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a b s t r a c t

Forced heave and surge motion of axisymmetric vertical cylindrical bodies with flat and
rounded bases are simulated using the advanced CFD software STAR-CCM+ where the
overset method is used so that the mesh local to the body moves within a stationary outer
mesh. Viscous effects generating drag, and also influencing added mass and radiation
damping, are determined. The Reynolds-Averaged Navier–Stokes (RANS) equations are
adopted with different turbulence closure models and the water surface is captured by
the volume of fluid (VOF) method. These results are of basic interest but the main motive
is to assess appropriate drag coefficients for use with linear diffraction models of wave
energy converters (WEC) and we have particular interest in the multi-body WEC M4.
A basic dynamical model is set up so that drag, added mass and radiation damping
coefficients may be obtained from the CFD results. Added mass and radiation damping
coefficientswere also obtained from thepotential flow solverWAMIT for comparison.Mesh
convergence studies were undertaken and while mesh independence was achieved for
total force it was not possible for the very small shear force. In the laboratory a free heave
decay test was undertaken without mechanical contact for bodies with rounded bases and
the inferred drag and added mass coefficients were very close to those from CFD. Some
general observations are possible for motion in heave. For the hemispherical base the drag
coefficient Cd is very low for small amplitudes but this increases as amplitude is increased.
For the rounded base with a flat central area the Cd is larger and for the wholly flat base
it is larger again but with values less than 0.35. For a larger geometric scale (times 32) for
the hemisphere and round base cases the Cd are generally somewhat reduced. For surge
motion the Cd show less variation and are always greater than heave values by at least a
factor of 2 which is indicative of effects due to separation and wake generation.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Floating cylindrical bodies are widely used in offshore engineering, e.g. spar, tension leg and other semi-submersible
platforms for oil production and point absorbers for wave energy conversion (Drew et al., 0000; Falcão, 2010; Babarit, 2015).
We have particular interest in the multi-body WEC M4 composed of several connected cylindrical bodies (Stansby et al.,
2015b, a; EatockTaylor et al., 2016; Stansby et al., 2016; Sun et al., 2016, 2017; Stansby et al., 2017). Linear diffraction analysis
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in the frequency and time domains is quite standard practice for operational conditions and extreme conditions require
model testing (Drew et al., 0000; Falcão, 2010; Santo et al., 2017) or full CFD simulation for nonlinear conditions. Linear
(and second-order) diffraction analysis can be undertaken with standard modern computing while CFD requires massive
parallel processing with numerical convergence, and hence accuracy, uncertain. It is thus attractive to add viscous effects
to the linear diffraction analysis based on potential flow theory (Stansby et al., 2015b; EatockTaylor et al., 2016; Stansby
et al., 2016; Sun et al., 2016, 2017; Stansby et al., 2017). This may be achieved through drag coefficients with body motion
relative to the fluid defining an additional drag force. Viscous effects also have a small influence on addedmass and possibly
radiation damping and this is a secondary consideration.

In spite of the widespread use of cylindrical bodies offshore there is little information on drag coefficients, at least
in the open literature. While CFD is computationally demanding or even possibly unattainable for general configurations
undergoingmulti-modemotion inwaves,which are generally irregular andmulti-directional, high resolution CFD is possible
with simple geometries in single modes of motion. The aim is to determine drag coefficients to enable drag forces to be
added to linear diffraction analyses. This strictly requires knowledge of the body motion relative to the fluid motion, due to
incident waves with additional diffraction and radiation effects in these cases. This is difficult (or impossible) to represent as
a single velocity and we consider only still water cases. This might appear consistent with the linear diffraction analysis for
moving bodieswhere the forces due to fixed andmoving body are superimposed. There is no evidence to suggest that viscous
effects may be simply superimposed in this way although for oscillating bodies in line with steady flow (defined by a single
velocity) this can give accurate results, with different drag coefficients for steady and oscillatory components (Verley and
Moe, 1979). This is unlikely to be possible in waves with a spatially varying velocity field without an obvious representative
single velocity. The aim of this study is thus to determine drag coefficients for cylindrical bodies with flat and rounded bases
for heave and surge motion in still water. This is of fundamental interest and informs suitable values to be included in linear
diffraction analysis; these values are basically tuning parameters accounting for complex boundary layer and wake effects.
We determine the prominent component for viscous interaction, that due to body motion.

