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Flow-induced vibration (FIV) of a bluff body is a complex fluid-structure interaction (FSI) problem, for
which analytical solutions generally don't exist. Therefore, such problems generally need to be examined
with experimental methods or computational simulations. Researchers have developed various numerical
methodologies to solve FSI problems using either conforming or non-conforming grid methods. However,
these methods are not always ideal for flow-induced vibration problems, as they can be computation-
ally expensive or generate low accuracy solutions, especially for the cases with large body displacements.
FIV problems often require long simulation times because, for a given parameter set, the transient flow
solution time can be long and generally at least 10 oscillation cycles are required to simulate the repre-
sentative long term behaviour. Thus, to gain a clear understanding and enhance knowledge of FIV of a
bluff body, it is advantageous to have an efficient numerical methodology. We have developed two effi-
cient fully-coupled FSI solvers to accurately predict the FIV of an elastically mounted bluff body and a
tethered bluff body. These FSI solvers were developed based on the widely used open-source CFD pack-
age OpenFOAM. In these solvers, the fluid flow was modelled in a reference frame attached to the centre
of mass of the solid body, so that a non-deforming grid can be employed. A predictor-corrector iterative
method was used to enable strong coupling between the solid motion and the fluid flow. Each of the FSI
solvers was validated against previously reported investigations. While efficient, the limitation of these

FSI solvers is that they can only be used to examine the nature of FIV of a single, rigid bluff body.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Flow-induced vibration (FIV) problems of bluff bodies are con-
fronted in a wide range of engineering fields: fluid mechan-
ics, structural mechanics, vibrations, computational fluid dynamics
(CFD) and acoustics. When a fluid flows past a bluff solid struc-
ture, a large amplitude fluctuating pressure force can develop near
the rear of the structure, leading to an unsteady wake. FIV is pri-
marily excited by this unsteadiness of the wake. Vortex-induced
vibration, or (VIV), is a category of FIV, occurring through the syn-
chronisation of structural vibration with the vortex shedding. This
self-limited vibration state can be expected to be excited when
the vortex shedding frequency is sufficiently close to the natu-
ral frequency of the solid system. FIV can cause fatigue damage
or even a failure of a structure, and therefore it is a crucial con-
sideration for the design of many engineering systems. Some ex-
amples are bridges, chimney stacks, aircraft, ground vehicles, sub-
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marines, tethered structures, buoyancy and spar hulls, pipelines,
cable-laying and offshore structures.

Due to the complex nature of FIV problems concerning bluff
body flows, it is difficult to obtain an analytical solution. Ex-
periments or computational simulations are the only feasible
options for investigating FIV. To reveal the fundamentals of
the field, a huge volume of experimental studies has been
conducted on FIV on generic shapes. The major findings of
these studies can be found from the comprehensive reviews of
[1,2,28,29,39,47,48,50] and [9].

In the literature, phenomenological models have been devel-
oped following the idea of wake oscillators, to predict FIV. These
models were based on the van der Pol or Rayleigh equation, which
models a self-sustained, stable and nearly harmonic oscillation of
finite amplitude [10,51]. These models still need to be improved
to accurately predict FIV. Moreover, these models are always re-
quired to be fine tuned based on the experimental observations
and have a limited contribution toward the understanding of FIV
problems. The experimental studies have their own limitations, for
example, difficulties in the visualization of the wake, especially for
the case of complex and three-dimensional geometries, and diffi-
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culties of obtaining accurate force measurements, as a result of ex-
ternal noise. Therefore, computational simulations are essential to
advance the knowledge of FIV. Compared to experimental studies,
fewer computational studies have been reported on FIV, as it is
difficult to implement an accurate, stable and efficient numerical
methodology.

In FIV problems of bluff bodies, the flow of the fluid and the
motion of the solid need to be solved in a coupled manner, as both
the fluid and the solid body have their own motion. There exist
two main fluid-structure interaction approaches, which have been
used to solve FIV problems of bluff bodies for many years. One is
the conforming grid method and the other is the non-conforming
grid method [15]. The conforming grid method is the conventional
method, which treats the interface between the fluid and the solid
as a physical boundary, and deforms the grid of the fluid domain
according to the motion/or deformation of the solid structure. This
method is also known as the arbitrary Lagrangian-Eulerian (ALE)
method [16,42] or adaptive-mesh method. This method consists of
three different solver algorithms; a fluid flow solver, a solid de-
formation solver (if the solid is a flexible body), and an internal
grid deformation solver. At each time step, the method needs to be
proceed through all three solvers. The limitations of this method
arise from the grid deformation step. This step can be quite chal-
lenging and time-consuming, especially for 3D problems. More-
over, for the scenarios involving large translational or rotational
structural motion, the grid can be severely distorted, leading to
a less accurate solution. The studies of [8,14,49] are some exam-
ples of using a conforming method for FIV problems. Although
conforming methods have been widely used for many fluid-
structure interaction problems, it is not an efficient method for FIV
problems.

For FSI problems, widely used non-conforming grid methods
are the immersed boundary (IB) methods. These methods treat the
boundary between the fluid and the solid as a virtual interface,
and the related interface conditions are imposed on the model
equations as constraints so that a non-conforming grid can be em-
ployed. The classical IB method was first introduced by [30], to
simulate blood flow in the human heart. As re-meshing is not
required in IB methods, and it can be applied to a wide vari-
ety of problems including complex geometries and large struc-
tural deformations. Some examples are: FSI problems in heart val-
ues [5,13,20]; bio-film processes [7]; particulate flows [45]; flap-
ping wings [27]; flow-induced vibration problems [21,40,41]. In
this method, the structural grid is arbitrarily immersed in the back-
ground fluid grid with a moving boundary. The motion of the im-
mersed boundary is usually taken into account by adding a ficti-
tious body force in the governing equations. The major disadvan-
tage of these methods is the reduced accuracy of the solution near
the fluid-structure interface, due to IB methods typically smear-
ing out the sharp interface to a layer of the thickness of the or-
der of the mesh width. This limits the IB method’s applicability to
high Reynolds number flows. Beside thick immersed boundaries,
IB methods can result in less accurate predictions, as the Dirich-
let boundary condition is not able to be applied strongly on the
interface.

As a remedy to the low accuracy due to the thick-interface of IB
methods, a set of sharp-interface IB methods has been recently de-
veloped [5,21,25]. In these methods, the resolution near the fluid-
solid interface is increased enabling a sharp interface. Cut-cell
methods, immersed interface methods, and hybrid Cartesian im-
mersed boundary methods are some examples of these methods,
which have increased the accuracy of the solution, but the com-
plexity of the solution process has also increased. Even for these
improved methods that have higher-order accuracy at a boundary,
because the boundary translates through the grid, it still restricts
the resolution achievable at a boundary to the size of the cell size.

Compared to the adaptive mesh methods and immersed bound-
ary methods, a flow-induced vibration problem of a rigid bluff
body can be solved accurately and efficiently when the fluid
flow is modelled in a body-fixed reference frame. This is a non-
conforming grid method, which solves the fluid flow and the solid
body motion in a coupled manner without deforming the grid.
This method has been previously used in the studies of [3,4,22-
24] to investigate the forced vibration and the free vibration of an
elastically mounted cylinder. They have implemented this numer-
ical methodology based on the spectral element method, which
has higher order accuracy. As the spectral element methods have
mainly been developed for direct numerical simulations, applica-
tions were limited to low Reynolds number flows. This article de-
velops a fully coupled FSI solver in the OpenFOAM environment to
accurately and efficiently predict the flow-induced vibration prob-
lems of both elastically mounted and tethered bodies. OpenFOAM
is an open source CFD package which comes with a range of inbuilt
turbulence models. Therefore, this solver can be easily adapted for
high Reynolds number flows. Although this method is efficient and
accurate, it can only be applied for the investigations of FIV prob-
lems of a single, rigid bluff body. As the fluid flow is modelled in
a reference frame attached to the centre of the mass of the solid
body, it cannot be used for FIV problems of multiple bodies or
other FSI problems involving flexible bodies.

