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A B S T R A C T

Hydrodynamic coefficients of multiple heave plates are studied for offshore structures to reduce heave responses
in oscillating flows. Large eddy simulations with volume of fluid method are performed to predict the hydro-
dynamic force on a forced oscillated model with multiple heave plates. Predicted added mass and drag coefficients
are validated by a water tank test. Then, flow pattern around the multiple heave plates is investigated to clarify
the mechanism of hydrodynamic forces on each plate, and a systematic study on the effects of geometric pa-
rameters, such as spacing ratio, diameter ratio and aspect ratio on the hydrodynamics of octagonal heave plate are
conducted. Finally, formulas of added mass and drag coefficients for a single and double heave plates with cir-
cular, octagonal and square cross-sections are proposed to cover a wide range of application of the heave plate.
1. Introduction

Floating offshore wind turbine (FOWT) is a promising innovation.
The world's first full-scale 2.3MW spar FOWT in Hywind project was
installed in Norway by Statoil Hydro in 2009 (Hywind Demo), and the
second prototype was the 2MW semi-submersible FOWT in WindFloat
project deployed in Portugal by Principle Power in 2011 (WindFloat). In
Japan, a 2MW spar FOWT in GOTO-FOWT project was built off the coast
of Kabashima in 2013 (GOTO FOWT). In addition, another 2MW
semi-submersible FOWT and a 7MWV-shape semi-submersible FOWT in
Fukushima FORWARD project were completed off the coast of Fukush-
ima in 2013 and 2015, respectively (Fukushima FORWARD). In the
semi-submersible and advanced spar FOWTs, heave plates are commonly
used to reduce heave motions and to shift heave resonance periods out of
the first-order wave energy range (Lopez-Pavon and Souto-Iglesias, 2015,
Fukushima FORWARD). Some new concepts of floating platform have
been adopted. A substation and a 5MW FOWT constructed in Fukushima
FORWARD project (Fukushima FORWARD) adopt an advanced spar
consisting of multiple heave plates. The hydrodynamic characteristics of
multiple heave plates is one of the key factors for the structural design of
platforms.

Morison's equation and potential theory are widely used to predict
hydrodynamic loads on the platform of FOWT (Phuc and Ishihara, 2007;
ang).
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Waris and Ishihara, 2012; Jonkman, 2007; Browning et al., 2014; Kvit-
tem et al., 2012). The hydrodynamic coefficients, namely added mass
and drag coefficients of heave plates (hereinafter referred to as Ca and Cd,
respectively) have to be determined to evaluate hydrodynamic loads on
them. The hydrodynamic coefficients of the heave plates can be attained
by means of water tank tests (Lopez-Pavon and Souto-Iglesias, 2015; Li
et al., 2013), numerical simulations (Lopez-Pavon and Souto-Iglesias,
2015; Tao and Thiagarajan, 2003a, 2003b; Tao et al., 2004, 2007; Tao
and Cai, 2004; Garrido-Mendoza et al., 2015; Yang et al., 2014), and
empirical formulas (Tao et al., 2007; Tao and Cai, 2004; Philip et al.,
2013).

Water tank tests have been carried out intensively to study the hy-
drodynamic coefficients of circular single heave plate (Lopez-Pavon and
Souto-Iglesias, 2015; Tao and Dray, 2008), and square single heave plate
(Prislin, Blevins, Halkyard, 1998, Li et al., 2013; An and Faltinsen, 2013;
Prislin, Blevins, Halkyard, 1998; Wadhwa and Thiagarajan, 2009). Hy-
drodynamic coefficients of circular and square single heave plates were
compared between each other in the study by Lopez-Pavon and
Souto-Iglesias (2015). They pointed out that both Ca and Cd of the square
heave plate are smaller than those of the circular heave plate. They also
confirmed that there is a relatively weak dependence of oscillating fre-
quencies, and a large dependence with Keulegan-Carpenter (KC) number,
as well documented in references (Li et al., 2013; An and Faltinsen,
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2013). Wadhwa et al. (Wadhwa and Thiagarajan, 2009; Wadhwa et al.,
2010) investigated the hydrodynamic coefficients of a heave plate near
the free surface. As the submergence of the heave plate decreases, the
free surface is expected to be disturbed. It was observed that both Ca and
Cd continuously increase as the distance to the free surface increases. Li
et al. (2013) studied the influence of plates spacing on the hydrodynamic
coefficients. It was found that the hydrodynamic coefficients decrease as
spacing decreases.

A number of numerical studies on the hydrodynamic characteristics
of heave plate have been conducted. Tao and Cai (2004) investigated
influences of heave plate diameter and KC number on hydrodynamic
coefficients by finite difference method. Predicted damping ratio agreed
well with the measured ones in both low and high KC regimes. Tao and
Thiagarajan, 2003a, 2003b presented three vortex shedding modes for
oscillating heave plate and proposed a quantitative method of identifying
the vortex shedding flow regimes. Lopez-Pavon and Souto-Iglesias
(2015) performed a numerical analysis of the hydrodynamic perfor-
mance of heave plate by a finite volume method with Shear Stress
Transport (SST) turbulent model. The accuracy of the computations was
found reasonable for a plain plate, while some errors were found for a
reinforced plate. Holmes et al. (2001) examined the hydrodynamic co-
efficients of a square heave plate by a finite element method with LES
turbulent model. It was observed that the predicted force by Morison's
equation with determined hydrodynamic coefficients matched well with
the measured force, even in random wave conditions. Tao et al. (2007)
investigated spacing effects on the hydrodynamics of double circular
heave plates, and provided a recommendation for the arrangement of
adjacent heave plate. However, in these studies, hydrodynamic co-
efficients of the double heave plates were not validated by water tank
tests, andmechanism of hydrodynamic force onmultiple heave plates has
not been clarified yet.

Formulas are beneficial for optimizing the design of offshore struc-
tures with heave plates. The added mass of a pure circular heave plate
along its axis approximately equals to the mass of a sphere of water
enclosing the heave plate (Sarpkaya, 2010). Tao and Cai (2004) proposed
a formula for added mass of a circular heave plate attached by a column.
A formula for double circular heave plates by considering the effect of
spacing ratio is firstly proposed by Tao et al. (2007), and the predicted
added mass coefficient matches well with that obtained from the nu-
merical simulation at low KC number. Philip (Philip et al., 2013) put
forward a simplified formula for added mass of a vertical cylinder with
multiple heave plates. However, the formula is only suitable for
non-interacting plates, which indicates the effect of heave plate spacing is
not considered. All the proposed formulas are limited to circular heave
plates, and influence of KC number is not taken into account. In contrast
to the formulas of Ca, the formula of Cd is seldom studied. Tao and
Thiagarajan (2003a) identified the coefficients in the formulas of Cd

proposed by Graham (1980) for each defined vortex shedding flow
regime, but it might be inappropriate to propose the piecewise formula of
Cd since there are no clear watersheds to distinguish the vortex shedding
regimes. Therefore, a formula of Cd covering those wide ranges of vortex
shedding regime is preferred. Formulas of both Ca and Cd are also ex-
pected to cover various cross-sections of heave plates, such as circular,
octagonal and square heave plate, and geometric parameters, such as
aspect ratio, diameter ratio, and spacing ratio.

