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INTRODUCTION

Simulating fluid flows is an essential part of the design
and analysis of nuclear systems. Algorithms that can simulate
flows at different fidelity levels are available in the Multi-
physics Object-Oriented Simulation Environment (MOOSE)
[1, 2] and MOOSE-based applications, such as Pronghorn [3],
Pronghorn-Subchannel [4], RELAP-7 [5], and SAM [6]. Cur-
rently, significant effort is being invested in the development
of coarse-mesh Computational Fluid Dynamics (CFD) capabil-
ities within MOOSE and Pronghorn for simulating Generation
IV nuclear reactors. Traditionally, the solution algorithms
in MOOSE have relied on Newton or quasi-Newton meth-
ods (such as the preconditioned Jacobian-free Newton-Krylov
method) where residuals and Jacobians (or approximations
thereof) are constructed [7]. Both Newton and quasi-Newton
methods require solving a linear system at each nonlinear
Newton iteration with the Jacobian as the system matrix. The
Jacobian contains blocks originating from all variables in the
problem (i.e., for thermal-hydraulics, at least pressure, veloci-
ties, and temperature). Due to the formulation of the problem
in a general multiphysics setting on an unstructured mesh,
creating a good preconditioner for the linear system can be
challenging, and thus many fluid applications have utilized di-
rect solver-based methods, such as LU factorization. However,
with increasing system size and complexity in multidimen-
sional problems, the direct solution of linear systems becomes
computationally expensive both in execution time and mem-
ory. For this reason, recent effort has focused on adapting
segregated solution algorithms for CFD problems in MOOSE.
These algorithms use fixed-point iteration between segregated
systems whose assembly and preconditioning are easier than
those of the monolithic system.

The first step in this effort has been adding the SIMPLE al-
gorithm [8], which has been widely used by the fluid dynamics
community for solving steady-state problems [9, 10]. This al-
gorithm utilizes a Poisson equation for pressure, which can be
derived using the original mass and momentum conservation
equations. In this paper, we present the first numerical results
obtained using the SIMPLE algorithm in MOOSE using two
Molten Salt Reactor (MSR) models as test examples. First, a
two-dimensional (2D) model serves as a basis for a detailed
comparison between the monolithic and segregated solvers in
terms of memory usage, solution time, and accuracy. The sec-
ond example showcases a 3D simulation where the segregated
solver significantly outperforms the monolithic approach.

THEORY

The steady-state Navier-Stokes equations describe the
momentum and mass conservation of a system:

∇ · (ρu ⊗ u) = ∇ ·
(
µ
(
∇u + (∇u)T

))
− ∇p + ρg −W(u), (1a)

∇ · (ρu) = 0 , (1b)

where u is the velocity vector field, p is the pressure field, µ is
the dynamic viscosity, ρ is the density, g is the gravitational
acceleration vector, and W(u) is a homogenized, volumet-
ric momentum source that may depend on velocity. In this
work, we assume incompressible fluids with constant viscosity,
which means that ∇ · µ (∇u)T = 0.

Traditionally, the fluid dynamics solvers in MOOSE and
Pronghorn solved these equations using Newton’s method:

J(x)δx = −R(x) (2)

where x = [u, p]T is a compound vector. For discretization
in space, MOOSE currently supports finite element and cell-
centered finite volume methods. We use the latter in this work
since it has become the workhorse of MOOSE for multidi-
mensional fluid dynamics simulations. The solution of the
momentum-continuity equations in the above-mentioned form,
however, poses two significant challenges:

• It introduces a saddle-point problem in the Jacobian due
to the continuity equation serving as a constraint, which
leads to difficulties when the Newton system is solved.
This can be addressed through direct solution-based pre-
conditioners (i.e., LU), which can become computation-
ally prohibitive with large problem sizes.

• Cell-centered finite volume methods may exhibit checker-
boarding due to the discretization of the pressure gradient
and mass advection terms. This necessitates using the
Rhie-Chow interpolation [11], which can cause a signif-
icant increase in nonlinearity with advanced advection
schemes, leading to convergence issues in the nonlinear
iteration.

