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ABSTRACT

In this study, we present a Computational Fluid Dynamics
(CFD) solver based on OpenFOAM and dedicated to the obten-
tion of the hydrodynamic loads. Considering a single circular
cylinder with a heave plate of HiPRWind platform undergoing
forced heave oscillation motions, we compare our numerical re-
sults to experimental results. Several alternatives to the numeri-
cal modelling are discussed with respect to the turbulence models
and the spatial resolution. The vorticity fields in the fluid domain
are compared to the experimental results obtained by Particle
Image Velocimetry (PIV) methods presented by Anglada et al.
(2020). We calculate the hydrodynamic loads on the cylinder
with the heave plate and compare them with the experimental
results previously published by Bezunartea et al. (2020).

INTRODUCTION

Efforts to reduce wave-induced motion response by enhanc-
ing damping have been of interest to the floating industry. Ac-
cording to characteristics of each floating body, appendages are
considered in a passive way to damp excessive motion. Bilge
keels to reduce the roll motion of ships, heave plates for offshore
platforms, and skirts for buoys are typical examples.

Effects of the heave plate have been explored by experimen-
tal and numerical approach with free decay or forced oscillation
tests in still water and freely oscillations in waves. Studies have
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been conducted with parameters expressed in flow and geometry
to verify their influence on hydrodynamic coefficients.

Three non dimensional parameters named Keulegan-
Carpenter number (KC), Reynolds number (R,), and frequency
parameter (f3) are introduced to describe the flow characteristics
induced by the oscillation of the body.

Low KC numbers was considered for the classical TLPs and
spar platforms which have moderate heave response (KC < 1.0)
[1] in the ocean waves owing to their the mooring system or large
draughts. Tian et al. [2] performed experiments for an isolated
flat plate with a forced oscillation at 0.15 < KC < 3.15. In ad-
dition, Thiagarajan and Moreno [3] introduced a relative KC,,
number to describe the wave effects on the hydrodynamic co-
efficients. Generally, the added mass and damping increase with
increasing KC number. In contrast, the drag coefficient decreases
as KC increases [4,5]. The effect of the frequency parameter on
the hydrodynamic coefficients was presented in [1,4,6,7] and the
frequency parameter effects are very small compared to the KC
number.

The influence of geometric configurations of the heave plate
has been investigated by experimental and numerical methods
with the diameter ratio (D,/D,), aspect ratio (t;/Dy), spacing
ratio (L/Dy, L is the distance between the plates) and perforation
ratio 7. Definitions of the variables are shown in Fig. 1.

The effect of the diameter ratio on the added mass and damp-
ing was presented [8,9]. From the results, the added mass and



damping shows a linear trend with disk diameter ratio but the
trend is to be flattened after a certain diameter ratio (e.g. Dy/D,
~ 1.65 for KC, of 1.0 where KC, = 2ma/D,).

The influence of the aspect ratio of the plate on the hydro-
dynamic damping has been studied. Thiagarajan et al. [8] inves-
tigated the effect of plate thickness on hydrodynamic damping
using experiments and numerical analysis with Navier-Stokes
equation. Three different vortex shedding regimes (independent,
interactive, uni-directional vortex shedding) on the oscillating
vertical cylinder with the plate were observed through the flow
visualization in numerical study of Tao and Thiagarajan [10, 11].

Spacing effect associated with multiple plates has been in-
vestigated with respect to spacing ratio and the KC number. In
experiments [2,4] and numerical studies [5], there are regions
that are dependent and independent of the spacing ratio, which
can be classified as critical KC number.

The effect of the perforation ratio of the disk, 7, was inves-
tigated by [1,6]. The porous plate generates the larger damping
than the plane plate at low KC number. In contrast, the perforated
plates produce lower added mass than the solid one at all the KC
numbers. The influence of the perforated hole size was studied
experimentally [2,4], and it was found that the influence of the
hole size is not significant on the hydrodynamic coefficients.

The influence of free surface and seabed effects on the added
mass and damping coefficients were studied using experiments
[12,13]. In the experiments, an isolated plate in forced oscilla-
tion was considered with different geometric ratios (d/Dy and
h/Dg, where d is the elevation from the seabed and # is the draft
of the plate). A critical KC value was found where the linear
trend of the added mass and damping coefficients with KC is
broken. These coefficients were found to increase with increas-
ing proximity to the boundary (seabed and free surface). The
numerical simulations were followed by [14, 15]. The numerical
results presented the similar behaviour with the experiments.

