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a b s t r a c t

The MOOSE Navier–Stokes module solves mass, momentum, energy, and passive scalar conservation
equations in the context of fluid flow. The module supports solution of these equations in both free
flow and porous medium contexts and for a range of fluid compressibility. The conservation equations
can be discretized in space using continuous Galerkin finite elements or with cell centered finite
volumes.
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1. Motivation and significance

The greatest strength of the MOOSE navier_stokes mod-
ule is its presence within the MOOSE ecosystem [1]. MOOSE is
designed to enable complex multiphysics simulations with rela-
tively little work from the user. It is built on top of the finite
element library libMesh [2], which supports various solver back-
ends; the solver backend which MOOSE leverages is PETSc [3]
which has the capability to interface to other solver packages
such as hypre [4]. Through its underlying libraries and the MOOSE
framework itself, every MOOSE module and application inherit
capabilities such as: parallelism (both MPI and threads), unstruc-
tured mesh, adaptivity (both h- and p-refinement), automatic

∗ Corresponding author.
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differentiation [5], implicit and explicit time integration, ability
to segregate physics occurring on disparate spatial and temporal
scales using the MultiApp system [6], and advanced (non)linear
solver technologies. By building from the MOOSE framework,
fluid flow simulation using the navier_stokes module can be
easily coupled to, for instance, thermomechanical physics at a
fluid structure interface, neutronics physics in a nuclear reactor
simulation, or to electromagnetic modeling in a magnetohydro-
dynamic (MHD) drive. This capability to seamlessly interface
other physics with fluid flow simulation opened the door to
simulations of advanced nuclear reactor types (including molten-
salt [7] and high-temperature gas reactors) that were not achiev-
able before.

In addition to its role in advanced multiphysics simulation,
the fluid flow physics in navier_stokes integrates seamlessly
into the native meshing, output, and postprocessing capability of
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the MOOSE framework, allowing for an all-in-one approach to
modeling and simulation, somewhat akin to commercial products
like ANSYS and COMSOL. Whether a user is performing complex
multiphysics analysis or setting up a canonical fluid flow case
like the lid-driven cavity, the required plain text input for the
mesh, module physics, and output is on the order of 50 lines. This
allows researchers to rapidly address their domain-area ques-
tions. Research works citing navier_stokes include: [8–35].
Some application areas from the citing studies include flow in
fractures, fluid dynamics during powder bed fusion processes,
general study of fluid structure interactions, non-isothermal poly-
mer filling processes, electrohydrodynamic flow generation, and
molten salt reactor dynamics.

2. Software description

2.1. Software architecture

As is the case for the MOOSE framework, the navier_stokes
module is programmed in C++ with testing infrastructure pro-
grammed in Python. Finite element weak forms are implemented
with Kernel objects for volumetric terms and IntegratedBC
objects for boundary surface terms. Some boundary condition
types (e.g., Dirichlet) may be strongly enforced using NodalBC
objects. For finite volume discretizations, FVElementalKernel
objects implement volumetric terms, FVFluxKernel objects im-
plement internal face and Dirichlet boundary face fluxes, and
FVFluxBC objects implement non-Dirichlet boundary face fluxes
(e.g., Neumann condition fluxes).