In this paper, section 2 describes governing equations and volume of
fluid method, grid arrangement, boundary conditions, cases of simula-
tions, and provides the validation of numerical results by a water tank
test. Section 3 clarifies the mechanism of hydrodynamic forces on mul-
tiple heave plate, and investigates the effect of geometrical parameters,
such as spacing ratio, diameter ratio, and aspect ratio. In Section 4, for-
mulas of Ca and Cd for a single and double heave plates are proposed, and
the accuracy of hydrodynamic coefficients predicted by proposed for-
mulas is validated by published data in literature and present numerical
simulations. The conclusions are summarized in Section 5.
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2. Numerical model and validation

In this section, numerical model of a floater with multiple heave
plates is introduced, which is a 1/100 down-scaled Froude model of a
substation (Yoshimoto, 2016) employed in Fukushima FORWARD proj-
ect. The floater contains three hulls, which are connected by one cylin-
drical column. The fully submerged middle and lower hull have the
function of heave plate in reducing heave motion. The overview of the
floater and its dimensions are shown in Fig. 1. The center line of the
upper hull is located at still water level (SWL). All the hulls are octagonal
cross-sectional plate. The detailed dimension of the model is specified in
Table 1.

The governing equation and VOF method is given in section 2.1. The
computational domain and grid arrangement are described in section
2.2. Section 2.3 presents the numerical schemes and boundary condi-
tions. Cases conducted in this study are shown in section 2.4. The defi-
nition of the hydrodynamic coefficients is provided in section 2.5. The
description of water tank test and validation of numerical results are
given in section 2.6 and 2.7, respectively.

2.1. Governing equation

Large-eddy simulation (LES) is adopted and the Boussinesq hypoth-
esis is employed, and the standard Smagorinsky-Lilly model is used to
calculate the subgrid-scale (SGS) stresses. The governing equations in
Cartesian coordinates are expressed in the form of tensor as Eq. (1) and
Eq. (2).
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where, ~ui and ~p are filtered mean velocity and filtered pressure, respec-
tively. μ is dynamic viscosity, ρ is the density of fluid. τij ¼ ρðguiuj-~ui~ujÞ is
SGS (subgrid-scale) stress resulting from the filtering operations, and is
modeled by Eq. (3) as follows:

τij¼ -2μt~Sij þ
1
3
τiiδij (3)

In which, μt is subgrid-scale turbulent viscosity, and ~Sij is the rate-of
–strain tensor for the resolved scale defined by Eq. (4):
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Smagorinsky-Lilly model is used to calculate the subgrid-scale tur-
bulent viscosity, μt defined as Eq. (5)

μt ¼ ρL2S
��~S�� ¼ ρL2S

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2~Sij~Sij

q
(5)

where, LS is the mixing length for subgrid-scales, defined as Eq. (6)

LS¼ min
�
κδ;CsV1=3	 (6)

In which, κ is the von Karman constant, 0.42, Cs is Smagorinsky
constant is set as 0.032 following the suggestion in the reference (Oka
and Ishihara, 2009), δ is the distance to the closest wall and V is the
volume of a computational cell.

The volume of fluid (VOF) model is used in this study to model air and
water. Volume fraction of water will be solved to capture the interface
between air and water. Continuity equation for the volume fraction of
water, αw , reads:



Fig. 1. Overview of the model and its dimension. Units (mm).

Table 1
Specifications of the scaled model geometry as shown in Fig. 1 (model scale
1:100).

Items Symbol Dimension (mm)

Model draft h 500
Column diameter Dc 50
Upper hull depth hp 30
Upper hull circumcircle diameter Dp 200
Upper hull thickness tp 60
Middle hull (Hp-1) depth hHp-1 210
Middle hull (Hp-1) circumcircle diameter DHp-1 334
Middle hull (Hp-1) thickness tHp-1 50
Lower hull (Hp-2) depth hHp-2 500
Lower hull (Hp-2) circumcircle diameter DHp-2 334
Lower hull (Hp-2) thickness tHp-2 65

Note: Depth is measured from lower surface of the hull to the still water level.
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1
ρ

∂
∂t ðαwρwÞ þ rðαwρw v!wÞ ¼ 0 (7)
w

� �
where, ρw is water density.
2.2. Computational domain and grid arrangement

Quality of grid plays a crucial role in the accuracy of numerical re-
sults. Grid independences are studied in section 2.7 to choose a reason-
able grid system for following computations. The whole computational
domain and grid around the model are displayed in Fig. 2. The compu-
tational domain is divided into two subdomains with respect to the
simulated phases. The lower subdomain is used to simulate the phase of
water and bottom of the subdomain is 3.1 h away from the still water
level (SWL), where h is the draft of the model. The upper subdomain is
utilized to consider the phase of air and top of the subdomain is 0.6 h
above the SWL. In order to mitigate the reflecting flow from the
boundary, side walls are located sufficiently far away from the model.
The distance between the model and inlet and outlet is 40 Dc and 52 Dc,
respectively, Dc is the diameter of the center column. The grid is refined
at the locations where substantial flow separations are expected and near
SWL to capture the shape of free surface as shown in Fig. 2 (b).

In this study, several configurations of multiple heave plates are
simulated as described in section 2.4. The total cell number in the
computational domain differs in the simulated models. The grid number
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ranges from 4.5 million to 4.9 million among those simulated models.
Grid parameters near the model are described in Table 2.
2.3. Numerical schemes and boundary conditions

A finite volume method is employed for present time-dependent nu-
merical simulations. A second order central difference scheme is used for
the convective and viscous term. A first order implicit scheme is
employed for the unsteady terms in the momentum equation as shown in
Eq. (2), while an explicit approach is adopted for temporal discretization
in the volume fraction equation as shown in Eq. (7). The courant number
is 0.25, which means the time step for VOF simulation will be chosen to
be one-fourth of the minimum transit time for any cell near the interface.
A pressure-based segregated algorithm is used to solve the non-linear and
coupled governing equations. A Pressure-Implicit with Splitting of Op-
erators (PISO) algorithm is chosen to decrease the iterations for the
pressure-velocity coupling solutions. Table 3 summarizes the numerical
schemes used in this study. The governing equations are solved by a
software ANSYS Fluent. The time step convergence and grid dependency
are checked as mentioned by Oka and Ishihara (2009) and Stern et al.
(2001).

Forced oscillation tests are carried out in the numerical simulations to
evaluate the hydrodynamic coefficients, and dynamic mesh with layering
mesh update method is utilized to simulate the movement of the model.
The top of air phase and the bottom of water phase are treated as sta-
tionary boundaries while the model is oscillated up and down. Both split
factor (as) and collapse factor (ac) for the cells near the boundaries are
0.4 with respect to the first cell height (h1) at moving boundaries. The
layer of cells adjacent to the moving boundary is split or merged with
layer of cells next to it based on the height of cells. The cell heights are
allowed to increase until h > ð1þ asÞh1, and the cell heights can be
compressed until h > ach1. The governing equations are solved based on
newly determined cell coordinate.

