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The FInite Volume method with Exact two-phase Riemann problems (FIVER) is a
robust Eulerian semi-discretization method for compressible multi-material (fluid-fluid,
fluid-structure, or multi-fluid-structure) problems characterized by large density jumps
and highly nonlinear structural motions and deformations. Its key components include an
embedded boundary method for Computational Fluid Dynamics (CFD), the construction
and solution of local, exact, two-phase Riemann problems at the material interfaces, and
a conservative algorithm for computing the finite element representation of flow-induced
loads on the structure. Originally developed for inviscid multi-material problems, FIVER
is extended in this paper to turbulent viscous fluid-structure interaction problems. To this
effect, it is equipped with a carefully designed extrapolation scheme for populating the
ghost fluid values required for the construction of a second-order spatial approximation
of the viscous and source terms of the governing flow equations. Its load distribution al-
gorithm is also extended to account for the contribution of the viscous stress tensor. To
maintain the boundary layers resolved during large displacements, rotations, and/or defor-
mations of the structure, the governing flow equations are formulated in a rigid instance
of the Arbitrary Lagrangian Eulerian (ALE) framework, and FIVER is further equipped
with the corotational method for updating the rigid body motion of the CFD mesh. This
non deformable mesh motion enables the original non body-fitted CFD mesh to follow the
boundary layers, and therefore minimize the need for complex adaptive mesh refinement.
To achieve nonlinear stability, temporal discretization is performed using an extension of
the second-order three point backward difference implicit scheme that satisfies its discrete
geometric conservation law. Finally, the resulting Eulerian-ALE FIVER method is veri-
fied with the Large Eddy Simulation (LES) of turbulent flows past two counter-rotating
cylinders and a heaving airfoil. Its potential for the solution of challenging viscous fluid-
structure interaction problems characterized by large structural motions is demonstrated
with the simulation, using the Spalart-Allmaras and Detached Eddy Simulation (DES)
turbulence models, of pitch-up and roll maneuvers of an aeroelastic F/A-18 configuration
driven by suitable deployments of its control surfaces.

I. Introduction

Turbulent viscous Fluid-Structure Interaction (FSI) problems arise in many scientific and engineering
applications. Examples include flutter, limit cycle oscillation, buffet, dynamic loads analysis at high angles
of attack, parachute dynamics, weapon bay acoustics, store separation trajectory predictions, boom refueling
and egress operations, aeroelastic tailoring of aircraft and automotive systems, gate sliding, wind turbine
and tire noise analysis, and hemodynamics and cardiovascular technology. All three Lagrangian, Arbitrary
Lagrangian Eulerian (ALE), and Eulerian computational frameworks have been developed for the solution
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of such problems. The Lagrangian and ALE computational frameworks move the Computational Fluid Dy-
namics (CFD) mesh, distort it with the fluid-structure interface, and move this interface with the local fluid
velocity. Unfortunately, large mesh distorsions induced by large displacements, rotations, or deformations
of the fluid-structure interface can reduce the accuracy and numerical stability of a Lagrangian method to
the point where it becomes unpractical. Similarly, large structural motions and/or deformations challenge
most if not all CFD mesh motion schemes1,2, 3, 4 on which the ALE computational framework5,6, 7, 8, 9, 10 rely.
Topological changes such as those induced, for example, by topology optimization11 or crack propagation
typically make the ALE approach unfeasible. The Eulerian computational framework avoids all aforemen-
tioned issues associated with complex or large transformations of the fluid-structure interface by embedding
the wet boundary surface of the structure of interest in a fixed CFD mesh, and relying on computational ge-
ometry tools12,13 for capturing or tracking the evolution of the position, shape, and topology of this dynamic
boundary surface representing the fluid-structure interface.

Adopting the Eulerian computational framework for FSI problems and embedding the boundary surface
of a rigid or flexible dynamic structure in a fixed computational fluid domain not only addresses the aforemen-
tioned limitations of the Lagrangian and ALE approaches, but also leads to the concept of CFD computations
on non body-fitted meshes and therefore simplifes the task of mesh generation. For all these reasons, Eule-
rian methods for computing flows on embedding CFD meshes have gained popularity, albeit under different
names such as “immersed boundary”, “embedded boundary”, “fictitious domain”, and “Cartesian” methods
(for example, see14,15,16,17). All of these and related computational approaches are collectively referred to
here as Embedded Boundary Methods (EBMs).

