and decay solver ORIGEN (Gauld et al., 2011) and the reactor physics
sequence TRITON (DeHart and Bowman, 2011) are industry standards
for source term characterization and lattice physics analyses. TRITON
performs coupled transport-depletion simulations with a well-validated
approach (Ilas et al., 2022): using any of SCALE’s neutron transport
kernels for the neutron transport calculations in which neutron flux
and cross sections are determined, and using ORIGEN to calculate
nuclide concentration changes during irradiation or decay. ORIGEN
had been extended to simulate irradiation with continuous feeds and re-
movals characteristic of liquid-fueled systems (Isotalo and Wieselquist,
2015). In TRITON, the data exchange and computation flow to simulate
the liquid-fueled reactors molten salt reactor with fractional nuclide
removal and continuous feed are identical for computing other solid-
fueled reactors. However, inputs were added to define the flow of
materials into and out of irradiated mixtures, and the tool was extended
to track and decay quantities of removed materials. This two-step
method requires recasting a removal rate as a feed rate to an external
mixture representative of a storage tank, processing system, or waste

4 Scripts vary in complexity and may track more complex chemical
processes, reactor conditions, and physics dependencies.
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form. This type of approach, coupled with the scaled flux method to
account for the fuel’s depletion rate, can predict isotopic compositions
during irradiation to inform the follow-on system and fuel-cycle design
decisions for advanced reactors (Bae et al., 2021; Betzler, 2021). Im-
plementing these tools into SCALE stands to benefit a larger number
of analysis tools that use ORIGEN for depletion calculations while also
providing a basis to apply additional tools for optimization, sensitiv-
ity studies, safeguards analyses, and more resolved reactor physics
analyses.

This article describes and demonstrates the SCALE 6.3 analysis
capability for liquid-fueled systems. It also discusses the theoretical
underpinnings of depletion with continuous removals (Section 2), the
numerical implementations of these developed models (Section 3),
the testing of the implementations (Section 3), and the simulation of
representative MSR scenarios (Section 4). Comparisons to the Serpent
approach (Leppénen et al., 2015) are provided (Section 4).

2. Theory

ORIGEN solves the system of ordinary differential equations that
describes nuclide transmutation, depletion, and decay (Gauld et al.,
2011),

dN;
77=zx@ﬂ+qg¢wwm—uﬁwmm+q@Nmnxﬂﬁ)u)
"/

where

N; is the amount of nuclide i (atoms),
Ay_; is the transition coefficient for the decay of nuclide i’ result-
ing in nuclide i (1/s),

oy_; is the transition coefficient for the spectrum-averaged

neutron-induced transmutation of nuclide i’ resulting in nuclide i
(barn),

¢ is the angle- and energy-integrated time-dependent neutron flux
(neutrons/cm? s),

J; is the total decay constant for nuclide i (1/s),

o, is the total energy-averaged loss coefficient for nuclide i in a
neutron flux field (barn),

Airem is the continuous removal constant for nuclide i (1/s), and

S; ext is the time-dependent external feed term (atoms/s).

Note that ORIGEN has always had the capability to include both
removal 4; ., and feed S, in a single-mixture problem. Described
herein is the new capability introduced for modeling MSRs, including
the capability to define a set of “flows” that can occur between arbi-
trary mixtures, implemented in the reactor physics sequence, TRITON,
which manages the ORIGEN calculations for each mixture. Two types
of flows are supported:

1. A removal from one mixture m’ to another mixture m described
by nuclide-dependent removal constants /l?r';’n’".

2. An external feed, S, (¢), into mixture m.

Including these terms leads to the following set of equations for each
mixture m and nuclide i.

dN™ , .
L= (Apoi 0y d) No) + Y, AN (1)
i’ m'

dt

—(A,+l¢

i,rem

+0,0) Ni(t) + STl 0, @)

where 4" =¥ /I;f’r‘e’r'g/ is total removal constant for nuclide / in mix-
ture m. The external feed flow for multiple mixtures is straightforward,
simply connecting to the existing ORIGEN capability. The removal from

one mixture to another is more complex. This connection could be



D. Hartanto et al.

resolved by creating a large transition matrix in which off-diagonal
blocks correspond to the removal flows.

Nl
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However, this calculation quickly grows intractable using either the
legacy MATREX or modern CRAM ordinary differential equation solver
because the system solve time increases superlinearly with respect
to the system size. For this reason, this work employed an iterative
solution in which the upper off-diagonal is lagged one iteration behind
and recast as a feed term where s is an iteration index.

d: = A"N"(t) + ST (0 + R™ (1), 4)

where the lagged removal source is given as

R™ (=Y Am=m N ().
m/

rem,s—1

Consider a dependency graph of mixtures. If there are no “cycles”
(i.e., mixture A does not flow into mixture B, and simultaneously B
flows back into A), then the dependency is a directed acyclic graph,
which can be traversed in a specific order, and iterations are not
needed. In terms of Eq. (3), it means the upper diagonal is zero. For
cyclic dependency graphs (e.g., specific nuclides plate out from the fuel
salt to cold surfaces but with decay), some daughter nuclides return
from the surface to the fuel salt. This type of problem uses a stopping
criteria based on the relative change in mass from one iteration to
another falling below some threshold e,

m

1

m
s—1

<e, 5)

X

where x7' is the mixture mass at iteration s and the end of the cal-
culation time step. Each time step is converged before moving to the
next.

Two implementation aspects remain: (1) approximating removal
rates for physical systems and (2) the methodology to numerically
integrate those removal rates in the feed expression.

2.1. Approximating removal rates

The removal term supported in the current model implies an
exponential-type behavior for the specific removal mechanism such
that the following expression holds:

N,(t)) = N;(ty)e *irem(1=10), 6)

Therefore, a trivial way to approximate a removal rate is with a known
reduction in quantity over a specific time, owing to this mechanism only,

Ni(ty)

In
Ni(to)
Airem =~ PR IO . @
1 0
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This type of removal is usually chemical or mechanical in nature and
thus is typically defined by the element, not by nuclide. Thus it may be
useful to imagine a stable nuclide that is transparent to neutrons when
approximating this removal term. The removal term is then applied to
all isotopes of the same element. However, in TRITON, the removal
term can be applied to an isotope, an element, or all nuclides in the
mixture.

In MSR reference literature (Hombourger et al., 2020), the removal
is typically defined in terms of a cycle time for the flowing salt and an
efficiency

/ tn (1-ey=m)
wom N ' 8
i,rem Tcycle ®

where Ty is a cycle time. For removals from the main flow loop, the
cycle time could be defined as the loop time; therefore, e{""’”’ becomes
the relative amount of nuclide i removed per pass from mixture m’ and
deposited in mixture m. For example, with an 11 s flow loop and 1 part
per million atoms (ppm) of noble metals plating out per pass from the
main fuel salt (mixture A) onto the heat exchanger’s surface (mixture
B),

In(1—eA>B In(1-10"°
n(l-¢”?) I )=0.0909091/s,

11

A-B _ _
i,rem

Tcycle
This type of nuclide flow model implies that the probability of removal
is inversely proportional to the cycle time, Tye. Thus for the heat
exchanger example, reducing the flow speed by half would halve the
rate of plate out. In reality, these physical mechanisms may be complex
functions of local temperature, flow speed, and time-dependent chemi-
cal properties of the fuel salt (Vicente Valdez et al., 2020; Cornejo et al.,
2021; Graham et al., 2020; Lee and Jessee, 2023). For this reason, users
are encouraged to perform a rigorous uncertainty quantification based
on variations in these types of removal approximations.