The objective of this work is the validation of the numeri-
cal solver based on OpenFOAM for the oscillating flow around a
heave plate attached at the bottom of circular cylinder. The hy-
drodynamic loads and flow fields are calculated with k — @ SST
turbulence model with an axisymmetry model and 3D model.
The numerical results are compared with experimental measure-
ments of the forces [7] and velocity fields [16].

PHYSICAL PROBLEM OF INTEREST

In this study, we consider a vertical circular cylinder with
circular flat plate (heave plate) as show on Fig. 1. In oscilla-
tory flow, three non-dimensional parameters are introduced to
describe the flow characteristics around the body (Keulegan-
Carpenter number KC, Reynolds number Re and frequency num-
ber ). These parameters in harmonic motion are defined with
the oscillating velocity amplitude (V = aw) and the diameter of
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FIGURE 1: SKETCH OF THE PHYSICAL PROBLEM: VER-
TICAL CIRCULAR CYLINDER WITH HEAVE PLATE

the heave plate (D) as:

2
kc="" R, cop=2d
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where a is the oscillating amplitude of motion, Dy is the diameter
of the heave plate, f is the oscillation frequency, and Vv is the
kinematic viscosity of the fluid.

Hydrodynamic data (added mass, damping and drag coeffi-
cients) are reported with these parameters. The hydrodynamic
coefficients are mainly influenced by the KC numbers.

EXPERIMENTAL MODEL

Thanks to the HiPRWind project, the hydrodynamic
database of heave plates have been extended with experiments
dedicated to this floating offshore wind platform [7, 14—16]. A
part of the HiPRWind platform which is a semi-submersible
floater with 1.7 MW turbine was modelled as a single column
with a circular heave plate. The project focused on hydrody-
namic forces produced by heave motion with different ampli-
tudes and periods. Model tests were done with and without rein-
forcement on the heave plate [7]. Scale effects on the forces and
flow fields were presented in [17].

In this study, some experimental results from these cam-
paigns are used as a reference for the numerical model, specifi-
cally the hydrodynamic forces and flow fields. The characteristic
of the HIPRWind geometry and motion data are given in Table 1.



TABLE 1: DIMENSIONS AND SIMULATION PARAMETERS

Items Values Notes
p 998.2 kg /m?
u 0.001 kg/m/s

Water density

Dynamic viscosity

h 0.775 m Draft

Dc 0.35m Column diameter

Dd 1 m Heave plate diameter

td 0.005 m Heave plate thickness

a 0.05 m Heave amplitude

(0] 1.57 rad/s Oscillation frequency
KC 0.314 Keulegan-Carpenter number
Re 78359 Reynolds number

B 249423 frequency number

T, 179 s Natural period of the system
, 1.57 rad/s Natural freq. of the system
A 20 Scale ratio

Hydrodynamic Force

In the experiments, the forced heave oscillations tests were
carried out to measure the fluid forces. Lopez et al. [7] presented
the hydrodynamic forces for several KC numbers and oscillating
frequencies for the idealized and reinforced heave plate. Bezu-
nartea et al. [17] showed the hydrodynamic forces with 3 differ-
ent scale ratios. The added mass and damping coefficients were
summarized for different KC numbers and frequencies from the
forced oscillation and free decay tests.

Flow Fields

Anglada et al. [16] carried out experiments for measuring
the velocity field with PIV. The averaged velocity and vorticity
fields were presented at four measuring positions (top, bottom,
zero crossing up and down). The authors focused mainly on the
radial plane because the magnitude of the velocity field on the
tangential plane is one order of magnitude lower than on the ra-
dial plane.

Post-processing of the Forces

For the translational motion, the general form of the equa-
tion of the motion expressed at the center of gravity is defined

—Raw data
|+ Motion Frequency (1st harmonic) |—Filtered data|q

Unintentional Response —

Single-Sided Amplitude Spectrum

+ Motion Frequency (3rd harmonic)

FIGURE 2: FFT RESULTS OF THE MEASURED FORCE
WITH AND WITHOUT FILTERING

from the conservation of linear momentum:

MX* (1‘) = Fﬂuid —+ FW —+ FC (2)
=Fps+Fps+Fy+Fe

where M is the mass of the body, x“(¢) is the position of the cen-
ter of mass, F 7,4 is the fluid force, Fyy = Mg is the gravitational
force and F¢ is the constraint force. The fluid force can be de-
composed into the sum of the hydrodynamic force Fj; and the
hydrostatic force F;.