To alleviate these problems, many fluid dynamics solvers
use segregated solution algorithms, which provide a natural
solution for both challenges. These segregated approaches
can either be introduced at a preconditioning level (Schur-
complement-based [12] split preconditioners) or by iteratively



solving segregated linear equations. In this paper, we fol-
low the second approach by adapting the SIMPLE algorithm,
which was first described in [8] and discussed in detail in
[9, 10]. It can be derived using the linearized momentum
equation in a semidiscretized form:

A
(
un−1
)

un +H
(
un−1
)
= −∇p , (3)

where A
(
un−1
)

describes the diagonal terms of the linearized
momentum equation computed using the previous velocity
iterate un−1, while H

(
un−1
)

includes the off-diagonal terms
and non-pressure-related source terms on the right-hand side.
We can then multiply by the inverse of the diagonal matrix:

un + A−1
(
un−1
)

H
(
un−1
)
= −A−1

(
un−1
)
∇p , (4)

which can then be simplified using the continuity constraint
(assuming incompressible fluids ∇ · un = 0):

∇ · A−1
(
un−1
)

H
(
un−1
)
= −∇ · A−1

(
un−1
)
∇p , (5)

where the inversion of A is trivial, given that it is a diagonal
matrix. This results in two equations, one for velocity and an-
other for pressure, which can be solved in a predictor-corrector
manner:

• Solve Eq. (3) to predict a velocity, which does not respect
the continuity equation. For this, the pressure field is
fixed at the previous guess.

• Solve Eq. (5) for the next pressure guess, which can be
used to correct the velocity field to respect continuity.

• Correct the velocity field using the rearranged form of
Eq. (4). To tackle the checker boarding problems en-
countered with cell-centered finite volume methods, this
correction involves the face velocity instead of the cell
velocity: (

un+1
)

f
= −
(
A−1H

)
f
−
(
A−1
∇p
)

f
, (6)

This face velocity can then be used in the discretized
advection terms directly.

In many cases, this iteration may exhibit convergence issues
[8], which can be resolved by relaxing the update in pressure:

pn+1 = λpn+1 + (1 − λ)pn , (7)

where λ ∈ (0, 1] is a relaxation parameter. Furthermore, the
momentum equation can be relaxed as well to help iterative
convergence. For more information on these aspects, see [10].

RESULTS AND ANALYSIS

In this section, we used two MSR concepts to compare
the original, monolithic solution algorithm with LU precondi-
tioning to the new segregated approach.

Two-Dimensional Molten Salt Reactor Test

The first problem is designed to be a verification example
to check if the two solution algorithms converge to the same
solution with mesh refinement. It showcases a 2D axisymmet-
ric model of the Molten Salt Fast Reactor (MSFR) [13] openly
available in the Virtual Test Bed (VTB) [14]. The model con-
sists of 2,068 cells without refinement. Our simulations used
an increased dynamic viscosity of µ=20 Pa · s, which results in
an approximate Reynolds number of Re = 160 in the core cav-
ity. This is due to the lack of more complex turbulence models
for segregated solvers at the time of this work. Further simpli-
fications included solving the momentum-continuity system
alone and neglecting the friction-based drag forces in the heat
exchanger. The reference results for a uniformly refined mesh
are presented in Fig. 1.

Fig. 1. Reference solutions of velocity and pressure used for
the comparison of the two solution approaches.

The convergence of the results through three uniform
refinement steps is presented in Fig. 2. We see that the rel-
ative error norm decreases between the results from the two
different solution approaches, which indirectly verifies the
implementation of the segregated velocity-pressure coupling
in MOOSE.
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Fig. 2. Diminishing difference in the velocity and pressure
fields obtained by the two different solvers (ϕ ∈ p, ux, uy).

As a next step, the memory consumption of the two im-
plementations is presented in Figure 3. We see that the segre-
gated solver uses only a fraction of the memory required for
the monolithic approach. The reason behind this is that the
LU-decomposition-based solver fills up the matrix band with
entries, resulting in a more dense preconditioner.
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Fig. 3. Memory consumption as function of the refinement for
the 2D model of the MSFR.