2.2. Approximating removal sources

ORIGEN’s feed term has an important limitation: currently the
MATREX and CRAM solvers support only a stepwise constant in time
representation. This requirement is enforced when users specify exter-
nal feed S,,,. However, for casting a removal (exponential in nature)
to a feed (constant in nature), ORIGEN must provide an internal inte-
gration. A single nuclide’s source from all other mixtures is given by

! !

L0 = X A N O ©)
m/

ORIGEN must provide a single, stepwise constant average value as

follows:

P 2 Am’—»m N™

s—1 = rem,s—1" " s—1°

!

10$)

ml
with

_ 1 n ’
N’"1=—/ N (0dt

o=t Sy, T
Currently, the only data ORIGEN has are the beginning and end of step
values. Thus, trapezoid rule integration seems an obvious choice:

Nlin = 05N0+05N1, (11)

where N, = N(t;) and N, = N(t;). However, the underlying function
in many cases is a quickly decaying exponential, and the trapezoid rule
applied directly will poorly estimate the true behavior. In this extreme,
a trapezoid rule integration applied to the log of the nuclide amount is
a good approximation:

In Njpg = 0511 Ny +0.5In N. (12)
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Fig. 1. Linear weight, w, as a function of N,/N, ratio for various ¢ and p values.

To achieve a smooth transition from linear to logarithmic integra-
tion formulas, a technique inspired by weighted essentially nonoscilla-
tory techniques is used:

N = LUNhn + (1 - w)Nlog’ (13)

where the weight, w, is calculated as
we= 1

l+c |1 - Nmax/Nmin
where N, = max(Ny, N}), and N;;, = min(Ny, N;). By default, the
method parameters are set to ¢ = 0.5 and p = 2, controlling how fast the
transition from linear to logarithmic occurs. Fig. 1 shows the behavior
of the linear weight, w, which is 1.0 if the two values are identical and
quickly decreases as the two values differ. For example, if the values
differ by a factor of 10, then the linear weight is w =~ 0.024.

(14)

IR

2.3. Caveats

The following subsections summarize some caveats to consider
when using the current implementation. The removal of some of these
caveats is planned for future versions of SCALE.

2.3.1. Volume handling

TRITON assumes that a model’s geometry does not change over
time. Although densities and compositions of materials can change,
the volumes are constant at all times. If an external feed is applied
in TRITON, then only the concentrations of the fed nuclides in the
target material are modified. To maintain the criticality, molten salt
reactors are designed to be refueled via the addition of fresh fuel salt.
Some designs are equipped with a tank to hold the excess fuel salt.
However, some reactors allow the fuel salt volume to increase over
time. Because the increase in fuel volume cannot currently be directly
modeled in TRITON, the volume increase must be indirectly considered
by appropriately modifying the fuel concentrations and potentially the
feed rate over time.

TRITON permits the specification of so-called decay-only mixtures,
which allow the collection of removed nuclides and the decay of these
outside the reactor. An example application case is the modeling of
the OGS as a decay-only mixture: fission products are continuously
removed from the fuel salt and collected in this OGS mixture where
they decay. In the current implementation, these decay-only mixtures
have a fixed volume of 1 cm?. If nuclides are continuously removed into
a decay-only mixture, then the concentration of these nuclides contin-
uously increases. For the analysis of the absolute mass of the nuclides,
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the volume is irrelevant. However, if concentrations (volumetric units)
are of interest, then this fixed volume must be appropriately considered.

2.3.2. Specific power

The power for a depletion calculation in TRITON is specified as
specific power in unit megawatts per metric ton of initial heavy metal
(MTIHM). TRITON calculates the system’s initial heavy metal mass
HM,,i;jaq at the beginning of the calculation, at + = 0, and uses this
initial mass as the reference to determine the individual materials’
power. If heavy metal is fed to the fuel, then the heavy metal mass—
and therefore the total system power—might change. In this case, the
specific power provided in the input must be adjusted to consider
the additional heavy metal mass HM;,, by multiplying the specific
power by 1 + MMreed  and confirming an appropriate step size after

initial

which these adjustments are necessary. Future versions of TRITON will
permit specifying a total system power when using 3D models to avoid
requiring such adjustments.

In depletion calculations of a system in which the fuel is flowing
through a reactor core and a loop outside the reactor, but the outside
loop is not part of the model, the specific power p must consider the
time the fuel spends outside the reactor at zero power (7},,,). It is scaled

according to the ratio of the resident time in the core (7,,,) to the
whole system as follows:

_ Preactor Tcore (15)
Meore Tcore + Tloop

However, the resident time of the salt in the core and the loop is
not always known. In this, the specific power p can be calculated by
dividing the total reactor power P by the total system salt mass (i.e., the
sum of the salt mass m inside the core and the loop):

P
p — reactor (16)

Meore + mloop

2.3.3. Precursor drift

Precursor drift occurs in systems with flowing fuel where decaying
fission products that release neutrons (i.e., delayed neutron precur-
sors) move away from their birth location (i.e., the fission site where
they were born). Delayed neutron precursors are critical for reactor
safety because they limit the system’s dynamic response to reactivity
insertions below the effective delayed neutron fraction threshold. This
effective delayed neutron fraction ranges from 0.3% to 0.7% of the total
neutrons and depends on the fissioning nuclide and other reactor design
characteristics. Movement of precursors away from their birth location
will decrease this effective delayed neutron fraction because precursors
that decay outside of the core, will yield neutrons that do not contribute
to the sustained critical condition of the reactor. For MSRs, a reduction
in the delayed neutron fraction of up to 50% may be possible.”

Many reactor physics tools effectively combine prompt and delayed
neutron emission during solutions by using a total fission emission spec-
trum y(E) and total neutrons emitted per fission v,; delayed neutron
emission is often neither explicitly simulated nor tracked. Precursor
drift affects this type of solution by (1) changing the number of neu-
trons emitted per fission and (2) changing the fission emission spectrum
because precursors emit neutrons with a softer energy spectrum. Essen-
tially, precursor drift slightly reduces the number of neutrons emitted
by fission (less than 0.4%) and slightly increases the emission probabil-
ities of epithermal neutrons from fission. Global steady-state criticality
solutions (i.e., those that are used to generate one-group cross sec-
tions to perform depletion simulations) are largely unaffected by these
small changes. Effects from delayed neutrons drifting into low-power
regions are notable, but only in a localized sense. Even in a localized

5 Experience from the Molten-Salt Reactor Experiment operations has
demonstrated robust dynamic characteristics despite the reduction to the
effective delayed neutron fraction (Haubenreich and Engel, 1970).
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framework, the change in neutron emission spectrum has a negligible
effect because the emission of epithermal neutrons is already highly
improbable relative to prompt fission emission.

For these reasons, precursor drift has a negligible effect on the
longer time-dependent fuel composition in a fluid-fueled system such
as an MSR (Betzler et al., 2017a). Its simulation is outside the scope of
this article.

3. Implementation and testing

The SCALE implementation for these methods was tested on simple
problems representative of potential applications. This includes the
point depletion solver ORIGEN and the neutron transport-depletion
coupling interface in TRITON. ORIGEN already allows adding a re-
moval constant, but (1) this capability is only accessible directly
through the ORIGEN input, and (2) the functionality does not accumu-
late the amount being removed. The new implementation in TRITON
addresses these issues, resolving the dependency graph and solve order,
and performing the mapping and integration of removals from a target
mixture to sources of a destination mixture.

