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Abstract — The molten salt reactor (MSR) flowing-fuel simulation capability of the Griffin-Pronghorn- 
coupled multiphysics code system developed by Idaho National Laboratory (INL) was verified against the 
Center National de la Recherche Scientifique (CNRS) MSR benchmark problem. Griffin and Pronghorn, which 
are INL’s neutronics and thermal-hydraulics codes built upon the Multiphysics Object-Oriented Simulation 
Environment (MOOSE) framework, have been recently extended to handle the flowing fuel of MSRs causing the 
drift of delayed neutron precursors (DNP). In the Griffin-Pronghorn code system, Griffin provides the fission 
rate density to Pronghorn, which simulates the generation, decay, and transport of DNPs along with the fluid, 
and the redistributed DNP densities are fed back to Griffin. The coupling and transfers are largely automatically 
managed at the framework level by the powerful MultiApp system of MOOSE. The verification results against 
the CNRS benchmark problem demonstrate that the Griffin-Pronghorn code system can accurately simulate the 
unique physics phenomena of MSRs in both steady-state and transient conditions.

Keywords — Molten salt reactor, flowing fuel, delayed neutron precursors, Griffin, Pronghorn.  

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

I. INTRODUCTION

Molten salt reactors (MSRs), one of the Generation IV 
reactor concepts, offer a variety of compelling advantages 
over traditional light water reactors, such as compactness, 

higher operating temperature, fission product capture, and 
enhanced safety features, including low operating pressure, 
elimination of hydrogen evolution, and passive decay heat 
removal.[1] The history of MSRs dates back to the mid- 
twentieth century when the United States operated two 
research MSRs at Oak Ridge National Laboratory 
(ORNL): the Aircraft Reactor Experiment[2] and the 
Molten Salt Reactor Experiment (MSRE),[3] but their 
exploration did not lead to the commercialization of 
MSRs. However, the interest in these reactors has been 
rekindled in the past few years amid the growing worldwide 
interest in small modular reactors. New MSR designs and 
deployment plans are springing up around the world. 
Consequently, the necessity and demand for modeling and 
simulation tools for MSRs to support the design and reg
ulatory processes are higher than ever.

Molten salt reactors with flowing fuel are unique in 
the sense that they utilize the fuel salt for both heat 
generation and extraction. This movement of fuel salt 
within the primary loop results in a partial decay of 
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delayed neutron precursors (DNPs) outside the core 
region. This results in a strong coupling between neutro
nics and thermal hydraulics, which requires coupled mul
tiphysics modeling and simulation to capture these 
effects. Thus, neutronics and thermal-hydraulic codes 
need to be extended to handle the strongly coupled phy
sics and the accompanied DNPs transport.

Several efforts have been devoted to developing mul
tiphysics tools for MSR modeling and simulation. In the 
1960s, ORNL developed a modified point kinetics model 
for circulating fuel with a heat transfer model using a 
multinode approach and performed dynamic analysis of 
the MSRE.[4] In the early 2000s, there were several 
activities for MSR modeling in Europe, where a thermal 
spectrum MSR benchmark was developed based on some 
of the MSRE experiment results under the Molten Salt 
reactor Technology, or MOST, project,[5] with several 
simplifications. Also, a preconceptual design and 
steady-state analysis of a fast spectrum MSR benchmark 
with fluoride-based salt were made under the Evaluation 
and Viability of Liquid fuel fast reactor system, or 
EVOL, project,[6] which attracted large attention for 
breeding and actinides burning feasibility.[7] TerraPower 
proposed the Molten Chloride Faster Reactor (MCFR)[8] 

with a similar concept to the European Molten Salt Fast 
Reactor (MSFR).

Several tools have been developed to pursue the 
modeling and safety analysis of MSRs with both thermal 
and fast spectrums, such as SIMMER-III,[9] Cinsf1D,[10] 

DYN3D-MSR,[11] MOREL,[12] COMSOL,[13] DALTON- 
HEAT,[14,15] PARCS-TRACE,[16] OpenFOAM,[17,18] and 
ARC.[19] In the United States, several code systems have 
been developed recently for MSR analysis ranging from 
simple point kinetics models to multiphysics-coupled 
models, such as SAM,[20] Moltres,[21] PROTEUS- 
NODAL,[22–24] and PROTEUS-NODAL-SAM.[25,26]

Idaho National Laboratory (INL) has made numerous 
efforts to develop modeling and simulation tools for advanced 
reactors to serve its mission of supporting the deployment of 
advanced reactors, including MSRs. As one of the efforts, 
INL’s neutronics code Griffin[27] and thermal-hydraulic code 
Pronghorn[28] were built upon the Multiphysics Object- 
Oriented Simulation Environment (MOOSE) framework.[29] 

These codes have been recently extended to handle the flow
ing-fuel of MSRs, which involves the drift of DNPs, and this 
capability is being actively verified against benchmark 
problems,[30–32] including the MSR benchmark problem pro
posed by the Center National de la Recherche Scientifique 
(CNRS).[33] Validation efforts against an actual experiment 
are also ongoing based on the available experimental data 
from the MSRE.[34]

This work presents the complete analysis of the CNRS 
benchmark problem with the Griffin-Pronghorn code sys
tem of INL. While some of the previous work tackled only 
initial parts of the problem using older capabilities in 
Griffin-Pronghorn.[32] This paper provides detailed and 
comprehensive results of the tools for this verification pro
blem. The following section starts by providing a descrip
tion of the Griffin-Pronghorn code system and the CNRS 
benchmark. Then the benchmark analysis results using the 
Griffin-Pronghorn code system encompassing single and 
multiphysics steady-state, and transient problems is demon
strated in comparison with other benchmark participants’ 
results, followed by a conclusion and summary.