In a typical navier_stokes simulation, Newton’s method is
used to solve algebraic systems of equations created through fi-
nite element or finite volume discretization of the mass, momen-
tum, and potentially the energy and passive scalar conservation
equations. Newton’s method requires computation of a residual
vector and a description of the derivatives of the residual vector
with respect to the degrees of freedom, called the Jacobian. The
Jacobian may be provided in a matrix form or its action on a vec-
tor approximated using finite differencing of residual evaluations.
MOOSE allows both Jacobian representations through executioner
solve-type choices. Even when the Jacobian action is approxi-
mated using finite differencing, efficient solution of the linearized
algebraic system of equations via a Krylov method typically re-
quires preconditioning. The preconditioning process is usually
constructed from a preconditioning matrix that is generally some
approximate representation of the full Jacobian matrix. In MOOSE,
residual and Jacobian/preconditioner entries are computed for
finite element discretizations using element and node loops, call-
ing Kernel, IntegratedBC, and NodalBC objects to compute
elemental or nodal residuals. Finite volume discretizations em-
ploy element loops for volumetric terms (FVElementalKernel
objects) and face loops for face flux terms (FVFluxKernel and
FVFluxBC objects). Element, face, and nodal residuals or Jaco-
bians are summed into or set in global data structures of base
type NumericVector and SparseMatrix respectively held by
libMesh System objects. For MOOSE simulations, the derived
types–PetscVector and PetscMatrix–are wrappers of PETSc
data structures, Vec and Mat. After computation of the global
residual and preconditioning/Jacobian matrix, a linear solve is
performed using PETSc KSP (linear solver) and PC (precondition-
ing) objects to obtain a Newton update. This represents comple-
tion of one nonlinear iteration. Nonlinear iterations proceed until
a nonlinear relative or absolute convergence tolerance is reached.

2.2. Software functionalities

2.2.1. Governing equations
The MOOSE navier_stokes module solves conservation

equations, including mass, momentum, energy, and passive sca-
lars, in the context of fluid flow. Here we present equations
corresponding to an incompressible or nearly incompressible
fluid, which is the set used by most nuclear reactor applications.
Conservation of mass is expressed by

∂ϵρ

∂t
+ ∇ · ρv⃗D = 0 (1)

where ϵ is the porosity of the medium, ρ is the fluid velocity, and
v⃗D = ϵv⃗ is the superficial velocity. Conservation of momentum is
described by
∂ρvD
∂t

+∇ ·

(ρ

ϵ
vD ⊗ vD

)
= ∇ ·

(
µ∇

vD
ϵ

)
−ϵ∇p+ϵ

(
Fg + Ff

)
(2)

where µ is the dynamic viscosity, possibly including contribu-
tions from turbulence, p is the pressure, and Fg and Ff express
body forces due to gravity and friction respectively. Conservation
of energy is given by

∂ϵρcpTf
∂t

+ ∇ · (vDρcpf Tf ) = ∇ · (κf ∇Tf ) − α(Tf − Ts) (3)

where cp is the specific heat capacity of the fluid, Tf is the fluid
temperature, κf is the effective thermal conductivity, and alpha
is the convective heat transfer coefficient between solid and fluid
phases in a porous medium simulation. When modeling heat
transport in a porous medium, an additional energy equation for
the solid is included

∂(1 − ϵ)ρcpsTs
∂t

= ∇ · (κs∇Ts) + α(Tf − Ts) + (1 − ϵ)Q̇ (4)

where cps is the specific heat capacity of the solid, κs is the
effective thermal conductivity of the solid, and Q̇ is a volumetric
heating source (or sink); an example heat source could be radi-
ation absorption from neutrons or gammas in a nuclear reactor
core. Conservation of a passive scalar is expressed by

∂ϵu
∂t

+ ∇ · uv⃗D = 0 (5)

where u is the concentration of the passive scalar. The fluid
energy equation is modified when treating a fluid as fully com-
pressible:

∂ρϵet
∂t

+ ∇ ·

(
ρv⃗D

(
et +

p
ρ

))
= −α

(
Tf − Ts

)
(6)

where et = e + v2/2 with e the specific internal energy of the
fluid. Note that we have presented general equations for simu-
lating fluid flow in a porous medium. Free flow can be obtained
by simply setting ϵ = 1 in the above equation set.

Typically, these equations are solved in a single monolithic
system using Newton’s method. However, the equations can be
segregated using the MOOSE MultiApp system [1,6]. Naming
prefixes of the different objects in the module as well as the fluid
flow conditions they can simulate are summarized in Tables 1
and 2. Table 1 describes whether the objects use hand-coded or
automatic differentiation (AD) to compute Jacobians for Newton’s
method, whether the objects are appropriate for incompress-
ible, weakly compressible, or fully compressible flow, and what
kind of turbulence models the objects support. Table 2 describes
whether the objects are spatially discretized using continuous
Galerkin finite elements or finite volumes, what kind of dis-
cretization strategy is used for advection terms, and whether
the objects can be used to model porous media. For object sets
that support porous media, both Darcy and Forchheimer friction
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Table 1
Part 1, summary of navier_stokes capabilities. The Jacobian column denotes
whether the object’s Jacobians are computed ‘‘by-hand’’ or via automatic
differentiation (AD) [5].
Prefix Jacobian Compressibility Turbulence

