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Abstract. This work deals with a class of fluid-structure interaction problems in which the
structure can move with large displacements including contact interaction with other bodies
or itself. The structure is modeled using geometrically-exact rods, including the possibility
of contact interaction with rigid walls representing the boundary of the desired physical
domain. Furthermore, self-contact searching is also addressed for particular situations when
the structure tries to touch itself. Both contact with the walls and self-contact consider large
displacements possibility, including normal and friction effects using a penalty approach. The
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interaction between fluid and structure domains is solved by an immersed boundary approach
that uses discontinuous Lagrange multipliers to enforce kinematic and force equilibrium along
the interface between the non-matching overlapping meshes, in an alternative to usual Arbitrary
Lagrangian Eulerian (ALE) approaches. The engineering applicability of the proposed work is
of great interest to deep water offshore oil exploitation. Risers structures usually are subjected
to sea current effects and many important phenomena such as vortex induced vibration (VIV)
is a result of fluid-structure interaction. The proposed technique uses few degrees of freedom
to solve the structural problem, since structural rod elements are considered. Bi-dimensional
unsteady flow of an incompressible viscous fluid is adopted, and the interaction with the
structural model is enforced by a separate solution of structure and fluid problems, connected by
loading and displacements updating during simulation, step by step, along a dynamic transient
time evolution.

Keywords: Fluid-Structure Interaction, Immersed Boundaries, Geometrically-Exact Beam
Theory, Contact
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1 INTRODUCTION

Fluid-Structure Interaction has become an important and successful method of
computational simulation that involves the interaction between fluid and structural dynamics
(Gomes, 2013). The main reason is that most of the engineering applications involve some sort
of FSI problem and algorithms and successfully model various applications ranging from Civil
Engineering to Geophysical, Aerodynamical and also Offshore structures.

Some of the challenges that numerical modeling of FSI offers are, among others, the spatial
domain occupied by the fluid changes in time as the interface moves and the mathematical
model to handle that. Accurate representation of the flow field near the fluid-structure interface
requires that the mesh be updated to track the interface and this requires special attention in 3D
problems with complex geometries (Tezduyar, 2005).

In this work, interaction between an incompressible fluid flow at low Reynolds number
and an offshore structure (“riser’’) that we could consider as a flexible circular cylinder, in two
dimensions has been studied. The global analysis of risers is important during design of an
offshore production plant and nonlinear static analyses are commonly performed, considering
hydrodynamic loadings from currents. And also, the dynamic analysis should be performed
since it could affect riser fatigue life (Gay Neto et al., 2015). A geometrically-exact beam
theory with seabed contact was used in this work.

One of the difficulties in simulating FSI with risers is the sea current speed and the fluid
properties (e.g. density and viscosity) which normally leads to high Reynolds number. This
effects require some sort of numerical stabilization (convective dominated flow) (Elias et al.,
2009, Forster et al., 2007) and complex turubulence models. Add the fact that the model and
simulation, in general, require a large number of elements (Finite Element fluid meshes) and
resonably extent in time range in order to identify some effects (e.g. VIV, flutter).

This work is divided in three main sections. The first section will cover the FSI with
Immersed Boundary method theory. The second section will handle the contact and structural
models of risers. The last main section will discuss the methodology of analysis of a staggered
scheme using two different in-house solvers, HPC LMC and GIRAFFE, both developed in
C++. This section will also cover a numerical simulation of the interaction between the fluid
and the riser, starting with the analytical solution of an ellipse (result of section cut between
an horizontal plane and the riser), following a steady state problem, to test the theory and
methodology of analysis and the analytical solution of the ellipse, and finally the results of
an unsteady state problem.

2 FLUID-STRUCTURE INTERACTION

2.1 Navier Stokes equations

Let €, in R"=¢ be the spatial domain with boundary T'; at time ¢ € (0,7"). The subscript ¢
indicates the time-dependence of the domain. The Navier-Stokes equations of incompressible
flows are written on 2 and V¢t € (0, 7)) as

B
p(a—?%—u-VU) — V-T+ b, (1)
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V-u = 0, 2)

where p, v and b are the density, velocity and the external force vector, respectively. For a
Newtonian fluid the stress 7" and the strain rate tensors € (u) are defined as

T = —pI+2pue(u) 3)
1
c(u) = 3 [vu + (vu)T] )
Here p is the pressure, I is the identity tensor, p is the viscosity.