In Section 2 the dynamical equation is described which enables viscous effects to be determined from the CFD results.
This also enables some experimental free decay tests to be analysed. In Section 3 the CFD methodology including mesh
configuration is described. Results for forced heave and surge motion follow in Section 4 including comparison with
coefficients from the free decay tests. Results for near full-scale conditions are included. There is a discussion in Section 5
and conclusions are drawn in Section 6.

2. Dynamical equation

The forces on an oscillating body may be categorised as added mass in phase with acceleration, radiation damping and
drag both in phase with velocity and buoyancy in phase with vertical displacement if the body motion is small, i.e. the
problem is assumed linear. Nonlinear effects associated with free surface movement may become significant as amplitudes
increase. If viscous effects are negligible, which is often assumed for large bodies, potential flowmay be assumed and linear
radiation/diffraction panel methods may be applied for small motions. Here we use WAMIT version 6.3 (WAMIT, 2004)
to evaluate the associated added mass and radiation damping forces. In general for sinusoidal body motion forces may be
defined by constant added mass, radiation damping and drag coefficients to a close approximation. For vertical sinusoidal
oscillation of a bodywith immersed volumeV in stillwater level,with frequencyω and amplitude z0, displacement z (positive
upwards) is defined by:

z = z0 sin(ωt) (1)

giving body velocity and acceleration as:

ż = z0 cos(ωt) (2)

z̈ = −z0ω2 sin(ωt) (3)

If F is the total body force with static buoyancy ρgV subtracted, equal to the mass of the body where ρ is water density
and g is gravitational acceleration, according to Newton’s law F = mz̈, where m = ρV . This fluid force on the body may
be represented using added mass, radiation damping and drag coefficients, Ca, Crd, and Cd, with a buoyancy or hydrostatic
stiffness term. With a linearized drag term, e.g. Sarpkaya and Isaacson (1981),

F = −ρVCaz̈ − ρgAz − Crdż −
1
2
ρACd

3π
8

żrmsż (4)

where A is cross sectional area at the water plane (also frontal area normal to relative velocity in drag term), and żrms =

z0ω
√
2/2. To determine Ca the hydrostatic stiffness term is subtracted from F, giving F ′, and the component in phase with

acceleration (and displacement) is determined from∫ 2π

0
(F ′

+ ρgAz0 sin (ωt)) sin (ωt) dωt = Ca

∫ 2π

0
−ρVz0ω2 sin (ωt) sin (ωt) dωt (5)
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giving ∫ 2π

0
F ′ sin (ωt) dωt + ρgAz0 = −ρVz0ω2πCa (6)

To determine Cd the radiation damping (assumed to be due to potential flow only) is subtracted from F, giving new F ′

where Crd = ρωCWAMIT (CWAMIT is the WAMIT output) and components in phase with velocity are determined from∫ 2π

0
(F ′

+ Crdz0ω cos(ωt)) cos(ωt)dωt = −Cd

∫ 2π

0

1
2
ρA

3π
8

z0ω

√
2
2

z0ω cos(ωt) cos(ωt)dωt (7)

Giving∫ 2π

0
F ′ cos (ωt) dωt + Crdz0ωπ = −Cd

1
2
ρA

3π
8

z0ω

√
2
2

z0ωπ (8)

Hence Ca and Cd may be obtained from Eqs. (6) and (8) if the moving body force is known from either CFD or experiment.
Since it is assumed that radiation damping is unaffected by viscosity any viscous influence is absorbed in the drag coefficient.
Whilst Crd is calculated from the radiation damping coefficient ofWAMIT, the equivalent drag coefficient Cdrd (for comparison
with Cd) is given by:

Crd =
1
2
ρACdrd

3π

8
√
2
z0ω.

On the other hand if the coefficients are known substituting themoving body force= ρV z̈, into Eq. (4), gives the following
equation

ρV (1 + Ca) z̈ = −ρgAz − Crdż −
1
2
ρȦCd |ż| ż (9)

which can be solved numerically. While the analysis above is for heave the analysis for surge, with x replacing z, is identical.
In this study drag and added mass coefficients are determined directly from CFD for motion in heave and surge. Analysis

of free decay tests is also undertaken for motion in heave with drag and addedmass coefficients determined by curve fitting
the response to experimental measurements. Direct response prediction by CFD is also undertaken.