II. CODE AND BENCHMARK DESCRIPTION

This section introduces the methodologies of the 
Griffin-Pronghorn-coupled code system built on the 
MOOSE[29] framework focusing on the MSR application. 
Also, a brief description of the CNRS benchmark speci
fications and geometry, as well as the inputs and obser
vables of each benchmark step are provided.

The tools showcased here are all part of the MOOSE 
ecosystem. MOOSE provides simple, adaptive, and flex
ible interfaces for the specification of partial differential 
equations (PDEs), boundary conditions, and material 
properties. The framework internally handles all the par
allelization and discretization for finite element methods 
(FEMs) and finite volume methods (FVMs).

The tools are developed under a rigorous software 
quality assurance (SQA) program that is compliant with 
the Nuclear Quality Assurance 1 (NQA-1) standards. 
This is expected to be invaluable to U.S.-based efforts 
to model MSRs. All MOOSE-based applications adopt a 
seamless and continuous development approach. The 
MOOSE framework also provides in-code documenta
tion, ensuring the codes stay up to date. The framework 
automates the NQA-1 testing process, reducing the over
head of becoming and remaining NQA-1 compliant. 
Griffin and Pronghorn are both built on top of the 
MOOSE framework, and therefore inherit the entire 
SQA process.

The main driver for using the MOOSE framework, 
however, is its ability to effectively couple various phy
sical phenomena under a single computational run. 
MOOSE allows for simultaneous execution of multiple 
MOOSE-based applications with data transfers through 
the MultiApp capability and also provides numerical 
algorithms to couple the subapplications. MOOSE sup
ports two iterative, nonlinear coupling schemes to solve 
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coupled PDEs: operator-splitting scheme via Picard itera
tion and full coupling scheme via the Jacobian-Free 
Newton-Krylov (JFNK) method.[35] In this work, the 
Picard iteration scheme is employed to converge the 
nonlinearities in the Griffin-Pronghorn code system. In 
theory, the JFNK method can converge a nonlinear pro
blem in fewer iterations and can be more robust than the 
Picard iteration scheme, but it has practical issues in the 
actual application in that it requires building a single 
system evaluating every physics simultaneously. 
Building a fully consistent single system for multiple 
physics is often very difficult, if not impossible, espe
cially when each physics code has been independently 
developed and uses different schemes. As such, the 
Picard iteration scheme is adopted owing to its simplicity 
and flexibility.

II.A. Griffin-Pronghorn Code System

Griffin is a MOOSE-based deterministic radiation 
transport and reactor multiphysics application that inte
grates the technologies developed in Rattlesnake,[36] 

Mammoth,[37] PROTEUS,[38] and MC2-3[39] for non- 
light-water advanced reactor technologies. Griffin solves 
various forms of the linear Boltzmann transport equation 
for the radiation flux distribution defined in time, space, 
direction, and energy. Griffin utilizes finite element 
unstructured mesh with the multigroup approximation 
and can choose among different angular discretization 
schemes [discrete ordinates (SN), spherical harmonics 
expansion, and diffusion approximations] to solve fixed- 
source, eigenvalue, and transient problems.

In this work, Griffin’s diffusion solver is utilized, 
which is sufficient, as the benchmark deals with a homo
geneous geometry. The multigroup neutron diffusion 
equation is given as

where the term 
PK

k ¼1
χk

d; gλkCk represents the delayed neu

tron source, which can be determined by solving the DNP 
concentration equations. MSRs with flowing fuel 

introduce an extra term to the DNP equations to account 
for the drift of DNPs in the core, and their decay outside 
the core as given in Eq. (2),

where the term Ñ � ð~uCkÞ accounts for the drift of the 
DNPs within the core region.

Equation (2) is solved along with the homogenous 
boundary condition to determine the concentrations of the 
DNPs at the core inlet, taking into account their decay 
while residing in the outer loop. Equation (2) is strongly 
coupled to Eq. (1) given the velocity field and ex-core 
residence time, or tightly coupled by providing the DNP 
distributions as an external source, which requires multi
physics coupling to a thermal-fluids code. In the current 
work, the distribution of DNPs is obtained from 
Pronghorn with passive scalar solution capability.

Pronghorn is another MOOSE-based application for 
coarse-mesh thermal-hydraulic calculations. Pronghorn 
solves multidimensional compressible/incompressible Euler 
equations (leveraging the MOOSE Navier-Stokes module[40]) 
for porous and nonporous flow configurations. Pronghorn 
also has an additional capability to model the transport of 
DNPs with advection through the system, which is required 
for flowing-fuel MSRs to obtain the delayed neutron source 
distribution. The incompressible Navier-Stokes fluid flow 
base equations for MSRs are given by

The thermal fluid equations, Eqs. (3), (4), and (5), are 
discretized using FVM, where the finite volume variables 
are constant monomials at the center of each element, and 
the face values are calculated using the first-order upwind 
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interpolation scheme for advected quantities, along with 
Rhie-Chow interpolation for velocities.[41]

Also, Pronghorn solves the passive scalar equation 
for DNP transport given the neutron fission source and 
decay constant of each delayed neutron family or group at 
the center of each element with an additional term to 
account for turbulence mixing as described in Eq. (6),

where the salt diffusion coefficient is related to the 
Schmidt number, which accounts for the turbulent diffu
sivity of the salt.

The coupling scheme of Griffin-Pronghorn under the 
MOOSE framework used in this work for MSR analysis 
is shown in Fig. 1. Griffin is the main application, and it 
provides the power density and fission source to 
Pronghorn (the subapplication) to obtain the temperature, 
density, velocity, and pressure fields, as well as the DNP 
distribution. The temperature field is transferred to 
Griffin to update the multigroup cross sections for incor
porating thermal feedback. The DNP distribution is used 
to construct the total fission source to obtain the neutron 

flux solution and corresponding power density, which is 
fed back again to the Pronghorn calculations.