The divergence of the stress tensor is written as

V-T=-Vp+puVu+pV(V - u) 3)

Since it is assumed that the flow is incompressible, the last term is zero. Therefore

%—?+u-Vuz—Vp+l/V2u+b. (6)

Note that all terms are divided by p in Eq. 6, originating the fluid kinematic viscosity v and
the kinematic pressure p.

2.2 Boundary and initial conditions

The essential and natural boundary conditions for Eq. (1) are represented as

u=u on [, (7N
(vWVu—pl)n=t on T (8)
u=1uy on {2 and t=0. 9

2.3 Weak form

Choosing arbitrary functions w € H} (Q) and q € L, (Q) for the velocities and pressure
test functions respectively, we can write the system of partial differential equations described
by Eq. (6) in the equivalent integral form as

(w,u)g+ (w,u-Vu), = — (w,Vp)g+ (w,V - (2vV°u)),—(q,V - 1)+ (w, b), (10)

V(w,q). Now, integrating by parts the viscous and pressure terms, the weak form of the
Navier-Stokes equation for incompressible fluid flow problems can be defined as

(w,u)g+c(u,w,u),=—(p,V-w),—a(w,u),—(¢, V- -u)g— (’w,f)rt—i-('w,b)g (11)

V (w, ¢). Note that the boundary term over I" vanishes at I',, because of the test function. The
convective and viscous terms have been written in a compact notation defined by the following
bilinear and trilinear forms:

a(w,u), = /QVs'w:QVVsudQ (12)
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clu;w,u), = / w - (u-Vu) dQ (13)
0

2.4 Time integration

The time integration scheme adopted to solve the Navier-Stokes equations is the Newmark
method, where the velocity derivative with respect to time at time level n + 1 can be written as

1 n+l _ . n 1—
gt = Lt e (-9 (14)
v At ¥

where v = 1/2 is adopted as the Newmark parameter in order to obtain second-order
convergence in time. Rewriting the weak form of the Navier-Stokes equation in Eq. (11),

{(w,u)g +7At e (u;w, u)g +a(w,u)g — (V-w,p)g + (¢, V- u)g — (w, ). — (15)
— (w,b) ]} = (w, u"), + (1 —7) At (w, a"),, ¥ (w,q).

2.5 Finite Element discretization

This work adopts a mixed formulation so that the fluid finite elements have two unknowns
(velocity and pressure) as primitive variables and the Lagrange multipliers are additional
unknowns that must be discretized along the interface. The approximation functions for the
velocities and pressure, defined locally inside a finite element domain (2., can be defined as

u" ()| Nyu, and p"(z)],, =N,p, (16)

respectively. N, and N, are the shape functions for the velocity and pressure, respectively and
u, and p, its nodal values. The test functions are defined in a similar way by

w" (x) ‘ =N,w, and ¢"(x) |weﬂe =N,q, 17

e

weﬂe

In this work, in order to not violate the LLB compatibility condition for mixed problem:s,
it was used a Taylor-Hood P2-P1 element (quadratic interpolation in velocity and linear
interpolation in pressure) as illustrated in Fig. 1.

®

e Velocity
O Pressure

® . ®
Figure 1: P2-P1 Taylor Hood element.

After some algebraic manipulations of the equations demonstrated in previous sections and
using the Finite Element discretization just presented we have

M 1 1 1 1 1 M 11—, .
—ua""+ [C("+Klut+ Gpt! =T w4 —— M
vAt [ ( ) } P vAt y (18)

GTut! =0
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where the local matrices are defined as

M, = /ﬂ NlNudQe Mass matrix

K, = BZyBudQe Viscous matrix
Qe

C.= /Q N, [(N,u.) ® e;] N,dQ, Convective matrix

G, =— /Q (V- Nu)T N, dS2, Gradient operator

G e Divergent operator

f. = N/ tdl,. + /Q N, bdS, Field forces and boundary conditions

T e

2.6 Interface

The strategy adopted in this work is to use embedded interfaces in FSI simulations to
compute the fluid flow variables from a Eulerian fixed mesh. The fluid mesh is defined over
the fluid domain and extends totally into the structural domain or into some portion of it, as
shown in Fig. 2.

Figure 2: Typical fluid mesh for embedded interface approach.

For that reason, the structure’s wet surface, in general, does not match the fluid grid nodes,
hence the fluid velocities at the interface must be weakly enforced. We define a domain that
contains the fluid Q/ and the structural Q° (Fig. 3). I" is the interface between the fluid and the
structure domains and n/ and n? their respective unit outward normal vectors.