This functionality in TRITON was demonstrated and verified for
a representative three-mixture unit cell problem with an irradiated
mixture of 233U (5%) and 232Th (95%) (mixture 1) and initially empty
waste mixtures (mixtures 2 and 3). This representation approximates
some of the elemental removals in a thorium-fueled MSR system,
where the beta decay product 233Pa from neutron capture in 232Th
is removed to decay into fissile 233U before recycling back into the
core. Protactinium and neodymium are continuously removed from the
irradiated mixture and fed into the waste mixtures (Fig. 2); the removal
rates are listed in Table 1. In ORIGEN, the feed rates from mixture 1 to
mixtures 2 and 3 are obtained such that the amount of protactinium and
neodymium in the waste mixtures at the end of time step is consistent
between ORIGEN and TRITON. This demonstration used a depletion
time step of 10 days in both TRITON and ORIGEN. The optimal time
step depends on the removal fraction of the isotope, and a smaller time
step is generally recommended to improve the accuracy of the removed
isotopes. If necessary, a sensitivity calculation on the time step selection
can be performed in advance.

The important isotopes in this three-mixture problem are governed
by the following set of equations:

dN}
Th-233 _ 1 .
= 233Ny 9335 a7
dN!
Pa-233 _ 1 1 12 1
dt = ~pa-233Npa.p33 + A1h-233 V1 233 ;tPa,remN Pa-233
1-3 1 .
- /lPa,remNPa-233’ (18)
dN”
Pa-233 _ m lom 1
dt - _}Lpa’233NPa-233 + APa,remNPa-ZSS
for mixtures m=2,3; 19
AN o33 .
- - /lpa_233N1;”a_233 for mixtures m=2,3; 20)
dNI"
Nd-148 _ ,1-m 1 . o
— = Ndrem Nygi4g  for mixtures  m=2,3; (21)
where

* NY is the number density of nuclide X in mixture m,

+ Ay is the decay constant for nuclide X, and

. /1;’1/"”’ is the removal constant from mixture m’ to mixture m for
element Y (Table 1).

The asymptotic behavior of this system of equations yields simple
relations that can be used to generate analytical solutions for Ny,

a-233
— m m _ :
form=1,2,3 and NU_233 and NNd-148 for m = 2,3 (shown as black lines
- . 1 1 .
in Figs. 3, 4, and 5), using the Ny, ,,. and N, , . concentrations from

the ORIGEN calculation as these are defined by the flux in mixture 1.
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Pa & Nd Pa & Nd

Fig. 2. Diagram of the material flows for three-mixture implementation test.

Table 1
Removal constants for the implementation test problem.

Parameter Value (1/s)
Vive 0.1

Ipa? 0.2

Uine 10.0

M’ 20.0

Apa233 5.29201 x 10~
Ath233 2.97495 x 1077

The isotope accumulations in each mixture owing to the constant
fractional removal from ORIGEN and TRITON are shown in Figs. 3, 4,
and 5 in units of mass per metric ton of initial heavy metal. Because of
the relatively high removal rates for protactinium, little protactinium
remains in the irradiated mixture during operation (Fig. 3). After
about 50 days, the concentration of 233Pa within each waste mixture
reaches an equilibrium dictated by its constant generation (removal
from mixture 1) and decay rates. The relative ratio of 233Pa in the two
waste mixtures is dictated by the magnitude of the removal constants
(e.g., twice as much 233Pa is present in mixture 3 relative to mixture
2). The amount of 233U—the decay product of 233Pa (~27 day half-
life)—continuously increases because it is not removed and the waste
material is not irradiated (Fig. 4). The rate of increase is constant and
is proportional to the concentration of 233Pa in the given mixture.
Similarly, the stable isotope 1#8Nd in the waste mixtures continuously
increases at a constant rate; the relative ratio in the waste mixtures is
again dictated by the removal rate (Fig. 5).

For all investigated masses, TRITON and ORIGEN produce con-
sistent results for N%h-zss and N;T 4145~ The difference between the
TRITON sequence and the standalone ORIGEN calculation is that TRI-
TON updates the cross sections and fluxes that are provided to ORI-
GEN during the depletion simulation (by using a neutron transport
calculation—in this case with the discrete-ordinates transport code
NEWT), whereas the standalone ORIGEN calculation uses a priori cross
section information. Moreover, ORIGEN uses a constant feed rate for
mixtures 2 and 3, whereas TRITON applies the fractional removal rate
of mixture 1 to build mixtures 2 and 3. Thus, a similar relation as
described in Egs. (18)-(21) still holds (Fig. 2), although an identical
result to the ORIGEN simulation will not be obtained via TRITON. The
expected asymptotic concentrations of 233Pa in the standalone ORIGEN
solution agree with the TRITON-calculated concentrations after about
150 days (Fig. 3). The 233Pa concentrations calculated using TRITON
continue to slightly increase in time as the material is irradiated be-
cause the fluxes and cross sections are updated with each neutron
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Fig. 6. Mass of *Nd atoms in the two waste mixtures in TRITON with different
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transport simulation. For both the 233U and '4Nd concentrations in the
waste mixtures (2 and 3), TRITON’s calculated densities are consistent
with ORIGEN, yielding the expected asymptotic rate after a short time
(Figs. 4 and 5). These implementation test problems demonstrate that
the material flows between mixtures function as expected when using
the TRITON input.

Another set of verification tests for the TRITON simulation ensured
that the elements removed are properly handed to ORIGEN such that
all isotopes of a given element are removed, regardless of whether it
has apparent cross-section data. This capability is demonstrated by ex-
amining the same TRITON simulation with and without neodymium in
the transport calculation. In TRITON, the list of nuclides to be included
in the transport calculation is controlled by the addnux option: no
additional nuclides are considered when addnux = 0, and all nuclides
for which cross-section data are available in the libraries are included
when addnux = 4. The 1“8Nd masses in Fig. 6 agree for the different
addnux settings, confirming that ORIGEN correctly handles nuclides.

An additional graded set of use cases was designed to identify
any potential issues with the solvers or with accurately passing in-
formation (Betzler et al., 2019a); however, these solutions are not
exhaustively provided herein.

4. Application

The demonstration of TRITON to simulate the flowing fuel was
applied to the Molten-Salt Reactor Experiment (MSRE) (Haubenreich
and Engel, 1970; Robertson, 1965) for which a SCALE model was
previously developed (Bostelmann et al., 2022b; Lo et al., 2022). The
MSRE was the first large-scale experiment using a fluid fuel salt and a
graphite moderator conducted at the US Department of Energy’s Oak
Ridge National Laboratory. The reactor reached its first criticality in
June 1965 and was designed to generate 10 MWth of power. The MSRE
was initially operated using salt containing enriched->3>U salt and was
later switched to 233U-based salt. The present work focuses on the
MSRE fueled with 235U that operated for 9006 equivalent full-power
hours (Haubenreich and Engel, 1970).

4.1. Computational model
Performing depletion calculations using a 3D core model is compu-

tationally expensive; therefore, a computational model of a 2D axial
core slice of MSRE was developed and used in these analyses. The
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Fig. 7. SCALE model of an axially reflected core slice of the MSRE.

Table 2
MSRE major design parameters (Shen et al., 2019; Fratoni et al., 2020; Shen et al.,
2021).