Since Pronghorn employs the FVM, all the transferred 
quantities between Griffin and Pronghorn should be cell 
averaged. Therefore, the DNP distribution and temperature 
that are transferred from Pronghorn are simply treated as 
constant monomial variables in Griffin. On the other hand, 
when transferring the power density and fission source to 
Pronghorn, which are linear variables, they are projected to 
constant monomial variables by taking the average. This 
process is handled by the MOOSE projection transfer system.

The parameters are exchanged between the two codes 
at each iteration to obtain a fully converged solution, and 
the convergence of the global Picard iteration is checked 
based on the relative reduction of the flux residual of 
Griffin. The feedback mechanisms captured by this multi
physics coupling of Griffin-Pronghorn are related to the 
cross-section changes by temperature and density and the 
DNP distribution changes by velocity.

II.B. Benchmark Description

The benchmark problem was originally developed 
for the numerical verification of thermal-hydraulic 
codes for incompressible flow in a lid-driven cavity.[42] 

It was recently extended for application to the fast spec
trum MSR benchmark developed by LPSC/CNRS- 
Grenoble,[42,43] known as the CNRS benchmark,[33] con
sidering multiphysics coupling of neutronics and thermal- 
hydraulic codes. The benchmark is used to verify model
ing approaches of coupled multiphysics codes for MSR 
steady-state and transient analyses. The original bench
mark participants were the Paul Scherrer Institute (PSI), 
Delft University of Technology (TUD), Politecnico di 
Milano (PoliMi), and CNRS. All the benchmark partici
pants are listed in Table I along with the solution methods 
and codes used.

The geometry of the CNRS benchmark represents a 
simple two-dimensional, lid-driven cavity of a 2 × 2-m 
domain bare reactor with a homogenous fuel composition. 
The outer loop is not included in this benchmark; namely, the 
benchmark does not test the transition from the core to the ex- 
core regions. For a pointwise comparison of the observables, 
two centerlines were identified along radial (AA´) and axial 
(BB´) directions, as shown in Fig. 2. The cavity is filled with 
fluoride salt composed of 6Li, 7Li, 9Be, 19F, and 235U as the 
fissile isotope with atomic fractions of 2.11%, 26.08%, 
14.10%, 56.40%, and 1.31%, respectively.

The multigroup cross-section data and delayed neu
tron data of the fuel salt are provided by the benchmark in 
six energy groups and eight DNP groups, respectively, 

Fig. 1. Griffin-Pronghorn multiphysics coupling scheme 
for MSR analysis. 
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which were generated at a single temperature of 
T0 = 900 K. The delayed neutron fractions and decay 
constants of each precursor group are provided in 
Table II.

As the cross sections were generated only at a single 
temperature, the Doppler effect on the cross sections is 
neglected, and the thermal feedback only occurs by the 
fuel salt density changes as follows:

where the fuel salt density changes linearly with respect 
to the temperature as

with α being the thermal expansion coefficient.
The following boundary conditions were used to per

form the neutronics and thermal-hydraulic calculations: 
(1) vacuum boundary conditions for neutron flux calcula
tions at all boundaries, (2) a homogeneous Neumann 
boundary condition for the DNPs, (3) no-slip boundary 
conditions for velocity calculations at all boundaries 
except the top boundary (the lid), where forced flow 
was imposed in the form of lid-driven velocity, and (4) 
adiabatic boundary conditions for temperature calcula
tions with volumetric heat sink for salt cooling defined as

where γ is the heat transfer coefficient.
The fuel is considered as an incompressible laminar 

flow in the problem domain with only density changes 
affecting the buoyancy term, as given by Eq. (8) (the 
Boussinesq approximation). The fuel salt thermophysical 

TABLE I 

Summary of the Benchmark Participants’ Code Packages and Solution Methods 

Participant
Neutronics Code/ 

Method
Thermal-Hydraulic 

Code Numerical Method Mesh

CNRS[44]      OpenFOAM/SP1 and SP3 OpenFOAM Finite volume Nonuniform 200 × 200
PoliMi[45] OpenFOAM/Diffusion OpenFOAM Finite volume Uniform 400 × 400
PSI[46] GeN-FOAM/Diffusion GeN-FOAM Finite volume Nonuniform 200 × 200
TUD[47] PHANTOM/SN DGFlows Discontinuous finite 

element
Uniform 50 × 50

INLa Griffin/Diffusion Pronghorn Continuous finite element 
(Griffin) finite volume 
(Pronghorn)

Uniform 200 × 200

aCurrent work institution: INL. 

Fig. 2. CNRS benchmark problem geometry.[33] 

TABLE II 

Delayed Neutron Data of the Fuel Salt[33] 

Group λk (s−1) βk (pcm)

1 0.0124667 24.2173
2 0.0282917 120.029
3 0.0425244 49.7887
4 0.133042 136.834
5 0.292467 185.916
6 0.666488 61.9812
7 1.634780 57.9049
8 3.554600 17.1090
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properties specified by the benchmark are summarized in 
Table III.

The benchmark analysis is performed in three phases 
with progressively increasing complexity. Each phase is 
composed of one or more steps: single physics (standa
lone neutronics or thermal hydraulics) steady-state analy
sis (phase 0), multiphysics-coupled steady-state analysis 
(phase 1), and multiphysics-coupled transient analysis 
(phase 2). The input parameters and observables of each 
benchmark step are summarized in Table IV.

II.B.1. Phase 0: Single Physics Steady State

This phase verifies single physics steady-state calcu
lations and is composed of three steps. Namely, this phase 
is intended to confirm the soundness of each code before 
performing coupled calculations. Step 0.1 compares the 

steady-state velocity field of the fuel salt for a given fixed 
lid velocity of 0.5 m/s. Step 0.2 compares the steady-state 
neutronics solutions. Step 0.3 compares the steady-state 
temperature profile with the velocity field of step 0.1 and 
the heat source of step 0.2 as inputs.