Boundary conditions are summarized in Table 4. No-slip wall condi-
tion is adopted for the surface of model. Symmetry conditions is utilized
for both the top of air phase, the bottom of water phase and the side
wells, which indicates the shear stress at the boundary is zero. Outflow
boundary condition (zero gradient of velocity) is applied to the inlet and
outlet as the water tank test. In the LES model, the wall shear stress is
obtained from the laminar stress-strain relationship when the centroid of
wall adjacent cell is in the laminar sublayer with the height of yþ¼ 11.25
as shown in Fluent Theory Guide (Fluent Theory Guide, 2012). If the



Fig. 2. Computational domain and grid around the model.

Table 2
Description of grid parameters near the model.

Parameters Value

First layer in the radial direction (mm) 0.257
First layer in the vertical direction (mm) 0.6
Expanding factor 1.0–1.2
Grid number (million) 4.5–4.9

Table 3
Summary of numerical schemes.

Items Scheme

Turbulence model Smagorinsky-Lilly (Cs ¼ 0.032)
Spatial discretization method Second order central difference scheme
Time discretization method for momentum
equation

First order implicit scheme

Time discretization method for volume
fraction equation

Explicit scheme

Pressure-velocity coupling Pressure-Implicit with Splitting of
Operators (PISO)

Courant number 0.25
Dynamic mesh Layering
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mesh is too coarse to resolve the laminar sublayer, it is assumed that the
centroid of the wall adjacent cell falls within the logarithmic region of the
boundary layer, and the law-of-the-wall is employed.

2.4. Simulation cases

The model shown in Fig. 1 is firstly studied by vertically forced
oscillation test. The model is vertically forced to oscillate sinusoidally as
in Eq. (8).

xðtÞ ¼ a sinðωtÞ (8)

where, xðtÞ is the time-varying displacement in the vertical direction in
this study, a is the oscillating amplitude, ω is the oscillating angular
frequency (¼ 2π=T ), and T is the oscillating period.

In the numerical simulations for the model shown in Fig. 1, the
oscillating amplitude is 0.02m, and oscillating periods vary from 0.8 s to
2.1 s. The tested cases for the multiple heave plates are listed in Table 5.
The KC number and frequency number, β , shown in Table 5 are defined
as follows:

KC ¼ Vmax

DHpf
¼ ωa

DHpf
¼ 2πa

DHp
(9)

β ¼ Re
KC

¼ VmaxDHp


ν

Vmax


DHpf

¼ D2
Hpf
ν

(10)

where, Vmax is the maximum oscillating velocity, a is the oscillating
amplitude, DHp is the circumcircle diameter of the heave plate, f is the
oscillating frequency and ν is the kinematic viscosity of water.

In this study, the effect of spacing between Hp-1 and Hp-2 (see Fig. 1)
on hydrodynamic coefficients is also investigated. Moreover, influences
of the diameter ratio (DHp=Dc) and the aspect ratio (tHp=DHp) on the
hydrodynamic coefficients are studied as well. Several configurations of
the model are simulated in terms of different spacing, diameter ratios and
aspect ratios as specified in Table 6, Table 7 and Table 8, respectively.
The spacing between Hp-1 and Hp-2 changes from 0.020m to 0.225m,
while the spacing between upper hull and Hp-1 remain unchanged as
shown in Table 6. As a result, the model draft varies from 0.295m to
0.5 m. The diameter and thickness of heave plates are kept as a constant.
Consequently, the spacing ratio of heave plates in present numerical
simulations ranges from 0.060 to 0.674. In Table 7, the thickness and
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circumcircle diameters of octagonal Hp-1 and Hp-2 remain unchanged,
while the diameter of column changes from 0.042m to 0.167m. There-
fore, the diameter ratio of heave plates ranges from 2.0 to 8.0. Only a
single heave plate is used to study the effect of aspect ratio on hydro-
dynamic coefficients. In Table 8, the thickness of the heave plate changes
from 0.00334m to 0.0668m, corresponding to the aspect ratio ranging
from 0.010 to 0.200. The oscillating parameters used in this study are
specified in Table 9.

2.5. Definition of hydrodynamic coefficients

The time series of predicted hydrodynamic force, FHðtÞ , is obtained
by subtracting the buoyancy force, Fb , and hydrostatic force, FKðtÞ, from
the total predicted force, FðtÞ, which is obtained from the surface pres-
sure and shear on the model.

FHðtÞ ¼ FðtÞ-Fb-FKðtÞ (11)

where,

Fb ¼ ρwg8 (12)

FKðtÞ ¼ -KR xðtÞ (13)

ρw is the water density, g is the gravitational acceleration, 8 is the dis-
placed volume by the model at its mean position, KR is the hydrostatic
stiffness and KR ¼ ρwgAw, Aw is the water plane area, and xðtÞ is the
time-varying displacement of the model.

The hydrodynamic force, FHðtÞ, can be expressed in the form of
Morison's equation as follows:

FHðtÞ ¼ �CaMat €xðtÞ � 0:5CdρwAj _xðtÞj _xðtÞ

¼ 1
3
CaρwD3

Hp-1aω2sinðωtÞ

�1
2
CdρwA ðaωÞ2jcosðωtÞjcosðωtÞ

(14)



Table 4
Summary of boundary conditions.

Items Boundary conditions

Model walls No-slip wall
Top of air phase Symmetry
Bottom of water phase Symmetry
Side walls Symmetry
Inlet and Outlet Outflow (zero gradient of velocity)

Table 5
List of cases in the forced oscillation test.

Period (s) Amp. (m) KC β

0.8 0.02 0.38 139028
1.1 0.02 0.38 101111
1.3 0.02 0.38 85556
1.7 0.02 0.38 65425
2.1 0.02 0.38 52963
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where Ca is the added mass coefficient, Cd is the drag coefficient,
Mat¼ ð1=3ρwD3

Hp-1Þ is the theoretical added mass of the heave plate as
defined in reference (Sarpkaya, 2010), DHp-1 is the circumcircle diameter
of the heave plate Hp-1, and A ¼ ð1=4πD2

Hp-1Þ is the characteristic area of
the heave plate, _XðtÞ and €XðtÞ are the velocity and acceleration of the
model motion, respectively.