3. The CFD model

The commercial software STAR-CCM+ is applied. For the free surface flow of interest here the two-phase (water–air)
solver is required. The governing equations are the Reynolds-Averaged Navier–Stokes (RANS) equations with a turbulence
closure model; the k-ω SST model, the standard k-ε low-Re model and the V2F k-ε turbulence model are assessed. Low
Re wall boundary treatment is applied with y+(u∗ y

ν
) ∼ 1 for adjacent mesh size, where u∗ is friction velocity, y is normal

distance from wall and ν is kinematic viscosity. The VOF method is used to capture the free surface. Water density is set to
1000 kg/m3, and air density is set to 1.205 kg/m3. Dynamic viscosity is 0.001 Pa s and 1.82 × 10−5 Pa s for water and air
respectively. To assess the influence of air its density was varied between 1.205 kg/m3 and 0.05 kg/m3 showing negligible
influence on force which is thus hydrodynamic. The overset method is used with a local mesh fixed relative to the body and
a stationary outer mesh connected by the overset interface where velocity and pressure are interpolated. No effect of the
interface was discernible. For heave motion an axisymmetric mesh is used reducing the problem to two dimensions to save
computational time. The vertical centreline plane of the computational domain is shown in Fig. 1; this is a wedge shape with
periodic boundary conditions in the azimuthal direction. The pressure on the upper (air) surface is set to zero and the base
and outer boundary are free slip with zero pressure gradient. To absorb radiated waves at the outer boundary a damping
zone of onewavelengthwidth is employedwhere a resistance term is added to themomentumequation for vertical velocity:

Sdz = ρ(f1 + f2 |w|)
ek − 1
e − 1

w (10)

where k =

(
x − xsd
xed − xsd

)nd
(11)

in which w is the vertical velocity, xsd and xed are the start and end points of the wave damping zone respectively; other
coefficients can be referred to the manual of STAR-CCM+. Fig. 2 shows the mesh used for the hemisphere base case and
similar meshes were used for other cases. An outer mesh, uniform in the radial direction, is applied and a non-uniform inner
mesh with mesh size increasing from the body surface with y+

∼1 to the overset region where the mesh size is equal to the
outer mesh. Between 40000 and 72000 cells were required to give convergence of the total force.

For surge motion a 3D domain is set up with the same inner mesh dimensions but now the outer domain is a cuboid with
equal dimensions in the horizontal directions.
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Fig. 1. Domain for the simulation.

Fig. 2. Mesh used in the simulation of hemisphere tests.

4. Results

4.1. Free decay tests in heave

First sensitivity to turbulence model is tested based on the hemispherical base configuration used in the WEC Wakes
project (Stratigaki et al., 2014), as shown in Fig. 3. Mechanical friction was found to contaminate free-decay displacement
results but sensitivity to turbulence model was undertaken for this configuration (considered again later) without com-
parison to experiment. The motion is obtained from F = ρV z̈ where F is obtained from CFD. Results are shown in Fig. 4
with the laminar flow as a reference, the standard low Re k-ε turbulence model, the k-ω SST model and the k-ε V2F model.
Numerical convergence was obtained with a solid boundary mesh size of 0.0025 m. The results with the latter two more
sophisticated models are almost coincident while laminar flow and the standard low Re k-ε model give smaller damping
and larger displacements.

The widely used k-ω SST model is chosen to compare with further free decay tests of a free-floating float with position
measurement without mechanical contact. These tests were undertaken in the Plymouth COAST basin following tests on the
M4 wave energy machine (Sun et al., 2016, 2017; Stansby et al., 2017). Floats with a hemispherical (float 1) and rounded
base (float 2) were used as shown in Fig. 5 with a water depth of 0.8 m. The mass of float 1 was 9.75 kg and that of float 2 is
23.42 kg. Two initial offsets of −0.75 m and +0.076 m are set for float 1, and one offset of −0.083 m for float 2. The natural
period in heave is 0.87 s for float 1 and 0.81 s for float 2. Displacement in three dimensions was measured using a Qualisys
camera system and each float was released manually from its initial offset. The motion was shown to remain effectively in
heave only for at least four oscillations. The motion is calculated directly by CFD with the k-ω model and radial domain size
of 8mwith an outer damping region of 1m; themesh size adjacent to the solid boundarywas again 0.0025m. This valuewill
be seen to be below that to provide mesh independent forces. The Cd and Ca giving the best fit to experimental displacement
with Crd fromWAMIT were also obtained from Eq. (9). Note that Ca determines the natural frequency and Cd the decay rate.
Figs. 6a–6c shows that agreement from this solution and CFD with experimental measurement is very close. Cd and Ca were
also determined on a cycle-by-cycle basis for the first four cycles using Eqs. (6) and (8) and the mean amplitude for each
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Fig. 3. Configuration of heaving float in WECWakes project, dimension in metres.