Now, to ensure the fluid velocity compatibility at the interface, we must have, for a non-slip
interface type,

w=d=u Vzxel’ (19)

T'n' = -Tn* Vxel (20)

where Eq. 19 is the kinematic interface condition, d is the structure velocity and Eq. 20

represents the dynamic condition. The superscripts on these equations distinguish the variables
form the different domains (fluid and structure).
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2fn = o

N

Figure 3: Fluid and structural domains.

The imposition of Eq. 19 in the fluid problem can be done using Lagrange multipliers.
Therefore, it is possible to define a functional given by

n= (Ao -d) 1)

where A represents the Lagrange multiplier of condition Eq. 19 and constitutes an additional
variable field for the problem. The Lagrange multiplier can be identified as a traction acting
along I"". The variational form of this function, considering the structure movement to be known
a priori at the time of solving the fluid problem, is

ST1 — ((5)\,uf . ds) + (A 6ul),, . (22)

Fi

These terms must be added to the weak form presented in Eq. 15. Thus we have
{ (w,u)gs + AL [e (usw,u)qr + a(w,w)gr — (V- w,p)gs + (¢, V - u)gs —
—(w,8), — (A u—a"), — (w N — (w,b)g, ]} = (23)
= (w,u")qr + (1 — ) At (w,u")qs , ¥V (IX, w, q)

where the convective and viscous terms defined in Eq. 11 are restricted to I™.

2.7 Discretization of the interface

The discretization of the interface can be done in several ways. The most intuitive and
adopted technique is to define nodes at the intersections between the interface and the fluid
elements. These nodes are then used to define the Lagrange multipliers’ nodal values, and
some appropriate approximating functions are used to interpolate the values along the interface.
In our simulations, the adoption of low-order finite elements has shown a high sensibility to
numerical instabilities in the Lagrange multiplier results.

In order to address this problem, we propose an alternative technique to discretize the
interface independently of the fluid mesh (Gomes, 2015). Additionally, discontinuous piecewise
constant shape functions were adopted to simplify the implementation. The schematic
discretization of the interface is shown in Fig. 4, where the structured mesh consists of
quadrilateral fluid elements.
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Figure 4: Discretization of the interface between the riser and the fluid.

The approximating and test functions of the Lagrange multipliers can be defined as
N(@)| . =NyA. and A" ()| ., =NydA. (24)

zel? z€ll

N, is the shape function of the Lagrange multipliers.

2.8 Integration cells

In order to compute the integrals over cut elements, we subdivide the element that belongs
both to the fluid and structural domain into triangular integrating cells, as shown in Fig. 5, for a
triangular and quadrilateral fluid element. Inside the fluid element, the interface is approximated
by a straight line. This approximation is very common in the Finite Element Method and leads
to an error that converges to zero as the elements’ size decreases.

Figure 5: Integration over cut elements. The Gauss points are represented by “x”’ symbol.

3 RISER

Many elements in an offshore oil exploitation plant can be modeled as long beams. Some
examples are ropes, umbilical cables, flexible and rigid pipes and hoses. Many of these are
composite structures. There are mainly two different modeling scales for these structures: local
and global analysis. The first one usually is related to local stress predictions, interactions
between the structural components and, usually, is focused on a given cross section that is very
detailed in the model. The second scale considers the whole structure behavior. A structural
theory is usually adopted based on the expected local behavior, such as a beam theory. Then,
the global loads are applied and the internal loads are obtained for each location of the global
model. Both scales analysis are complementary.
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This work is focused on the global models of risers. These can be rigid or flexible pipes or
umbilical cables, submerged and with one extreme point fixed in a floating unit and the other in
the seabed. They are subjected to environment loads, such as their self-weight, buoyancy, sea
current drag and sea wave excitation.

Some riser configurations have a region laid in the seabed, named “flowline”. In this work,
for nomenclature simplification, the set given by riser plus flowline will be named simply as
“riser”.

3.1 Geometrically-exact 3d static beam model

A Timoshenko or first-order shear beam model was assumed to represent the 3D structure
of the riser. Thus, it is possible to consider tension, compression and shear loads, and bending
and torsion moments. Actually the riser problem usually has no important shear effects in the
beam, due to the structure slenderness. Due to the nature of the geometrically-exact formulation
here used, however, this effect was naturally included in the model, once no constraints to the
movement in space of each cross section were made.