In the case of the forced oscillation test, the constraint force
can be expressed as the measured force (Fc = —Fy). And
Eqn.(2) can be rewritten as follows.

Fy =Fpg + Fis + Fy — MXE(2). 3)

From Eqn.(3) we see that the measured force contains the hydro-
dynamic force, the hydrostatic force, the gravitational force and
the inertia force.

The hydrodynamic force can then be obtained from the mea-
sured forces applying the following procedures.

Filtering Measured Forces: Measured forces may
contain noise due to the natural vibrations of the measurement
system (e.g. support, heave plate, ...) or the sensor characteris-
tics (see Fig.2). Therefore, the measured data has to be carefully
filtered to remove the noise. Here the selected cutoff frequency
is 3Hz (12 X f,).
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FIGURE 3: FORCE COMPONENTS IN THE MEASURED
FORCE, KC=0.314, w=1.57 rad/s

Calculating Inertia and Hydrostatic Forces: The
inertia force is calculated with the acceleration which can be ob-
tained from the prescribed motion. The hydrostatic force would
be obtained with relative position of the body from the undis-
turbed free surface. The mean value of the hydrostatic force is
subtracted by using the zeroing process of the signal in the ex-
periment. Therefore, the oscillating part of the hydrostatic force
can be regarded as a restoring force (Fg). This restoring force is
calculated with a pure heave motion as Fx ; = —pgA,z(t) where
p is the water density, g is the gravity, A, (= £D? /4) is the water
plane area of the column and z(¢) is the vertical motion.

Extracting Hydrodynamic Force: The hydrodynamic
force is calculated as,

thZFM—FK—Fw-i-MXC(I) @

In Fig.3, the contribution of each force component
is presented in a non-dimensional form, dividing by
1/2p(aw)*nD3/4.

NUMERICAL MODEL

In the OpenFOAM framework, our in-house library named
foamStar is used to solve the fluid-structure interaction problem.
The foamStar library has been developed by Bureau Veritas and
Ecole Centrale de Nantes based on interDymFoam which is a
standard multiphase solver in OpenFOAM. Computational algo-
rithm and applications are presented in [18, 19]. In this study,
the meshes are generated using Star-CCM+, and the foamStar li-
brary is used for 2D and 3D analysis to obtain the fluid force and
the flow velocity field.

Case Study

In this study, the imposed body motion is set as a sinusoidal
function in the heave direction. A single test case is selected from
the Anglada et al. [16] as 0.05 m of motion amplitude and 1.57
rad/s of oscillation frequency (KC = 0.314) expressed in 1:20
model scale. The experimental results for this case are presented
in Fig.3. Displacements, velocities and accelerations are defined
by:

(1) = —aw®sin r,

&)
where a is the amplitude of the motion and @ is the angular fre-
quency.

z(t) = asin o, z(t) = awcos o,

Governing Equations
The conservation of mass and momentum are solved using
the incompressible Navier-Stokes equation as,

Vou=0 6)

d (pu)

o +V-(puu’) =V 1+pg (7)

where u is the fluid velocity vector, p is the fluid density,
g = 0,0, —g] is the gravitational acceleration vector and 7 is the
stress tensor. Assuming the fluid as Newtonian, the stress tensor
is expressed as follows:

T=—pl+2uD (3)

where p is the total pressure, u is the dynamic viscosity and D
(= (Vu+Vu’)/2) is the rate of strain tensor.

For the numerical stability and simplifying the pressure
boundary condition, the dynamic pressure is introduced in
Eqn.(9) [20].

Pi=p—pPg-X 9

where p,, x are the dynamic pressure and the position vector, re-
spectively. The second term can be interpreted as static pressure.

Volume of Fluid (VOF) method is used for capturing the in-
terface between the air and water with a volume fraction & where
0 for air, 1 for water. Turbulence effects are considered with the
k — @ SST turbulence model.