II.B.2. Phase 1: Steady-State Multiphysics Coupling

This phase focuses on verifying the multiphysics- 
coupled, steady-state calculations and comprises four 
steps. Step 1.1 assesses the impact of DNP drift on the 
reactivity and the delayed neutron source distribution 
with the fixed velocity field from step 0.1 and the con
stant temperature of 900 K. Step 1.2 adds in the tempera
ture feedback to step 1.1 and assesses its impact on the 
reactivity and fission rate density distribution. Step 1.3 
assesses the ability to perform a fully coupled simulation, 
including the velocity fields for a system without forced 
convection; namely, the lid velocity being zero, where the 
flow is only driven by the buoyancy effect caused by the 
temperature gradient. Finally, step 1.4 assesses fully 
coupled simulations for various combinations of reactor 
power and lid velocity, which is basically the general
ization of step 1.3.

II.B.3. Phase 2: Time-Dependent Multiphysics Coupling

This phase is dedicated to verifying multiphysics- 
coupled transient calculations and is a single-step phase. 

TABLE III 

Fuel Salt Thermophysical Properties[33] 

Property Value

Density (kg/m3) 2.0 × 103

Kinematic viscosity (m2/s) 2.5 × 10−2

Volumetric heat capacity (J/m3/K) 6.15 × 106

Thermal expansion coefficient (1/K) 2.0 × 10−4

Prandtl number 3.075 × 105

Schmidt number 2.0 × 108

TABLE IV 

Summary of Input Parameters and Observables of Each Benchmark Step 

Step Input Parameter Observable

0.1 Ulid = 0.5 m/s Velocity components along AA′ and BB′
0.2 T = 900 K, P = 1.0 GW Fission rate density along AA′, reactivity
0.3 Fixed flow field from step 0.1, fixed heat source 

distribution from step 0.2, γ = 1.0 MW/m3/K
Temperature along AA′ and BB′

1.1 Fixed flow field from step 0.1, T = 900 K, P = 1.0 GW Delayed neutron source along AA′ and BB′, 
reactivity change from step 0.2, Δρ = ρ − ρ0.2

1.2 Fixed flow field from step 0.1, P = 1.0 GW, 
γ = 1.0 MW/m3/K

Temperature distribution along AA′ and BB′, 
reactivity change from step 1.1, Δρ = ρ − ρ1.1, 
change of fission rate density along AA′ and BB′ 
with respect to the solution obtained at step 0.2

1.3 P = 1.0 GW, Ulid = 0.0 m/s, γ = 1.0 MW/m3/K Velocity components and temperature along AA′ and 
BB′, delayed neutron source along AA′ and BB′, 
reactivity change from step 0.2, Δρ = ρ − ρ0.2

1.4 γ = 1.0 MW/m3/K, P variable in the range [0,1] GW, 
with a step of 0.2 GW, Ulid variable in the range [0, 
0.5] m/s, with a step of 0.1 m/s

Reactivity change from step 0.2, Δρ = ρ − ρ0.2, as a 
function of P and Ulid

2.1 Steady-state solution from step 1.4 with Ulid = 0.5 m/s 
and P = 1.0 GW, γ = 1.0 MW/m3/K

Power gain and phase shift as a function of the 
perturbation frequency
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In this phase, the heat transfer coefficient is changed in 
time by a sinusoidal perturbation with an amplitude 10% 
of the original value and with varying frequencies f of 
0.0125, 0.025, 0.05, 0.1, 0.2, 0.4, and 0.8 Hz as

where γ0 is the reference volumetric heat transfer coeffi
cient with value of 1 × 106 W/m3/K. This leads to a 
sinusoidal behavior of the reactor power from which the 
power gain and the phase shift of power from the heat 
transfer coefficient can be computed. The power gain G 
is defined as

III. RESULTS

In this section, the Griffin-Pronghorn solutions of 
each phase and step are presented in comparison to the 
results of other benchmark participants’ codes. The sim
ple average of the reference codes’ results is taken as the 
reference solutions. The average discrepancy Δavg of a 
field quantity, which is a representative value for describ
ing the overall discrepancy, is defined as[33]

where Q and Qavg are the solutions of each code and the 
average of reference codes, respectively, sampled in 0.01- 
m intervals along each centerline.

This results in mixing the diffusion and transport 
solutions. Nevertheless, it is considered reasonable as 
the problem is homogeneous, which makes fission source 
distributions largely unaffected by the angular discretiza
tion scheme. The average discrepancies of Griffin- 
Pronghorn are compared to the average discrepancies of 
the reference codes. The average discrepancy of each 
reference code is the discrepancy against other reference 
codes. Namely, when computing the average discrepancy 
of a reference code, the solutions of that code as well as 
the Griffin-Pronghorn solutions are not included in the 
average. If the average discrepancies of Griffin- 
Pronghorn are comparable with the range of the reference 
codes’ average discrepancies, it can be concluded that the 

Griffin-Pronghorn solutions are consistent with the refer
ence codes.

The benchmark also compares the pointwise solu
tions at a few equidistantly selected points with 0.25-m 
spacing along the centerlines, including boundaries. 
However, Pronghorn employs the FVM, which only pro
vides the cell-averaged values at the boundary elements. 
Namely, the face values at the boundaries are not avail
able. Also, there is no point in comparing the boundary 
values in the case of the velocity components, which 
should always have identical values with the boundary 
conditions. Therefore, the solutions at the points nearest 
to the boundaries are compared instead. The boundary 
values are also not included in computing the average 
discrepancies.