As shown in the reference (Sarpkaya, 2010), Fourier averages of Ca

and Cd are obtained as follows:

Ca ¼

Z T

0
FHðtÞsinðωtÞdt

1
3
ρwD3

Hp-1aω2
Z T

0
sin2ðωtÞdt

¼ 3
πωaρwD3

Hp-1

Z T

0
FHðtÞsinðωtÞdt

(15)

Cd ¼ �

Z T

0
FHðtÞcosðωtÞdt

1
2
ρwAðωaÞ2

Z T

0
jcosðωtÞjcosðωtÞcos2ðωtÞdt

¼ � 3
4ρwAωa2

Z T

0
FHðtÞcosðωtÞdt

(16)

The Parameters of the model are described in Table 10.
2.6. Water tank test

A water tank test was carried out in this study to validate the pre-
dicted Ca and Cd by the numerical simulations. Dimensions of the water
tank are 100m length, 5m width, and 2.65m depth. The water depth set
up in this experiment is 2.0m. Overview of the tested model is shown in
Fig. 3. The detailed dimensions of the multiple heave plates are described
Table 6
Specifications of the configurations in different spacing ratios (The values only show

Items Case 1

Columns diameter (mm) Dc 0.050
Upper hull circumcircle diameter (mm) Dp 0.200
Hp-1 (Hp-2) circumcircle diameter (mm) DHp-1 , DHp-2 0.334
Diameter ratio DHp-1=Dc 6.680
Hp-1 aspect ratio tHp-1=DHp-1 0.150
Hp-2 aspect ratio tHp-2=DHp-2 0.195
Spacing between Hp-1 and Hp-2 (mm) L 0.020
Model draft h 0.295
Spacing ratio L=DHp-1 0.060
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in Table 1. The cases conducted in the water tank test are listed in
Table 5.

The time series of measured hydrodynamic force, FHðtÞ, is obtained by
subtracting the buoyancy force, Fb, inertia force, FIðtÞ, and hydrostatic
force, FKðtÞ, from the measured total force, FðtÞ.

FHðtÞ ¼ FðtÞ-Fb-FIðtÞ-FKðtÞ (17)

where,

FIðtÞ ¼ -M €XðtÞ (18)

M is the model mass including the mass of attachment used to connect
the force balance and the model, €XðtÞ is the acceleration of the model
motion, Fb and FKðtÞ are evaluated by Eq. (12) and Eq. (13), respectively.

The parameters of the model are listed in Table 10. When the hy-
drodynamic force is obtained according to Eq. (17), the Ca and Cd are
identified by Eqs. (15) and (16), respectively. In order to mitigate the
unstable result owing to measurement uncertainties, ten periods of
measured data are used in the data analysis.

2.7. Validation of numerical results

In this section, time history of predicted and measured hydrodynamic
forces is presented in a non-dimensional form as follows:

CFðt�Þ ¼ FHðtÞ
1
2ρwAðωaÞ2

; t� ¼ t
T

(19)

where, FHðtÞ is the predicted or measured hydrodynamic forces accord-
ing to Eq. (11) and Eq. (17), A is the characteristic area of the heave plate,
and t� is the non-dimensional time.

The predicted and measured time history of non-dimensional hy-
drodynamic force is illustrated in Fig. 4. The inertia contribution from
force balance was excluded when analyzing the experimental data and
the experimental data is filtered with cut-off frequency to remove noise
in signal. Eight-period data from time zero was removed from experi-
mental data to reach stable time series of hydrodynamic force. Conse-
quently, the predicted hydrodynamic force matches well with the
measurement in terms of phase and the error of predicted amplitude is
�1.3%. Time series of the predicted hydrodynamic force becomes stable
after the initial first period. In order to prevent the effect from the initial
unstable solution on the accuracy of hydrodynamic coefficients, the
simulated data from the third period to the fifth period are chosen in the
data analysis, and the averaged coefficients are used in this paper.

The predicted and measured Ca and Cd in the case of an oscillating
period of 1.3 s are presented in Fig. 5 for the purpose of grid and time step
independence study. It is found from Fig. 5(a) that coarse grid brings
about overestimation of hydrodynamic coefficients, especially in the
prediction of Cd, which implies that the fine grids around the corners of
the heave plates are required to accurately simulate the flow separation.
The results obtained from the finest grid match well with those obtained
from the experiment. Numerical results show a weak dependence on the
time step as shown in Fig. 5(b). It should be noted that the large time step
n in Case1 are used for all cases).

Case 2 Case 3 Case 4 Case 5 Case 6

0.040 0.075 0.125 0.175 0.225
0.315 0.350 0.400 0.450 0.500
0.120 0.224 0.374 0.524 0.674



Table 7
Specifications of the configurations in different diameter ratios (The values only shown in Case 1 are used for all cases).

Items Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Columns diameter (m) Dc 0.167 0.095 0.084 0.067 0.056 0.050 0.042
Upper hull circumcircle diameter(m) Dp 0.200
Hp-1 (Hp-2) circumcircle diameter(m) DHp-1 , DHp-2 0.334
Hp-1 aspect ratio tHp-1=DHp-1 0.150
Hp-2 aspect ratio tHp-2=DHp-2 0.195
Diameter ratio DHp-1=Dc 2.0 3.5 4.0 5.0 5.96 6.68 8.0
Spacing between Hp-1 and Hp-2 (m) L 0.225
Spacing ratio L=DHp-1 0.674

Table 8
Specifications of the configurations in different aspect ratios (The values only shown in Case1 are used for all cases).

Items Case 1 Case 2 Case 3 Case 4 Case 5

Columns diameter (m) Dc 0.050
Hp-2 circumcircle diameter(m) DHp-2 0.334
Hp-2 thickness (m) tHp-2 0.00334 0.01002 0.0167 0.0334 0.0668
Aspect ratio tHp-2=DHp-2 0.010 0.030 0.050 0.100 0.200

Table 9
Description of the oscillation parameters used in the numerical simulations.

Items Symbol Value

Oscillating amplitude (m) a 0.02
Oscillating period (s) T 0.8
KC number KC 0.38
Frequency parameter β 139028

Table 10
Description of parameters of the model as shown in Fig. 1.

Parameters Symbol Value

Characteristic area (m2) A 0.0789
Displaced volume (m3) 8 0.01062
Water density (kg/m3) ρw 1000
Hydrostatic stiffness (N/m) KR 277.4

Fig. 3. Overview of the tested model in the water tank test.
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will cause large courant number, which significantly impacts the
convergence of numerical iterations. Therefore, a sufficiently small time
step is required in VOF method to simulate the unsteady flow. Conse-
quently, the finest grid and a time step of 0.001 s are used in following
numerical simulations.

Fig. 6 shows predicted and measured Ca and Cd for different oscil-
lating periods. Ca exhibits negligible oscillating periods dependence. It is
also found that Ca is less than 2.0 even though one additional surface
piercing plate is expected to provide some added mass. The reason is
primarily due to the fact that the shape of present heave plates is
octagonal cross-section, which provides smaller added mass compared
with the circular plate along with the presence of center columns
depriving contribution to added mass approaching theoretical value.
Predicted and measured Cd are also found almost independent of oscil-
lating period as shown in Fig. 6(b).

As a conclusion from this section, predicted hydrodynamic co-
efficients for the multiple heave plates shows favorable agreement with
those obtained from the water tank test, and the Ca is almost independent
of frequency parameter, β, while Cd shows weak dependence on fre-
quency parameter, β.