Large displacements and large rotations of the beam cross sections are considered, so the
model is geometrically nonlinear.

For a complete explanation of the structural model, refer to Gay Neto et al. (2014).

3.2 Contact model

The contact model captures the transition between sliding/rolling effects, including the
moment of friction forces in the equations and using the beam rotational degrees of freedom
(DOFs) to describe contact kinematics.

Defining some variables:

e cis the contact force acting at a point P;

e n is the normal direction of contact interface;

e f is the tangential component of contact force (friction);

e [ is the power of the friction force;

e vp is the velocity of a point P;

e v is the velocity of a point C;

e w is the angular velocity vector of a cross section of the riser (considered as a rigid body);
e M ; is the moment of friction force related to pole C.

It is possible to write the power of friction force expression by:

Pr=fvp=flvc+twxP-C)=fve+fwP-C)=f-ve+M; w. (25)

With that, when transporting friction force to the centroid of the cross section (necessary to
use a structural beam model), there are two contributions from friction to the system: on forces
and on moments. Both are related to friction loading applied to each cross section of the riser.
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Most of the models implemented in analysis software disregard the second term, once consider
usually “node to surface” or “surface to surface” approach, through a classical tangential gap in
contact definition.

More details about the contact model can be found in Gay Neto et al. (2014) and Gay Neto
et al. (2015).

3.3 Structural model

The base of the static structural model for the riser is completely described in Gay Neto
et al. (2014). Some basic assumptions are presented here for self-containing of the present
work. Beam elements in a finite element approximation are used to represent the riser
structure. Large displacements and rotations are considered in this geometrically nonlinear
model. Cross sections are considered to be rigid, but not remaining orthogonal to beam axis,
that is, the kinematics of a Timoshenko beam formulation is assumed. The movement of each
cross section is considered with no theoretical magnitude limitation to displacement and finite
rotations. Rodrigues’ rotation parameters are adopted, constructing a rotation tensor for each
cross section to describe its orientation when the beam structure is deformed. Furthermore, to
avoid large values of rotations, which could cause singularities in the rotation tensor, an updated
Lagrangian framework is used to describe kinematics. Then, theoretically unlimited magnitude
of rotations can be solved with no singularity problems. This model can be described as a
geometrically-exact formulation of beams.

The riser material model is assumed to be linear and elastic, which is the simplest
constitutive model. The main interest of this work is to investigate contact and geometric
nonlinearities effects in structural riser analysis. Eventually, more realistic material models
could be added. The external loads considered in this work are the self-weight of the riser and
the fluid forces in the structure, described in previous sections.

4 METHODOLOGY OF ANALYSIS

This section describes the methodology used to investigate hydrodynamics over the riser,
and also the riser-seabed interaction. Simulations were performed using two in-house finite
element codes, based on theory presented in previous sections.

For the FSI solver, the code is named HPC LMC (High Performance Computing at
University of Sdo Paulo Computational Mechanics Laboratory) and for the riser solver the
code is named GIRAFFE (Generic Interface Readily Accessible for Finite Elements). Figure 6
illustrates this interaction between the two solvers.

Both solvers are implemented using C++ language and make use of parallel modules in
order to achieve the best overall performance.

The steps that must be executed in order to have the complete FSI problem solved are:
1. Execute GIRAFFE and choose the correct Neutral File;

e Neutral File consists in a file that has its content (e.g. nodes coordinates,
element connectivity, material properties, time step, simulation time) and format
standardized in such a way that a particular solver is capable of executing different
problems (e.g. steady, unsteady state problem) with the same source code.
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Fluid

(Incompressible Navier
Stokes Equations)

Structure

(Complex motion allowed)

LIRAFFE

Immersed Boundaries

Figure 6: Interaction between the two solvers.

2. GIRAFFE will solve the static problem and provide the base riser catenary as illustrated
in Fig. 7;

3. Execute HPC LMC solver with the fluid Neutral File that will solve the transient problem
until the velocity of the fluid is stable;

4. Do for each time step:

(a) Since the FSI code is implemented for 2D problems it is necessary to simulate the
3D problem as several horizontal 2D planes. Each plane will be responsible for
finding the forces generated for that particular depth and send to GIRAFFE. Execute
HPC LMC solver that will solve the transient problem for each plane until all of
them get converged;

(b) Execute GIRAFFE to solve the riser structure for the nodal loads applied from the
fluid over the riser structure until it is converged;

(c) Increase the solution time with the time step defined in the numerical simulation and
reexecute item 4.