Unfortunately, because they operate on non body-fitted CFD meshes, EBMs complicate the treatment of
wall boundary conditions in general, and fluid-structure transmission conditions in particular. Furthermore,
they tend to be first-order space-accurate at the fluid-structure interface. In some cases, they are even
provably inconsistent at this interface.18 An equally important drawback of EBMs is that they do not track
the boundary layers around dynamic rigid or flexible bodies, essentially because they are Eulerian methods.
Consequently, they either require high mesh resolutions in large percentages of the fluid computational
domain in order to capture the viscous effects — which would make them very inefficient for viscous fluid-
structure applications — or they must be equipped with adaptive mesh refinement — which is seldom a
simple task in practice.

Recent developments in EBMs have focused primarily on the treatment of wall boundary conditions and
the accuracy of the resulting overall semi-discretization scheme at the material interfaces, primarily in the
context of incompressible viscous flows and static obstacles. In this case, the major issue becomes more
specifically the treatment of the velocity wall boundary condition. For such applications, recently proposed
algorithms for interface treatment have focused either on some form of interpolation 19 with particular
attention to numerical stability20 or higher-order accuracy,19,21,22 or on the concept of a ghost cell,23,24

some variant of the penalty method,25 and the mirroring technique.26 For compressible inviscid flows, a new
approach for the treatment of a fluid-structure interface that is equally applicable to static, dynamic, rigid,
and flexible embedded boundary surfaces was proposed in.27 This approach is based on ideas previously
developed in28 for the treatment of fluid-fluid interfaces in multi-fluid problems. It is a departure from the
methods outlined above and related works pertaining to incompressible flows in that it treats the velocity
and pressure boundary conditions at the embedded boundary surface simultaneously, rather than disjointly.
Furthermore, instead of relying exclusively on interpolation and/or extrapolation, the method proposed in27

enforces the appropriate value of the normal component of the fluid velocity at a wall boundary or fluid-
structure interface and recovers the value of the fluid pressure at this location by solving an appropriate
local, one-dimensional, exact fluid-structure Riemann (or more precisely half Riemann) problem. Originally
developed for the case of a fluid characterized by a relatively simple and yet pervasive Equation Of State
(EOS) such as the perfect gas EOS or stiffened gas EOS for which an exact fluid-structure half-Riemann
problem is easily solvable, this method was extended in29 to the case of arbitrarily complex EOS and named
FIVER (FInite Volume method with Exact two-phase Riemann problems).

A first extension of FIVER to viscous flows was proposed in.30 This extension was based however on a
constant extrapolation scheme for populating the fluid ghost values needed for semi-discretizating the viscous
and source terms of the governing flow equations. Therefore, one objective of this paper is to present a higher-
order extrapolation scheme suitable for second-order spatial approximations of viscous and source terms. A
second objective of this paper is to couple FIVER with a specific ALE technique in order to construct an
EBM for FSI that maintains the boundary layers resolved during large displacements, rotations, and/or
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deformations of the structure, without inheriting the aforementioned pitfalls of the ALE computational
framework.

To this effect, the remainder of this paper is organized as follows. The governing multi-disciplinary
equations of dynamic equilibrium and the fluid and structural semi-discretization methods of interest are
presented in Section 1. The original FIVER method developed for the computation of inviscid multi-material
(fluid-fluid, fluid-structure, or multi-fluid-structure) problems is outlined in Section 2, in the specific context
of Eulerian FSI problems. Its coupling with the specific instance of the ALE computational framework
where the CFD mesh is rigidly moved in time is motivated and described in Section 3, together with
the corotational scheme chosen for determining the rigid body mesh motion. The extension of FIVER to
viscous flows is presented in Section 4. The time-integration of the resulting semi-discrete fluid equations of
dynamic equilibrium and that of the coupled semi-discrete fluid-structure equations of motion are outlined
in Section 5. A conservative algorithm for computing the Finite Element (FE) representation of the flow-
induced loads on the structure is also outlined in Section 6. Finally in Section 7, the resulting Eulerian-ALE
FIVER method is verified with the Large Eddy Simulation (LES) of turbulent flows past two counter-rotating
cylinders and a heaving airfoil. Also in this section, the potential of the Eulerian-ALE FIVER method for
the solution of challenging viscous FSI problems characterized by large structural motions is demonstrated
with the simulation, using the Spalart-Allmaras and Detached Eddy Simulation (DES) turbulence models,
of pitch-up and roll maneuvers of an aeroelastic F/A-18 configuration driven by appropriate deployments of
its control surfaces.

II. Applications

The Euler-ALE FIVER method is implemented in the AERO Suite of Codes for CFD-based nonlinear
aeroelasticity.34,35 Here, it is first verified with the Large Eddy Simulation (LES) of turbulent flows past two
counter-rotating cylinders and a heaving airfoil. Then, its potential for the solution of challenging viscous FSI
problems characterized by large structural motions is demonstrated with the simulation, using the Spalart-
Allmaras and Detached Eddy Simulation (DES) turbulence models, of pitch-up and roll maneuvers of an
aeroelastic F/A-18 configuration driven by appropriate deployments of its control surfaces.