III.A. Phase 0: Single Physics Benchmark

III.A.1. Step 0.1: Velocity Field

The horizontal and vertical velocity components at 
the selected points along the centerlines are compared in 
Tables V and VI, respectively, and Figs. 3 and 4 show 
their full distributions along the centerlines. There is a 
significant difference in the vertical velocity component 
at the left boundary of BB´, but this is simply due to the 
very small magnitude of the values and the negative value 
of TUD, which distorts the average. The average discre
pancies of Pronghorn fall within the range of the refer
ence codes’ average discrepancies or are lower than 
those, as shown in Table VII.

The vertical velocity component along BB´ shows 
a relatively higher average discrepancy due to a notice
able discrepancy around the peak. In that region, 
Pronghorn agrees well with PSI, but deviates from 
the other three codes. This is incurred by a steep 
gradient of the vertical velocity component around the 
region, as illustrated in the left image in Fig. 5, which 
can be affected sensitively by the differences in dis
cretization schemes. The right image in Fig. 5 shows 
that refining the mesh in Pronghorn has a nonnegligible 
effect locally to the solution around the peak and that 
refined meshes give closer results to the reference 
codes other than PSI. However, refining the mesh 
entails a significant run time increase.

The run time of the 200 × 200 mesh case is approxi
mately 1 min with 48 CPU cores on the INL Sawtooth 
cluster (Intel Xeon Platinum 8268), but those of the 
400 × 400 and 800 × 800 mesh cases increase to 
6.3 min and 46.9 min, respectively. In the Griffin- 
Pronghorn-coupled calculations that will be presented in 
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later sections, Pronghorn tends to dominate the 
computing time. For practicality, therefore, the 
200 × 200 mesh is used in the subsequent calculations, 
as the overall solutions are still well captured by the 
coarse mesh.

III.A.2. Step 0.2: Neutronics

Tables VIII and IX compare the reactivity and the 
fission rate density at the selected points along line AA´, 
respectively, and Fig. 6 demonstrates the full fission rate 

Fig. 3. Step 0.1—Horizontal velocity component distribution along (left) AA´ and (right) BB´. 

Fig. 4. Step 0.1—Vertical velocity component distribution along (left) AA´ and (right) BB´. 

TABLE VII 

Step 0.1—Average Discrepancies of Observable Field Quantities of Pronghorn and Reference Codes* 

Observable

Average Discrepancy

Pronghorn Reference Code

Horizontal velocity component AA´ 0.32 0.08 to 0.64
BB´ 0.23 0.35 to 0.68

Vertical velocity component AA´ 0.30 0.42 to 1.37
BB´ 1.24 0.50 to 1.96

*Average discrepancies in percent. 
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density distribution along AA´. The solutions along BB´ 
are omitted due to symmetry. The reactivity of Griffin is 
22.6 pcm higher than the average. While this difference is 
within the standard deviation of 77.8 pcm, the large 
standard deviation is due to the scattered solutions com
ing from different angular discretization schemes (diffu
sion, SP3, SN) that affect reactivity sensitively by 
different boundary leakage treatments.

Thus, it is worthwhile to compare the reactivity of 
Griffin with the corresponding diffusion results (CNRS- 
SP1, PoliMi, and PSI); the differences are around 50 pcm. 
For the fission rate density, Griffin presents a cosine profile, 
as expected from a homogeneous medium, and yields the 
average discrepancy of 0.43%, which comes within the 
range of the reference codes’ average discrepancies 
(0.10% to 0.65%), but the boundary values are overesti
mated by more than 8% compared to the reference codes.

In order to identify the source of discrepancies in the 
fission rate density at the boundaries and in the reactivity 
against diffusion results, a mesh refinement study was 
performed. The major difference between Griffin and the 
other diffusion codes stemmed from the use of FEM with 
a linear shape function, while the other codes are based 
on FVM, which basically corresponds to FEM with a 
piecewise constant shape function.

Thus, a convergence test with respect to the mesh 
refinement was performed with Griffin using a constant 
shape function, as presented in Table X. The reference is 
the current solution with the linear shape function and the 
200 × 200 mesh. The Griffin solutions with the constant 
shape function intersect with the reference diffusion 
codes between the 200 × 200 and 400 × 400 mesh 
cases, but more mesh refinement above 1600 × 1600 is 
needed to obtain equivalent solutions with the linear 
shape function. To conclude, the discrepancies at the 
boundaries and in the reactivity are caused by the differ
ences in the spatial discretization schemes. However, 
their effect is much less significant to the overall solu
tions and the reactivity “changes” that will be of interest 
in subsequent calculations, so the spatial under conver
gence of the reference codes is not considered a serious 
issue.

III.A.3. Step 0.3: Temperature

Table XI compares the temperature at the selected 
points along the centerlines, and Fig. 7 shows the full 
distributions along the centerlines. The largest discrepan
cies are seen at the boundaries, which is thought to be due 

Fig. 5. Step 0.1—(left) Vertical velocity component field and (right) the effect of mesh refinement on the vertical velocity 
component along BB´ around the peak. 

TABLE VIII 

Step 0.2—Reactivity 

Code ρ (pcm)

CNRS-SP1 411.3
CNRS-SP3 353.7
PoliMi 421.2
PSI 411.7
TUD-S2 482.6
TUD-S6 578.1
Average (standard 

deviation)
443.1 (77.8)

Griffin 465.7
Difference 22.6
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to the fission rate density difference at the boundaries in 
step 0.2. But overall, Pronghorn yields the average dis
crepancies of only 0.09% along both centerlines, which 
are within the range of the reference codes’ average 
discrepancies (0.05% to 0.14%).