5. The final configuration after a specific amount of time is illustrated in Fig. 7.

Figure 7: Steps used to solve the numerical model sequentially (a), (b) and (c) to obtain the base catenary
and (d) final configuration after sea current imposition (Gay Neto et al., 2015).
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S NUMERICAL SIMULATIONS

This section presents some simulations in order to test the integration between the two
solvers and the formulation presented (FSI and geometrically-exact beam theory). The FSI was
applied to a riser structure with seabed contact with the following properties:

Table 1: Riser and seawater physical properties (Gay Neto et al., 2015).

Riser length 5000.00 m
Axial stiffness 6.08 GN
Bending stiffness  110.80 MN m?

Torsion stiffness  85.20 MN m?
Shear stiffness 2.34 GN

Water depth 1709.00 m
Water density ~ 1000.00 kg /m?

Sea current speed 0.50m/s

The properties of the fluid and the parameters used for the simulation are:

Table 2: Fluid properties and parameters used for the simulation.

Density 1.00kg/m?
Dynamic Viscosity 2.00 x 107*Pa-s
Inlet Velocity 0.50m/s
Reynolds 100 (Laminar Flow)
Time step 0.05s
Maximum Physical Time 10.00s

It is worth pointing out that the FSI solver was developed, initially, for problems with low
Reynolds number and to verify the theory of Immersed Boundaries with Lagrange multipliers
(Gomes, 2015). Taking this into consideration, the physical properties (density and dynamic
viscosity) were modified to have a laminar flow around the riser and therefore no stabilization
issue should raise. Additionally, the idea of this work was to evaluate and demonstrate the
applicability of using a staggered scheme with two different solvers (HPC LMC and GIRAFFE).
In order to study different and more complex problems (e.g. VIV) further implementations and
development are required.

5.1 Geometry

Figure 8 shows the gometry of the model used in the numerical examples and simulations.
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Fﬁ 020m l 0.80 m l

Figure 8: Horizontal plane geometry.

Table 3 shows the finite element discretization for this geometry.

Table 3: Model properties.

Base Size of Mesh  0.015m

Number of elements 57230
Number of nodes 115161

5.2 2D FSI simulation

In order to simulate the sea current applied to the riser, it was created several horizontal
planes at different depths. Each plane is positioned according to riser position at that depth and
is responsible for solving the FSI and send the resultant forces and moments to GIRAFFE.

Since the planes are horizontal, the section cut between the plane and the riser results in an
ellipse (Fig. 9).

Ellipse

Figure 9: Riser section cut.
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The GIRAFFE implementation code has a C++ method that returns the current (at a given
instant) tangent vector for a specific node (Fig. 10a).

With this vector it is possible to find all parameters of the rotated ellipse as demonstrated
in Fig. 10b.

e =(g,¢,6) ¢, =(¢e.e.¢)

A4

v

(a) Tangential vector. (b) Ellipse parameters.

Figure 10: Tangent vector and ellipse parameters.

5.3 Analytical solution

There are two different approaches that we could use to generate the structural domain.
Use a structural mesh or use an analytical equation for the ellipse.

Since it is not possible to know a priori the position of the riser at a specific depth, the best
approach, and the one used in this work, was to make use of the anlytical equation. The next
section will demonstrate the equations and interface definition of the riser over the fluid domain.

5.4 Rotated ellipse equation

Assume we have an ellipse with horizontal radius h and vertical radius v, centered at the
origin (Fig. 11a).

The equation for the non-rotated ellipse is:

— 4+ = =1 (26)

where = and y are the coordinates of points on the ellipse.

Using the equations for rotating a point over the origin by an angle o (counter-clockwise),
we get:

Ty = X COsQ + ysina 27
Yr = Yycosa — xrsina (28)
CILAMCE 2015
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Plugging these equations into Eq. 26 for the non-rotated ellipse, we get the equation for a
rotated ellipse (Fig. 11b):

(xcosa+ysina)®  (ycosa — xsina)’
+
h? v?

=1 (29)

(a) Ellipse. (b) Rotated ellipse.

Figure 11: Ellipse and rotated ellipse.

5.5 Intersection line

It is necessary to find the intersection nodes between the rotated ellipse and the fluid
meshes. These intersection nodes will define the interface moving boundary.

