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Abstract: Molten salt nuclear reactor technology has not yet
been constructed for industrial scale. High fidelity simulation capability of both transients and steady-state behavior must be developed for reactor licensing. The simulations should make use
of high performance computing (HPC) in order to come to realistic results while minimizing assumptions. High resolution simulation of limiting reactor transients using open-source software
can inform reproducible results suitable for preliminary licensing
activity. We present example results of the new code.
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Introduction

Molten salt reactor (MSR) concepts promise some of the most competitive,
sustainable energy of many advanced reactors, as described in [17]. Sustainable, in this sense, refers to the thorium they can be fueled on, unlike many
other reactors. Thorium occurs six times more abundantly in the Earth’s
crust than uranium, according to the United States Geological Survey.
In addition, these reactors are typically capable of performing fast power
changes in order to compensate for possibly sporadic renewable power sources
like wind and solar. It is intuitively obvious that the rise to dominance of a
safe, cheap, carbon-free electricity source like MSRs can mitigate the threat
of climate change. Molten salt reactors operate at low pressure as opposed
to classical nuclear reactors, thus reducing requirements for containment
structures and therefore significantly lower construction cost. Moreover,
growing electricity needs in developing countries can be met with affordable, safe power. There are currently six reactor concepts that have been
chosen by the Generation IV International Forum (GIF). One of these six
modern designs is the molten salt reactor (MSR). The MSR class encompasses a huge variety of designs, many of which are detailed in [3]. Many are
fueled by salt, meaning that fissile atoms like uranium-235, uranium-233, or
plutonium-239. An archetypal molten salt reactor can be seen in Figure
1. Several companies [1] are considering building these, so code must be
developed to evaluate the designs’ performance and safety.
Currently, no widely accepted nuclear reactor analysis code can easily
support drifting delayed neutron precursors. This phenomenon is nearly
unique to molten salt reactors. Delayed neutron precursors are vital to
reactor control, as shown by [7, Ch. 6]. The fission process leaves behind a
small amount of delayed neutrons, typically emitting around 6 out of every
1000 new neutrons with a significant time delay. The effect is illustrated in
Figure 2.
As a result of the fissioning material drifting in a salt flow, delayed
neutron precursors from freshly split atoms also move in salt flow. This
leads to coupling between the neutron transport equation which governs the
distribution of neutrons in a reactor to the Navier-Stokes equations, which
govern fluid rheology and transport in the reactor. A more in-depth look at
these equations will be covered in the methodology.
[5] has made calculations with coupled neutronics to thermal-hydraulics,
but in a molten salt fast reactor. This study seeks to explore the same coupling, but in a thermal rather than fast neutron spectrum. The only molten
salt reactor ever built was the molten salt reactor experiment experiment
2

Figure 1: An MSR as envisioned by Gen-IV Forum.
(MSRE) documented in [14]. The MSRE was designed to be a small, thermal, low-power reactor to verify basic chemistry and neutron physics of the
concept. This experiment yielded data which this project’s code can attempt
to match. Possibly most important of all, thermal reactors can be built to
be much smaller than fast reactor, easing the economic troubles of building
large nuclear power plants. All of these reasons call for a need to develop
versatile software accessible to those with a desire to bring a thermal MSR to
market. Software was developed using sustainable, open principles to simulate both steady-state and transient behavior. Steady-state analysis was
performed using the Monte Carlo technique to solve the neutron transport
equation (NTE) in the Serpent 2 code described in [12]. Transient analysis
was simulated using a diffusion approximation to the NTE coupled to the
incompressible Navier-Stokes equations. The resulting transient equations
are solved with the open-source code described in [13] called Moltres.
[7] covers the relevant reactor physics, including an introduction to diffusion theory and its appropriate modeling consideration. [9] gives an excellent example at the state of the art concerning multiphysics simulations
of molten salt reactors. In order to efficiently write versatile, reproducible,
and reusable code, this project implements the Multiphysics Object Oriented
Simulation Environment Framework, or MOOSE Framework for short. [5]
describes the general philosophy and features of MOOSE. In order to use
3