Fig. 4. Vertical translation time history with different turbulence models. Minimum cell size 0.0025 m: laminar (dotted line); standard low Re k-ε model
(dash line); k-ε V2F model (solid line); k-ω model (dash dot red line, almost coincident with solid line).

Table 1
Added mass coefficient Ca and drag force coefficient Cd for float 1 and float
2 in free decay.

Cycle 1 2 3 4

Added mass coefficient Ca

Float 1 offset +0.076 m Expt 0.383 0.388 0.393 0.395
CFD 0.373 0.383 0.388 0.390

Float 1 offset −0.075 m Expt 0.390 0.388 0.386 0.385
CFD 0.374 0.381 0.384 0.384

Float 2 offset −0.083 m Expt 0.369 0.371 0.368 0.365
CFD 0.363 0.364 0.361 0.369

Drag coefficient Cd

Float 1 offset +0.076 m Expt 0.340 0.345 0.351 0.350
CFD 0.351 0.351 0.350 0.352

Float 1 offset −0.075 m Expt 0.350 0.355 0.358 0.359
CFD 0.362 0.380 0.381 0.381

Float 2 offset −0.083 m Expt 0.468 0.466 0.458 0.455
CFD 0.472 0.465 0.451 0.449

cycle. Results are shown in Table 1 to be very close with little cycle-to-cycle variation and values are very close to those
obtained by curve fitting using Eq. (9) with single values of Cd and Ca; differences in peak displacement are less than 5%. The
Ca fromWAMIT was 0.38 for float 1 and 0.36 for float 2.
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Fig. 5. Floats with dimensions in metres.

Fig. 6a. Displacement time history of Float 1, initial offset−0.075m, from experiment, CFD (Ca and Cd in Table 1) and solved by Eq. (9)with best fit Ca = 0.38
Cd = 0.35.

Fig. 6b. Displacement time history of Float 1, initial offset +0.076m, from experiment, CFD (Ca and Cd in Table 1) and solved by Eq. (9) with best fit Ca = 0.38
Cd = 0.35.
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Fig. 6c. Displacement time history of Float 2, initial offset−0.083m, from experiment, CFD (Ca and Cd in Table 1) and solved by Eq. (9)with best fit Ca = 0.36
Cd = 0.45.

Table 2
Values of Ca and Cd for each cycle of forced heave oscillation with T = 1.0 s and z0 = 0.06 m for the hemispherical base with different outer radius for
wave damping: KC = 1.26; β = 9 × 104 ; kD =1.21; kd = 3.1.

Outer radius (m) R = 2.0 R = 3.4 R = 4.8 R = 7.02

Cycle 2nd 3rd 2nd 3rd 2nd 3rd 2nd 3rd

Ca

Total force 0.4580 0.4588 0.4593 0.4597 0.4601 0.4588 0.4600 0.4587
Pressure 0.4571 0.4579 0.4584 0.4589 0.4592 0.4580 0.4592 0.4579
Shear 0.0009 0.0009 0.0009 0.0008 0.0009 0.0008 0.0008 0.0008
WAMIT 0.43

Cd

Total force 0.0914 0.0807 0.0686 0.0663 0.0613 0.0600 0.0610 0.0598
Pressure 0.0694 0.0587 0.0462 0.0440 0.0394 0.0381 0.0392 0.0380
Shear 0.0220 0.0220 0.0224 0.0223 0.0219 0.0219 0.0218 0.0218
WAMIT Cdrd 1.07

4.2. Forced heave motion

The comparisons with free decay tests indicate that the k-ω turbulence model performs well. Forced sinusoidal oscil-
lations are computed with amplitudes of 0.03 m and 0.06 m and a period of 1 s. These values are representative of those
occurring in the M4 tests. The case of the flat base cylinder (float 3 in Fig. 5) is also considered since this is common for some
offshore applications. The aim is to assess magnitudes of pressure force and shear force and sensitivity to outer boundary
radius andmesh size. Results for pressure and shear force for the hemispherical base (Float 1)with differentmesh resolutions
are shown in Fig. 7 for motion in heave with amplitude of 0.03m. The outer radius R is 4.8m (approximately 3 wavelengths).
It can be seen that total force is mesh independent but the very small shear force is only approaching independence. Similar
behaviour is observed with amplitude of 0.06 m in Fig. 8 with shear force appearing closer to convergence. Although the
shear force is small it is predominantly in phase with velocity and needs to be compared with the total drag force in phase
with velocity. First we consider the influence of the outer radius, tested for the hemispherical base undergoing motion in
heave with amplitude of 0.06 m and period 1.0 s.