Parameter Value

Reactor power (MWth) 8

Fuel salt volume (m?) 1.996

Initial heavy metal mass (MTIHM) 0.218

Specific power (MWth/MTIHM) 36.96

Fuel salt density (g/cm?) 2.3275

Fuel temperature (K) 911

Fuel salt composition (mol %) 64.88 LiF
29.27 BeF,
5.06 ZrF,
0.79 UF,

Graphite density (g/cm?®) 1.8507

Graphite temperature (K) 911

Graphite lattice radius (cm) 780.285
Inner core can radius (cm) 71.097
Outer core can radius (cm) 71.737
Inner reactor vessel radius (cm) 74.299
Outer reactor vessel (inactive region) radius (cm) 75.741
Individual stringer width (cm) 5.084
Fuel channel thickness (cm) 1.018
Fuel channel width (cm) 3.053
Cutout radius at fuel channel corners (mm) 0.508

model was developed based on the MSRE benchmark compiled in the
International Reactor Physics Experiment Evaluation Project (IRPhEP)
handbook (Shen et al., 2019; Fratoni et al., 2020; Shen et al., 2021).
Fig. 7 depicts the quarter view of the TRITON model, and Table 2 lists
key parameters used in modeling. The MSRE core comprised a lattice
of rectangular prism-shaped graphite “‘stringers” that were vertically
oriented within a cylindrical reactor vessel through which the salt was
pumped upward, flowing through the channels between the stringers.
The slice model developed for this work is a slice through the core’s
axial midplane; vacuum boundary conditions are applied radially, and
reflective boundary conditions are applied axially (i.e., it simulates an
axially infinite height). Using an axial core slice model is part of the
modeling strategy for the one-group cross-section (ORIGEN library)
generation for other graphite-moderated non-light-water reactors for
fuel inventory generation (Skutnik and Wieselquist, 2021; Bostelmann
et al., 2022a).

To demonstrate that a slice model provides an adequate surrogate
model for depletion compared with a full-core model, the neutron flux
in both models was compared. Fig. 8 shows that the neutron flux in
the center of the slice model agrees very well with the corresponding
neutron flux in the center of the 3D full-core model. Although using a
small unit cell was insufficient, a model with a similar moderator-to-
fuel ratio as the full core and with radial leakage adequately represents
the full core in terms of neutron flux and therefore the fuel salt
inventory during irradiation.

In this work, TRITON was used to deplete the slice model for 375
days, corresponding to the MSRE’s total operation time with 235U,
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TRITON applied the Monte Carlo code KENO-VI for the neutron trans-
port calculation to update the flux and cross sections. KENO-VI was
applied in continuous-energy mode using ENDF/B-VIL.1 nuclear data
libraries (Chadwick et al.,, 2011). Each neutron transport calculation
was converged to reach a statistical uncertainty of the eigenvalue of
20 pcm. To provide a code-to-code comparison, the TRITON results
were compared with corresponding Serpent (Leppanen et al., 2015)
results. An identical Serpent slice model was developed and simulated
with the same calculation conditions as with TRITON, including the
application of Serpent’s online removal and continuous feeding features
with consistent settings (Aufiero et al., 2013).

4.2. Removal rates

In this calculation, two classes of elements were continuously re-
moved during the operation: noble gases and noble metals, as illus-
trated in Fig. 9. The noble gases such as krypton and xenon were
actively removed from the fuel salt via an OGS. They were held in a
holding tank before entering the charcoal bed where they remained for
several days before being filtered, monitored, and then released into
the environment. For simplicity, the holding tank and filter system are
not shown in Fig. 9. The noble metals were reduced in the fuel salt by
depositing (i.e., plating out) on the surfaces within the loop (e.g., heat
exchanger, pipes, graphite surfaces in-core, OGS). Kedl (1972) reported
that 99% of the noble metal fission products resided outside the core,
and some of them decayed later to halogens iodine and bromine.

To obtain the accurate isotopic compositions of the fuel salt, the
removal rates for calculation model (Table 3) were derived from the
experimental data, as follows:

1. The removal rate of noble gases from the fuel salt to the OGS was
obtained by considering the xenon poison fraction. This quantity
is defined as the ratio of macroscopic absorption of 13°Xe to
235y, which varies between about 0.3% and 0.4% (Kedl and
Houtzeel, 1967).

2. The removal rate from the OGS to the charcoal bed was derived
by considering the hold time at the piping (1.5 h) to allow the
short-lived fission products to decay, further decreasing the heat
generated in the charcoal bed (Robertson, 1965).

3. The removal rate of noble gases from the charcoal bed to the
vent considered the hold time (90 days for xenon and 7.5 days
for krypton) to allow the gaseous fission products to decay to
stable elements (Robertson, 1965).
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Table 3
Nuclide removal rates applied in the MSRE calculation.
From To Class Elements Rates (s71)
Fuel salt OGS Noble gases Xe, Kr 4.067 x 1073
OGS Charcoal bed Noble gases Xe, Kr 1.388 x 1074
Charcoal bed Vent Noble gases Xe, Kr 8.914 x 108
Fuel salt Structural surfaces Noble metals Se, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Sb, Te 8.667 x 1073
Structural surfaces Fuel salt Halogen I, Br 1.000 x 10°
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The effect of removing xenon and krypton to the OGS on the xenon
and krypton densities in the fuel salt is shown in Fig. 10. In a regular
depletion calculation without removal, xenon and krypton densities
increase over time because fission and decay products accumulate;
removing xenon and krypton from the OGS causes lower densities
that converge to approximately constant values after a few days. The
removed amounts of xenon and krypton at the end of the depletion
calculation are approximately 30.6 L. TRITON and Serpent demonstrate
excellent agreement in terms of estimating the inventory of xenon and
krypton in the core and in the OGS.

The effect of the xenon removal on reactivity is illustrated in
Fig. 11. Because removing xenon results in less neutron absorption
from 135Xe, the eigenvalue k of the slice is between 750 and 930 pcm
higher compared with a system from which xenon is not removed. The
eigenvalue at the beginning of a cycle is consistent between TRITON
and Serpent: the relative difference is about 19 pcm. The initial small
difference increases throughout depletion as an aggregate result of

Fig. 11. System eigenvalue k of core slice with and without considering xenon and
krypton removal.

various differences in code methodologies and associated nuclear data
such as energy release from fission and capture, power normalization,
depletion algorithms, and applied data processing between SCALE and
Serpent. This result has been observed elsewhere (Bostelmann et al.,
2020). However, the large discrepancy in k is not reflected in the
isotopic inventory between the two codes, as discussed previously and
subsequently.

The isotopic composition at each location can be inspected individ-
ually because it is tracked as an individual mixture. The ability to track
and decay removed materials accurately is the additional functionality
required from the simulation to determine storage needs, characterize
source terms, and define material feedback rates. For example, the
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Fig. 13. Densities of plated-out noble metals.

xenon and krypton densities in the salt and OGS are shown in Fig. 12;
they are constant because they are constantly removed. The accumula-
tion of the plated-out noble metals is depicted in Fig. 13. The results
also demonstrate that TRITON and SCALE provide consistent results.

4.4. Continuous 23°U feed

The new feed functionality in TRITON is demonstrated by an addi-
tional MSRE core slice depletion case in which the fissile isotope 235U
is continuously added. The feed rate is required by TRITON in units
of mass or mole per time per metric ton of initial heavy metal. The
amount of the fed 23°U is estimated based on the total consumed 235U
mass during the depletion without any feed. Because the consumed
235U mass was about 17.643 kg/MTIHM after 375 days of operation,
the feed rate of 235U was determined to be 5.445x10~* g/(MTIHM s).
The constant mass of 235U over time is illustrated in Fig. 14. The figure
also shows the consistent results between SCALE and Serpent.

5. Conclusion

The capability to simulate irradiation with continuous material
feeds and removals is implemented in the SCALE 6.3 code system
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for predicting the isotopic composition throughout months to years of
operation in advanced liquid-fueled nuclear reactor systems, including
MSRs. The ORIGEN depletion and decay solver and the TRITON reactor
physics sequence were extended to accept material feed definitions
and to track and decay removed materials, enabling the long-time
simulation of the complex material flow paths characteristic of liquid
fuel systems. Capabilities are accessible via new input definitions in
TRITON. The implementations were tested and demonstrated for simple
representative MSR use cases—including an example case of MSRE.