Our previous articles [34-37] provide a general outline of this
method. This article presents a detailed description of the numer-
ical methodology, including the implementation process in Open-
FOAM. The structure of present article is as follows: Section 2 pro-
vides a brief overview of OpenFOAM including discussions on the
algorithm of the icoFoam flow solver for the laminar flows and val-
idation studies for non-VIV studies; following this, Sections 3 and
4 discuss the numerical approaches used for the flow-induced
vibration problems of an elastically mounted body and a teth-
ered body, respectively, providing detailed descriptions of the FSI
systems, FSI solver algorithms, implementations of the solvers in
OpenFOAM, and validation studies; finally, the article ends with
conclusions in Section 5.

2. Simulations in openfoam

The widely used open-source CFD package, OpenFOAM, is made
available by OpenCFD Ltd and distributed freely via https://www.
openfoam.com for Linux operating systems. This CFD package is
developed based on the finite-volume method, and it has the ca-
pability of performing simulations on multiple processors in paral-
lel, achieving good parallel efficiencies. OpenFOAM is a framework
for developing application executables that use packaged function-
ality contained within a collection of approximately 100 C+ li-
braries [43]. OpenFOAM contains approximately 250 pre-built ap-
plications that fall into solver and utility categories. Solvers are de-
signed to solve a specific problem in continuum mechanics while
utilities are designed to perform tasks that involve data manipula-
tion. OpenFOAM solvers are capable of handling a wide range of
problems in fluid dynamics. Users can develop new solvers, utili-
ties and libraries with some pre-requisite knowledge of the under-
lying method, physics and programming techniques involved.

OpenFOAM comes with both pre- and post-processing environ-
ments. The interface to the pre- and post-processing environments
are themselves OpenFOAM utilities, thereby ensuring consistent
data handling across all environments. OpenFOAM has a limited
graphical interface. Therefore, the utility paraFoam provides visual-
isation capabilities for the grid and the predictions by connecting
to the data analysis and visualization application ParaView.

Typically, an OpenFOAM case contains mainly three types of di-
rectories, namely the constant directory, the system directory and
the time directories. Only a brief description of the file system is
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given below, and readers are referred to the OpenFOAM user guide
[43] for more details. The constant directory contains the full de-
scription of the case grid in a subdirectory called polyMesh. It also
contains the files specifying physical and turbulent properties for
the application concerned, e.g. the file transportProperties. The sys-
tem directory contains the files associated with the control param-
eters and solution procedures. It should contain at least the con-
trolDict, fvSchemes and fvSolution files. The controlDict file speci-
fies the control parameters including the start/end time, the time
step and parameters for data output. The fvSchemes file determines
the discretization schemes used in the solution, while the fvSolu-
tion file determines the equation solver algorithms, tolerances and
other algorithm controls. A case directory contains individual files
for each time instance. The name of each time directory is based
on the simulated time at which the data is written. A time direc-
tory contains individual files of data for particular fields, e.g. veloc-
ity and pressure fields.

2.1. Governing equations of non-FIV simulations
The fluid is assumed Newtonian and incompressible and the

Navier-Stokes and incompressibility equations given in Eqs. (1) and
(2) describe the motion of the fluid.

%‘t‘ — (u.V)u - %VP 4 %Vzu (1)
V.u=0. (2)

Here, u =u(x, y, z, t) is the velocity vector of the fluid at a given
location and at a given time, P is the pressure, p is the fluid den-
sity, assumed constant. Given constant density, it is usual to elimi-
nate explicit reference to the density by introducing the kinematic
pressure p = P/p, and the kinematic viscosity v = /p. OpenFOAM
facilitates simulations in the dimensional form. For the present di-
rect numerical simulations, the only fluid property that is required
to be specified is the kinematic viscosity, v, which can be obtained
by v = UD/Re, where U is the freestream velocity, D is the diame-
ter of the sphere/cylinder, and Re is the Reynolds number.

2.2. The icoFOAM flow solver for non-VIV simulations

OpenFOAM has a wide range of standard solvers designed for
applications in different categories of continuum mechanics. Flow
in the laminar regime has been considered so far. The pre-built
icoFoam solver is considered to be appropriate for the present sim-
ulations, as it is a transient solver for the incompressible, laminar
flow of Newtonian fluids. The icoFoam solver was implemented ac-
cording to the PISO (Pressure Implicit with Splitting of Operator)
algorithm introduced by [17]. This algorithm approximates the spa-
tially and temporally discretized fluid equations with an order of
accuracy O(§t2), with 8t the time step. The widely used PISO algo-
rithm is generally stable and relatively easy to implement.

2.2.1. Outline of the PISO algorithm

The PISO algorithm integrates the Navier-Stokes equations for-
ward in time using a predictor step followed by several corrector
steps. In the predictor step, the discretised momentum equation
(we will refer to this as the velocity equation) is solved implicitly
for a new velocity field with the previous pressure and velocity
fields. An equation is derived combining the discretised continu-
ity equation and momentum equations (we will refer to this as the
pressure equation). In the corrector step, a velocity field and a pres-
sure field are found that are able to satisfy both the continuity and
the momentum equations. This is done by first solving the above-
mentioned pressure equation for the pressure (with the velocity
found in the predictor step or the previous corrector step), and

then solving the momentum equation for the velocity. At the end
of the time step, the velocity and the pressure fields found from
the last corrector step are taken as the new velocity and pressure
fields. The next section describes the PISO algorithm used in the
icoFoam solver in more detail.

[17] shows that this algorithm needs, at least, two corrector
steps to achieve the desired accuracy. He showed that with two
corrector steps, the velocity and pressure can be approximated to
order of accuracy O(8t*) and 0(8t3), respectively. Adding another
corrector step would increase the accuracy of the approximations,
but it will unnecessarily increase the computational time because
the order of accuracy of the algorithm is only O(8t2). Therefore, we
used only two corrector steps in all of our simulations.

2.2.2. PISO algorithm used in the icoFoam solver
This algorithm states the steps of solving Navier-Stokes equa-
tions for the time step (n+ 1) with the values of u and p at pre-
vious time step (n) for two corrector steps. Let the superscripts *,
* * denote intermediate field values obtained during the split-
ting process. A semi-discrete form of the momentum Eq. (1) can
be given as
u*—u"
At
where —A’u* and H’(u*) represent the diagonal and non-diagonal
elements of the discretized convection and diffusion terms, respec-
tively. This equation can be rearranged as:

Au* = H(u*) — Vp", (4)

with A =1/At +A’ and H(u*) = H' (u*) 4+ u"/At.

Predictor step: Solve the momentum equation given in
Eq. (4) for the first intermediate value of the velocity field (u*)
with previous values of pressure (p") and velocity (u"). This u*
in general will not satisfy the zero divergence condition (given in
Eq. (2)).