A constant absorption zone is adopted with 1.56 m. The effect of outer radius on the coefficients for a period 1.0 s for
several cases is listed in Table 2. Here Ca is about 0.45, close to the value of 0.43 from WAMIT. Cd decreases with increasing
outer radius, When R/L (outer radius/wave length) is greater than 3 (4.8 m with a period of 1 s) Cd changes are negligible.
Fig. 9 shows the variation with Cd calculated from total force to be about 30% greater than that calculated from pressure
force.

Table 3 shows Cd and Ca for shear, pressure and total force for the three shapes; values of added mass and radiation
damping from WAMIT may be compared. There are some trends. For the hemisphere base Cd is small with amplitude of
0.03 m, about 1% compared to that due to radiation damping (Cdrd) and the shear component is larger than the pressure
component, but this increases to about 6% with an amplitude of 0.06 m, and the pressure component is now larger than the
shear component. There is little information in the literature on the shear and pressure forces but for the case of a circular
cylinder in oscillatory cross flow (pre-separation) these two componentsmay be shown analytically to be equalwith laminar
or turbulent flow (Cobbin et al., 1995). For the round base the pressure component is larger than the shear component and
the drag coefficient is smaller for the larger amplitude (in contrast to the hemisphere base). However the Cd is about 10% of
the equivalent for radiation damping Cdrd for the smaller amplitude and about 14% for the larger amplitude. For the flat base
the Cd is similar for both amplitudes and the pressure component ismuch greater than the shear component, Cd is now about
40% of the equivalent for radiation damping. These changes will be related to the size of separation zones, negligible for the
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Fig. 7. Mesh convergence for float 1 with z0 = 0.03 m and T = 1.0 s. Ds is mesh size by solid boundary and maximum y+ for smallest Ds =0.000625 m is
3.75.

hemisphere and significant for the flat base. Extending the amplitude range for the flat base case it is shown in Table 3 that
Cd changes little with amplitude up to 0.1 m.

The flow is defined generally by the non-dimensional parameters Keulegan Carpenter number KC = 2πz0/D where z0
is amplitude and D is diameter of a float, the period parameter β = D2/νT where ν is kinematic viscosity and T is period
(convenient alternative to Reynolds number), the depth parameter kd where k is wave number and d is water depth, and
diameter to wavelength parameter kD. For kd >3 waves are deep water and this parameter has no influence.

4.3. Forced surge motion

Forced surge motion is investigated as for heavemotion with the three floats of Fig. 5 with amplitudes of 0.03m and 0.06
m and a period of 1 s. Mesh settings are the same as for the heave simulations and non-uniform for overset mesh with a fine
grid with y+

∼1, and with uniform radial grid for outer region. The outer domain is 9.6 m × 9.6 m in horizontal plane and 4
m vertically with a water depth of 2 m.

Results for Cd and Ca are shown in Table 4 as for heave motion. A clear difference is that Cd is always significant with a
minimum of 10% of equivalent radiation damping Cdrd for the hemisphere base with an amplitude of 0.03 m. For this case
the shear force is 13% of the pressure force and in other cases is a smaller proportion. A surprising result is that Ca is always
slightly reduced by viscosity in contrast to generally being increased in heave motion. The larger Cd values are indicative of
separated flow.

4.4. Forced heave and surge motion at full scale

The model scale is considered to be 1:32 so a 1 s period represents 5.66 s at full scale, applying Froude scaling. This is
just one case and a range of values of period would occur at full-scale. However the intention is to assess the effect of a
large realistic scale principally on drag coefficient. Results equivalent to those at laboratory scale are shown in Table 5 for
heave and Table 6 for surge. Mesh settings are adjusted from those for the small-scale test, with minimum cell size of about
0.00001 m giving y+ <5. The parameters, kD, KC and kd are the same as laboratory while β is increased by a factor of 181.
For the hemisphere base the Cd values are similar to laboratory scale although for the small amplitude the value is now very
small. For the round base the values are again very similar at both scales. For surge motion results are shown in Table 7 and
Cd values are slightly lower than those at laboratory scale. A general observation is that shear force is less than at laboratory
scale although values are always small in both cases.
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Fig. 8. Mesh convergence for float 1 with z0 = 0.06 mwith T = 1.0 s. Ds is mesh size by solid boundary and maximum y+ for smallest Ds =0.0003125 m is
3.57.

Fig. 9. Cd variation for hemispherical float with ratio of outer radius R to wave length L for T =1 s, z0 = 0.06 m.
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Table 3
Values of Cd and Ca for each cycle of forced heave oscillation with T = 1.0 s for three shapes: kd = 8.05; outer domain radius R = 4.8 m.