Integrating these capabilities within the SCALE code system pro-
vides reactor developers and analysts access to a quality-assured tool
set to reliably inform fuel-cycle and reactor system design for liquid-
fueled systems. The flexibility within the tool set allows for application
to a variety of potential reactor designs, appropriate for the ever-
evolving advanced nuclear reactor landscape. The breadth of available
modules within SCALE provides for the extension to other relevant
capabilities, including sensitivity and uncertainty analyses, optimiza-
tion approaches, and decay heat assessments. The accurate predictions
of time-dependent liquid fuel isotopic composition throughout months
to years of reactor operation are critical for reactor and processing
system design, source term analyses, and safeguards approach design.
Ultimately, these tool sets provide the time-dependent isotopic infor-
mation critical to informing the design and deployment of advanced
liquid-fueled reactor systems.

CRediT authorship contribution statement

Donny Hartanto: Methodology, Formal analysis, Data curation,
Writing — original draft, Visualization. Friederike Bostelmann: Method
ology, Software, Formal analysis, Data curation, Writing — original
draft, Project administration. Benjamin R. Betzler: Conceptualization,
Methodology, Software, Writing — original draft. Kursat B. Bekar:
Software, Validation, Writing — review & editing. Shane W. Hart: Soft-
ware, Validation, Writing — review & editing. William A. Wieselquist:
Conceptualization, Methodology, Software, Writing — original draft,
Funding acquisition.

Declaration of competing interest
The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to
influence the work reported in this paper.



D. Hartanto et al.
Data availability

Data will be made available on request.
Acknowledgments

This work was supported by numerous sponsors, including the US
Department of Energy, Office of Technology Transitions, Technology
Commercialization Fund and the US Nuclear Regulatory Commission
Office of Research. In particular, the authors would like to thank
Jeff Powers for his initial prototype scripts, which first became a
revised set of scripts in “ChemTriton” and were later integrated into
SCALE/TRITON as presented in this paper. The authors would also like
to thank Austin Lo for his testing contributions during his postdoctoral
research time at Oak Ridge National Laboratory and Kevin Clarno at
University of Texas, Austin, for his early testing and feedback based on
SCALE 6.3 beta releases.

References

Ahmad, A., McClamrock, E.B., Glaser, A., 2015. Neutronics calculations for dena-
tured molten salt reactors: Assessing resource requirements and proliferation-
risk attributes. Ann. Nucl. Energy 75, 261-267. http://dx.doi.org/10.1016/
j.anucene.2014.08.014, URL: https://www.sciencedirect.com/science/article/pii/
S0306454914003995.

Aufiero, M., Cammi, A., Fiorina, C., Leppénen, J., Luzzi, L., Ricotti, M.E., 2013. An
extended version of the SERPENT-2 code to investigate fuel burn-up and core ma-
terial evolution of the Molten Salt Fast Reactor. J. Nucl. Mater. 441 (1), 473-486.
http://dx.doi.org/10.1016/j.jnucmat.2013.06.026, URL: https://www.sciencedirect.
com/science/article/pii/$0022311513008507.

Bae, J.W., Betzler, B., Wieselquist, W., 2021. Characteristic solutions for advection
problems with isotopic evolution with SCALE/ORIGEN. In: Proc. M&C 2021,
Raleigh, NC, USA, April 11 - 15. URL: https://www.osti.gov/biblio/1841506.

Bauman, H.F., Cunningham, LLI, Lucius, J.L., Kerr, H.T., Craven, J., 1971. ROD:
A Nuclear and Fuel-Cycle Analysis Code for Circulating-Fuel Reactors. Technical
Report ORNL-TM-3359, Oak Ridge National Laboratory, Oak Ridge, TN, http:
//dx.doi.org/10.2172/4741221, URL: https://www.osti.gov/biblio/4741221.

Betzler, B., 2021. Liquid-fueled molten salt reactor depletion modeling. Trans. Am.
Nucl. Soc. 124, 498-500. http://dx.doi.org/10.13182/T124-35170, URL: https:
//www.ans.org/pubs/transactions/article-49639/.

Betzler, B.R., Bekar, K.B., Wieselquist, W.A., Hart, S.W., Stimpson, S.G., 2019a. Molten
salt reactor fuel depletion tools in SCALE. In: Proc. GLOBAL 2019, Seattle,
Washington, USA, September 22-27.

Betzler, B.R., Heidet, F., Feng, B., Rabiti, C., Sofu, T., Brown, N.R., 2019b. Modeling
and simulation functional needs for molten salt reactor licensing. Nucl. Eng.
Des. 355, 110308. http://dx.doi.org/10.1016/j.nucengdes.2019.110308, URL: https:
//www.sciencedirect.com/science/article/pii/S0029549319303437.

Betzler, B.R., Powers, J.J., Brown, N.R., Rearden, B.T., 2017a. Implementation of molten
salt reactor tools in SCALE. In: Proc. M&C 2017, Jeju, Korea, April 16-20. URL:
https://www.osti.gov/biblio/1352786.

Betzler, B.R., Powers, J.J., Peterson-Droogh, J.L., Worrall, A., 2017b. Fuel cycle analysis
of fast and thermal molten salt reactors. In: Proc. GLOBAL 2017, Seoul, Korea,
September 24-29. URL: https://www.osti.gov/biblio/1400197.

Betzler, B.R., Powers, J.J., Worrall, A., 2016a. Modeling and simulation of the start-up
of a thorium-based molten salt reactor. In: Proc. PHYSOR 2016, Sun Valley, Idaho,
USA, May 1-5. URL: https://www.osti.gov/biblio/1255667.

Betzler, B.R., Powers, J.J., Worrall, A., 2016b. Reactor physics analysis of transitioning
to a thorium fuel cycle with molten salt reactors. Trans. Am. Nucl. Soc. 115,
258-259, URL: https://www.ans.org/pubs/transactions/article-39133/.

Betzler, B.R., Powers, J.J., Worrall, A., 2017¢c. Molten salt reactor neutronics and fuel
cycle modeling and simulation with SCALE. Ann. Nucl. Energy 101, 489-503.
http://dx.doi.org/10.1016/j.anucene.2016.11.040, URL: http://www.sciencedirect.
com/science/article/pii/S0306454916309185.

Betzler, B.R., Powers, J.J., Worrall, A., Robertson, S., Dewan, L., Massie, M., 2017d.
Two-dimensional fuel cycle and neutronic analysis of the LEU-fueled transatomic
power molten salt reactor. Trans. Am. Nucl. Soc. 116, 1187-1190, URL: https:
//www.ans.org/pubs/transactions/article-40866/.

Betzler, B.R., Robertson, S., Davidson (née Sunny), E.E., Powers, J.J., Worrall, A.,
Dewan, L., Massie, M., 2018. Fuel cycle and neutronic performance of a spectral
shift molten salt reactor design. Ann. Nucl. Energy 119, 396-410. http://dx.doi.
org/10.1016/j.anucene.2018.04.043, URL: https://www.sciencedirect.com/science/
article/pii/S0306454918302287.

Bostelmann, F., Celik, C., Kile, R.F., Wieselquist, W.A., 2022a. SCALE Analysis of
a Fluoride Salt-Cooled High-Temperature Reactor in Support of Severe Accident
Analysis. Technical Report ORNL/TM-2021/2273, Oak Ridge National Laboratory,
Oak Ridge, TN, http://dx.doi.org/10.2172/1854475, URL: https://www.osti.gov/
biblio/1854475.

10

Annals of Nuclear Energy 196 (2024) 110236

Bostelmann, F., Celik, C., Williams, M.L., Ellis, R.J., Ilas, G., Wieselquist, W.A., 2020.
SCALE capabilities for high temperature gas-cooled reactor analysis. Ann. Nucl.
Energy 147, 107673. http://dx.doi.org/10.1016/j.anucene.2020.107673.