3. Mechanism of hydrodynamic force and effect of geometric
parameters

In this section, mechanism of hydrodynamic force on the multiple
heave plates are clarified, and the effects of geometrical parameters, such
588



Fig. 4. Comparison of the predicted and measured hydrodynamic
force coefficient.
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as spacing ratio, diameter ratio and aspect ratio on hydrodynamic co-
efficients are then discussed. The numerical results are also used in
Section 4 to provide database for deriving formulas of hydrodynamic
coefficients. The proposed formulas can be used in design of offshore
structures with heave plates.
3.1. Mechanism of hydrodynamic force

According to the predicted hydrodynamic force on each heave plate,
i.e. Hp-1 and Hp-2 as shown in Fig. 1, the Ca and Cd of each heave plate
are evaluated by Eq. (15) and Eq. (16), respectively. The hydrodynamic
force used to evaluate the Ca and Cd of each plate, FH;Hp-iðtÞ, are obtained
by following expression:

FH;Hp-iðtÞ ¼ ρwght;Hp-iAt;Hp-i � ρwghb;Hp-iAb;Hp-i
þ ρwg

�
Ab;Hp-i � At;Hp-i

	
xðtÞ þ FHp-iðtÞ (20)

where, FHp-iðtÞ refers to the calculated total force which includes the
effect of hydrostatic pressure, hb;Hp-i and ht;Hp-i represent the depth of
lower and upper surface of the heave plate Hp-i from the still water level,
respectively; Ab;Hp-i and At;Hp-i are the characteristic area of lower and
upper surface of heave plate Hp-i, respectively; xðtÞ is the time-varying
displacement as given in Eq. (8).

Fig. 7 shows the predicted Ca and Cd of Hp-1 and Hp-2 varying with
oscillating periods. It is found from Fig. 7 (a) that Ca of Hp-2 is slightly
larger than that Hp-1, which is because mass of an ellipsoid of water
enclosing the Hp-2 is larger than that of Hp-1 due to absence of center
column below Hp-2. Cd of Hp-1 is larger than that of Hp-2, especially in
Fig. 5. Effect of grid and time step refinements on the
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low oscillating periods as shown in Fig. 7 (b), which is because that the
thinner plate, the larger Cd. The significant nonlinearity of oscillating
flow in higher oscillating frequency makes the differences between Hp-1
and Hp-2 more remarkable. One additional simulation is carried out to
investigate the effect of upper hull on the hydrodynamic coefficient of
Hp-1. As seen from Fig. 7, Ca of Hp-1 is close to Ca of Hp-2 when upper
hull is absent.

The dynamic pressure will be used to explain the force acting on each
heave plate, and is made a non-dimensional form as follows:

Cp ¼ p-ρwgh
1


2ρwðωaÞ2

(21)

where, p is the pressure in the flow field, which contains hydrodynamic
pressure and hydrostatic pressure, h is the depth of the computational
cell from the still water level.

The time history of non-dimensional hydrodynamic force on each
heave plate is shown in Fig. 8. Fig. 9(b) shows the corresponding
instantaneous dynamic pressure distribution around the multiple heave
plates in one oscillating period. At time t¼ 0, due to the previous
accelerating ascent, the upper surface of Hp-1 acts as the like stagnation,
and is experiencing a positive dynamic pressure at this moment. In
addition, the dynamic pressure around the lower surface of Hp-1 is
almost zero at this moment. Therefore, the resultant hydrodynamic force
acting on Hp-1 is negative as shown in Fig. 8. From this moment, the
model starts to decelerate. The upward moving flow caused by previous
ascending model keeps moving upward at time 0, and velocity of the
moving model is smaller than that of moving flow around it. Then, the
upper surface of Hp-1 starts to locate in the wake of moving flow. As a
result, the upper surface of Hp-1 is subjected to negative dynamic pres-
sure while the lower surface is experiencing positive dynamic pressure at
time t¼ 2/8 T. The substantial magnitude of dynamic pressure at this
moment leads to the maximal positive hydrodynamic force within the
oscillating period (see Fig. 8). The coming distribution of dynamic
pressure at time t¼ 4/8 T and t¼ 6/8 T are very similar to those at t¼ 0
and T¼ 2/8 T, whereas the sign of dynamic pressure is reverse. Similar
phenomena and conclusions can also be found for the Hp-2. The dynamic
pressures around Hp-1 and Hp-2 at time t¼ 2/8 T are almost same, but
the central column does not pierce the plate Hp-2, being absent from the
lower surface. As a result, the maximum hydrodynamic force on Hp-2 is
slightly larger than that of Hp-1 as shown in Fig. 8, which leads to a larger
Ca for Hp-2 as shown in Fig. 7(a).

3.2. Effect of spacing ratio and diameter ratio

The cases listed in Tables 6 and 7 are conducted to systematically
study the effect of spacing ratio (rL¼ L=DHp1) and diameter ratio
(Rd ¼ DHp-1=Dc), respectively. Fig. 9(a) and (b) show the dynamic pres-
sure distribution for two representative spacing ratios, i.e. rL ¼ 0.06 and
rL ¼ 0.674. The variation of Ca and Cd with different spacing ratios is
accuracy of predicted hydrodynamic coefficients.



Fig. 6. Comparison of predicted and measured added mass and drag coefficients for various oscillating periods.

Fig. 7. Predicted added mass and drag coefficients for Hp-1 and Hp-2 for various oscillating periods.

Fig. 8. Time series of predicted non-dimensional hydrodynamic force acting on
each plate.
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shown in Fig. 18 in section 4.2. Ca increases as the spacing between Hp-1
and Hp-2 increases. In the case of rL ¼ 0.674, the sign of dynamic
pressure on upper and lower surface of heave plate Hp-2 are opposite at
time t¼ 2/8 T as shown in Fig. 9(b), while the sign of dynamic pressure is
identical in the case of rL ¼ 0.06 as shown in Fig. 9(a). As a result, the
hydrodynamic force on the heave plate is smaller in the case of rL ¼ 0.06,
and leads to the smaller added mass as indicated in Fig. 18(a). It is also
found from Fig. 18(a) that the slope of variation of Ca decreases as the
spacing ratios increase, which indicates that interaction between Hp-1
and Hp-2 becomes weak in larger spacing ratios. It is expected that the
Ca will no longer increase when the spacing ratio exceeds a critical value.
Similarly, Cd shown in Fig. 18(b) also increases as the spacing ratio in-
creases. Fig. 10(a) and (b) show the instantaneous flow vortex shedding
pattern for the two representative spacing ratios, i.e. rL ¼ 0.06 and rL
¼ 0.674. The non-dimensional vorticity shown in Fig. 10 is defined as
follows:

W�
x ¼ Wx �DHp-1

Vmax
(22)

where, Wx is X-vorticity, Vmax is the maximum oscillating velocity (¼ ωa).
The reason why Cd is smaller in case of smaller spacing ratio is

because vortex shedding around Hp-1 and Hp-2 are interactive over the
whole oscillating period as shown in Fig. 10(a), which significantly re-
duces the drag force. When the spacing ratio exceeds a critical value, the
vortex shedding around Hp-1 and Hp-2 becomes independent as shown
in Fig. 10(b), and the Cd reaches its maximum.