INSFE Hand None Mixing length
INSAD AD None Smagorinsky
PINSFE Hand Weak Mixing length
NS Hand Full None
INSFV AD None Mixing length/k-ϵ
WCNSFV AD Weak Mixing length/k-ϵ
PINSFV AD None None
CNSFVHLLC AD Full None
PCNSFVHLLC AD Full None
PCNSFVKT AD Full None

Table 2
Part 2, summary of navier_stokes capabilities. Summary of acronyms: Contin-
uous Galerkin Finite Elements (CGFE); Finite Volumes (FV); Streamline-Upwind
Petrov–Galerkin (SUPG) [36]; Rhie–Chow (RC) [37]; Harten–Lax–van Leer Contact
(HLLC) [38]; Kurganov–Tadmor (KT) [39,40].
Prefix Method Advection strategy Porous

INSFE CGFE SUPG No
INSAD CGFE SUPG No
PINSFE CGFE SUPG Yes
NS CGFE SUPG No
INSFV FV RC; limiters No
WCNSFV FV RC; limiters No
PINSFV FV RC; limiters Yes
CNSFVHLLC FV HLLC, upwind No
PCNSFVHLLC FV HLLC, upwind Yes
PCNSFVKT FV KT, limiters Yes

relationships are available, and the user can implement the cor-
relations they wish to use to compute the Darcy and Forchheimer
factors. For porous media simulations in which the porosity varies
from region to region, the incompressible finite volume object
set (PINSFV) automatically constrains the velocity and pressure
fields in order to satisfy the Bernoulli relation. Other pressure-
drop relations at porosity change interfaces will be implemented
in the future.

The incompressible and weakly compressible finite volume
implementation in navier_stokes includes a variety of op-
tions for modeling turbulence: a zero equation model based on
mixing length and a two-equation method based on the turbu-
lent kinetic energy (k) and its dissipation rate (ϵ) [41]. Advec-
tion terms can use different limiting schemes for determining
the value of advected quantities on faces. First order upwind
and second order geometrically weighted averaging are available
as well as total-variation diminishing (TVD) [42] schemes, van
Leer [43], and min-mod [44], which mix upwind and weighted
average interpolations as necessary to maximize accuracy while
preventing oscillations in the advected field. The Ladyzhenskaya–
Babuska–Brezzi (LBB) [45] condition relevant to incompressible
fluid flow is handled for the collocated finite volume imple-
mentations using a Rhie–Chow interpolation [37]; for continuous
finite elements with equal order velocity and pressure bases, the
condition is handled using a Pressure-Stablized Petrov–Galerkin
(PSPG) [46] method. For the finite volume implementation han-
dling fully compressible flows, the user can choose two different
advection treatments, Harten–Lax–van Leer-Contact (HLLC) [38]
or Kurganov–Tadmor (KT) [39,40]. The former does not currently
support second-order reconstruction of (sided) face values (e.g.,
the treatment is piecewise constant) while the latter does.

2.2.2. Time integration
A unique feature of the MOOSE navier_stokes module is

that it allows monolithic fully implicit solutions of the transient

Navier–Stokes equations. This eases restrictions on the allowable
time-step size that are associated with explicit time integration
schemes. For a nonlinear system of equations, calculation of the
coefficients for a Rhie–Chow interpolation is not as simple as
for a linear system; for a linear system, the a coefficients cor-
respond simply to the diagonals of the Jacobian. To simplify the
computation of a coefficients in the nonlinear setting, the MOOSE
automatic differentiation system is used [5]. While implicit time
integration can be used to avoid the Courant–Friedrichs–Lewy
(CFL) [47,48] condition, MOOSE navier_stokes does support
explicit time integration schemes such as forward Euler and TVD
Runge–Kutta schemes.