Bostelmann, F., Skutnik, S.E., Walker, E., Ilas, G., Wieselquist, W.A., 2022b. Modeling
of the molten salt reactor experiment with SCALE. Nucl. Technol. 208 (4), 603-
624. http://dx.doi.org/10.1080/00295450.2021.1943122, URL: https://doi.org/10.
1080/00295450.2021.1943122.

Chadwick, M.B., Herman, M., OblozZinsky, P., Dunn, M.E., Danon, Y., Kahler, A.C.,
Smith, D.L., Pritychenko, B., Arbanas, G., Arcilla, R., Brewer, R., Brown, D.A.,
Capote, R., Carlson, A.D., Cho, Y.S., Derrien, H., Guber, K., Hale, G.M., Hoblit, S.,
Holloway, S., Johnson, T.D., Kawano, T., Kiedrowski, B.C., Kim, H., Kunieda, S.,
Larson, N.M., Leal, L., Lestone, J.P., Little, R.C., McCutchan, E.A., MacFarlane, R.E.,
Maclnnes, M., Mattoon, C.M., McKnight, R.D., Mughabghab, S.F., Nobre, G.P.A.,
Palmiotti, G., Palumbo, A., Pigni, M.T., Pronyaev, V.G., Sayer, R.O., Sonzogni, A.A.,
Summers, N.C., Talou, P., Thompson, I.J., Trkov, A., Vogt, R.L., van der Marck, S.C.,
Wallner, A., White, M.C., Wiarda, D., Young, P.G., 2011. ENDF/B-VIL.1 nuclear
data for science and technology: Cross sections, covariances, fission product yields
and decay data. Nucl. Data Sheets 112 (12), 2887-2996. http://dx.doi.org/10.
1016/§.nds.2011.11.002, URL: https://www.sciencedirect.com/science/article/pii/
S009037521100113X.

Cornejo, L.R., Betzler, B.R., Myhre, K., McFarlane, J., 2021. Modeling molybdeneum-99
production in molten salt reactors. Nucl. Eng. Des. 379, 111243. http://dx.doi.org/
10.1016/j.nucengdes.2021.111243, URL: https://www.sciencedirect.com/science/
article/pii/S0029549321001953.

DeHart, M.D., Bowman, S.M., 2011. Reactor physics methods and analysis capabilities
in SCALE. Nucl. Technol. 174 (2), 196-213. http://dx.doi.org/10.13182/NT174-
196.

Fiorina, C., Aufiero, M., Cammi, A., Franceschini, F., Krepel, J., Luzzi, L., Mik-
ityuk, K., Ricotti, M.E., 2013. Investigation of the MSFR core physics and
fuel cycle characteristics. Prog. Nucl. Energy 68, 153-168. http://dx.doi.org/10.
1016/j.pnucene.2013.06.006, URL: https://www.sciencedirect.com/science/article/
pii/S0149197013001236.

Fratoni, M., Shen, D., Ilas, G., Powers, J.J., 2020. Molten Salt Reactor Experiment
Benchmark Evaluation. Technical Report DOE-UCB-8542, 16-10240, University of
California, Berkeley, http://dx.doi.org/10.2172/1617123, URL: https://www.osti.
gov/biblio/1617123.

Gauld, I.C., Radulescu, G., Ilas, G., Murphy, B.D., Williams, M.L., Wiarda, D., 2011.
Isotopic depletion and decay methods and analysis capabilities in SCALE. Nucl.
Technol. 174 (2), 169-195. http://dx.doi.org/10.13182/NT11-3.

Gentry, C.A., Betzler, B.R., Collins, B.S., 2017. Initial benchmarking of ChemTriton and
MPACT MSR modeling capabilities. Trans. Am. Nucl. Soc. 117, 1347-1350, URL:
https://www.ans.org/pubs/transactions/article-41597/.

Graham, A.M., Pillai, R.R., Collins, B.S., Mcmurray, J.W., 2020. Engineering Scale
Molten Salt Corrosion and Chemistry Code Development. Technical Report
ORNL/SPR-2020/1582, Oak Ridge National Laboratory, Oak Ridge, TN, http://dx.
doi.org/10.2172/1649062, URL: https://www.osti.gov/biblio/1649062.

Haubenreich, P.N., Engel, J.R., 1970. Experience with the molten-salt reactor experi-
ment. Nucl. Appl. Technol. 8 (2), 118-136. http://dx.doi.org/10.13182/nt8-2-118,
URL: https://www.tandfonline.com/doi/abs/10.13182/NT8-2-118.

Heuer, D., Merle-Lucotte, E., Allibert, M., Brovchenko, M., Ghetta, V., Rubiolo, P.,
2014. Towards the thorium fuel cycle with molten salt fast reactors. Ann. Nucl.
Energy 64, 421-429. http://dx.doi.org/10.1016/j.anucene.2013.08.002, URL: https:
//www.sciencedirect.com/science/article/pii/S0306454913004106.

Hombourger, B., Kiepel, J., Pautz, A., 2020. The EQLOD fuel cycle procedure
and its application to the transition to equilibrium of selected molten salt
reactor designs. Ann. Nucl. Energy 144, 107504. http://dx.doi.org/10.1016/
j.anucene.2020.107504, URL: https://www.sciencedirect.com/science/article/pii/
50306454920302024.

Ilas, G., Burns, J., Hiscox, B., Mertyurek, U., 2022. SCALE 6.2.4 Validation: Reactor
Physics. Technical Report ORNL/TM-2020/1500v3, Oak Ridge National Laboratory,
Oak Ridge, TN, http://dx.doi.org/10.2172/1902818, URL: https://www.osti.gov/
biblio/1902818.

Isotalo, A., Wieselquist, W., 2015. A method for including external feed in depletion
calculations with CRAM and implementation into ORIGEN. Ann. Nucl. Energy
85, 68-77. http://dx.doi.org/10.1016/j.anucene.2015.04.037, URL: https://www.
sciencedirect.com/science/article/pii/S0306454915002455.

Jeong, Y., Park, J., Lee, H.C., Lee, D., 2016. Equilibrium core design methods for
molten salt breeder reactor based on two-cell model. J. Nucl. Sci. Technol. 53 (4),
529-536. http://dx.doi.org/10.1080,/00223131.2015.1062812.

Kedl, R.J., 1972. The Migration of a Class of Fission Products (Noble Metals) in
the Molten-Salt Reactor Experiment. Technical Report ORNL-TM-3884, Oak Ridge
National Laboratory, Oak Ridge, TN, http://dx.doi.org/10.2172/4471292, URL:
https://www.osti.gov/biblio/4471292.

Kedl, R.J., Houtzeel, A., 1967. Development of a Model for Computing !33Xe Migration
in the MSRE. Technical Report ORNL-4069, Oak Ridge National Laboratory, Oak
Ridge, TN, http://dx.doi.org/10.2172/4363507, URL: https://www.osti.gov/biblio/
4363507.