First corrector step: A new velocity field (u**) together with
a corresponding new pressure field (p*) are now considered such
that the zero-divergence condition

= —A'u* + H (u*) — Vp", (3)

V.u* =0 (5)
is met. For this, the momentum Eq. (4) is taken as
Au*™* = H(u*) — Vp*. (6)

Here, non-diagonal terms of the convection and diffusion terms
have been treated explicitly (H(u*)); we will see the reason
shortly. Eq. (6) and (5) are used to derive the pressure equation

Vp* H(u*)
() ()

Then the pressure equation is solved for p* with velocity field
found in the predictor step (u*), and afterwards Eq. (6) is solved
for u**.

Second corrector step: A new velocity field (u***) together
with its corresponding new pressure field (p**) are formulated to
meet the zero-divergence condition

V.u* =0. (8)
The momentum Eq. (4) is taken in a semi explicit form as

the corresponding pressure equation is therefore

Vp** H(u**)
() ()

Solving Eq. (10), p** can be found. Then u*** can be found from
Eq. (9). Finally, set u*** as u™*! and p** as p"+1.




4 M.M. Rajamuni, M.C. Thompson and K. Hourigan/Computers and Fluids 196 (2020) 104340

Table 1

A comparison of time-averaged drag coefficient, C;, time-averaged lift coefficient, G, and Strouhal
number, St, of a rigidly mounted sphere, at Re = 300, 500 and 1000. Values calculated for Cy4, G, and

St closely match values of other studies.

Re =300 Re = 500 Re = 1000

Study Ed a St Ed fl St fd Sty Sty

Present study ~ 0.665 0.070 0.137 057 006 018 049 019 033

(6] 0.665 0.065 0.136 - - - - _ -

[11] 0.658 0.067 0134 - - - - - -

[19] 0.656 0.069 0.137 - - - - - -

[26] - - - 055 - - 046 - -

[31] - - - 056 005 015 046 0.185 0.33

(38] - - - - - 018 - 0.2 -

[44] - - - - - 0.167 - 0.2 0.35
2.3. Numerical discretization and solver algorithms C /4 k

OpenFOAM was developed based on the finite-volume method j

(FVM), similar to many computational fluid dynamics packages. In
general, the finite-volume approach is based on the conservation of [ te \
some quantity, i.e., what goes into the control volume through the e !

sides accumulates in the control volume. In this method, the gov-
erning equations are integrated over all finite volumes of the com-
putational domain. The finite-volume method requires a spatial do-
main to discretize into contiguous cells. Dependent variables are
principally stored at cell centroids, although they may be stored in
cell faces or vertices. OpenFOAM provides considerable freedom in
grid generation and manipulation, especially when the geometry is
complex or changes over time.

OpenFOAM offers the freedom of choosing appropriate dis-
cretization schemes from a wide selection, for each and every term
in the governing equations. This is done through the fvSchemes file
in the system directory. The time-derivative term, du/dt, was dis-
cretized based on the backward Euler approach, which is implicit
and second-order accurate. The gradient (V) and Laplacian (V?2)
operators were discretized by the second-order Gauss scheme us-
ing linear interpolation. The divergence (V -) operator was also dis-
cretized similarly but with the I' = 0.5 interpolation scheme. To
calculate the surface normals for the Laplacian, a blend of the cor-
rected (which is unbounded, second-order and conservative) and
uncorrected (bounded, first-order and non-conservative) schemes
were used with a blend factor of 0.5.

The velocity equation mentioned in the predictor step was
solved using a Preconditioned (Bi-) Conjugate Gradient (PBiCG) it-
erative method preconditioned with a Diagonal Incomplete-Lower-
Upper (DILU) decomposition. The pressure equation defined in a
corrector step was solved using a Preconditioned Conjugate Gradi-
ent (PCG) iterative method preconditioned with the Diagonal In-
complete Cholesky (DIC) decomposition. It is possible to use the
simpler Conjugate Gradient method with the DIC preconditioner
for the pressure equation (see the Eq. (7)), since the Laplacian op-
erator yields a symmetric and positive definite matrix when discre-
tised. However, the discretized velocity equation will not be sym-
metric due to the nonlinear convection term, thus dictating the use
of the Bi-conjugate gradient method with the DILU preconditioner.

2.4. Validation studies of flow past a bluff body

The flow past a rigidly mounted sphere was investigated at Re =
300, 500 and 1000. The computed values for the time-averaged
drag and lift coefficients, C; and C;, respectively, and the Strouhal
number, St, are listed in Table 1. As the lift coefficient is negligible
at Re = 1000, a secondary Strouhal number is calculated instead of
C;. As can be seen, the present results closely match values calcu-
lated in other studies [6,11,19,26,31,38,44].

Fig. 1. The fixed frame I(eq,e;,e3) and the moving frame C(i,j, k). The fluid body
was modelled in the moving reference frame C, which is attached to the centre of
mass of the solid body, rather than the absolute reference frame I.

3. FIV solver of an elastically mounted body
3.1. Governing equations

FIV of an elastically mounted rigid body placed at the centre
of a huge fluid domain was considered for the present study. The
fluid flow was modelled in the moving reference frame fixed to
the centre of the mass of the solid body (see Fig. 1) so that a non-
deforming grid can be used for the fluid domain. Since this frame
accelerates according to the body vibration, it is a non-inertial ref-
erence frame. Therefore, the (momentum) Navier-Stokes equations
given in Eq. (1) need to be adjusted by adding the acceleration
of the frame, which is indeed the acceleration of the sphere, to
the momentum equations, as a fictitious source term. For the case
of an elastically-mounted rigid-body, the motion of the solid body
was assumed to behave as a spring-mass-damper system, while
the fluid was assumed incompressible and viscous.

The coupled fluid-solid system can be described by the Navier-
Stokes equations given by Eq. (11), and the continuity equation
given by (12), together with the governing equation for the motion
of the solid by Eq. (13):

%+(u.V)u = -Vp + vViu — X, (11)
V.u =0, (12)
mi. + cX + kx. = fi. (13)

Here, xc, X¢, and X, are the solid displacement, velocity, and accel-
eration vectors, respectively. In addition, m is the mass of the body,
c is the damping constant, k is the structural spring constant, and
fi is the flow-induced integrated vector force acting on the solid
body due to kinematic pressure and viscous shear forces acting on
the body surface.
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3.2. The fluid-structure solver

To solve the fully-coupled fluid-structure system defined by the
Egs. (11)—(13), an FSI solver was created (named vivicoFoam). This
solver is developed based on the OpenFOAM flow solver, icoFoam,
that we discussed in Section 2.2. A predictor-corrector iterative
method is used in the vivicoFoam solver to handle the coupling
between the solid displacement and the fluid flow. At the begin-
ning of an iteration, the solid motion is obtained by explicitly pre-
dicting or implicitly correcting. Then, the fluid equations given in
Egs. (11) and (12) are solved with the predicted or subsequently
corrected solid acceleration, and the fluid forces induced on the
solid are calculated. Details of the predictor and corrector itera-
tions at the (n + 1)th time step can be elaborated as follows:

The predictor iteration

Initially, the sphere acceleration, X, is predicted explicitly using

the third-order polynomial extrapolation

- £ S P IL R Tl (14)

Then, the sphere velocity, X¢, and displacement, x¢, are estimated
by integrating the predicted X; and estimated X, by a third-order
Adams-Moulton method by

. . P Ny o (-
P U = (GE™P 4 8™ — x™V)  (15)
and
ot . ) . (n—
xe (HLPD — x 0 = (5 P g g™ _ g 1>>’