Figure 2: Examples of delayed neutron emitters.
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MOOSE, one must become familiar with the C++ programming language.
[15] overviews C++.
The proposed project begins simulating simple problems representative
of interesting physics exhibited by MSRs in the MOOSE framework. Next,
more detailed physics simulations will be carried out in order to virtually
replicate results from ORNL’s MSRE. [14] cites several ORNL technical
reports, each with experimental physics data. The experimental data will
be used to confirm validity of the numerical models we seek to develop. Once
ORNL experimental data can be replicated successfully, the aforementioned
MOOSE models can be scaled to Blue Waters in order to investigate new
physics including losses of cooling ability and sudden salt channel blockage.
All of the interesting physics in nuclear reactors results from the intense
neutron field. Neutrons move about the reactor and split atoms, generating
heat. The neutrons’ overall average momenta and positions can be described
approximately as a continuum, very much like Boltzmann’s theory of gases
detailed in [6]. The governing equation for neutron transport is:
1 ∂ψ
χp ( E )
+ Ω̂ · ∇ψ + Σt ψ =
∂t
v (E )
4π
Z
4π

Z inf

Z inf
0

0

νp (E 0 )Σf φdE 0 +

X χd ( E )
i

4π

λ i Ci +

Σs (E 0 → E, Ω̂0 → Ω̂)ψdE 0 dΩ̂
(1)

Table 1: Variables used in Equation 1.
Variable
Meaning
v
neutron velocity
E
neutron energy
ψ
angular neutron flux
Ω̂
unit vector of neutron motion
Σt
total neutron cross section
χp
energy distribution of prompt neutrons
νp
average number of produced prompt neutrons
Σf
nuclear fission cross section
R
φ
= 4π |ψ|dΩ̂, scalar neutron flux
χd
average energy of delayed neutrons
λi
decay constant of ith delayed neutron group
Ci
concentration of ith delayed neutron group
Σs (E 0 → E, Ω̂0 → Ω̂) cross section to scatter from energy E 0 to E, angle Ω0 to Ω
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Equation 1’s high dimensionality requires enormous computational power
to come to a direct numerical solution. Notice that the neutron transport
equation is a Boltzmann transport equation as described in [6], with no nonlinear terms and a collision kernel that represents neutrons colliding with nuclei. The probability of this collision can be given in units of inverse length,
called the macroscopic cross section and symbolized by Σ. These interaction
probabilities become functions of temperature through the Doppler broadening effect documented in Ch. 2 of [7], where resonances in nuclear cross
sections become effectively broader on a plot of Σ versus neutron energy
due to the relative thermal motion of nuclei to incoming neutrons. Doppler
broadening coupled with advection of delayed neutron precursors implies a
tightly coupled physics problem between fluid flow, heat conduction, and
neutron diffusion physics. The code Serpent 2 solves exclusively neutron
transport using the Monte Carlo method, which traces individual neutrons
through reactor geometry, binning their coordinates in the problem phase
space in order to come to an extremely high fidelity solution. The Monte
Carlo method is especially statistically efficient for solving neutron transport of regions of high neutron flux, like in a reactor. Knowledge of the
neutron flux distribution over space and energy in the reactor allows determination of multigroup constants. Multigroup constants can be used in a
different equation that approximates neutron transport as in Equation 1.
The neutron diffusion equation for each group g is:
G
G
I
X
X
X
1 ∂φg
= ∇ · Dg ∇φg +
Σsg0 →g φg0 + χpg
(1 − β )νΣfg0 φg0 + χdg
λi Ci − Σrg φg
vg ∂t
i
g6=g 0
g 0 =1

(2)
All variables from Equation 2 are described in Table 2. Notably, the
diffusion equations reduce the neutron transport equation from a sevendimensional problem into a system of four-dimensional problems. For code
development, the problem is only solved in two dimensions. The problem
can be scaled to hundreds of CPU cores on Blue Waters using the MOOSE
framework. These large-scale simulations can provide knowledge on molten
salt nuclear reactor behavior during accident events.

1.1

Software

This work will extend Moltres, an application within the MOOSE framework ecosystem. The MOOSE framework [9] allows scientists and engineers
6