Lee, K.O., Jessee, M.A., 2023. Multiphysics mass accountancy calculation for noble
metals tracking in MSRE loop. In: Proc. ICAPP 2023, Gyeongju, Korea, April 23 —
27. URL: https://www.osti.gov/servlets/purl/1973336.


http://dx.doi.org/10.1016/j.anucene.2014.08.014
http://dx.doi.org/10.1016/j.anucene.2014.08.014
http://dx.doi.org/10.1016/j.anucene.2014.08.014
https://www.sciencedirect.com/science/article/pii/S0306454914003995
https://www.sciencedirect.com/science/article/pii/S0306454914003995
https://www.sciencedirect.com/science/article/pii/S0306454914003995
http://dx.doi.org/10.1016/j.jnucmat.2013.06.026
https://www.sciencedirect.com/science/article/pii/S0022311513008507
https://www.sciencedirect.com/science/article/pii/S0022311513008507
https://www.sciencedirect.com/science/article/pii/S0022311513008507
https://www.osti.gov/biblio/1841506
http://dx.doi.org/10.2172/4741221
http://dx.doi.org/10.2172/4741221
http://dx.doi.org/10.2172/4741221
https://www.osti.gov/biblio/4741221
http://dx.doi.org/10.13182/T124-35170
https://www.ans.org/pubs/transactions/article-49639/
https://www.ans.org/pubs/transactions/article-49639/
https://www.ans.org/pubs/transactions/article-49639/
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb6
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb6
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb6
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb6
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb6
http://dx.doi.org/10.1016/j.nucengdes.2019.110308
https://www.sciencedirect.com/science/article/pii/S0029549319303437
https://www.sciencedirect.com/science/article/pii/S0029549319303437
https://www.sciencedirect.com/science/article/pii/S0029549319303437
https://www.osti.gov/biblio/1352786
https://www.osti.gov/biblio/1400197
https://www.osti.gov/biblio/1255667
https://www.ans.org/pubs/transactions/article-39133/
http://dx.doi.org/10.1016/j.anucene.2016.11.040
http://www.sciencedirect.com/science/article/pii/S0306454916309185
http://www.sciencedirect.com/science/article/pii/S0306454916309185
http://www.sciencedirect.com/science/article/pii/S0306454916309185
https://www.ans.org/pubs/transactions/article-40866/
https://www.ans.org/pubs/transactions/article-40866/
https://www.ans.org/pubs/transactions/article-40866/
http://dx.doi.org/10.1016/j.anucene.2018.04.043
http://dx.doi.org/10.1016/j.anucene.2018.04.043
http://dx.doi.org/10.1016/j.anucene.2018.04.043
https://www.sciencedirect.com/science/article/pii/S0306454918302287
https://www.sciencedirect.com/science/article/pii/S0306454918302287
https://www.sciencedirect.com/science/article/pii/S0306454918302287
http://dx.doi.org/10.2172/1854475
https://www.osti.gov/biblio/1854475
https://www.osti.gov/biblio/1854475
https://www.osti.gov/biblio/1854475
http://dx.doi.org/10.1016/j.anucene.2020.107673
http://dx.doi.org/10.1080/00295450.2021.1943122
https://doi.org/10.1080/00295450.2021.1943122
https://doi.org/10.1080/00295450.2021.1943122
https://doi.org/10.1080/00295450.2021.1943122
http://dx.doi.org/10.1016/j.nds.2011.11.002
http://dx.doi.org/10.1016/j.nds.2011.11.002
http://dx.doi.org/10.1016/j.nds.2011.11.002
https://www.sciencedirect.com/science/article/pii/S009037521100113X
https://www.sciencedirect.com/science/article/pii/S009037521100113X
https://www.sciencedirect.com/science/article/pii/S009037521100113X
http://dx.doi.org/10.1016/j.nucengdes.2021.111243
http://dx.doi.org/10.1016/j.nucengdes.2021.111243
http://dx.doi.org/10.1016/j.nucengdes.2021.111243
https://www.sciencedirect.com/science/article/pii/S0029549321001953
https://www.sciencedirect.com/science/article/pii/S0029549321001953
https://www.sciencedirect.com/science/article/pii/S0029549321001953
http://dx.doi.org/10.13182/NT174-196
http://dx.doi.org/10.13182/NT174-196
http://dx.doi.org/10.13182/NT174-196
http://dx.doi.org/10.1016/j.pnucene.2013.06.006
http://dx.doi.org/10.1016/j.pnucene.2013.06.006
http://dx.doi.org/10.1016/j.pnucene.2013.06.006
https://www.sciencedirect.com/science/article/pii/S0149197013001236
https://www.sciencedirect.com/science/article/pii/S0149197013001236
https://www.sciencedirect.com/science/article/pii/S0149197013001236
http://dx.doi.org/10.2172/1617123
https://www.osti.gov/biblio/1617123
https://www.osti.gov/biblio/1617123
https://www.osti.gov/biblio/1617123
http://dx.doi.org/10.13182/NT11-3
https://www.ans.org/pubs/transactions/article-41597/
http://dx.doi.org/10.2172/1649062
http://dx.doi.org/10.2172/1649062
http://dx.doi.org/10.2172/1649062
https://www.osti.gov/biblio/1649062
http://dx.doi.org/10.13182/nt8-2-118
https://www.tandfonline.com/doi/abs/10.13182/NT8-2-118
http://dx.doi.org/10.1016/j.anucene.2013.08.002
https://www.sciencedirect.com/science/article/pii/S0306454913004106
https://www.sciencedirect.com/science/article/pii/S0306454913004106
https://www.sciencedirect.com/science/article/pii/S0306454913004106
http://dx.doi.org/10.1016/j.anucene.2020.107504
http://dx.doi.org/10.1016/j.anucene.2020.107504
http://dx.doi.org/10.1016/j.anucene.2020.107504
https://www.sciencedirect.com/science/article/pii/S0306454920302024
https://www.sciencedirect.com/science/article/pii/S0306454920302024
https://www.sciencedirect.com/science/article/pii/S0306454920302024
http://dx.doi.org/10.2172/1902818
https://www.osti.gov/biblio/1902818
https://www.osti.gov/biblio/1902818
https://www.osti.gov/biblio/1902818
http://dx.doi.org/10.1016/j.anucene.2015.04.037
https://www.sciencedirect.com/science/article/pii/S0306454915002455
https://www.sciencedirect.com/science/article/pii/S0306454915002455
https://www.sciencedirect.com/science/article/pii/S0306454915002455
http://dx.doi.org/10.1080/00223131.2015.1062812
http://dx.doi.org/10.2172/4471292
https://www.osti.gov/biblio/4471292
http://dx.doi.org/10.2172/4363507
https://www.osti.gov/biblio/4363507
https://www.osti.gov/biblio/4363507
https://www.osti.gov/biblio/4363507
https://www.osti.gov/servlets/purl/1973336

D. Hartanto et al.

Leppéanen, J., Pusa, M., Viitanen, T., Valtavirta, V., Kaltiaisenaho, T., 2015. The
Serpent Monte Carlo code: Status, development and applications in 2013. Ann.
Nucl. Energy 82, 142-150. http://dx.doi.org/10.1016/j.anucene.2014.08.024, URL:
https://www.sciencedirect.com/science/article/pii/S0306454914004095.

A., Bostelmann, R., Hartanto, D., Betzler, B., Wieselquist, W., 2022. Application

of SCALE to Molten Salt Fueled Reactor Physics in Support of Severe Accident

Analyses. Technical Report ORNL/TM-2022/1844, Oak Ridge National Laboratory,

Oak Ridge, TN, http://dx.doi.org/10.2172/1897864, URL: https://www.osti.gov/

biblio/1897864.

Nuttin, A., Heuer, D., Billebaud, A., Brissot, R., Le Brun, C., Liatard, E., Loiseaux, J.-
M., Mathieu, L., Meplan, O., Merle-Lucotte, E., Nifenecker, H., Perdu, F., David, S.,
2005. Potential of thorium molten salt reactors detailed calculations and concept
evolution with a view to large scale energy production. Prog. Nucl. Energy 46
(1), 77-99. http://dx.doi.org/10.1016/j.pnucene.2004.11.001, URL: https://www.
sciencedirect.com/science/article/pii/S0149197004000794.