(16)

respectively, where §t is the time step. Finally, the fluid equa-
tions are solved with }éc("“’ pl), and the fluid force exerted on the
sphere, f; +1.p1) s calculated for the coming corrector iteration.
ith corrector iteration

Initially, the corrected value of X is calculated by solving the
solid motion Eq. (13) with the values of x¢, X¢, and f; calculated in
the predictor iteration or the previous corrector iteration by

1

kc(nﬂ,ci) - E fl (n+l.k,)’ (17)

c . . k
_- Xc(nﬂ, k) _ x 1k
m m
where, ki = p; at the first corrector iteration, and k; = ¢;_; fori> 1.
For i>2, the solid acceleration is relaxed to improve the conver-
gence by

kc(nﬂ’ ) _ Xc(m—l' Ci-1) +y (kc(nﬂ, G) _ xc("+1v Ci—1)>’ (18)

where y is the relaxation parameter. Note that relaxing the solu-
tion is only required for small mass ratio cases (m* < 1), and oth-
erwise y is set to be 1. Then, the corrected values of X; and x. are
updated by

ot

=&" + = (59 4+ 8x™ — k™) (19)

Xc(nﬂ, ) 5

and

ot . ' . . (n—
X L) = x W = (5 xc(n+1,c,) n ch(n) _ xc(n 1)>’ (20)
respectively. Finally, the fluid equations are solved with kc("“‘ k"),

and the fluid force exerted on the sphere, f; ™1 %) is calculated
for the coming corrector iteration.

3.2.1. Termination of the iterative algorithm

The predictor-corrector iterative process is terminated once the
convergence criteria are met. After the predictor iteration, several
corrector iterations are performed until the relative error of the
solid acceleration, eq, and the relative error of the fluid force act

on the solid, e, converge within a prescribed error bound, €, as
given in Eq. (21):

[ P |

eq = » <€
[E X[
|| f("+1vfi+1) _f(n+1,c;) ||2
ef = ——1 T cml) <€, (21)
Il f ll2
where ||.||, represents the Euclidean norm. The value of € was

chosen as 0.001 for simulations since it was found that further de-
creasing € does not increase the accuracy of the solution. Typically,
the FSI solver required 3 corrector steps. Fig. 2 displays histograms
of number of corrector iterations consumed in the VIV simulations
conducted at Re =2000, m* =3, and U* =5, 6, 7, 8, 9, 10, 12,
and 14. As can be seen, in most cases the number of corrector
steps was less than 6, with the upper limit set to 15.

The temporal accuracy of the overall FSI solver is second-order,
although the solution process for the solid motion is third-order
accurate. This is because the PISO algorithm itself is of second-
order accuracy. It is recalled that the fluid domain was modelled in
a moving frame-of-reference. This motion is acknowledged through
the outer domain velocity boundary conditions (except the outlet
boundary). In this article, all the outer boundaries, except the out-
let where a pressure condition is enforced, have a velocity con-
dition prescribed on them. Once the predictor-corrector iterative
process has completed, the velocity at the inlet boundaries is up-
dated according to the velocity of the solid, &5, before proceeding
to the next time step.

3.3. Implementation of the vivicoFoam solver in OpenFOAM

The web page, https://openfoamwiki.net/index.php, describes
how to develop a new OpenFOAM solver, by providing an exam-
ple of ‘how to add temperature to icoFoam’. The vivicoFoam solver
was implemented in OpenFOAM following those steps.

This solver was developed such that it can be used for both 2D
simulations (such as cylindrical bodies) and 3D simulations. In ad-
dition, the solid motion can be restricted to the lift direction or
can be allowed to move in all three directions. The solid motion
parameters and other algorithm control settings should be pre-
scribed in the solidMotionData file, which is in the system directory
of a case, (see Appendix A for a sample of this file). The solver
calculates the mass of the solid, m = %pn(D/2)3m*, the damping
constant, ¢ = 4rm¢ /U*, and the spring constant, k = 4w2m/(U*)2,
according to the values given for the non-dimensional parameters:
mass ratio m*, damping ratio ¢, and reduced velocity U*.

This solver is designed to be used for a rectangular fluid do-
main. It reads the names of the boundary patches from the bound-
aryToUpdate file in the constant directory. A sample of this file can
be found in Appendix A. This file also declares the type of the sim-
ulation, i.e. 2D or 3D, to recognize the inlet patches that need to
be updated. The solver updates the velocity of the inlet boundaries
and the pressure gradient of the solid boundary at the end of each
time step. The solver writes the solid motion data (displacement,
velocity and acceleration of the solid) together with the force co-
efficients to a csv file in the case directory.

3.3.1. vivicoFoam algorithm

The steps of ‘vivicoFoam’ algorithm, which solves fluid-solid
coupled system Eqs. 11 - (13) are given below for the time step
(n + 1) with the values of u, p, X, ®¢, and ¥ at the previous time
steps, n, n—1 and n —2 (Fig. 3 illustrates the flow chart of this
algorithm.)
Step 1 [Initialization] Read the solidMotionData file in the system
directory and the boundarytToUpdate file in the constant directory
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Table 2
Computational time of flow-induced vibration of a cylinder.

Grid near the cylinder (circumferential x radial)  Af, Cy f* No. of shedding cycles  Computational time (h)
Fine (112 x 45) 0.41 1.67 100 10 1.20
Medium (168 x 80) 0.41 1.66 100 10 341
Extra fine (224 x 111) 0.41 1.66 1.00 10 6.69
1 1 1 1
=5 Ur=6 =7 U*=38
0.5 0.5 0.5 0.5 J_l_L
0 0 0 ’—I—I_I_L 0
0 2 4 6 8 1012 14 0 2 4 6 8 1012 14 0 2 4 6 8 1012 14 0 2 4 6 8 1012 14
1 1 1 1
rr=9 U*=10 =1 U*=14
) r—rl_l_\f ) v—l—l_l_Lv ) r—l—l_l—L ) r—l—|_l—|;
0 0 0 0
0 2 4 6 8 1012 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 02 4 6 8 1012 14
Ci Ci Ci Ci

Fig. 2. Normalized histograms of number of corrector iterations, ¢; used for the simulations of the vortex-induced vibration of a sphere at Re = 2000, m* = 3, and reduced

velocity U* =5, 6, 7, 8, 9, 10, 12, and 14.

of the case. Declare variables, and perform initializations required
to update the boundary conditions and to write the output data.
Calculate the dimensional parameters of the solid motion equation
given in Eq. (13) according to the user defined non-dimensional
parameters.

Step 2a [The predictor iteration] Predict the solid acceleration,
& 1Py using a polynomial extrapolation as shown in Eq. (14).
Then, estimate the solid velocity, & ™" PV, and displacement,
xc 1.0 using Eqs. (15) and (16), respectively.

Step 2b [A corrector iteration] Correct the value of & ™" %) by
solving the Eq. (17). Then, update the values of & ™% and
xc (1.6 ysing Eqs. (19) and (20), respectively.