Table 2: Variables used in multigroup diffusion, Equation 2.
Variable
Meaning
t
time
Dg
Diffusion coefficient for neutrons in group g
Σrg
macroscopic cross-section for removal of neutrons from group g
s
Σg0 →g
macroscopic cross-section of scattering from g’ to g
p
prompt fission spectrum, neutrons in group g
χg
G
number of discrete groups, g
ν
number of neutrons produced per fission
Σfg
macroscopic cross section for fission due to neutrons in group g
delayed fission spectrum, neutrons in group g
χdg
I
number of delayed neutron precursor groups
delayed neutron fraction
β
λi
average decay constant of delayed neutron precursors in precursor group i
Ci
concentration of delayed neutron precursors in precursor group i .
to easily implement advanced finite element methods such as discontinuous
Galerkin or use niche basis functions like Hermite polynomials. The finite
element method’s explanation is much out of the scope of this paper. [5]
explored the use of Monte Carlo to solve neutronics in a transient, so this
paper seeks to explore the results produced by finite elements with deterministic (i.e. not Monte Carlo) neutronics. The neutron transport equation’s
diffusion approximation will be solved using an approach coupling through
both the temperature and density variables by generating group constants as
functions of both temperature and density. Group constants are generated
in Serpent following the method described in [8].
Code development will happen through git, particularly in the github.
com/arfc/moltres repository [13]. Serpent 2 input can be found at github.
com/gridley/msr-neutronics. Some work has already been done in regards of simulating the reactor primary salt loop by coupling a postprocessor which takes an average across a mesh surface, into the reactor inlet.
This allows the periodic advection of delayed neutron precursors, mass, and
energy to be simulated.
A preliminary rendering of a cube-shaped reactor in steady-state is found
in Figure 3. The simulation used all currently implemented neutron diffusion
kernels, and uniform advection of heat and delayed neutron precursors in
the +z direction.
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Figure 3: Preliminary simulation of coupled reactor fluxes and temperatures.
Salt fraction matches ORNL MSRE value of 0.225.
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Methodology

Three different types of reactor transient are simulated. First, a loss of core
cooling through the primary heat exchanger is modeled. Next a loss of fuel
pumping is simulated. Lastly a control rod removal transient is simulated.
In order to run transient simulations efficiently, group constants for the
reactor must first be generated.

2.1

Group Constants

Typical reactor neutronic analysis makes use of the "two step method", where
first a detailed code solves neutron transport using less approximate solutions to Equation 1 such as fine energy group SN as in NEWT from the
SCALE package [4] or continuous energy Monte Carlo as in Serpent [12].
Neutron cross sections depend on temperature significantly due to the previously described Doppler broadening, implying that cross sections must be
generated as functions of temperature.
Typically, reactor cross sections get homogenized and subsequently condensed, as described in [18] Ch. 1. For high fidelity neutronics simulation, cross sections are only condensed into a coarse group energy structure.
In [10] a coarse group energy structure was devised for high temperature
8

graphite moderated, salt cooled reactors with embedded TRISO. The optimal group structure calculated here has two thermal, one resonance, and
one fast group, evidencing the strongly upscattering nature of this reactor
specie. [10] refers to the optimal structure as "option 1". We choose this
group structure for use in salt fueled reactors moderated by graphite since
neutron energy spectra can be expected to be similar in nature; both reactors operate at high temperature and have roughly the same set of materials
in the core.
Multigroup cross sections are defined as:
R

Σg =

Ωg

φ(E )Σf ine (E )dE
R

Ωg

Σf ine dE

(3)

Where g is the energy group, Ωg is domain of energies in group g, φ(E )
is the flux, and Σ and Σf ine represent cross sections for respectively the
condensed and fine nuclear data. Clearly this implies that group constants
depend on just fine nuclear data and the fine energy group flux solution.
In the MSRE, control rod insertion will preferentially absorb thermal neutrons, since the Gd2 O3 rings exhibit strong thermal absorption with relatively weak resonance absorption. Thermal neutrons have a small mean free
path. Thus, control rod influence on reactor spectrum should be small away
from the rods, but still greatly reduce reactor k eigenvalue since the chain
reaction cannot be sustained. Upon taking this in consideration, all reactor simulations hereafter only utilize group constants which are functions
of temperature, although the constants for control rod position are indeed
available in the Moltres github repository.
The ORNL MSRE was modeled as per original documentation in [14].
Salt channel geometry was modeled exactly. Control rod guide tubes were
explicitly modeled. The experiment tube was modeled as a cylinder filled
with graphite due to its geometric complexity. The resulting geometry can
be found in Figure 4. The model geometry can be compared to the experiment’s actual geometry in Figure 5. All Serpent 2 input can be found at
https://github.com/gridley/msr-neutronics/tree/MSRE/MSRE.