Park, J., Jeong, Y., Lee, H.C., Lee, D., 2015. Whole core analysis of molten salt breeder
reactor with online fuel reprocessing. Int. J. Energy Res. 39 (12), 1673-1680.
http://dx.doi.org/10.1002/er.3371, URL: https://onlinelibrary.wiley.com/doi/abs/
10.1002/er.3371.

Powers, J.J., Harrison, T.J., Gehin, J.C., 2013. A new approach for modeling and
analysis of molten salt reactors using SCALE. In: Proc. M&C 2013, Sun Valley,
Idaho, May 5-9.

Robertson, R.C., 1965. MSRE Design & Operations Report Part 1 Description of Reactor
Design. Technical Report ORNL-TM-728, Oak Ridge National Laboratory, Oak
Ridge, TN, http://dx.doi.org/10.2172/4654707, URL: https://www.osti.gov/biblio/
4654707.

Rykhlevskii, A., Bae, J.W., Huff, K.D., 2019a. Modeling and simulation of online
reprocessing in the thorium-fueled molten salt breeder reactor. Ann. Nucl. En-
ergy 128, 366-379. http://dx.doi.org/10.1016/j.anucene.2019.01.030, URL: https:
//www.sciencedirect.com/science/article/pii/S0306454919300350.

Rykhlevskii, A., Betzler, B.R., Worrall, A., Huff, K.D., 2019b. Fuel cycle performance of
fast spectrum molten salt reactor designs. In: Proc. M&C 2019, Portland, Oregon,
USA, August 25 — 29.

11

Annals of Nuclear Energy 196 (2024) 110236

Shen, D., Fratoni, M., Ilas, G., Powers, J.J., 2019. Molten-Salt Reactor Experiment
(MSRE) Zero-Power First Critical Experiment with U-235. Technical Report MSRE-
MSR-EXP-001, NEA/NSC/DOC(2006)1, Rev. 0, International Handbook of Reactor
Physics Experiments, OECD/NEA.

Shen, D., Ilas, G., Powers, J.J., Fratoni, M., 2021. Reactor physics benchmark of
the first criticality in the molten salt reactor experiment. Nucl. Sci. Eng. http:
//dx.doi.org/10.1080/00295639.2021.1880850.

Sheu, R.J., Chang, C.H., Chao, C.C., Liu, Y.W.H., 2013. Depletion analysis on long-term
operation of the conceptual Molten Salt Actinide Recycler & Transmuter (MOSART)
by using a special sequence based on SCALE6/TRITON. Ann. Nucl. Energy 53, 1-8.
http://dx.doi.org/10.1016/j.anucene.2012.10.017, URL: https://www.sciencedirect.
com/science/article/pii/S0306454912004173.

Skirpan, Z.G., Betzler, B.R., Powers, J.J., Blair, S.R., 2017. Fuel cycle modeling
and simulation of the molten salt breeder reactor. Trans. Am. Nucl. Soc. 117,
1366-1368, URL: https://www.ans.org/pubs/transactions/article-41603/.

Skutnik, S.E., Wieselquist, W.A., 2021. Assessment of ORIGEN Reactor Library Devel-
opment for Pebble-Bed Reactors Based on the PBMR-400 Benchmark. Technical
Report ORNL/TM-2020/1886, Oak Ridge National Laboratory, Oak Ridge, TN,
http://dx.doi.org/10.2172/1807271, URL: https://www.osti.gov/biblio/1807271.

Soares, A., Lintereur, A., Betzler, B.R., Johnsen, A., Flygare, J., Worrall, L.G.,
Walters, W., 2020. Nuclear data uncertainty challenges in molten salt reactor
safeguards. Trans. Am. Nucl. Soc. 123, 1471-1474. http://dx.doi.org/10.13182/
T123-32878, URL: https://www.ans.org/pubs/transactions/article-48987/.

Vicente Valdez, P., Betzler, B.R., Wieselquist, W.A., Fratoni, M., 2020. Modeling Molten
Salt Reactor Fission Product Removal with SCALE. Technical Report ORNL/TM-
2019/1418, Oak Ridge National Laboratory, Oak Ridge, TN, http://dx.doi.org/10.
2172/1608211, URL: https://www.osti.gov/biblio/1608211.

Wieselquist, W.A., Lefebvre, R.A., Jessee, M.A., 2020. SCALE Code System. Technical
Report ORNL/TM-2005/39 Version 6.2.4, Oak Ridge National Laboratory, Oak
Ridge, TN, http://dx.doi.org/10.2172/1616812, URL: https://www.osti.gov/biblio/
1616812.

Zhuang, K., Li, T., Zhang, Q., He, Q., Zhang, T., 2020. Extended development of a
Monte Carlo code OpenMC for fuel cycle simulation of molten salt reactor. Prog.
Nucl. Energy 118, 103115. http://dx.doi.org/10.1016/j.pnucene.2019.103115.


http://dx.doi.org/10.1016/j.anucene.2014.08.024
https://www.sciencedirect.com/science/article/pii/S0306454914004095
http://dx.doi.org/10.2172/1897864
https://www.osti.gov/biblio/1897864
https://www.osti.gov/biblio/1897864
https://www.osti.gov/biblio/1897864
http://dx.doi.org/10.1016/j.pnucene.2004.11.001
https://www.sciencedirect.com/science/article/pii/S0149197004000794
https://www.sciencedirect.com/science/article/pii/S0149197004000794
https://www.sciencedirect.com/science/article/pii/S0149197004000794
http://dx.doi.org/10.1002/er.3371
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.3371
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.3371
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.3371
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb39
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb39
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb39
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb39
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb39
http://dx.doi.org/10.2172/4654707
https://www.osti.gov/biblio/4654707
https://www.osti.gov/biblio/4654707
https://www.osti.gov/biblio/4654707
http://dx.doi.org/10.1016/j.anucene.2019.01.030
https://www.sciencedirect.com/science/article/pii/S0306454919300350
https://www.sciencedirect.com/science/article/pii/S0306454919300350
https://www.sciencedirect.com/science/article/pii/S0306454919300350
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb42
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb42
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb42
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb42
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb42
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb43
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb43
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb43
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb43
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb43
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb43
http://refhub.elsevier.com/S0306-4549(23)00555-8/sb43
http://dx.doi.org/10.1080/00295639.2021.1880850
http://dx.doi.org/10.1080/00295639.2021.1880850
http://dx.doi.org/10.1080/00295639.2021.1880850
http://dx.doi.org/10.1016/j.anucene.2012.10.017
https://www.sciencedirect.com/science/article/pii/S0306454912004173
https://www.sciencedirect.com/science/article/pii/S0306454912004173
https://www.sciencedirect.com/science/article/pii/S0306454912004173
https://www.ans.org/pubs/transactions/article-41603/
http://dx.doi.org/10.2172/1807271
https://www.osti.gov/biblio/1807271
http://dx.doi.org/10.13182/T123-32878
http://dx.doi.org/10.13182/T123-32878
http://dx.doi.org/10.13182/T123-32878
https://www.ans.org/pubs/transactions/article-48987/
http://dx.doi.org/10.2172/1608211
http://dx.doi.org/10.2172/1608211
http://dx.doi.org/10.2172/1608211
https://www.osti.gov/biblio/1608211
http://dx.doi.org/10.2172/1616812
https://www.osti.gov/biblio/1616812
https://www.osti.gov/biblio/1616812
https://www.osti.gov/biblio/1616812
http://dx.doi.org/10.1016/j.pnucene.2019.103115

	SCALE depletion capabilities for molten salt reactors and other liquid-fueled systems
	Introduction
	Theory
	Approximating Removal Rates
	Approximating Removal Sources
	Caveats
	Volume handling
	Specific power
	Precursor drift


	Implementation and Testing
	Application
	Computational Model
	Removal Rates
	Removed Materials
	Continuous 235U Feed

	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