Step 3 [Solve fluid equations] PISO algorithm discussed in
Section 2.2.2 was modified to solve Navier-Stokes Eqs. (11) and
(12). Each form of momentum equations in PISO algorithm in
Section 2.2.2, needs to include the solid acceleration term in the
right. Thus, Egs. (4), (6), and (9) become;

Au* = H(u*) — Vp" + & ™1, (22)
Au** = H(u*) — Vp* + & ™D, (23)
and

Au™ = H(u™) — Vp** + & ™D, (24)

respectively. Due to the new term in the momentum equation,
pressure equation also needs to be modified accordingly. Thus,
Egs. (7) and (10) become

* * s (n+1)
o(TF) v (Me2a) -
and

sk sk v (n+1)
V(Vlf" ):v. (H(“ )ch ) (26)

Step 04 [Calculate the fluid forces] With u™! and p"*! found
from the PISO algorithm, calculate fluid forces exerted on the
sphere, f; "1

Step 05 [Loop from step 02b to step 04]. Proceed to the next iter-
ation (to step 02b) with the newly calculated fluid forces, f; 1)
When it completes step 04, calculate the relative errors of fluid
forces, ef, and solid acceleration, eq. Break the iterative loop if both

ef and e, are less than the desired error tolerance, as shown in
Eq. (21). If none of the convergence criteria is met, then continue
until it reaches the maximum number of iterations.

Step 06 [Update boundary conditions and write motion data]
Once the iterative process is complete, update the boundary con-
ditions and write the solid motion data (x¢, X and X;) and force
coefficients in all three direction to a csv file. Then, proceed to the
next time step.

Only the asymptotic state of a simulation was used for the anal-
yses presented in this article. Sometimes, simulations need a long
time to reach the asymptotic state. However, there is a run-time
limitation of a maximum of 1 day on the supercomputer system
used for the FIV cases. Therefore, in such a case, it is required to
restart from the previously stopped time. In these circumstances,
the vivicoFoam solver writes the necessary solid-motion data of
the last three time steps to an OpenFOAM file called lastMotion-
Data in the system directory (a sample of this file also given in
Appendix A). The solver updates this file at the time it writes the
results for the fluid to a time directory.

3.4. Computational time

Simulations of flow-induced vibration of a bluff-body, in gen-
eral, take longer than for a fixed body. Usually, a simulation takes
a considerable amount of time to fully develop the vibration re-
sponse and reach the asymptotic state. In addition, to accurately
predict the time-average parameters, such as response amplitude,
drag and lift coefficients, and the frequency of the vibration, the
simulation was required to be extended for a number of vibration
cycles sufficient for statistical averaging, once an asymptotic state
had been reached. For highly periodic response, 10 oscillation cy-
cles are found to be sufficient. However, if the response is not fully
periodic or aperiodic, simulations are required to run for a larger
number of oscillation cycles. The time taken for FIV simulations,
depends on many parameters, for example, mass ratio, reduced ve-
locity, Reynolds number, and the nature of the vibration.

To provide an idea of the computational time taken for 2D sim-
ulations discussed in Section 3.5.1, simulations were carried out on
three levels of grids with a non-dimensional time step of 0.005,
at U* =5.5. At this U*, the cylinder vibrated sinusoidally with a
large vibration amplitude. Table 2 tabulates the results obtained
from each grid and the computational time utilized to run for 10



M.M. Rajamuni, M.C. Thompson and K. Hourigan/Computers and Fluids 196 (2020) 104340

Solid motion solver

Fluid solver

Convergence of the algorithm

Fig. 3. Flow-chart of the FIV solver of an elastically mounted body. The number of non-orthogonal and orthogonal PISO iterations were set to 2 while the number of FSI

iterations was set to 15.
shedding cycles (10 cycles are sufficient as the response is sinu-
soidal). The medium grid (29,296 cells) is fine enough for the sim-
ulations, as the results obtained with each grid have a good agree-
ment. In the medium grid, it took only 3.41 h in real time to run
for 10 shedding cycles, which is approximately equivalent to a non-
dimensional simulation time of 55.

The 3D simulations conduced with a sphere (1.23 million cells)
were run parallel on the Pawsey centre supercomputer Magnus

using 48 computer cores. A simulation of an elastically mounted
sphere of m* =3 took around 1-2 days, while a simulation of a
tethered sphere of m* = 0.8 took on average 1-3 days. The longer
computational time of the tethered sphere case is mainly due to
small mass ratio of the sphere. When the body is light, the system
is intrinsically unstable and relaxation of the solution is required
to stabilize the algorithm. Also, the FSI algorithm requires to cycle
through a large number of corrector steps.
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Fig. 4. Vortex-induced vibration response of a circular cylinder. Comparison of the present results, e, with the results of [24].

3.5. Results and validations

3.5.1. Vortex-induced vibration of a circular cylinder

A set of 2D simulations were conducted with an elastically
mounted circular cylinder of mass ratio, m* = 10 over the reduced
velocity range U* = [3, 8], by fixing the Reynolds number and the
damping ratio at Re =200 and ¢ = 0.01, respectively. These pa-
rameters were chosen to compare the results with the observations
of [24] and validate the vivicoFoam solver. Fig. 4 compares present
predictions of maximum vibration amplitude, A}, the maximum
fluctuation amplitude of the lift coefficient, Cl’_m, frequency ratio,
f* = f/fn, and the average phase angle between the lift force and
the cylinder displacement, ¢, with the results of [24]. As the fig-
ure shows, the current predictions are almost identical with their
findings with very minor differences (the percentage errors of Aj,,
Cl/’m, f*, and ¢ are —8%, —8%, 1.8%, and 3.6%, respectively).

At this low Reynolds number, soon after the initial vibration
branch (4.2 <U* <4.7), the lower branch appeared without a trace
of the upper branch. Vibrations of the cylinder in the lower branch
were highly periodic with a large vibration amplitude. Further-
more, the frequency ratio, f*, at this branch was close to 1, indi-
cating the resonance behaviour (see Fig. 4(b). To strengthen this
validation study, the wake behind the cylinder was visualized us-
ing the vorticity field. Fig. 5 provides a comparison of our results
with the vortical structures observed by [24] at the beginning of
the lower branch for the reduced velocities U* = 5.0, 5.2, 5.4, and
5.6. At U* = 5.0, the shed vortices took a stable double-row config-
uration close to the rear of the cylinder, as [24] observed. The for-
mation of this double-row configuration was delayed at U* = 5.2.
It was pushed further downstream at U* = 5.4, and at U* = 5.6,
vortex loops were formed in a single-row configuration near the
cylinder. This variation of the wake pattern matches closely with
the findings of [24].

At this point, it is worth comparing the current predictions with
the results of [32], who investigated the vortex-induced vibration
of a circular cylinder by varying the Reynolds number from Re = 60
to 200. Although this study was conducted by varying the Reynolds
number, the amplitude response curve they observed is identical
to that of ours. In their study, the lower branch was from Re = 86
to 140. Similar to the current predictions, Prasanth and Mittal re-
ported a double-row configuration in the vorticity field at the be-
ginning of the lower branch and a gradual transition to a single-

row configuration, as the Reynolds number increased [32], Fig. 9.
The strong resemblance of our findings of other studies, the valid-
ity of the vivicoFoam solver is proven.

3.5.2. Vortex-induced vibration of a sphere

Vortex-induced vibration of an elastically and transversely
mounted sphere was examined at the Reynolds number of Re =
2000. The mass ratio of the sphere and the damping ratio were
set to m* =3 and ¢ = 0, respectively, while the reduced velocity
was varied in the range 3.5 <U* <10. This mass ratio was chosen
to minimize the cost of computations since one order of magni-
tude higher or lower mass ratio increases the computational cost
substantially. This is because when the body is heaving, it takes
a longer time to reach the asymptotic state, and when the body
is light, the system is intrinsically unstable and needs to cycle
through a large number of corrector steps of the FSI algorithm. The
damping ratio of { = 0 was chosen to enable the highest possible
sphere response amplitude. Simulations were run for at least 10 vi-
bration cycles after the asymptotic state was attained, to enhance
the accuracy of the results, and the latter part of the signal was
used for the statistical calculations.