2.2.3. Porosity jump handling
An important strength of navier_stokes is its ability to

model porous media flow. Perhaps the flagship open-source soft-
ware for simulating fluid flow, OpenFOAM [49], has porous flow
simulation capability; however, it does not contain the oscil-
lation suppression tools around discontinuous porosity changes
like MOOSE does. These methods include repeated interpolations
and reconstructions of the discontinuous porosity field to create
a smooth, continuous porosity field. Additionally, the PINSFV-
MomentumFrictionCorrection finite volume kernel may be
used, which adds a residual equal to the product of a geomet-
ric factor, Darcy/Forchheimer coefficient, and superficial velocity
gradient. The geometric factor ensures that the friction correction
goes to zero as the mesh is refined. Finally, a BernoulliPres-
sureVariable class may be used which essentially divides the
domain into two subdomains on either side of the discontinuity,
and then automatically imposes a pressure drop according to
Bernoulli’s equation across the interface. This latter treatment
is only appropriate for an inviscid or nearly-inviscid fluid. The
BernoulliPressureVariable treatment has similarities to the
baffle treatment in GenFOAM [50].

2.2.4. Solution of the discretized equations
Scalable solution of the Navier–Stokes equations is an ac-

tive area of research. Monolithic multigrid with an appropriate
coupled relaxation method, such as the algorithms described by
Vanka [51] or Braess and Sarazin [52], has been shown to work
well for moderate Reynolds numbers [53]. This approach is used
in [54,55]. However, Vanka iteration counts have been observed
to increase significantly for high Reynolds numbers [56].

Alternative to a monolithic scheme are methods based on
block factorizations. Block Gaussian elimination sets up an it-
erative scheme which requires solution of sub-linear systems
involving the velocity block A and the Schur complement S =

D − CA−1B, often written as S = D − BA−1BT for Navier–Stokes
(for stable discretizations D = 0). The Schur complement is
dense because of the presence of A−1, and so generally S is never
explicitly constructed and preconditioning techniques are built
from an approximate representation. For the Stokes equations, S
is spectrally equivalent to the viscosity-weighted pressure mass
matrix [57]. However, use of the pressure mass matrix as the
preconditioner leads to rapidly deteriorating convergence as the
Reynolds number increases [58,59]. An alternative Schur comple-
ment preconditioner is pressure convection diffusion (PCD) [60].
PCD has been shown to have iteration counts independent of
mesh size and mildly dependent on Reynolds number [61]; a
drawback to the method is that it is not algebraic and requires
application of a convection–diffusion operator to the pressure
space which is a non-trivial implementation detail. On the other
hand the least-squares commutator (LSC), described in [62,63],
is algebraic. Originally applicable only to stable discretizations,
the method was extended to handle stabilized discretizations
(D ̸= 0) in [64]. In [61] LSC is stated to show some iteration
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count dependence on mesh size for general flows as well as Re−1

dependence. They suggest a modification to the commutator that
leads to mesh independent scaling for a wider range of Reynolds
numbers. While most literature regarding sparse approximate
commutators (PCD, LSC) is tied to finite elements, Delcourte [65]
studied application of LSC to a finite volume discretization. In that
work they examined iteration counts as a function of different
scaling choices in the LSC, finding that not scaling or scaling by
the reciprocal of the diagonal of A was much more effective at
high Reynolds numbers than the seemingly optimal choice for
finite elements, which is scaling by the reciprocal of the diagonal
of the velocity mass matrix. With the optimal scaling choice, they
found iteration counts with mesh dependence between h−1 and
h−1/2 and near Re−1/2.

A third class of solution methodologies is based on an Aug-
mented Lagrange approach, introduced by Benzi and Olshanskii
in [56]. The technique introduces a grad-div stabilization which
does not change the continuous solution but does modify the
Schur complement. For an appreciable grad-div stabilization, the
Schur complement is well approximated by the pressure mass
matrix. The Augmented Lagrange algorithm shows near inde-
pendence of the Reynolds number. Originally limited to two
dimensions, this method was extended to three dimensions by
Farrell [66]. Recent work by Shih [67] has further improved the
methodology by extending the supported element types from tri-
angles/tetrahedron to quadrilaterals/hexahedron. Not a member
of the three aforementioned preconditioning methodologies, we
briefly note recent work by Chen [68] showing very low iteration
counts at high Reynolds numbers.