III.B. Phase 1: Multiphysics Steady-State Benchmark

III.B.1. Step 1.1: Circulating Fuel

Tables XII and XIII report the comparison of the 
reactivity change from the static fuel case (step 0.2) and 
the delayed neutron source at the selected points along 
the centerlines, respectively, and Fig. 8 illustrates the full 
temperature distributions along the centerlines. Note that 
the delayed neutron source distribution is no longer sym
metric, which shows the effect of the DNP drift.

Although the reference codes and Griffin presented 
scattered reactivities in the range of 350 to 580 pcm in 
step 0.2, the reactivity changes from those are closely gath
ered around −62 pcm. The reactivity change of Griffin 
differs by 0.7 pcm from the average, which is within the 
standard deviation of 0.8 pcm. However, when compared 
separately with the diffusion results, the reactivity change of 
Griffin is slightly smaller in magnitude, which is thought to 
be contributed by the reactivity differences in step 0.2.

For the delayed neutron source, the average discre
pancies of Griffin turned out to be 0.57% along AA´ and 
0.36% along BB´, which both fall within the range of the 
reference codes’ average discrepancies (0.19% to 0.80% 
along AA´ and 0.16% to 0.72% along BB´). Relatively 

Fig. 6. Step 0.2—Fission rate density distribution along 
AA´. 
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large discrepancies of over 9% are observed at the bound
aries, but they are thought to be originating from the 
difference in the fission rate density in step 0.2, as the 
amount of delayed neutron source is directly proportional 
to the fission rate density.

To reiterate, the differences in step 0.2 are due to the fact 
that Griffin is utilizing the linear FEM in lieu of FVM and 
that a linear shape function has better spatial convergence 
than a constant shape function. Considering the reactivity 
change and the delayed neutron source, therefore, it can be 
deduced that the DNP drift is being simulated correctly in the 
Griffin-Pronghorn code system, and the discrepancies at the 
boundaries are due to the differences in the baseline neutro
nics solutions caused by the different discretization schemes.

III.B.2. Step 1.2: Power Coupling

Table XIV presents the reactivity change from the con
stant temperature case (step 1.1), and Tables XV and XVI 

compare the temperature and the change of fission rate den
sity from step 0.2 at the selected points along the centerlines, 
respectively. Their full distributions along the centerlines are 
illustrated in Figs. 9 and 10. The Griffin solutions present 
expected behaviors from a physics point of view. Coupling in 
the power and temperature should result in a negative reac
tivity insertion, which is expected, and the fission rate density 
should increase in the peripheries and decrease at the center 
region where higher temperatures are observed, as the center 
region sees stronger negative feedback than the peripheries 
while the power level is constant.

Griffin yields the reactivity change, which is off by 
−1.3 pcm from the average. It falls within the standard 
deviation of 13.7 pcm, but similarly to step 1.1, its 
magnitude is slightly smaller compared to the diffusion 
results, likely due to the same cause. The average dis
crepancies of the temperature and fission rate density 
change are also presented in Table XVII. The fission 
rate density change reported by TUD presents a sawtooth 
shape due to its discretization scheme, which makes the 
average discrepancies of fission rate density change rela
tively larger. However, the average discrepancies of 
Griffin are still within the range.

It is also worth reiterating that the relatively large 
discrepancies of both temperature and fission rate density 
change near the boundaries are normal, as it is already 
known that all the downstream results are affected by the 
differences in the baseline neutronics solutions which are 
originating from the different discretization schemes.

III.B.3. Step 1.3: Buoyancy

Table XVIII compares the reactivity change from step 
0.2, and the observable field quantities are compared at the 

Fig. 7. Step 0.3—Temperature distribution along (left) AA´ and (right) BB´. 

TABLE XII 

Step 1.1—Reactivity Change from Step 0.2 

Code Ρ − ρ0.2 (pcm)

CNRS-SP1 −62.5
CNRS-SP3 −62.6
PoliMi −62.0
PSI −63.0
TUD-S2 −62.0
TUD-S6 −60.7
Average (standard 

deviation)
−62.1 (0.8)

Griffin −61.4
Difference 0.7
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selected points along the centerlines throughout 
Tables XIX through XXII and illustrated throughout 
Figs. 11 through 14. The average discrepancies are also 
reported in Table XXIII. The flow field by buoyancy forms 
two large axisymmetric eddies with respect to BB´, and as 
a result, the horizontal velocity component is zero every
where along BB´. Thus, it is not presented.

All the field quantities present either symmetric or 
antisymmetric distributions along AA´ and tend to skew 
toward the top along BB´, which is an expected behavior 
and an indication that the natural convection by buoyancy is 
properly modeled. The large difference at the center of AA´ 
in the horizontal velocity component is meaningless 
because it is occurring at the point of antisymmetry. 
Namely, in the absence of numerical errors, the horizontal 
velocity component should be zero at that particular point.

Similar to the earlier steps, the reactivity change of 
Griffin is within the standard deviation but tends to be smaller 

in magnitude compared to the diffusion results. Most of the 
field quantities show good agreements with the reference 
codes, given that the relatively large discrepancies at the 
boundaries are expected results. However, some quantities 
present average discrepancies that go above the range of the 
reference codes’ average discrepancies, which are the tem
perature along both centerlines and the delayed neutron 
source along AA´.

In the case of the delayed neutron source, it tends to be 
underestimated compared to the reference codes together 
with the horizontal velocity component along AA´. The 
underestimation of the horizontal velocity component can 
be interpreted as there is less inflow of fuel and DNPs toward 
the center, which leads to reduced DNPs in the center. The 
reason for the underestimation has not been examined thor
oughly, but the mesh discretization issue discussed in step 0.1 
is suspected. The reduction of delayed neutron source in the 
center region in turn results in less power, which can con
tribute to the underestimation of the temperature to some 
extent. For further investigation, however, the fission rate 
density itself will have to be compared, which was not pro
vided by the benchmark.