The variation of Ca and Cd with different diameter ratios is shown in
Fig. 19 in section 4.2. Fig. 9(b) and (c) exhibits dynamic pressure dis-
tribution for two representative diameter ratios, i.e. Rd ¼ 6.68 and Rd

¼ 2. Fig. 10(b) and (c) show the corresponding instantaneous flow vortex
shedding pattern in one oscillating period. It is seen from Fig. 19(a) that
Ca increases as the diameter ratio increases. Even though the dynamic
pressure distributions as shown in Fig. 9(b) and (c) are almost same
between those two representative diameter ratios, the wet surface of the
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plate with smaller diameter ratio is smaller than that with larger diam-
eter ratio as shown in Fig. 9(c), which causes smaller hydrodynamic
force, and results in smaller Ca as shown in Fig. 19(a). Similarly with the
case of spacing ratio, the slope of variation of Ca decreases as the
diameter ratio increases, which is because the increase rate of wet surface
decreases as the diameter ratio increases. In contrast to Ca, Cd is found to
be independent of the diameter ratios as shown in Fig. 19(b) within the
range of diameter ratio from 2.0 to 8.0. It should be noted that the drag
force mainly comes from the vortex shedding around the sharp edges of
heave plates. As seen from Fig. 10(b) and (c), the vortex shedding near
the sharp edges is not affected when the diameter ratio decreases.
Therefore, Cd keeps almost unchanged. By further increasing the diam-
eter of the column, the side wall of the column might disturb the vortex



Fig. 9. Distribution of non-dimensional dynamic pressure around the multiple heave plates in one oscillating period.
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shedding around the heave plate, probably resulting in smaller Cd.
However, such smaller diameter ratio is rarely used in the application of
heave plate.

According to Figs. 18(b) and 19(b), Cd provided by the double heave
plates is less than 7.0, which is even smaller than that of a single heave
plate predicted or measured in the literature (Lopez-Pavon and
Souto-Iglesias, 2015; Li et al., 2013). The reason is primarily owing to the
fact that the aspect ratio of the heave plates used in this study is signif-
icantly larger than those in the references.
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3.3. Effect of aspect ratio

The cases listed in Table 8 are conducted to systematically study the
effect of aspect ratio (rt ¼ tHp=DHp) on hydrodynamic coefficients. The
thickness of the octagonal single heave plate is varied from 3.34mm to
66.8mm, corresponding to the aspect ratio ranging from 0.01 to 0.2. The
draft of the heave plate is identical to the depth of Hp-2 shown in Fig. 1.
The numerically identified Ca and Cd varying with the aspect ratios are
shown in Fig. 12 in section 4.1. It is found that Ca is independent of the
aspect ratio because the change of the thickness has no influence on the



Fig. 10. Instantaneous flow vortex shedding pattern around the multiple heave plates in one oscillating period.
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change in characteristic area of upper and lower surface of the heave
plate, and has no remarkable impact on the dynamic pressure distribu-
tion. In contrast to the Ca, Cd is strongly dependent of the aspect ratio as
shown in Fig. 12(b). It is found that Cd decreases as the aspect ratio in-
creases. Variations of the thickness generate distinct vortex shedding
patterns, which have been reported in the references (Tao and Thiagar-
ajan, 2003a, 2003b). Fig. 11 shows the instantaneous vortex shedding
around the heave plate with two representative aspect ratios at time t¼ 0
when the heave plate is moving upward from its mean position. The
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unidirectional vortex shedding happens in the case of small aspect ratio
as shown in Fig. 11(a), while the interactive vortex shedding is observed
under the condition of large aspect ratio in Fig. 11(b). It is the emerging
interaction of vortex shedding from the upper and lower surface of heave
plate that leads to the decreased Cd. As the aspect ratio further increases,
independent vortex shedding pattern will happen as studied by Tao and
Thiagarajan (2003a).

The aspect ratio of the Hp-1 and Hp-2 shown in Fig. 1 is 0.15 and
0.20, respectively. Therefore, Cd is expected smaller than those predicted



Fig. 11. Instantaneous flow vortex pattern around the single heave plate with two different aspect ratios at oscillating time t¼ 0.
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and measured in the literature (Lopez-Pavon and Souto-Iglesias, 2015; Li
et al., 2013, WindFloat), where the aspect ratio is around 0.005–0.01. In
general, the heave plate mainly has two functions. One is used to reduce
the heave motion. In this sense, the heave plate should be designed as
thin as possible to reach sufficiently large Cd, such as the application in
WindFloat (WindFloat). The other is used to stabilize the structure by
lowering the center of gravity. In this respect, the heave plate would be
designed with a certain thickness to allow for pouring the ballast water.
The present multiple heave plates aim to achieve the mentioned two
functions at same time. The usage of double heave plates makes Cd

reaches almost 7.0, which significantly increases the damping in the
heave direction.

As a conclusion from this section, change of aspect ratio only in-
fluences the Cd. Change of the spacing ratio between multiple heave
plates affects both Ca and Cd, while the variation of diameter ratio only
affects Ca. Formulas of Ca and Cd according to those sensitive geometrical
parameters will be established in next section.

4. Formulas of hydrodynamic coefficients

In this section, the formula of Ca and Cd are proposed considering
various geometric parameters and KC number. First, the formulas for a
single heave plate with various cross-sections are improved and validated
against published data in the literature and present numerical simula-
tions. Then, the formulas for each plate in the double heave plates
Fig. 12. Comparison of numerical identified and formula predicted added mass and d
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considering the spacing and diameter ratio are proposed and validated by
the numerical simulations.

4.1. Added mass and drag coefficient for a single heave plate

Theoretical added mass of a heave plate without an attached column
equals to the mass of an ellipsoid of water enclosing the heave plate
(Sarpkaya, 2010). The ellipsoid is separated into two half ellipsoids by a
finite distance (thickness of the heave plate). When one column is applied
on the top of heave plate, the volume taken by the column is excluded to
represent the effective added mass. Consequently, formula of Ca for a
single circular heave plate with a column is firstly proposed by Tao et al.
(2007) and rewritten as follows:

Ca¼ 1-
1
4

"
3r2d

ffiffiffiffiffiffiffiffiffi
1-r2d

q
þ
�
1-

ffiffiffiffiffiffiffiffiffi
1-r2d

q �2�
2þ

ffiffiffiffiffiffiffiffiffi
1-r2d

q �#
(23)

where, rd ¼ Dc=DHp, which is the reciprocal of diameter ratio Rd.
The proposed formula by Tao et al. (2007) is suitable for the case with

very low KC number. As mentioned in the references (Lopez-Pavon and
Souto-Iglesias, 2015; Tao et al., 2004, 2007; Tao and Cai, 2004) that Ca

increases as KC number increases. Therefore, a correction factor, k1 ,
associated with KC number should be considered in the formula. In
addition, it is found from the literature (Li et al., 2013; Tao et al., 2004;
Tao and Dray, 2008) that Ca is strongly dependent on heave plate
rag coefficients for the single octagonal heave plate with different aspect ratios.
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cross-sections, such as circular and rectangular heave plate. Thus, a shape
correction factor, k2 , which represents the change of cross-section is
needed when applying the formula for the heave plate other than circular
ones. In this study, an integrated correction factor, k , expressed by the
multiplication of k1 and k2 is used to take into account the effect of both
KC number and shape correction factor. The correction factor, k , is used
to modify the diameter of the ellipsoid representing the added mass. A
linear function of KC number is adopted for k1 in this study. In the shape
correction factor, k2 , there is no reduction for the diameter of circular
heave plate, while the equivalent diameter is reduced to its 95% for an
octagonal heave plate, and is reduced to its 75% for a square heave plate.
They are purely empirical values based on the fitting of Ca for an
octagonal heave plate and a square heave plate. It should be noted that
the diameter is reduced with respect to the circumcircle diameter of the
cross-section. As a result, formula of Ca for a single heave plate attached
with a column is improved as follows:

Ca ¼ k3 � 1
4

�
3r2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � r2d

q

þ
�
k�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � r2d

q �2�
2kþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � r2d

q �# (24)

k ¼ k1 � k2 (25)

k1¼ 1þ 0:2 KC (26)

k2 ¼
( 1:00; Circular heave plate

0:95; Octagonal heave plate
0:75; Square heave plate

(27)

where, rd ¼ Dc=DHp, which is the reciprocal of diameter ratio Rd, k rep-
resents the correction factor which is a function of KC number and heave
plate cross-section, and KC refers to the KC number.

As mentioned in section 3.3 and previous studies, Cd is dependent of
aspect ratio, rt, and KC number. According to the proposed formula
(Cd¼ AðKCÞn) by Graham (1980), Tao and Thiagarajan (2003a) identi-
fied the coefficients (A and n) for three typical vortex shedding regimes.
Whereas, Cd actually varies with the aspect ratio, rt, even in one specific
defined vortex shedding regime. In other words, the coefficient A in the
formula should be a function of aspect ratio rather than a constant. In this
study, by fixing the KC number as unit one, the coefficient A as a function
of aspect ratio, rt, is evaluated based on the data of Cd versus aspect ratio,
rt, in the study by Tao and Thiagarajan (2003a). Then, the coefficient n is
evaluated. The evaluation of coefficient n for square heave plate follows
the abovementioned procedure according to the data in the study by Li
et al. (2013). In this study, a new formula of Cd is proposed to represent
the effect of both aspect ratio and KC number for a single heave plate and
is improved as below:

Cd¼ min
n
1:7r-1=3:7t ðKCÞ-1=k3 ;12

o
(28)

k3 ¼
( 2:5; Circular heave plate

2:5; Octagonal heave plate
3:0; Square heave plate

(29)

where, rtð¼ tHp=DHpÞ is the aspect ratio of heave plate, tHp is the thickness
of heave plate, and DHp is the (circumcircle) diameter of heave plate, k3 is
a shape correction factor for different heave plate cross-sections, the
upper bound of Cd is limited to 12 for sake of the possible infinite value
by the formula. This upper limit is proposed based on the measured Cd in
the reference (Lopez-Pavon and Souto-Iglesias, 2015) in which Cd is
smaller than 12 in the condition with a very small thickness ratio of
0.005.

Fig. 12 shows a comparison of numerical identified and formula
predicted Ca and Cd of a single octagonal heave plate with different
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aspect ratios. With consideration of the shape factor k2 ¼ 0.95, predicted
Ca from the present formula matches well with that obtained from the
numerical simulation as shown in Fig. 12(a). As can be found from
Fig. 12(b), aspect ratio dependence of Cd is also represented well by the
present formula, especially for smaller aspect ratios where the unidi-
rectional vortex shedding occurs as discussed in section 3.3. The pro-
posed formula overestimates the drag coefficient in the transition regime
in which complex interactive vortex shedding is expected. As
approaching independent vortex shedding pattern, the accuracy of pro-
posed formula for Cd improves as shown in Fig. 12(b).

Fig. 13 (a) and (b) show formulas predicted and measured Ca of a
circular heave plate with an attached column, and a square heave plate,
respectively. The proposed formulas are capable of predicting Ca pre-
cisely with a proper intercept and slope with variation in KC number for
both circular plate with center column and square plate without column
as seen from Fig. 13 (a) and (b).

Comparisons of formula predicted and measured Cd for the heave
plate with circular and square cross-sections are presented in Fig. 14. It is
found that the proposed formula shows a good prediction of Cd varying
with KC number. In addition, the variation of Cd with aspect ratios is also
well represented by the proposed formula as shown in Fig. 14(b).

Therefore, the proposed formulas of Ca and Cd for a single heave plate
covers the application of different cross-sections and KC number, and
show a good agreement with the measurement and present numerical
results.
4.2. Added mass and drag coefficient for double heave plates

The double heave plates could provide much more added mass and
damping than that of a single heave plate. The spacing (L) between the
adjacent double heave plates is one key parameter in the determination
of hydrodynamic coefficients. If the spacing between the two heave
plates reduces to zero, the double heave plates actually act as a single
heave plate. In this case, Eq. (24) and Eq. (28) can be used for evaluation
of Ca and Cd, respectively. On the other hand, when the spacing exceeds a
critical value, Ca and Cd will be independent of the spacing ratio. In other
words, each heave plate will act as a fully separated plate. When the
spacing is between zero and the critical value, a flow interaction between
the double heave plates occurs, and the hydrodynamic coefficients will
be dependent on the spacing ratio in this range. Therefore, the effect of
spacing on the change of Ca and Cd for each heave plate should be
considered.

The Hp-2 in Fig. 1 is attached by only one column, the formula of Ca is
exactly the same as that for the single heave plate if the spacing exceeds a
critical value. When the interaction between double heave plate occurs,
the formula of Ca is derived by mathematically subtracting the inter-
section part of the two ellipsoids above Hp-2. The formula of Ca for Hp-2
is expressed as follows:

Ca;Hp-2 ¼

8>>>>>>>>>><>>>>>>>>>>:

k3 � 1
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i
; rL> 2k=π

(30)

where, rd ¼ Dc=DHp, rL¼ L=DHp, and k refers to the correction factor and
is given in Eq. (25).

The Hp-1 in Fig. 1 is attached by two columns at both upper and lower
surfaces. Therefore, the volume taken by those two columns should be
excluded. In addition, the spacing effect on the lower surface of Hp-1
should be considered. It is assumed that the upper surface of Hp-1 is
sufficiently far away from the still water level. The formula of Ca for Hp-1
is expressed as follows:



Fig. 13. Comparison of formula predicted and measured added mass coefficients for the single heave plates with different cross sections and KC number.