In the literature of flow-induced vibration of a sphere, four dif-
ferent vibration modes, namely modes I-1V, have been identified.
The first two modes of vibration occur as a result of the synchro-
nization of the vortex shedding behind the body and areknown
as vortex-induced vibration. These two modes usually appear in
the range of 5 < U* 514 with a smooth mode transition. [12] and
[35] discuss differences of these two modes in detail. In short,
mode I is the resonance response which is excited when the nor-
malized velocity, (U*/f*)St =1, and mode Il can be observed for
1 < (U*/[f*)St < 2. Fig. 6(a) compares the present predictions of the
sphere response amplitude, A%, = v2Arms/D, plotted against the
normalized velocity, with the experimental results of [12] obtained
with a transversely vibrating sphere of m* = 7. As can be seen,
the amplitude response curve strongly resembles that of [12]. In
the synchronization regime, the time-averaged drag coefficient in-
creased roughly by 90% from the value for a stationary sphere (see
Fig. 6(b)), as reported by [46] using a tethered sphere.

[12] were the first to visualize the wake behind vibrating
spheres. Using the digital particle image velocimetry (DPIV) tech-
nique, they found that the wake consists of a chain of two-sided
hairpin loops for both modes I and II. Consistently, in our previous
studies [34-36], we also observed two-streets of interlaced hairpin
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Present study

Leontini et al. (2006b)

Fig. 5. Comparison of the vortical structures of the wake of vortex-induced vibration of a cylinder at U* = 5.0, 5.2, 5.4, and 5.6 shown in (a), (b), (c), and (d), respectively,
with the observations of [24]. Flow is from left to right. Formation of the double-row configuration is delayed, as the reduced velocity increased.
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Fig. 6. Vortex-induced vibration response of a sphere (m* = 3 and Re = 2000) as a
function of the normalized velocity, (U*/f*)St: (a) comparison of the sphere rms am-
plitude with the results of [12] with a sphere of m* = 7 and (b) the time-averaged
drag coefficient, Cg.

vortex loops behind the sphere. To analyse further the effects of
the Reynolds number on the characteristics of the wake, a num-
ber of simulations were conducted by varying the Reynolds num-
ber from Re = 300 to 2000 and at the reduced velocity U* = 9.
Fig. 7 compares the wake structures visualised with iso-surfaces
of the Q criterion, at Re = 300, 800, 1200, and 2000. At Re = 300,
two-streets of regular hairpin loops form the wake. Only large
scale loops were visible, and each loop was accompanying with a
tail. As the hairpin loops move downstream, they gradually con-

Re =300 é)
Re = 800 é
Re = 1200 %%
Re = 2000 g

Fig. 7. Effect of the Reynolds number on the wake behind the sphere when it has
synchronized vibrations at U* = 9. Flow is from left to right and the wakes were
visualised with iso-surfaces at Q = 0.003. The second column shows the peak to
peak vibration amplitude for each case.

verted into rings. The wake was symmetric through the plane
made by the direction of sphere vibration and the streamwise
direction. This clear wake was modified in several ways, as the
Reynolds number increased. First, the distance between the two
vortex streets increased with increasing Re, indicating an incre-
ment in the vibration amplitude. Consistently, the sphere vibra-
tion amplitude gradually increased from A, = 0.3 to 0.8, as Re
increased from 300 to 2000. Second, the hairpin loops converted
into rings more quickly, with increasing Reynolds number. Third,
as the Reynolds number increased, the large scale vortex loops in
the wake were slightly distorted; in addition, small scale structures
were visible in the wake. This was more prominent at Re = 2000,
as expected at this higher Reynolds number. Finally, the vortex
loops in the wake were slightly twisted about the streamwise di-
rections, for Re >800 case.
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x - freestream direction

0 - tether angle from xz plan

¢ - tether angle from z direction
F, - drag force

Fyy - lift force in the y direction
F, - lift force in the z direction
B - buoyancy force

T - tension of the tether

L - tether length

Fig. 8. Schematic of the tethered sphere. Two coordinate systems were used to model the system; Cartesian coordinate, <i, j, k>, and spherical coordinates, <ey, ej, €5 >.

4. FIV solver of a tethered body

As the dynamic nature of the solid body attached to the end
of a tether is different from an elastically mounted body, another
FSI solver was developed to study the flow-induced vibration of
a tethered body. The set-up is simply a tethered body in a uni-
form flow field, as the schematic shown in Fig. 8. The tether was
assumed to be massless, rigid and inextensible. The last two as-

R =L (—(6%sin’ ¢ + ¢?) e + (G sing +20¢ cos ) eg + (—0*sinp cosp + &) ey).

sumptions restrict the motion of the solid body to lie in a spher-
ical surface whose radius is the tether length. As the tether is as-
sumed to be rigid, the orientation of the solid body stays fixed.
Moreover, with this holonomic constraint, the number of equations
required to describe the sphere dynamics reduces to two, even
though the sphere has three degrees of freedom. Moreover, the
tethered sphere undergoes pure rotation around the base point of
the tether. Therefore, a 3D Rotation Group SO(3) can also be used
to obtain the equations of motion of the sphere, as used by [33].
However, for simplicity, Newtonian Mechanics principles are used
here, as described below.

4.1. Problem formulation

A spherical coordinate system, S(er, €y, e4), was employed to ob-
tain the dynamic equation of motion of the solid body, as shown
in Fig. 8. However, fluid equations were derived with a Cartesian
coordinate system ((i,j, k), attached to the centre of mass of the
solid body. The unit vectors i, j, and k are aligned with x, y, and
z directions, respectively. The mapping between these two coordi-
nate systems is bijective and can be elaborated with parameters,
6¢cl0, 2) and ¢ €[0, 7] as:

er cosfsin¢
M:le | = —siné
ey cos 6 cos ¢
i cosfsing —sinf
M':[j]=[sinfsin¢g cosh
k cos ¢ 0

0\ [ /-sinf/sing
) =7 cos 6 cos ¢
0 0

sinfsing  cos¢ i
cos 6 0 il. @7
sinfcos¢p —sing/ \k

cosfcosp\ /er
sinfcosg || e |, (28)
—sing ey

cosf/sin¢ 0 F
sinfcos¢p —sing || F,+B|+
0 0 E,

where 6 is the angle of tether to the xz plane and ¢ is the angle
of the tether to the z direction. Let X5, Xs, and Xs represent the po-
sition, velocity, and acceleration of the tethered body in spherical

coordinates. Then, the position of the body is simply,
Xs = L er,

where L is the tether length. Then, &5 and X5 can be obtained by
differentiating the position and the velocity of the sphere w.r.t.
time, as given in Eqs. (29) and (30), respectively.