The majority of navier_stokes module users are interested
in advection-dominated, high Reynolds number applications. Ad-
ditionally, an ideal preconditioner would be applicable to both
finite element and finite volume discretizations, given the avail-
ability and use of both discretization options in the module.
Finally, the preconditioning strategy chosen should accommodate
arbitrary force terms in the momentum equations, including ve-
locity dependent terms such as Darcy/Forchheimer friction. Given
these criteria, we have focused to this point on the algebraic LSC
preconditioner. LSC has been available in PETSc since 2009, but
we have recently added missing scaling operations necessary for
more performant mesh scaling as well as the option to com-
mute terms suggested in [61]. The latter capability is useful for
finite elements but a poor option for finite volumes. Precondi-
tioning of the CT−1B operator, where T may be the diagonal of
the velocity mass matrix, diagonal of A, or the identity matrix,
is performed using hypre’s algebraic multigrid implementation,
boomeramg [4]. For low Reynolds numbers, boomeramg is also
used to precondition A. For high Reynolds numbers, we cur-
rently do a nested symmetric multiplicative split of the velocity
components and perform LU factorization on the sub-blocks,
which is not scalable but still much more performant than a
monolithic LU factorization. Future work will explore choosing
good smoothers such that boomeramg may still be applied for
high Reynolds numbers. Another area of investigation will be
approximate ideal restriction (AIR) [69], developed specifically
for nonsymmetric multigrid, hooks for which the authors have
recently added to PETSc. Usefulness for recirculating flows, how-
ever, remains to be seen. We note that additional physics may
be added to MOOSE Navier–Stokes inputs and efficiently solved
by nesting the velocity–pressure Schur split inside of a larger
field split. As an example, conjugate heat transfer may be the
second physics solved in a multiplicative (Gauss–Seidel) split
with Navier–Stokes solved first.

2.2.5. Other functionality
MOOSE navier_stokes supports hybrid memory paralleliza-

tion, including both distributed memory via the message-passing
interface (MPI) as well as shared memory using various thread
models including OpenMP, TBB, and pthreads. This ability to
run with different memory paradigms allows users to maxi-
mize the computational resources available to them. Another
important feature of navier_stokes is the ability to perform
adaptive mesh refinement for both finite volume and continuous
finite element implementations. This allows users to concentrate
computational expense in regions with steep gradients while
leaving regions of smooth solutions relatively coarse. The module
also leverages the MooseDocs system, which allows developers
to document module objects using markdown with various ex-
tensions such as KaTeX for equation rendering and Bibtex for
citations. The MooseDocs system facilitates the navier_stokes
module’s adherence to MOOSE’s NQA-1 standard for software
quality assurance [70].

2.2.6. Future research and development
The authors are currently researching the hybrid reconstructed

Discontinuous Galerkin continuous Galerkin strategy presented
in [71]. This work is of particular interest to users wishing to
model multi-phase flow due to its intrinsic LBB stability. Other
areas of interest include space–time integration in the vein of [54,
55] as well as hydridizable discontinuous Galerkin schemes [72,
73] which are more efficient than the classic DG schemes.

3. Illustrative examples

3.1. 2D flow over cylinder

To start, we present steady two-dimensional flow over a cylin-
drical obstruction, which is one of the benchmark problems pre-
sented in [74]. Results for velocity magnitude and pressure are
shown in 1 using a finite volume discretization with 166,266
unknowns. The computed drag and lift coefficients are 5.5742
and .0107 respectively, both within the bounds of the benchmark.
On a coarser mesh with 75,138 unknowns, the drag and lift
coefficients are 5.5667 and .0107 respectively.