Ca Cd

Cycle 2nd 3rd 2nd 3rd

Hemisphere
kD =1.21
β = 9 × 104

z0 = 0.03 m Total force 0.4460 0.4445 0.0305 0.0292
KC =0.63 Pressure 0.4454 0.4439 −0.0011 −0.0020

Shear 0.0006 0.0006 0.0316 0.0312
WAMIT 0.43 2.14 (Cdrd)

z0 = 0.06 m Total force 0.4601 0.4588 0.0613 0.0600
KC =1.26 Pressure 0.4592 0.4580 0.0394 0.0381

Shear 0.0009 0.0008 0.0219 0.0219
WAMIT 0.43 1.07 (Cdrd)

Round
kD =1.61
β = 1.6 × 105

z0 = 0.03 m Total force 0.3455 0.3443 0.1902 0.1768
KC =0.47 Pressure 0.3441 0.3429 0.1241 0.1111

Shear 0.0014 0.0014 0.0661 0.0657
WAMIT 0.35 1.77 (Cdrd)

z0 = 0.06 m Total force 0.3465 0.3455 0.1278 0.1248
KC =0.94 Pressure 0.3446 0.3437 0.0881 0.0850

Shear 0.0019 0.0018 0.0397 0.0398
WAMIT 0.35 0.89 (Cdrd)

Flat kD =1.21
β= 9 × 104

z0 = 0.03 m Total force 0.6830 0.6830 0.3382 0.3241
KC =0.63 Pressure 0.6809 0.6809 0.2943 0.2800

Shear 0.0021 0.0021 0.0439 0.0441
WAMIT 0.67 1.65 (Cdrd)

z0 = 0.06 m Total force 0.6914 0.6914 0.3329 0.3188
KC =1.26 Pressure 0.6885 0.6885 0.3087 0.2942

Shear 0.0029 0.0029 0.0242 0.0246
WAMIT 0.67 0.83 (Cdrd)

z0 = 0.08 m Total force 0.6966 0.6960 0.3472 0.3367
KC =1.68 Pressure 0.6931 0.6916 0.3281 0.3172

Shear 0.0035 0.0044 0.0191 0.0195
WAMIT 0.67 0.65 (Cdrd)

z0 = 0.10 m Total force 0.7045 0.7008 0.3528 0.3526
KC =2.09 Pressure 0.7003 0.6966 0.3365 0.3360

Shear 0.0042 0.0042 0.0163 0.0166
WAMIT 0.67 0.52 (Cdrd)

5. Discussion

This study has shown that it is difficult to obtain fully converged results for drag effects associated with shear force even
for simple, single modes of oscillation of heave and surge; however the shear force is a very small component of total force.
The STAR CCM+ softwarewas run on 4 to 8 processors and each run typically required 36 to 90 h. Longer runs are impractical
and full parametric studies for a wide range of KC and β are also impractical. However for the prediction of free heave decay
for two shapes best fit coefficients were quite accurately aligned with coefficients obtained by CFD. This suggests the drag
coefficients obtained provide a useful indication for practical application. The added mass coefficient on the other hand is
generally close to theWAMIT value with only a small viscous effect that may be positive or negative, depending on mode. It
should also be borne in mind that any effect of viscosity on radiation damping is absorbed into the drag coefficient although
this is expected to be relatively small as it was for added mass.

Some trends are significant. For heave motion Cd is very low with the hemispherical base for small amplitudes but this
increases as amplitude (KC) increases. For the rounded base the Cd is larger and for the flat base it is larger again but with
values less than 0.35. This may be thought surprising for an almost square edge. In steady flow for example a square cylinder
has a Cd of about 2 and in oscillatory flowwith slightly round cornerswas also close to 2 (Smith and Stansby, 1991). However
the latter was for laminar flowwith β = 172. This case was run using STAR CCM+which gave a similar result. However with
β = 90 000 as in the present study, Cd of about 0.2was obtained, less than that for the flat base float. For the larger geometric
scale (times 32) the Cd are generally slightly reduced for both the hemisphere and round base cases. For surge motion the Cd
shows less variation and are always greater than heave values by at least a factor of two which is indicative of some effect
of separation and wake generation.

It is also of interest to consider the effect of body shape on radiation damping. Forwave energy converters it is well known
that float shapes that are good radiators are good converters so high radiation damping is advantageous. Values of radiation
damping coefficient from WAMIT for heave are compared in Table 7 for the five shapes considered here (including the
WEC Wakes case). It is clear that as the ratio of vertical side length to diameter decreases the radiation damping coefficient
increases.

