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To support advanced reactor demonstrations, the Virtual Test
Bed (VTB) [1|] repository hosts a wide range of challenge
problems for showcasing modeling and simulation capabil-
ities in support of advanced reactor demonstrations. This
document presents a coupled multiphysics model of the Mark
1 pebble-bed fluoride-salt-cooled high-temperature reactor
(PB-FHR). The analysis leverages NEAMS tools (Griffin [2],
SAM [3)], Pronghorn [4|], and the MOOSE [5|] heat con-
duction module) for core neutronics, thermal hydraulics of
the core and primary loop, and multiscale fuel performance
simulations. The analysis was entirely created by coupling
standalone simulations of the reactor that were previously
available on the VTB. All input files and documentation de-
veloped for this example are available on the VIB website:
mooseframework.inl.gov/virtual_test_bed/. This
model was featured in the National Reactor Innovation Cen-
ter Tech Talk presented in December 2021.

INTRODUCTION

The pebble-bed fluoride-salt-cooled high-temperature re-
actor (PB-FHR) is a promising advanced reactor design that
affords numerous inherent safety features such as a low-
pressure coolant, an accident-tolerant and multilayered par-
ticulate fuel (TRi-structural ISOtropic), and improved decay
heat removal. These features are expected to enable reac-
tors of this design type to achieve “walk-away” safety un-
der a wide range of potential accident conditions. The higher
coolant temperature also benefits thermodynamic efficiency,
and the pebble design provides an online refueling capabil-
ity. Both these features are highly desirable for the economic
performance of future reactors.

However, these advanced features also pose a significant
modeling challenge compared to the existing light-water re-
actor fleet. The fuel is more heterogeneous, with millimeter-
scale particulate fuel mixed inside centimeter-scale pebbles,
themselves in a large, several-meters-wide bed. While explic-
itly modeling all heterogeneity may provide higher fidelity,
the computational cost would be excessive for daily analysis.
With this prospect in mind, an intermediate-fidelity thermal-
hydraulics model leveraging a multiscale approach was de-
veloped [6]]. This model features a coarse discretization of
the reactor, using closure relations to model drag from the
pebbles, convective heat transfer, and effective thermal con-
duction in both the solid and fluid phases. The model was
coupled with a homogenized neutronics calculation, and the
thermal hydraulics solve was converted to finite volume [7]].
Control rod transient simulations were investigated using that
model [8]], but necessitate improvements in the cross-section
generation, which are under development. This model is now
supplemented by a primary loop thermal hydraulics simula-

tion using SAM. The model, its documentation and various
stages of its evolution are accessible by academic, govern-
mental, and industrial partners via the National Reactor Inno-
vation Center’s Virtual Test Bed (VTB) repository.

This paper is organized as follows. Section 2 describes
the Pronghorn thermal-hydraulics multiscale model and the
finite-volume implementation. Section 3 describes the neu-
tronics model with multigroup cross-section generation using
Monte Carlo methods in a diffusion-based model in Griffin.
Section 4 describes the SAM model of the primary loop. Sec-
tion 5 describes the coupling of all the different parts of the
simulation. Finally, Section 6 reports the computed steady-
state condition of the system.

THERMAL-HYDRAULICS MODEL

The thermal-hydraulics model of the core is based on the
porous media incompressible Navier-Stokes equations. This
not only includes the mass and momentum equations, but also
the energy equations (Eq.[I] 21 3) for the fluid, as well as the
conservation of energy (Eq.[d) for the solid phase. This equa-
tion set is derived from that was used in [9]], apart from some
minor modifications, such as neglecting work and kinetic en-
ergy terms and assuming a constant specific heat. The nonlin-
ear variables used are the superficial velocities, pressure, and
fluid/solid phase temperatures. No turbulence modeling was
included.
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In the equations above, p is the constant density, € the
porosity, up the superficial velocity, u the viscosity, and p
the pressure, while F,, Fp,, and F are the gravity, Boussi-
nesq, and friction forces, respectively. T/, is the fluid/solid
temperature, ¢, s/, the fluid/solid heat capacity, « the effective
thermal conductivity, @ the volumetric inter-phase heat trans-
fer coefficient, and Q the volumetric heat source. For more
information on the selected equation set, interested readers
should consult the MOOSE Navier-Stokes module documen-
tation. These equations were discretized using the finite-
volume method with a cell-centered scheme and Rhie Chow
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interpolation for velocities, first order upwind for advected
quantities. The model is described in further detail on the
VTB website [[10].