3.2. 3D molten salt reactor

The capabilities of the module are showcased using the model
of a simplified molten salt reactor. The steady-state simulation
was carried out using the parameters presented in Table 3, while
the geometry of the reactor is shown in Fig. 2. The modeled
system is a closed loop that circulates molten chloride with
fissile material dissolved in it. The pump is modeled as a volu-
metric force uniformly distributed in the blue region. Similarly,
the heat exchanger is modeled as a volumetric heat sink in
the same region. Through the easy-to-use multiphysics capabil-
ities, the thermal hydraulics model in this paper was coupled
with Griffin [8], a MOOSE-based neutron transport code for the
determination of the heat source density.

The fluid flow in the reactor is modeled as an incompressible
fluid with the addition of the Boussinesq approximation for the
treatment of buoyancy. These assumptions can be justified by
the low power density and consequently, minimal temperature
change in the reactor. Fig. 2 also shows the velocity field using
stream lines. We see a recirculation region close to the inlet
(bottom) of the reactor core.

The temperature and delayed neutron precursor (group 5)
fields are presented in Fig. 3. We see an asymmetric temperature
distribution in the core which is the result of the secondary flow
(recirculation region) close to the reactor inlet. This layering,
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Fig. 1. Results for two-dimensional steady flow over a cylindrical obstruction with a Reynolds number of 20. The top figure shows the velocity magnitude and the
bottom figure shows the pressure.

Fig. 2. The geometry (left) of the molten chloride reactor together with the velocity field (right) obtained by a steady-state simulation.

Table 3
The parameters used for the simulation of the molten salt reactor.
Parameter Value

Density 1550
[ kg
m3

]
Dynamic viscosity 0.0166 [Pa s]

Thermal expansion coefficient 5.64 × 10−5
[ 1
K

]
Volumetric pump force 25

[ kN
m3

]
Specific heat 1594

[
J

kg K

]
Thermal conductivity 1.7

[ W
m K

]
External temperature in heat exchanger 873.15 K

Volumetric heat exchange coefficient 50 MW
m3

Reactor power 1 MWth

however, is not present in the precursor concentration due to
the additional sink and source terms coming from the radioactive
decay of the delayed neutron precursors (sink) and the fission of
the nuclear fuel (source).

4. Impact

Because navier_stokes derives from the MOOSE frame-
work, its physics can be easily integrated into MOOSE multi-
physics simulations. For instance navier_stokes is coupled
with the tensor_mechanics module in the fsi module to
model transmission of stresses and material displacement across
fluid–structure boundaries. Additionally, the Virtual Test Bed
(VTB) [75,76] contains a litany of nuclear reactor models which
couple neutronics and thermal hydraulics (powered by the
navier_stokesmodule) through the MOOSE MultiApp system.
Indeed, all of the next generation of nuclear reactor types will
depend on an ability to understand the interactions of neutronics
with coolant fluid dynamics; consequently, the ability to per-
form fluid dynamics simulations within a multiphysics setting is
critical.

Beyond its essential role in modeling advanced carbon-free
nuclear systems, the navier_stokes module is an excellent
playground for learning about different discretization techniques
for computation fluid dynamics. To the authors’ knowledge, no
other open-source software offers both finite element and finite
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Fig. 3. The steady-state temperature (left) and precursors concentration (right) fields in the molten chloride reactor.

volume discretizations of the Navier–Stokes equations. Having
the two discretizations side-by-side allows users to rapidly test
and learn what strategies work best for different kinds of flow
conditions. Additionally any algorithmic improvement made in
one discretization technique can often inform algorithmic im-
provements in the other.

5. Conclusions

The navier_stokes module plays a critical role in modeling
advanced nuclear energy reactor concepts. Through its depen-
dence on the MOOSE framework, libMesh, and PETSc, the module
has access to features such as mesh adaptivity, mesh distribution,
MPI and thread parallelism, and state-of-the-art preconditioners
and linear solvers. The module offers finite element and finite
volume discretizations, free-flow and porous implementations of
the Navier–Stokes equations, pressure and high-Reynolds number
stabilization techniques, and various turbulence models. Because
of these features, its ease of incorporation in multiphysics models,
and MooseDocs documentation, use of the module is expand-
ing, not just within the nuclear community, but in the broader
computational fluid dynamics community as well.
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