A. LES simulation of a turbulent flow past two counter-rotating cylinders

The first problem considered is an LES simulation of a doublet-like counter-rotating cylinder pair (see
Figure 1) separated by g = 3d, where d is the diameter of the cylinder. The cylinders are one diameter
long. The freestream Mach number is 0.1 and the Reynolds number is 5000. The non-dimensional rotational
frequency Ω, given by ωd

2U is set to 1.0. The results for this simulation will be included in the final paper.
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Figure 1. Schematic of doublet-like counter rotating cylinder
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B. LES simulation of a heaving airfoil

The second problem considered is an LES simulation of a heaving NACA0015 airfoil at a Reynolds number
of 5000 and a Mach number of 0.1. The span of the airfoil is set to one chord length. The heaving motion
of the airfoil is given by the equation:

Z = Z0 + αsin(2πft) (1)

where, Z0 is the initial z-coordinate of the airfoil, Z is z-coordinate of the airfoil at time t, α and f
are the heaving amplitude and frequency, respectively. In the current simulation, α is 0.1464c, where c is
the chord of the airfoil. The non-dimensional frequency given by fc/U∞ corresponds to 1.604. The mesh
used for simulation (shown in Figure 2) has 10 million tetrahedral elements and 1.8 million node points. In
order to make the simulation feasible with the embedded grid, the entire mesh is heaved with the airfoil such
that the boundary layer lies within the refined portion of the grid. Without this strategy, the entire area
covered by the heaving motion will need to have the resolution of a boundary layer grid and thus can lead
to tremendous increase in the computational cost.

Figure 2. Mesh used for the heaving NACA0015 airfoil simulation with embedded surface in black

The Eulerian-ALE FIVER simulation is validated by comparing the force histories with a ALE FV
simulation having comparable grid quality. Figure 3 show the converged lift and drag coefficients over two
time periods for both the methodology. Clearly, the embedded simulation is seen to predict the forces
well. A sample flow visualization plot showing iso-surface of λ2-criterion colored with pressure contour is
shown in Figure 4 to demonstrate the quality of simulation. The vortices shed during the heaving motion is
well-captured for about 2-chords.

C. DES simulation of a pitch-up maneuver of an aeroelastic F/A-18 configuration

The high-fidelity aeroelastic computational model of an F/A-18 configuration with control surfaces and
stores considered here consists of an undamped dynamic FE “stick” model (Figure 5) with 11,290 degrees
of freedom, an embedded boundary surface with 128,000 grid points (Figure 6), and an embedding mesh
with 32,000,000 grid points. The control surfaces are programmed to pitch-up the aircraft at M∞ = 0.35 to
90deg. Snapshots from the coupled fluid-structure simulation performed for this pitch-up maneuver using the
Eulerian-ALE FIVER method and the DES turbulence model are shown in Figure 7. They will be explained
in details in the final manuscript.

D. RANS simulation of a high-speed roll maneuver of an aeroelastic F/A-18 configuration

Using the same high-fidelity aeroelastic computational model of the same F/A-18 configuration with control
surfaces and stores considered above, a coupled fluid-structure simulation of a roll maneuver at M∞ = 0.75 is
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(a) Lift coefficient (b) Drag coefficient

Figure 3. Comparison of lift and drag coefficient between Eulerian-ALE FIVER and ALE FV simulation for
the heaving airfoil over two time periods

performed using the Eulerian-ALE FIVER method and the Spalart-Allmaras turbulence model. Snapshots
of this simulation are shown in Figure 8, and the predicted roll damping effect is highlighted in Figure 9.
They will be explained in details in the final manuscript.
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Figure 5. Undamped dynamic FE stick model of an F/A-18 configuration with control surfaces and stores
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Figure 6. Embedded boundary surface associated with an F/A-18 aeroelastic configuration with control
surfaces and stores

Figure 7. Snapshots from the coupled fluid-structure simulation of a pitch-up maneuver using the Eulerian-
ALE FIVER method and the DES turbulence model

Figure 8. Snapshots from the coupled fluid-structure simulation of a high-speed roll maneuver using the
Eulerian-ALE FIVER method and the Spalart-Allmaras turbulence model
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Figure 9. Roll damping predicted using the Eulerian-ALE FIVER method and the Spalart-Allmaras turbulence
model

9 of 9

American Institute of Aeronautics and Astronautics


	Introduction
	Applications
	LES simulation of a turbulent flow past two counter-rotating cylinders
	LES simulation of a heaving airfoil
	DES simulation of a pitch-up maneuver of an aeroelastic F/A-18 configuration
	RANS simulation of a high-speed roll maneuver of an aeroelastic F/A-18 configuration