In terms of computational time, solving this laminar prob-
lem is faster with the monolithic solver for all four refinement
levels. For the lowest refinement level, the monolithic solver
takes 0.61 s to complete one Newton iteration, in contrast to
the 0.18 s needed for a SIMPLE iteration. These numbers
have been obtained using a single core of an AMD® Ryzen
Threadripper 3990x 64-core processor with Ubuntu 20.04.6
operating system. Even though the segregated solver is con-
siderably faster per iteration, it needs a significantly higher
number of iterations to reach the same accuracy level. For
the lowest refinement level, the monolithic solver needed six
Newton iterations to reach a 10−5 absolute tolerance on the
residual, while the segregated solver needed 104. This dis-
crepancy can get even worse since the number of iterations
needed for the segregated solver to converge increases with
mesh refinement, whereas the number of iterations for the
monolithic solver stays roughly the same. Nevertheless, with
increasing complexity and the inclusion of other physics be-
sides the momentum and mass conservation equations, the
memory consumption and runtime of the monolithic solver
increase even more, making the segregated solver viable.

Three-Dimensional Molten Salt Reactor Problem

The second example showcases a 3D MSR operating with
chloride salt. The example has been adapted from [15] and
describes a molten salt loop with a reflector attached to the
core barrel. The bottom of the reactor core has a homogenized
mixing plate modeled as a porous medium with appropriate
drag coefficients to regularize the flow field downstream. The
parameters of the model are summarized in Table I, while
the computational mesh is depicted in Figure 4. The mesh
contains 438,072 cells altogether.

The simulated physics included the fluid flow with energy
transport, heat exchange between the reflector and salt, and the
heat conduction within the reflector. We note that the viscosity
of the fluid was artificially increased in this case as well to
simulate a laminar fluid flow. This resulted in an approximate
Reynolds number of Re = 132 in the core cavity.

Figure 5 shows the flow field together with the fuel salt
and reflector temperature distributions. Due to the low power
level, the temperature of the fuel salt changes by less than 1 K.

Fig. 4. Geometry and mesh of the 3D MSR concept (blue:
reflector, yellow: mixing plate, green: pump, red: pipes, white:
reactor core).

On the other hand, due to the low heat exchange coefficient,
there is a large temperature gradient between the salt and
surrounding structures.

Fig. 5. Temperature and flow fields obtained from a segregated
multiphysics computation of the 3D MSR concept.

The results were obtained using five cores of the same
processor and same the operating system as in Section . The
segregated solver obtained a 10−4 tolerance in approximately
169 minutes (257 iterations), using a maximum of 25 GB of
system memory. This is equivalent to approximately 39.5
s/iteration. The monolithic solver, due to the implicit coupling
of every variable and the resulting, relatively dense precondi-
tioner, however, did not manage to solve the problem due to
running out of memory after the first nonlinear iteration on a
machine with 500 GB of system memory. The first nonlinear
iteration took approximately 95 minutes, which is 150× slower
per iteration than the segregated solver. We see that, for more
complex problems, the segregated solver results in significant
computational gains.



TABLE I. Input parameters used for simulating the molten chloride reactor concept [15].

Param. name Value Param. name Value Param. name Value

Salt density 3,279 kg
m3 Mixing plate fric. coeff. (22, 66, 66) kg

m4 Refl. thermal cond. 30 W
m K

Thermal power 1 kW Salt thermal cond. 0.38 W
m K Pipe-air heat ex. coeff. 10 W

m2K
Salt dynamic viscosity 5 Pa · s Salt specific heat 640 J

kg K Pump fric. coeff. (46.4, 46.4, 46.4) kg
m4

Pump power 1,000 kN
m3 External air temp. 300 K

CONCLUSIONS

A segregated solution algorithm has been added to the
Navier-Stokes module of MOOSE, which is capable of more
efficiently solving complex steady-state multiphysics problems
by operator splitting. The pressure-velocity coupling is based
on the SIMPLE algorithm, which has been commonly utilized
in other open-source and commercial software in the fluid dy-
namics community. Preliminary tests on MSR-based models
show that, for small problems, the segregated solver is slower
than the monolithic approach, mainly due to the larger number
of iterations needed for convergence compared to Newton’s
method. On the other hand, the segregated solver outperforms
the monolithic approach in terms of memory usage, which
enables solving considerably larger problems.

Furthermore, by investigating the computational effort
distribution in the segregated solver, we discovered that most
of it is spent on assembling the linear systems. This is the con-
sequence of reusing the already existing Jacobian and residual
assembly loops. Therefore, future work is targeted at reducing
these costs to improve computational efficiency.
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