Hydrodynamic Forces

Fluid force acting on the body is calculated by the integra-
tion of the stress (7) on the body surface. The fluid force is de-
composed with the following terms,

Ff'luid:/[ pdnds—//~ 2.LLDlldS+‘/‘/~ pg-XndS (10)
Sp Sp Sy

where, Sp, n are the instantaneous wetted body surface and the
normal vector pointing inside the body respectively. The first
and the second term on the right-hand side are the hydrodynamic
pressure force and the viscous force. The third term can be con-
sidered as the hydrostatic forces (Fj) because the disturbance of
the free surface due to the oscillating body is negligibly small. In
this study, the plate is located far from the free surface relative to
the amplitude of the motion.

Therefore hydrodynamic forces are obtained by subtracting
the hydrostatic forces from the fluid force as follows,

Fra = Frryia — Fs. (11)

Vorticity
The vorticity is calculated from the velocity fields with fol-
lowing Eqn.(12).

{=Vxu

- (éX»gY»CZ) (12)
_ (uz Juy dux duz duy Jux

~\9dY 9Z’9dZ 9X’9X IY

where { is the vorticity vector.

Prescribed Motion and Time Step
The vertical harmonic motion is imposed by the motion
solver named dynamicMotionSolverFvMesh of OpenFOAM.
The entire domain is moved with the prescribed body motions.
Time step is selected to keep the Courant number below 1
with the following equation,

ViaxAt awAr
Ax T Ax

Co= <1 (13)

where V)4, is the maximum velocity of the body.

2D Axisymmetry Model
To simplify the problem, 2D axisymmetry model is used
with the wedge symmetry boundary conditions. Two different

mERERa;
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P

FIGURE 4: THE GRID INFORMATION (GRID A: R=0.16 m
and w/o prism layer, GRID B: R = 0.4 m and w/ prism layer)

TABLE 2: TEST CASES FOR AXISYMMETRY MODEL

CID* Grid ID  Turbulence Model dt Min. cell Co

C01 GRIDA k—wSST Axisym. 0.001 0.00125m 0.06
C02 GRID B w/o Axisym.  0.001 0.0002 m 0.4
Co3 GRIDB k—wSST  Axisym 0.001 0.0002 m 0.4

* CID is the case ID

grid resolutions (GRID A and GRID B) are considered to ver-
ify the influence of the grid size on the flow characteristic (see
Fig.4). The test matrix is given in Table 2. The effect of the
presence of the turbulence model is also investigated.

In Fig.5, the non-dimensional vorticity fields at the top, zero-
down, bottom and zero-up positions are compared with the ex-
periment [16]. The GRID A (Fig.5(B)) is too coarse and leads
to too much dissipation of the vortices around the plate. With-
out turbulence model, the vorticity field shows different patterns
(Fig.5(C)) compared with the experiment not being dissipated
enough in the fluid domain. In Fig.5(D), the interaction of the
vorticity with the plate is well captured with the turbulence model
and the vorticity field shows a good agreement with the experi-
ment. Based on the results, kK — @ SST turbulence model is se-
lected for the 3D model.

3D Model

A 3D model is needed to predict the hydrodynamic forces
acting on the heave plate in order to consider the various motions,
configurations, and loads. In this section, the validation of the 3D
models are presented with the heave motion. The computational
grid of the 3D model is generated using Star-CCM+ with the
same refinement zones of the axisymmetric models (GRID A and
B). The length, breadth and depth of the computational domain
are set as L = 10Dy, B=5D; and D = 7.5D, (see Fig. 6). The
boundary conditions are shown in Table 4.

In terms of the global behavior of the vorticity, Fig.7 shows a
good agreement between the experiments [16] and the numerical
simulations. Fine GRID B captures higher vorticity under the



FIGURE 5:

NON-DIMENSIONAL VORTICITY FIELDS
(Cx/w,) IN AXISYMMETRY SIMULATION. (A) EXP [16],
(B) CFD-CO1, (C) CFD-C02, (D) CFD-C03

TABLE 3: TEST CASES FOR 3D MODEL

CID* GridID  Turbulence = Model dt Min. cell Co

C04 GRID A
C05 GRID B

k—w SST 3D 0.002 0.00125m 0.1

k—w SST 3D 0.001 0.0002m 04

* CID is the case ID

heave plate than coarse GRID A (see (a) TOP). This flow affects
the vorticity created at the edge of the plate in the next step. This
interaction produces a difference in damping, which is expected
since the hydrodynamic damping is a function of vorticity [14].