III.B.4. Step 1.4: Full Coupling

Table XXIV compares the reactivity change with respect 
to step 0.2 for each combination of lid velocity and power. 
Higher power leads to larger negative reactivity insertion, 
which is expected by the reduction of fuel salt density, and 
the different impacts of the lid velocity on the reactivity, 
depending on the power caused by the mixed effect of energy 
and DNP redistribution (higher lid velocity tends to reduce the 
reactivity for lower power and increase the reactivity for 

Fig. 8. Step 1.1—Delayed neutron source distribution along (left) AA´ and (right) BB´. 

TABLE XIV 

Step 1.2—Reactivity Change from Step 1.1 

Code ρ − ρ1.1 (pcm)

CNRS-SP1 −1152.0
CNRS-SP3 −1152.7
PoliMi −1161.0
PSI −1154.8
TUD-S2 −1145.2
TUD-S6 −1122.0
Average (standard 

deviation)
−1148.0 (13.7)

Griffin −1149.3
Difference −1.3
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Fig. 9. Step 1.2—Temperature distribution along (left) AA´ and (right) BB´. 

Fig. 10. Step 1.2—Fission rate density change distribution from step 0.2 along (left) AA´ and (right) BB´. 

TABLE XVII 

Step 1.2—Average Discrepancies of Observable Field Quantities of Griffin and Reference Codes* 

Observable

Average Discrepancy

Griffin Reference Codes

Temperature AA´ 0.08 0.09 to 0.13
BB´ 0.08 0.06 to 0.12

Fission rate density change AA´ 1.19 1.03 to 2.59
BB´ 1.35 0.80 to 2.33

*Average discrepancies in percent. 
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higher power) is also captured properly. The differences in 
reactivity changes against the averages do not exceed ±2.5 
pcm and fall within the standard deviations in all cases.

Table XXV reports the number of Picard iterations 
and the run times of Griffin and Pronghorn for each case 
using 48 CPU cores on the INL Sawtooth cluster. The 
Picard iteration was terminated when the relative reduc
tion of Griffin’s flux residual reached 10−5. The conver
gence tends to worsen with higher power and lid velocity. 
Nevertheless, the Picard iterations converge quickly 
within three to five iterations for all cases.

The run time is dominated by Pronghorn; over 97% of 
the total run time is consumed by Pronghorn in every case. 
This is because Pronghorn currently does not have a steady- 
state calculation option and should always perform time 
marching until steady state is reached. Namely, Pronghorn 
solves a transient problem at each Picard iteration, which 
makes Pronghorn significantly more expensive than Griffin. 
This can be potentially improved in the future by implement
ing dedicated algorithms for steady flow calculations in 
Pronghorn, such as the Semi-Implicit Method for Pressure- 
Linked Equations or SIMPLE[48] algorithm or its variants.

Figure 15 illustrates the flow speed and DNP density 
distributions depending on the lid velocity for the 1.0-GW 
power case, which is a qualitative verification of the fully 
coupled DNP drift simulation. The degree of DNP disper
sion depends on their half-lives; the first-group DNPs, 
which have the longest half-life, are largely dispersed fol
lowing the fluid as they can last long enough to be carried 
away by the fluid. The latter-group of DNPs are more 
centered at the cavity following the fission rate distribution 
due to their shorter half-lives. The impact of forced convec
tion on the DNP distributions can also be observed, espe
cially in the first-group DNPs.

To conclude, all the steady-state multiphysics phe
nomena expected in a flowing-fuel MSR are well 

TABLE XVIII 

Step 1.3—Reactivity Change from Step 0.2 

Code ρ − ρ0.2 (pcm)

CNRS-SP1 −1220.5
CNRS-SP3 −1220.7
PoliMi −1227.0
PSI −1219.6
TUD-S2 −1208.5
TUD-S6 −1184.4
Average (standard 

deviation)
−1213.5 (15.4)

Griffin −1212.0
Difference 1.5
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Fig. 11. Step 1.3—Horizontal velocity component distribution along AA´. 

Fig. 12. Step 1.3—Vertical velocity component distribution along (left) AA´ and (right) BB´. 

Fig. 13. Step 1.3—Temperature distribution along (left) AA´ and (right) BB´. 
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captured by the Griffin-Pronghorn code system. The 
external momentum source, buoyancy effects, DNP 
drift, and temperature feedback are all considered prop
erly in a fully coupled manner. This completes the ver
ification of the steady-state, flowing-fuel simulation 
capability of the Griffin-Pronghorn code system.

III.C. Phase 2: Multiphysics Transient Benchmark

III.C.1. Step 2.1: Forced Convection Transient

In order to obtain asymptotic power waves, 10 cycles 
were simulated for each frequency, and the last three 
cycles were taken to compute the power gain and phase 
shift. The time step size was set to 50 ms for the lowest 
frequency case (0.0125 Hz) and reduced inversely 

proportionally to the frequency with a minimum of 
5 ms. Due to the excessive computing time of lower 
frequency cases, the mesh discretization was reduced to 
100 × 100 for the transient analysis.

The average discrepancies of fission rate density 
along AA′ and BB′ incurred by the coarsening of mesh 
turned out to be only 0.04% and 0.05%, respectively, in 
the base steady-state case. Since the integrated reactor 
power is the only quantity of interest in this transient 
analysis, using a coarser mesh is considered reasonable. 
With this time stepping and mesh discretization, the low
est frequency case required 16 080 time steps and took 
15 111 CPU hours or about 3.3 calendar days to solve 
with 192 CPU cores on the INL Sawtooth cluster.

As the perturbation frequency gets higher, it is 
expected that the power gain will decrease (i.e., the 

Fig. 14. Step 1.3—Delayed neutron source distribution along (left) AA´ and (right) BB´. 