Fig. 14. Comparison of formula predicted and measured drag coefficients for the single heave plate with different cross sections, KC number, and aspect ratios.
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(31)

As mentioned in section 3.2, Cd mainly comes from the vortex shed-
ding around the sharp edges of heave plate. Thus, Cd of the heave plate
does not depend on the number of attached columns. In addition, it is
assumed that Cd linearly decreases as spacing ratio decreases. Formula of
Cd for each heave plate is given as follows:

Cd;Hp-i ¼
8<:

min
n
1:7r�1=3:7

t;Hp-i ðKCÞ�1=k3 � 1:85k2

þ1:45rL; 12g; rL � 2k2=π
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1:7r�1=3:7

t;Hp-i ðKCÞ�1=k3 ;12
o
; rL> 2k2=π

(32)

where, rt;Hp-i refers to the aspect ratio of each heave plate, i.e. Hp-1 or Hp-
2; k2 and k3 refer to the shape correction factors defined in Eq. (27) and
Eq. (29). The coefficient with respect to the spacing ratio and the shape
correction factor are identified according to the numerically predicted Cd

in this study.
Fig. 15 shows the numerically identified and formulas predicted Ca

and Cd for each heave plate with different spacing ratios. As shown in
Fig. 15(a), variation of Ca with the spacing ratios is represented well by
the present formula for Hp-2. Predicted Ca for Hp-1 is slightly smaller
than that of Hp-2, and it is overestimated compared with the numerical
identified Ca, which is due to the effect of the upper hull above Hp-1 as
shown in Fig. 1. It is found that variation of Cd with the spacing ratio and
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effect of the aspect ratio are favorably represented by the present formula
as shown in Fig. 15(b).

Fig. 16 presents numerically identified and formulas predicted Ca and
Cd for each heave plate with various diameter ratios. The present formula
shows a good performance for the prediction of Ca varying with the
diameter ratios, especially for Hp-2. In the case of smaller diameter ratio,
the gap of Ca between Hp-1 and Hp-2 is larger compared with that in the
larger diameter ratio, which is due to the influence of the number of the
attached column. The formula predicted Ca for Hp-1 is also over-
estimated, which is due to the effect of the upper hull above Hp-1 as
shown in Fig. 1. In contrast to the Ca, formula predicted Cd is indepen-
dent of diameter ratio, and agrees reasonably well with numerical results
in this study.

The proposed formulas of Ca and Cd for each plate simultaneously
consider the effects of spacing ratio, diameter ratio, aspect ratio, and KC
number and show favorable agreement with the numerical simulations.

In order to evaluate Ca and Cd of double heave plates as a whole, the
formulas for each heave plate can be simply summed up. As a result,
integral Ca of double heave plates is obtained according to Eq. (30) and
Eq. (31) as follows:
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where, rd ¼ Dc=DHp, rL¼ L=DHp, and k refers to the correction factor and



Fig. 15. Comparison of numerically identified and formulas predicted added mass and drag coefficients for each fully submerged plate with different spacing ratios.

Fig. 16. Comparison of numerically identified and formulas predicted added mass and drag coefficients for each fully submerged plate with different diameter ratios.

Fig. 17. Comparison of numerically identified and formulas predicted added
mass coefficient as a function of spacing ratio for the double heave plates with
circular cross-section studied by Tao et al. (Tao et al., 2007).
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is given in Eq. (25).
Similarly, formula for Cd of double heave plates is obtained as fol-

lows:

Cd ¼

8>>>><>>>>:
min

n
1:7

�
r�1=3:7
t;Hp-1 þ r�1=3:7

t;Hp-2


ðKCÞ�1=k3

�3:7k2 þ 2:9rL; 24g; rL � 2k2=π
min

n
1:7

�
r�1=3:7
t;Hp-1 þ r�1=3:7

t;Hp-2


ðKCÞ�1=k3 ; 24g;

rL> 2k2=π

(34)

where, rt;Hp-1 and rt;Hp-2 represent the aspect ratio of heave plate Hp-1
and Hp-2, respectively; k2 and k3 refer to the shape correction factors
defined in Eq. (27) and Eq. (29), respectively.

Fig. 17 shows numerically identified Ca of a double circular heave
plates with different spacing ratios studied by Tao et al. (2007). Ca pre-
dicted according to the formula proposed by Tao et al. and from present
formula are shown in the figure as well. It is found that Ca is strongly
dependent of conducted KC number. Comparing with previous formula,
the proposed formula successfully captures the trend of Ca varying with
KC number. The differences between Ca predicted by the proposed for-
mula and the numerical simulations in smaller or larger spacing ratio
might be owing to the limitation of the formula in the application for the
small diameter ratio. The diameter ratio of the model in the literature
(Tao et al., 2007) is only 1.31, and the local flow induced by flow sep-
aration and vortex shedding might be significantly impacted by the side
wall of attached column.

Fig. 18 and Fig. 19 show Ca and Cd of the octagonal double heave
plates varying with spacing ratios and diameter ratios, respectively. The
overestimation of Ca for Hp-1 by proposed formula leads to the over-
prediction shown in Fig. 18(a). The proposed formulas in this study are
suitable for the heave plates which are sufficiently far away from the still
water level. The formula of Cd for double heave plates shows a good
accuracy even though proposed formula show some differences in esti-
mation of Cd for each heave plate.
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In the application of multi-plates containing more than two heave
plates, the integral Ca and Cd can be evaluated according to the
arrangement of the heave plates and proposed formulas for each heave
plate in this study.

5. Conclusions

In this study, hydrodynamic coefficients of multiple heave plates are
investigated by numerical simulations and water tank tests. The con-
clusions are summarized as follows:



Fig. 18. Comparison of numerically identified and formulas predicted added mass and drag coefficients for double octagonal heave plates with different
spacing ratios.

Fig. 19. Comparison of numerically identified and formulas predicted added mass and drag coefficients for double octagonal heave plates with different diam-
eter ratios.
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1. Added mass and drag coefficients of multiple heave plates predicted
by large eddy simulations with volume of fluid method show a good
agreement with the experimental data by the water tank test. Grid
and time step dependencies are investigated. Fine grid and small time
step are required to accurately simulate the unsteady flow separation
around the sharp edges of the heave plates, which affect the accuracy
of predicted drag coefficient.

2. Effects of spacing ratio and diameter ratio of the multiple heave plates
are systematically studied by large eddy simulations. The added mass
coefficient, Ca, increases as the spacing ratio increases till a critical
value of spacing ratio and also increases as the diameter ratio in-
creases. The drag coefficient, Cd, increases as the spacing ratio in-
creases and is independent of the diameter ratio. For a single heave
plate, Ca is independent of the aspect ratio, but Cd decreases rapidly as
the aspect ratio increases and it approaches a constant value when the
aspect ratio exceeds a critical value.

3. Shape correction factors are proposed in the formulas of Ca and Cd for
a single plate and double heave plates. The formulas for a single heave
plate with different cross-sections are validated by the data in the
literature and the numerical simulations. In addition, formulas of Ca

and Cd for each heave plate in the double heaves are also proposed
and validated by the numerical simulations in this study.
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