In relation to the performance of themulti-floatWECM4 it was shown experimentally that rounded bases gave improved
energy capture markedly over flat bases (Stansby et al., 2015a). This was considered to be due to reduced drag in heave.
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Table 4
Values of Ca and Cd for each cycle of forced surge oscillation with T = 1.0 s for three floats in forced surge motion: kd = 8.05; outer domain radius R = 4.8
m.

Float Ca Cd

Cycle 2nd 3rd 2nd 3rd

Hemisphere
kD =1.21
β= 9 × 104

z0 = 0.03 m Total force 0.6893 0.6925 0.3603 0.2942
KC =0.63 Pressure 0.6895 0.6927 0.2968 0.2300

Shear −0.0002 −0.0002 0.0635 0.0642
WAMIT 0.717 3.140 (Cdrd)

z0 = 0.06 m Total force 0.6664 0.6674 0.5562 0.5151
KC =1.26 Pressure 0.6665 0.6675 0.5101 0.4685

Shear −0.0001 −0.0001 0.0461 0.0466
WAMIT 0.717 1.570 (Cdrd)

Round
kD =1.61
β = 1.6 × 105

z0 = 0.03 m Total force 0.6569 0.6724 0.4190 0.4354
KC =0.47 Pressure 0.6574 0.6729 0.3504 0.3658

Shear 0.0006 0.0007 0.0686 0.0696
WAMIT 0.700 9.053 (Cdrd)

z0 = 0.06 m Total force 0.6223 0.6320 0.6678 0.6531
KC =0.94 Pressure 0.6228 0.6327 0.6187 0.6035

Shear −0.0005 −0.0007 0.0491 0.0496
WAMIT 0.700 4.527 (Cdrd)

Flat
kD =1.21
β=9 × 104

z0 = 0.03 m Total force 0.6989 0.7015 0.9173 0.7795
KC =0.63 Pressure 0.6991 0.7017 0.8427 0.7019

Shear −0.0001 −0.0002 0.0746 0.0776
WAMIT 0.735 4.097 (Cdrd)

z0 = 0.06 m Total force 0.6545 0.6549 1.1199 1.0725
KC =1.26 Pressure 0.6545 0.6549 1.0666 1.0180

Shear 0.0000 0.0000 0.0533 0.0545
WAMIT 0.735 2.048 (Cdrd)

Table 5
Values of Ca and Cd for each cycle of forced heave oscillation with T=5.66 s for two shapes in forced heave motion at full scale: kd = 8.05: outer radius of
domain R = 153.6 m.

Float Ca Cd

Cycle 2nd 3rd 2nd 3rd

Hemisphere kD =1.21
β = 1.63 × 107

z0 = 0.96 m, KC =0.63 Total force 0.4365 0.4353 0.0065 0.0063
Pressure 0.4364 0.4352 0.0003 0.0002
Shear 0.0001 0.0001 0.0062 0.0061
WAMIT 0.430 2.140 (Cdrd)

z0 = 1.92 m, KC =1.26 Total force 0.4639 0.4640 0.0554 0.0578
Pressure 0.4637 0.4638 0.0493 0.0519
Shear 0.0002 0.0002 0.0061 0.0059
WAMIT 0.430 1.070 (Cdrd)

Round kD =1.61
β = 2.89 × 107

z0 = 0.96 m, KC =0.47 Total force 0.3549 0.3545 0.1671 0.1565
Pressure 0.3448 0.3544 0.1544 0.1439
Shear 0.0001 0.0001 0.0127 0.0126
WAMIT 0.350 1.770 (Cdrd)

z0 = 1.92 m, KC =0.94 Total force 0.3621 0.3620 0.1233 0.1235
Pressure 0.3618 0.3617 0.01116 0.1117
Shear 0.0003 0.0003 0.0117 0.0118
WAMIT 0.350 0.890 (C drd)

Flat
kD =1.21
β = 1.63 × 107

z0 = 0.96 m, KC =0.63 Total force 0.6765 0.6763 0.1355 0.1376
Pressure 0.6763 0.6761 0.1265 0.1286
Shear 0.0002 0.0002 0.0090 0.0090
WAMIT 0.670 1.7414 (Cdrd)

z0 = 1.92 m, KC =1.26 Total force 0.6797 0.6803 0.1687 0.1672
Pressure 0.6792 0.6798 0.1604 0.1589
Shear 0.0005 0.0005 0.0083 0.0083
WAMIT 0.670 0.8707 (Cdrd)