2.2

MOOSE Model

For MOOSE transient calculations, calculations were done on a simple 2D
mesh that mimics the physics of the MSRE. Salt fraction was kept the same,
and the problem was solved in RZ coordinates. More intuitively, this means
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Figure 4: Left: radial plane cut of MSRE geometry. Right: RZ plane cut.
MSRE neutronics geometry for Serpent. Graphite is grey, INOR-8 alloy is
purple, and salt is teal.
that the problem was solved on an equivalent reactor made of concentric
rings of graphite and fuel salt. The gmsh [11] tool was used to generate
the file containing all element node locations and connectivity information.
Figure 6 illustrates the computational domain produced by gmsh that models
the MSRE.
Neutronics get solved in multigroup diffusion using a two group structure using Galerkin FEM. Precursor decay, production, and advection are
solved using discontinous Galerkin since advection with no diffusive character can be far more unstable than continuous Galerkin, as depicted by Figure
7. Heat transfer is solved using continuous Galerkin. No thermalhydraulic
models are employed since the flow in the MSRE is laminar: calculating the
Reynolds number from [14] yields Re= 858, much lower than the turbulent
flow limit of Re=2200 as discussed in [16]. As a result, continuous temperature at the graphite/fuel boundary correctly resolves the temperature
variable.
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2.3

Control Rods

To simulate control rod movement in molten salt reactors, a new material
was added to Moltres [13] called RoddedMaterial. This new material returns strongly neutron absorbing material properties below the control rod
height, and user-defined material properties below the rod height. The rod
height can be dynamically changed through the MOOSE controls module.
The ORNL MSRE’s control rods moved in response to transient effects, so
this control rod position data versus time in transient would be used to
match experiment. Thus, RoddedMaterial will be useful for future studies.
An example of the new feature in action can be seen in Figure 8.

2.4

Loss of Cooling Accidents

The ability to simulate loss of cooling accidents was added to the Moltres
code. The reactor primary fuel loop was modeled as a separate one-dimensional
problem using a MOOSE MultiApp. Transport in the primary loop was
solved using discontinuous Galerking and a Dirac delta function normalized to remove the correct amount of power. The piece of code in Moltres
is called DiracHX. It was found that using a Dirac delta usually led to a
different amount of heat being removed from the system than expected. Instead, a MOOSE InterfaceKernel called InterfaceHX was implemented that
successfully removed the correct amount of heat.
The heat removal rate was made controllable through the MOOSE controls module. In doing so, the heat removal rate can be changed according
to any user-specified parsed function. Not only loss of cooling could be
simulated; power change maneuvers could be simulated as well.

2.5

Loss of Flow Accidents

Simulating a loss of fuel flow accident requires that the salt velocity variable be changed through the MOOSE controls module. In the past, Moltres
[13] has relied upon its Squirrel module to provide dicontinuous Galerkin
transport kernels. Many of these kernels and DG boundary conditions only
accept constant velocity variable inputs. The code was appropriately modified so that velocity can be set through the MOOSE controls module. For
all loss of flow transients, the same approach of modeling the primary loop
by a one-dimensional problem and InterfaceKernel was taken.
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Results

3.1

Control Rod Withdrawal

3.2

Loss of Cooling

3.3

Loss of Flow
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Discussion

5

Conclusion

Group constants for the ORNL Molten Salt Reactor experiment were generated as functions of fuel temperature, moderator temperature, and control
rod position. Reactor simulations looking up group constants as a function
of control rod position never came to realization since other tools required
for a reactor simulation had to be developed beforehand.
For realistic transients simulations of MSRs, decay heat simulation should
be added to Moltres. This will usually be around 6% of the average reactor
power. Standards to be implemented can be found in [2].
Natural convection will dominate MSR steady temperature in the shutdown state, provided that no forced convection is provided. Some ability to
model natural convection has been added to Moltres, but as of yet simulating
reactors with natural convection is untested.
Radiative heat transfer will likely largely influence the reactor vessel
temperature at all hot operating states. In fact, these reactors’ pipes will
be red-hot in operation, as evidenced by the MSRE heat sink to the atmosphere from [14]. Radiative heat transfer models like from [16] should be
implemented in Moltres.
In loss of flow transients, the influence of subcooling on due to slowing
flow may cause power to rise soon after losing power to th pump for some
flywheel size. This effect should be investigated and plotted.
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Figure 5: An MSRE final design sketch from [14] for comparison to Figure
4.
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Figure 6: Mesh used to model MSRE produced by gmsh. Blue is a control
rod region, green is moderator, and yellow is fuel. Y is the axial coordinate
here and X is the radial.
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Figure 7: Comparison of continuous Galerkin (CG) and discontinous (DG).
DG is markedly more stable. Credit Yidong Xia.

Figure 8: Clearly visible influence of control rod on reactor power profile.
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