TABLE XXIII 

Step 1.3—Average Discrepancies of Observable Field Quantities of Griffin and Reference Codes* 

Observable

Average Discrepancy

Griffin Reference Codes

Horizontal velocity component AA´ 1.78 0.23 to 2.24
Vertical velocity component AA´ 0.46 0.24 to 0.55

BB´ 0.46 0.16 to 0.89
Temperature AA´ 0.16 0.03 to 0.10

BB´ 0.18 0.05 to 0.10
Delayed neutron source AA´ 1.25 0.25 to 0.93

BB´ 0.65 1.10 to 1.79

*Average discrepancies in percent. 
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amplitude of the power wave is reduced) and the phase 
shift will approach −90 deg, as displayed by the results. 
Figure 16 presents the power gain and phase shift of 
Griffin and the reference codes, and the discrepancies 
are summarized in Table XXVI. Figure 17 demonstrates 
the behavior of the power and heat transfer coefficient 
waves of the 0.0125-Hz and 0.8-Hz cases as an example. 
For the power gain, the discrepancies are within the 
standard deviation of the reference values except at 

0.1 Hz where the discrepancy of 0.93% is slightly 
above the standard deviation of 0.86%.

For the phase shift, the discrepancies increase to 7% to 
10% in the lowest frequencies. However, the reference values 
are highly scattered, and the discrepancies still fall within the 
standard deviations at all points. The estimation of power gain 
and phase shift should be done after the power wave is fully 
saturated, but there might be differences between each code 
on how to determine the saturation. Different time stepping of 
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Fig. 15. Step 1.4—Flow speed (m/s) and DNP density (1/m3) depending on the lid velocity. 

Fig. 16. Step 2.1—(left) Power gain and (right) phase shift as a function of frequency. 
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each code can also contribute to the differences. However, it is 
clear that the Griffin solutions present consistent trends with 
the reference codes, and therefore, we conclude that the 
Griffin-Pronghorn code system is sound for fully coupled 
transient simulations as well.

IV. CONCLUSION

In this work, the MSR flowing-fuel simulation capability 
of the Griffin-Pronghorn-coupled multiphysics code system 
of INL was verified against the CNRS MSR benchmark 
problem. In the coupled code system, Pronghorn solves the 
generation, decay, and transport of DNPs as well as the fluid 
velocity and temperature fields based on the fission rate and 
heat provided by Griffin, and the fluid temperature and DNP 
distributions are fed back to Griffin. The coupling is enabled 
by the underlying MOOSE framework through its MultiApp 
system.

The benchmark problem encompasses both single and 
multiphysics and both steady-state and transient conditions, 
and the Griffin-Pronghorn code system showcased the 
expected physics phenomena and produced consistent results 
with the reference codes under all conditions. Relatively large 
discrepancies were observed in the fission rate density at the 
boundaries during standalone neutronics solution verification 
(step 0.2), which affected all the downstream solutions. This 
is believed to be due to an insufficient mesh discretization of 
the reference codes. This was indirectly demonstrated by 
conducting a mesh refinement using a piecewise constant 
shape function in Griffin. The piecewise constant shape func
tion required more than eight times finer mesh to yield an 
equivalent solution with a linear shape function, which is the 
default scheme of Griffin. Apart from this, the Griffin- 

Pronghorn code system demonstrated good agreement with 
the reference codes in all the benchmark cases.

This work is part of a larger verification and validation 
effort for the Griffin-Pronghorn code system toward more 
complex and realistic MSR problems. The Griffin-Pronghorn 
code system is currently being validated against the actual 
experimental data of the MSRE[34] and is being utilized for a 
preliminary analysis of the Molten Chloride Reactor 
Experiment (MCRE), which will be built at INL by 
TerraPower and Southern Company. Future efforts will con
tinue the verification and validation of the Griffin-Pronghorn 
code system for a wider variety of benchmarks and experi
ments to demonstrate its application to practical MSR 
designs.

Acknowledgments

This paper was authored at INL by Battelle Energy Alliance 
LLC, operator of INL under contract no. DE-AC07-05ID14517 
with the U.S. Department of Energy (DOE). The work was spon
sored by the National Reactor Innovation Center as part of the 
Virtual Test Bed project. The research made use of the resources 
of the High-Performance Computing Center at INL, which is sup
ported by the Office of Nuclear Energy of the DOE and the Nuclear 
Science User Facilities under contract no. DE-AC07-05ID14517.

Disclosure Statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Office of Nuclear Energy, 
U.S. Department of Energy [DE-AC07-05ID14517].

Fig. 17. Step 2.1—Power and heat transfer coefficient waves for (left) 0.0125 Hz and (right) 0.8 Hz. 
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Nomenclature

Ck = concentration of DNP of family k

cp = specific heat

D = salt turbulent diffusion coefficient

Dg = neutron diffusion coefficient of energy group g

g = neutron energy group index, g = 1, 2, ···, G

~g = gravitational force vector

k = DNP family index, k ¼ 1; 2; � � � ;K

keff = effective multiplication factor or eigenvalue of the 
problem

P = total power

p = pressure

q000 = heat source density

Sc = Schmidt number

T = fluid temperature

T0 = reference fluid temperature

t = time variable

Ulid = lid-velocity

~u = velocity vector

ν = number of neutrons emitted per fission

ν = kinematic viscosity

Greek 
α = thermal expansion coefficient

βk = delayed neutron fraction of family k

γ = volumetric heat transfer coefficient

λk = decay constant of precursor family k

κf = thermal conductivity

vg = neutron velocity of energy group g

ρ = reactivity

ρ = fluid density

Σx; g = cross section of type x and energy group g; 
t = total, f = fission, and s = scattering

ϕg = neutron scalar flux of energy group g

χk
d; g = fraction of delayed neutrons emitted into the 

energy group g from precursor family k

χp; g = fraction of prompt neutrons emitted into the 
energy group g
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