To find the intersection nodes we use the following equation:

—b+Vb? — 4dac
Tint = o0 (30)

where

a = v? (0052 a + 2m cos asin o + m? sin? a) + h? (m2 cos? a—

31
—2m cos asin o + sin? a) G
b = 202 (COS asin a + m sin? a) + 2h%b, (m cos® o — cos asin a) (32)
c = b% (U2 sin o 4+ h? cos? a) — h*? (33)
Plugging into the equation of the line:
y=mzx+ b (34)

it is possible to find the nodes of intersection between the ellipse and the fluid meshes.

Figures 12a and 12b illustrate the intersection line and the moving boundary after finding
the intersection nodes and disabling the fluid meshes inside the structural domain.
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(a) Intersection line. (b) Moving boundary.

5.6 Lagrange multipliers forces

The forces that are applied to the riser are given by the Lagrange multipliers and Fig. 13
illustrate how the forces and moment vectors are calculated.

Figure 13: Lagrange multipliers forces vector that are sent to GIRAFFE solver.

5.7 Steady state problem

In order to test the analytical solution of the ellipse with the FSI solver, it was simulated the
flow past a ridig ellipse (simulating the section cut between the horizontal plane and the riser)
with a steady state flow.

The parameters used for this example are:

Table 4: Parameters used for the steady state problem.

Inlet Velocity 0.20m/s
Reynolds 40 (Laminar Flow)
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Results

Figure 14 shows the results (velocity and pressure) of the numerical example.

000 0.14 0.28 0.42 056 0.70 (m/s) 000 0.06 0.12 0.18 024 0.30 (Pa)

Figure 14: Flow past a rigid ellipse; Crossflow velocity (left) and pressure (right) at Re = 40.

5.8 Unsteady state problem

For the unsteady state problem it was used the same geometry, fluid properties, parameters
of the simulation and the methodology of analysis as described in previous sections. It was used
a time-varying inflow velocity ranging from 0.00 to 0.50 m/s at the first two seconds and then
a 0.50 m/s constant inflow velocity until the end of the simuation (7" = 10.00 s).

Results

First it is illustrated the velocity at ¢ = 2.00 s with a constant inflow velocity of 0.50 m/s.
Then, for each horizontal FSI plane, it is illustrated the velocity and pressure at different instant
of times (t = 6.00s, ¢ = 7.50s and ¢t = 9.00s) and depths (Z = 100.00 m and Z = 400.00 m).

— - —
0.00 0.12 0.24 0.36 0.48 0.60 (m/s)

Figure 15: Crossflow velocity at £ = 2.00s and Z = 100.00 m.
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Figure 16: Flow past riser section cut; Crossflow velocity (left) and pressure (right) at Re = 100,
t = 6.00s; Depths Z = 100.00 m (top) and Z = 400.00 m (bottom).

O O —
0.00 0.14 0.28 0.42 0.56 0.70 (m/s) 0.00 0.04 0.08 0.12 0.16 0.20 (Pa)

Figure 17: Flow past riser section cut; Crossflow velocity (left) and pressure (right) at Re = 100,
t = 7.50s; Depths Z = 100.00 m (top) and Z = 400.00 m (bottom).
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0.00 0.14 0.28 0.42 0.56 0.70 (m/s) 0.00 0.04 0.08 0.12 0.16 0.20 (Pa)

Figure 18: Flow past riser section cut; Crossflow velocity (left) and pressure (right) at Re = 100,
t = 9.00s; Depths Z = 100.00 m (top) and Z = 400.00 m (bottom).

6 CONCLUSION

This work has presented the integration between two different solvers, a FSI and a
geometrically-exact beam solver in order to study the hydrodynamics over a riser with seabed
contact. Although it is necessary to implement a stabilization scheme for convection dominated
flows and also a turbulence model to represent the model in a more realistic way, the integration
between the two solvers was successfully accomplished. This work is in its initial stage of
development and in the future it could help researchers to study the VIV over a riser easily
using the newest theories, either in Immersed Boundary methods, or in geometrically-exact
beam theories.

7 FUTURE WORK

In order to have the VIV study possible we need to implement the following routines in the
FSI solver:

e Implement a stabilization scheme (e.g. SUPG and PSGP);
e Implement a turbulence model;

Another possibility is to implement a 3D model for fluids, once the actual flow is 3D and
we are here approximating this behavior by a set of 2D flows, which is not fully realistic.
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