RESULTS

Hydrodynamic loads on the cylinder with the heave plate are
calculated by using Eqn.(11) and are compared with the exper-
imental results published by Bezunartea et al. [17] in terms of
added mass and damping.

Hydrodynamic Forces

In Fig.8, the non-dimensional hydrodynamic forces are pre-
sented with the prescribed heave motion. The results shows that
the magnitude and phase of the forces agree well with the ex-

FIGURE 6: 3D COMPUTATIONAL DOMAIN AND REFINE-
MENT ZONE AROUND THE HEAVE PLATE

TABLE 4: BOUNDARY CONDITIONS FOR 3D MODEL

Top Side/Bottom Body Symm
U InletOutlet fixedVlaue movingWall Velocity Sym.
p totalPressure  ZeroGradient fixedFluxPressure Sym.
a inletOutlet ZeroGradient ZeroGradient Sym.
k zeroGradient  zeroGradient kqRWallFunction Sym.
®  zeroGradient  zeroGradient omegaWallFunction Sym.
nut calculated calculated nutUSpaldingWallFunction ~ Sym.

perimental results except the no turbulence model. This happens
because the vortex around the plate affects the vortex generation
differently.

The general behavior of the forces tends to be linear since
this case is based on a low KC number (KC=0.314). It can be
seen that the peaks of the fluid force are generated immediately
after the change of direction of the heave motion. If the KC num-
ber is increased, the column at the top of the heave plate would
affect the flow in the vicinity of the heave plate, causing non-
linear force.

Added mass and damping

Using Fourier series approach, the added mass and damping
over a period are obtained from the hydrodynamic force (Fp;) as
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FIGURE 7: NON-DIMENSIONAL VORTICITY FIELDS
(8x/@,) IN 3D SIMULATION. (A) EXP [16], (B) CFD-C04,
(C) CFD-C05

follows:
1 t+T A33
Aszz(t) = / Frq(2)sin otdt, C,= , 14
33(t) ao ) ha (1) “= I, (14)
1 t+T B33
By3(t) = —— Fjq(t) cos wrdt, Cp = , (15
33(1) ) ha (1) b oAy, (15)

where C, and C, represent the non-dimensional added mass
and damping coefficients respectively, A3z, (=303 kg) is the
theoretical added mass of a disc with the cylindrical column [5].

Added mass and damping coefficients can be seen in Fig.9.
The experimental result reaches the steady state faster than the
numerical analysis, which can be the effect of the ramp function.
This ramp function is not implemented in the numerical analysis.

30

r i 1
—EXP ——CFD-C002 —CFD-C004 - Heave Motion

—CFD-C001 — CFD-C003 — CFD-C005 0.8

-30 L L L =
3

FIGURE 8: TIME HISTORY OF THE HYDRODYNAMIC
FORCE COEFFICIENT Cr, COMPARED WITH EXP [7, 17]
(a=0.05 m, =1.57 rad/s)

It can be observed that the results of without turbulence
model does not converge to the experiment with GRID B. On the
other hand, the turbulence model accurately predicts the added
mass and damping with two different grids. In the case of GRID
B, the damping has been improved in the axisymmetry and 3D
model but the added mass is over predicted. This is because the
interaction between the vortices has changed due to the differ-
ence in numerical dissipation of the grid size.

CONCLUSIONS

This study has carried out the numerical investigation of the
hydrodynamics force and the flow around a heave plate placed
at the bottom of a vertical cylinder. The forced oscillation of the
body in heave direction is simulated by using OpenFOAM with
the k- SST turbulence model. An axisymmetry model and 3D
model are used along with two different refined grids and a single
test case (KC =0.314 and @ = 1.57 rad/s).

The vorticity fields are presented with representative posi-
tions of the plate. The predicted hydrodynamic forces acting on
the column and the heave plate are also presented. The numerical
results are compared to the experimental results obtained by the
load cell [7,17] and the PIV system [16]. The comparison shows
that the hydrodynamic forces are in good agreement with the ex-
perimental data despite some differences in the velocity field.
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FIGURE 9: NUMERICAL RESULTS OF ADDED MASS AND
DAMPING COEFFICIENTS COMPARED WITH EXP [7,17]
(a=0.05 m, =1.57 rad/s)
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