Numerous closure relations underpin the porous media
approximation for the pebble bed. The pebble-bed heat trans-
fer coefficient uses the Wakao correlation, the friction coef-
ficient uses the Ergun drag model, and the effective thermal
conductivity in the fluid uses a linear Peclet thermal disper-
sion model. The effective thermal conductivity in the solid
phase is based on contributions from stagnant conduction,
contact conduction, and radiation. More information on the
closure relations may be found in [11]. The published range
of applicability of these closures is automatically checked by
Pronghorn during simulations. Additional development may
be required to model turbulent heat transfer and near-wall
pebble packing effects, and to better account for radiative
heat transfer in the bed. Higher fidelity simulations can help
fine-tune these models and recover part of the discretization
errors introduced by the coarse mesh. Readers are referred
to [6]] and the VTB website for a detailed explanation of the
mesoscale pebble heat-conduction model and microscale par-
ticulate model.

NEUTRONICS MODEL

PH-FHR neutronics still holds numerous challenges, and
generating group cross sections for these reactors is rather
complicated, since they must account for a multiscale double-
heterogeneity effect [12]. Direct homogenization of pebble
and TRISO particles is highly inaccurate [13], and determin-
istic methods based on collision probabilities [14] or transport
theory for stochastic media [[15] were developed to treat these
effects.

To avoid such challenges, a Monte Carlo simulation was
used for neutron-group cross-section generation. Such ap-
plication of Monte Carlo simulation is increasingly common
in the nuclear reactor physics community. Monte-Carlo-
generated group cross sections are now used in studies of
both advanced and light-water reactors. The main advantages
of this approach are that it uses both a fully heterogeneous
exact representation of the reactor—avoiding geometrical or
initial homogenization approximations—and a continuous-
energy representation of group cross sections. This method
avoids complex models regarding the interference between
resonances and nuclides, since for group cross-section gener-
ation, full-core calculations are preferred over lattice/infinite-
medium calculations, as they mitigate the need for leakage-
correction models, and more naturally account for environ-
mental effects such as proximity to the reflector and local tem-
perature gradients. (The number of homogenized regions in
this work is currently insufficient to account for such effects.)

Serpent 2 [16] was employed for group cross-section
generation because its use of delta tracking is efficient when
dealing with highly heterogeneous geometries. Serpent 2 has
been used for group cross-section generation mostly in the
context of nodal diffusion calculations [17]. Serpent 2 in-
put files were generated using the input file generation scripts
from [[18]], with the same eight-group energy structure. The
pebbles were packed randomly to a packing fraction of 0.6,

using the automatic disperser routine. To cover the entire
operating condition range, group cross sections and delayed
neutron data were generated for a wide range of operating
conditions, as summarized in Table [l For the purpose of
group cross-section generation, the fuel and coolant tempera-
tures were assumed uniform throughout the entire core. The
group cross sections were tallied on a cylindrical mesh corre-
sponding to the GRIFFIN 2D-RZ model.

TABLE I: Parameter grid for Monte Carlo
group cross-section generation.

Parameter Range

[300, 1500] 5
[300, 1500] 5
[0, 100] 5

Steps (-)

Fuel temperature (K)
Salt temperature (K)
Control rod insertion (%)

The steady-state uncoupled eight-group diffusion equa-
tion was solved in Griffin on a 2D-RZ mesh model. The pre-
conditioned Jacobian-free Newton-Krylov nonlinear eigen-
value solver was used to obtain convergence in five nonlinear
iterations for a single statepoint. The steady-state (rods out,
nominal temperatures) model with no-equivalent was verified
against the Monte Carlo simulation, with the results showing
less than 6% error on fission rates and 200 pcm on the eigen-
value. Griffin compares favorably, though the low eigenvalue
error is partially due to error cancellations, as the 2D-RZ ho-
mogenization of the inner reflector coolant channels induces
a 200 pcm bias. The maxima of the error are located near
mismatches between the unstructured mesh used for the cal-
culation and the structured mesh used for the Monte Carlo
tallies and the comparison. This comparison is expected to
be improved in future work. The model is described in fur-
ther detail on the VTB website [[10]].