X =L(Osing eg+ ¢ ey). (29)

(30)

Three types of forces are acting on the tethered body; a ten-
sion force of the tether, T; a buoyancy force, B; and fluid forces Fj,
Fy and F,, which denote the components in the streamwise (x),
lateral (y) and transverse (z) directions, respectively; see Fig. 8 for
more information. The summation of the forces acting on the teth-
ered body is T er + F; i+ (Fy, + B) j + F, k. Using the map M given
in Eq. (27), the summation of forces can be converted in to spher-
ical coordinates as:

Y F = (FycosOsing + (Fy + B) sinf sing + F,cos ¢ — T )er
— (Fysin® — (Fy +B) cosf) e,
+ (Fycos 0 cos ¢ + (Fy + B) sinf cos ¢ — F; sinp) ey.(31)

As the tether is assumed to be massless, the tethered body can
be considered as an isolated mass. Now, with the information of
acceleration of the body and forces acting on it, the dynamic equa-
tions of the solid body can be easily obtained by the angular mo-
mentum balance, ie. I® =) xs x F, where [ is the inertia of the
solid body at the base of the tether and I = m(D?/10 + [?) for a
solid sphere and @ = Xs/L is the angular acceleration of the body.
The component equations are

1(6 sing + 26 ¢ cos ¢) = —L(E; sin6 — (Fy, + B) cos )

and

(32)

I(¢p— 62 sin ¢ cos ¢) = L(F;cos6 cos¢ + (Fy + B)sin6 cos¢ — Fsin¢).
(33)

The above two dynamics equations can be converted into a matrix
form by rearranging the terms as

.—29};5 cot¢
02 sin ¢ cos ¢
0

(34)

At this point, it is important to note that there is a singularity as-
sociated with ¢ = 0. However, it is not a problem for the current
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simulations, since ¢ can never be 0 because the buoyancy force
is much higher than the fluid forces and, therefore, the tether can
never be aligned to the transverse direction (z direction).

Similar to the elastically mounted case, the Newtonian fluid is
assumed incompressible and viscous, and modelled in a Cartesian
coordinate system whose origin is the centre of mass of the solid
body. As discussed in Section 3, the acceleration of the solid body
should be included in the momentum Navier-Stokes equations, as
the frame of reference is a non-inertial reference frame. Since the
solid motion is modelled in a spherical coordinate system, the ac-
celeration of the solid, Xs, given in Eq. (30) first needs to be con-
verted into Cartesian coordinates. This can be easily done by using
the mapping M given in Eq. (27) by

¥ =M & (35)

Finally, the coupled fluid-solid system can be described by the fluid
equations given in (36) and (37) and the sphere motion equations
given in (34) together with Eqs. (27), (30), and (35):

Jou

= = ~u-Vyu — Vp + v Viu - &, (36)

V.u=0. (37)

As a reminder, here p is the kinematic pressure, i.e., the static pres-
sure divided by the density.

4.2. FSI solver for a tethered sphere

Similar to the vivicoFoam solver for FIV problems of elastically
mounted bodies, a fully coupled FSI solver was developed for FIV
problems of tethered bodies, based on the dynamic equations pre-
sented in the previous subsection. This solver was named as teth-
eredVivicoFoam and developed similar to the vivicoFoam solver us-
ing a predictor-corrector iterative method. The only difference be-
tween this solver and the vivicoFoam solver is the way it ob-
tains the solid acceleration. The tetheredVivicoFoam solver first
solves the angular accelerations in spherical coordinates, and then
converts them into the linear accelerations, while the vivicoFoam
solver directly solves for the linear accelerations. The iterative pro-
cess of the tetheredVivicoFoam solver at the (n+ 1)th time step
can be elaborated as follows:

The predictor iteration

Initially, the angular accelerations of the sphere, (8 ¢)T, are

predicted explicitly using a third-order polynomial interpolation by

.\ (n+1, p) ..\ () ..\ (n—1) .\ (n-2)
0 _of0 _af? o
(@) =) @) <G o

Then, the angular velocities, (8 ¢)T, and tether angles, (6 ¢)T,
are estimated using a third-order Adams-Moulton method, by in-
tegrating the angular accelerations and angular velocities to obtain

-\ (n+1,p) <\ (1) ..\ (n+1, p) o\ (1) .\ (1=1)
0 _(¢ 8t ( (6 0 0
<<i>> - (¢) TR <5<<13) ! 8(93;) B (¢’> ) =

and

(n+1, p) (n) -\ (n+1, p) -\ (M) 5\ (M=1)
0 (0 ﬁ 0 0 0
() -G (@) o) - () )

respectively. Then, the acceleration of the solid, &P, is ob-
tained by Eq. (30) with the predicted angles, angular velocities and
angular accelerations. After that, 5&'5(”“' P) is converted into Carte-
sian coordinates, & ("t P, using the mapping given in Eq. (27). At
the end of the predictor step, the Navier-Stokes equations given in
Egs. (36) and (37) are solved with the predicted ™1 P and the
forces exerted on the sphere, (F; F, F,)™t1.P)_ are calculated.

A corrector iteration

Initially, angular accelerations of the sphere, (§ ¢)T are cor-
rected by Eq. (34) with the values obtains for 0, ¢, 6, ¢, Fy, F
and F;, at the predictor iteration (or at the last corrector iteration).
Then, from the second corrector iteration onwards, the corrected
angular accelerations are relaxed to improve the convergence char-
acteristics by

N\ (41, ) s\ (1, cip) o\ (N1, ¢) s\ (n+1,¢ip)
0 (¢ 0 (0
@ @ () -6 )

(41)

where y is the relaxation parameter, and c; represents the values
calculated at the ith corrector iteration. The tetheredVivicoFoam
solver becomes unstable, especially for small mass ratio spheres
and low Reynolds number flows in the absence of any relaxation.
The convergence of the method can be improved by the choice of
y, depending on the parameter combination.

Once the angular accelerations are obtained and relaxed, the
angular velocities and angles can be obtained by integrating the
angular accelerations and the angular velocities, similar to the pre-
dictor step. Then, the linear acceleration of the sphere in Cartesian
coordinates, & ™! % is obtained and the Navier-Stokes equations
are solved, similar to the predictor step. Finally, the fluid forces ex-
erted on the solid, (F; F, F,)(™1 %), are calculated to use in the
next corrector iteration. Termination of the iterative process is sim-
ilar to the vivicoFoam solver.

Once the predictor-corrector iterative process is completed, the
velocity boundary conditions of the inlet patches need to be ad-
justed according to the solid linear velocity, X. = M&s. This is be-
cause the fluid flow is modelled in the moving frame of reference
which is attached to the centre of mass of the solid body.

4.3. Validation of the tetheredVivicoFoam solver

To examine the validity of the newly built tetheredVivicoFoam
solver, a set of simulations were conducted at Re = 2000 using a
tethered sphere of mass ratio m* = 0.8 and tether length ratio [* =
9.5 by varying the reduced velocity over the range, U* €[3.5, 32].
Fig. 9(a) shows a comparison of sphere response amplitude with
the results of [18] at the same mass ratio and higher and vary-
ing Reynolds numbers. The current predictions reasonably agree
with the observations of [18]. As shown in the figure, we observed
mode [ type response around U*-5 and large amplitude mode II
type response just after the mode I response. Both of these re-
sponses were highly periodic. Consistent with their observations,
the sphere response amplitude transitioned smoothly from mode
I to mode II with a local peak at the mode I. Moreover, the peak
amplitudes observed at modes I and II were ~0.55D and ~0.9D.
However, the response curve we observed was slightly shifted to
lower reduced velocities compared to their observations. This may
be possibly due to the effect of Reynolds number. In their exper-
imental study, the Reynolds number is varying with the reduced
velocity while we fixed the Reynolds number at 2000. If the am-
plitude response was to be plotted against the normalized velocity,
instead of the reduced velocity, the response curves might match
better, as seen for the elastically mounted sphere (shown in Fig. 6).
However, it is not quite possible to generate this plot, as the f* and
St values of jauvtis et al.’s study are not given.