PRIMARY LOOP MODEL USING SAM

The SAM [3] input files were built to model the Mark
1 PB-FHR primary loop [19]. A schematic of the reactor
can be found in [20]. The primary loop consists of three
branches: the core, direct reactor auxiliary cooling system
heat exchanger (DRACS), and coiled tube air heater (CTAH).
Each branch of the loop is discretized in the SAM model, us-
ing SAM components. The model is described in further de-
tail on the VTB website [[10]. It exists in the test bed as both
a standalone SAM simulation of a steady-state and a loss of
flow transient, and as part of the plant coupled model.

PRIMARY LOOP COUPLING

The multiphysics core model, which uses Griffin for neu-
tronics and Pronghorn for coarse mesh porous media CFD,
is coupled with the primary loop model, which uses SAM
to simulate the 1-D thermal hydraulics of the primary loop.
A Picard fixed-point iteration is set up between the reactor
physics and the thermal-hydraulics models. It converges in
approximately five iterations. Griffin solves the eigenvalue
problem, while the simulation of the primary loop relaxes to



a steady state, starting from a pseudo-transient simulation.

The coupling scheme is summarized in Figure [I] The
connection between the core model and the BOP simulation
is made through the inlet and outlet of the core in the primary
loop. Instead of a fixed inlet mass flow rate and a fixed out-
let pressure as in the previous model, those quantities will be
provided by the simulation of the rest of the primary loop.
Flux boundary conditions were initially utilized, as they are
naturally conservative in a finite volume method, though sup-
port for conservative Dirichlet boundary conditions was also
subsequently added. The fluxes for the mass, momentum, and
energy equations are all provided, as computed by the bound-
ary conditions based on the mass flow rates, local density, and
inlet surface area.

In the other direction of the coupling, the boundary con-
ditions that will be passed to SAM are collected using side
integrals and flow rate post-processors. These are executed
at the end of each time step and collect the outlet flow con-
ditions as well as the inlet pressure. The inlet temperature is
also computed in case of a flow reversal.
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Fig. 1: Primary loop multiphysics coupling scheme
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Fig. 2: Steady-state salt temperature in primary loop

STEADY STATE RESULTS

In this section, we present sample results for the cou-
pled plant simulation in a relaxation-to-steady-state transient.
Both simulations start out reasonably initialized, and come to
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Fig. 3: Steady-state salt pressure in primary loop

an equilibrium as the mass flow rates and the pressure drops
in the core and in the various 1-D components adjust for the
head output by the pumps in the SAM model.

The 2-D Pronghorn results are overlaid on the 1-D SAM
results in Paraview. For legibility, the 1-D component widths
are artificially inflated in Paraview. In Figure[2]and 2] both the
pressure and salt temperature show continuity at the interface
between SAM and Pronghorn, as ensured by the boundary
conditions. The spatial profile of the core outlet salt tem-
perature is homogenized in the transition to SAM for the
rest of the primary. The salt cools through heat exchangers,
and pressure drops can be observed through pumps and other
components.

CONCLUSIONS

This study achieved fully coupled multiphysics simula-
tions of the Mark 1 PB-FHR reactor by using the MOOSE-
based applications SAM, Griffin, and Pronghorn, and by de-
ploying new finite-volume capabilities [21] in Pronghorn.
The complexity of the pebble-bed reactor was treated us-
ing homogenized diffusion models, a homogenized porous
medium, and a 1-D BOP approach, respectively. All simula-
tions were run on a laptop, with particular emphasis on keep-
ing the computational costs reasonable. Using the upcoming
capability in Griffin, the model will be further developed so
as to generate its own group cross sections for pebble-bed re-
actors and to track pebble depletion [22]. The latter feature
will be required for further studies of transient simulations
involving the plant model.
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