After the peak of mode II, the current predictions indicate a de-
creasing trend of response amplitude. At higher reduced velocities
(U* 2 15), the sphere response was aperiodic at this small mass ra-
tio and showed mode IV type intermittent bursts of vibrations (see
the time histories shown in Fig. 9 for 10 oscillation cycles at each
mode).
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Fig. 9. Flow-induced vibration response of a tethered sphere at Re = 2000: (a) comparison of the amplitude response with the experimental results of [18] at higher and
varying Reynolds numbers and (b) time-averaged drag coefficient. The mass ratio of the sphere and the tether length ratio are 0.8 and 9.5, respectively.
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Fig. 10. Wake structures observed at mode I and II with a tethered sphere at Re = 2000. Flow is from left to right.

Fig. 9 (b) plots the time-averaged drag coefficient, C4, against
U*. Two peaks were found in the drag coefficient plot, which cor-
respond to mode I and II vibrations. The maximum increment of
C,4 was roughly 90% of the value calculated for a stationary sphere,
consistent with the results of an elastically mounted sphere dis-
cussed in Section 3.5.2. A comparison of the wake structures visu-
alised using the isosurfaces of the Q criterion (Q = 0.006) in modes
I and II is given in Fig. 10. In the wake of mode I, two large-scale
loops were shed per oscillation cycle, along with small scale loops.
As the mode transitioned from mode I to mode II, multiple loops,
which were interconnected, were shed per oscillation cycle.

5. Conclusions

Flow-induced vibration of a bluff body is a vibrational phe-
nomenon of a structure induced by forcing from the surrounding
fluid flow. Examining the FIV of a bluff body is a complicated pro-
cess, as it is a fluid-structure interaction (FSI) problem. Finding an
analytical solution to a practical FIV problem is nearly impossible.
As a result, it should be investigated with physical experiments or

computer simulations. Compared to experimental studies, a fewer
number of numerical studies have been reported on FIV of a bluff
body. This is because developing an efficient and accurate numeri-
cal methodology is challenging. Conforming grid methods like arbi-
trary Lagrangian-Eulerian methods and non-conforming grid meth-
ods like immersed boundary methods enable solving FSI prob-
lems. However, these FSI algorithms are less suitable for the flow-
induced vibration problems, as they are highly time consuming
or produce low accuracy predictions, especially for cases involv-
ing large body displacements. In this article, we present two fully-
coupled FSI solvers to efficiently and accurately investigate FIV
problems of bluff bodies mounted in two different ways: mounted
with elastic supports and mounted with a tether.

These FSI solvers were developed in the OpenFOAM environ-
ment. OpenFOAM is a widely used CFD package based on the
finite-volume method. OpenFOAM facilitates the solution for a
wide variety of flow problems with pre-built flow solvers and li-
braries. It also allows a user to develop their own solvers and
libraries depending on their requirements. The FSI solvers pre-
sented in this paper were initially developed based on the pre-
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build icoFoam solver for incompressible and laminar flows. How-
ever, these solvers can be easily adapted for turbulent flows, as
OpenFOAM already has different prebuilt flow solvers that allow
different choices of RANS and LES turbulence models.

In each of the two FSI solvers presented, the fluid flow was
modelled in a reference frame attached to the centre of mass of
the solid body, so that a non-deforming grid can be employed.
The fluid equations were coupled with the dynamic equations of
the solid body through the acceleration of the frame and the
fluid forces acting on the solid body. For the case of an elasti-
cally mounted body, the motion of the solid was modelled as a
spring-mass-damper system; while for the case of a tethered body,
the dynamic equations were obtained using angular momentum
balance based in a spherical coordinate system. In each solver, a
predictor-corrector iterative procedure was used to solve the cou-
pled equations over each time step. This iterative process is third-
order accurate, and typically it required two to three corrector
steps for convergence. As a non-deforming grid is used and the
iterative process converges quickly, this method is considerably
more efficient than arbitrary Lagrangian-Eulerian methods and im-
mersed boundary methods for the class of problems only involv-
ing the motion of a single body. Moreover, it produces an accurate
answer since the strong Dirichlet boundary condition is applied
on the solid boundary, in contrast to immersed boundary meth-
ods which are required to use a weak formulation of the Dirichlet

bound it he fluid-solid interf

Although the predictor-corrector iterative method is third-order
accurate the entire FSI algorithm is second-order accurate, as the
PISO algorithm used in the flow solver is second-order accurate.
It should be noted that this method can only be used for flow-
induced vibration problems of single, rigid bodies, since the fluid
flow is been modelled in a frame attached to the centre of mass of
the body. Each of the solvers was validated by comparing predic-
tions obtained against previously published results.
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Appendix A. Additional files required for a FIV simulation

system/solidMotionaData

/K e e T T *\
| ========= | |
[ \\ / F ield | OpenFOAM: The Open Source CFD Toolbox
[ \\ / 0 peration | Version: 2.3.1 |
[ \\ / A nd | Web: www . OpenFOAM. org
| \\/ M anipulation |
\* ___________________________________________________________________________ */
FoamFile
{

version 2.0;

format ascii;

class dictionary;

object solidMotionData;

}

massRatio 3.8197; // Mass ratio, m*

zeta 0.0; // Damping ratio

reducedVelocity 3.5; // Reduced velocity, U* w/o added mass

D 1; // Diameter of the sphere

cs 3; // Cylinder/Sphere, 2- cylinder and 3- sphere
L 1; // If a cylinder, Length of the cylinder

Uinf 1; // Upstream velocity

rho 1000; // Fluid density

dispFreedom 1; // 1- restrict motion on the 1ift direction.
maxNoOfIterations 50; // Maximun number of iterations

stopcriterion 0.001; // Tolarence to stop the iterative process
underRelaxationPara 1; // Under relaxation, 1- no under relaxation
osillationMode 3; // l-elastically mounted, 2-force diven, 3- no
osillation

maximumDispalcement 0.4; // Maximum dispacement, if forced oscillation
osillationFrequency 0.195; // Osillation frequency, if forced oscillation
IntegrationMethod 1; // Integration method used. Defaul- Adams Moulton, 2-

Backward Eular, 3- Trapizoidal rule.

//*************************************//
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system/lastMotionaData

........................... O O e L R oA
| |
F ield | OpenFOAM: The Open Source CFD Toolbox |
0 peration | Version: 2.3.1
A nd | Web: www.0penFOAM.org |
M anipulation | |
K o oo oo e e e e e e oo */
FoamFile
{
version 2.0;
format ascii;
class dictionary;
location "system";
object lastMotionData;
sOnow (0 0.113035 0 );
sOlast (0 0.1131 0 );
slnow (0 -0.0129737 0 );
sllast (0 -0.012904 0 );
s2now (0 -0.0138929 0 );
s2last (0 -0.0139706 0 );
s2last2 (0 -0.0140492 0 );

constant/boundaryToUpdate

[ e * o Gt =¥ *\
| ========= [ |
[ \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / 0 peration | Version: 2.3.1 |
| \\ / A nd | Web: www . 0penFOAM. org |
| \\/ M anipulation | |
\* ___________________________________________________________________________ */
FoamFile
{

version 2.0;

format ascii;

class dictionary;

object boundaryToUpdate;
}

type 3; // 0- no, 1- inlet only, 2- 2D (inlet, top, bottom), 3- 3D
(first 5 patches)

patchl INFLOW;

patch2 TOP;

patch3 BOTTOM;

patch4 FRONT;

patch5 BACK;

patché OUTFLOW;

patch7 SPHERE; // The patch7 should be the solid (cylinder/sphere)
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