While significant changes to drag are observed for the different float shapes changes in radiation damping may also have an
effect. Clearly the interactions are complex. Linear diffraction modelling in the time and frequency domains for floats with
rounded bases gave good power and response predictions with zero drag coefficient. Interestingly the predictions improved
as wave fields became more complex, as they changed from regular to irregular and irregular, multi-directional waves and
this is thought to be due to wave basin reflections averaging out for the more complex cases. For the case with flat-base
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Table 6
Values of Ca and Cd for each cycle of forced surge oscillation with T = 5.66 s for three shapes in forced surge motion at full scale: kd = 8.05; outer radius
of domain R = 153.6 m.

Float Ca Cd

Cycle 2nd 3rd 2nd 3rd

Hemisphere kD =1.21
β = 1.63 × 107

z0 = 0.96 m Total force 0.6912 0.6935 0.3307 0.2556
KC =0.63 Pressure 0.6911 0.6934 0.3119 0.2364

Shear 0.0001 0.0001 0.0188 0.0192
WAMIT 0.717 3.140 (Cdrd)

z0 = 1.92 m Total force 0.6682 0.6692 0.5184 0.4284
KC =1.26 Pressure 0.6680 0.6690 0.5011 0.4106

Shear 0.0002 0.0002 0.0173 0.0178
WAMIT 0.717 1.570 (Cdrd)

Round kD =1.61
β = 2.89 × 107

z0 = 0.96 m Total force 0.6689 0.6701 0.3550 0.3541
KC =0.47 Pressure 0.6688 0.6999 0.3388 0.3369

Shear 0.0001 0.0002 0.0162 0.0172
WAMIT 0.700 9.053 (Cdrd)

z0 = 1.92 m Total force 0.6541 0.6525 0.5622 0.5580
KC =0.94 Pressure 0.6538 0.6521 0.5463 0.5418

Shear 0.0003 0.0004 0.0159 0.0162
WAMIT 0.700 4.527 (Cdrd)

Flat
kD =1.21
β = 1.63 × 107

z0 = 0.96 m Total force 0.7165 0.7177 1.1276 0.8618
KC =0.63 Pressure 0.7163 0.7175 1.1017 0.8352

Shear 0.0002 0.0002 0.0259 0.0266
WAMIT 0.735 2.0848 (Cdrd)

z0 = 1.92 m Total force 0.6789 0.6788 1.1216 1.1067
KC =1.26 Pressure 0.6785 0.6784 1.1001 1.0848

Shear 0.0004 0.0004 0.0215 0.0219
Total force 0.735 1.042 (Cdrd)

Table 7
Dependence of radiation damping coefficient on vertical side to diameter ra-
tio; amplitude z0 = 0.06 m.

Float shape Vertical side length/diameter Cdrd fromWAMIT

WEC wake body 1.05 0.38
Flat base 0.4 0.87
Round base 0.2 0.94
Hemisphere 0.067 1.13
Hemisphere 0 1.31

floats linear diffraction modelling with drag effects defined by Cd≈ 0.4 gave the best agreement with experiment, slightly
smaller than but consistent with these CFD results.

This study is intended to inform values for drag coefficients in linear and second-order diffraction modelling. The actual
flowswill be complex and superposition of drag for differentmodes of oscillation is not strictly valid as it is in linear potential
flow theory. Ultimately values should be calibrated against experiment, as has been done for M4, or against CFD for the
complete system. However given the difficulty in obtaining mesh convergence for these simple modes and single bodies
such full CFD is presently not practical.

6. Conclusions

Forces on cylindrical bodies with rounded and flat bases undergoing heave and surge motion have been investigated
using the CFD software STAR CCM+ with the overset mesh facility and free-surface modelled with VOF method. The k-ω
SST turbulence closure model was mainly applied. The aim is to determine how viscous effects determine drag coefficients
and modify added mass to inform their magnitude for superimposing in linear diffraction modelling. The investigation was
prompted by experimental analysis of the multi-float WECM4 showing 60% power capture improvement by changing from
flat to rounded bases and subsequent linear diffraction giving excellent predictions assuming zero drag. With forced heave
oscillations numerical convergence was not achieved for the very small shear force although it was for total force. Even
for these idealised motions and simple shapes computations were demanding, using parallel processing. Despite these
limitations very good predictions of free decay in heave experiments was obtained for a hemispherical ended float, and
another rounded base cylinder. Cd and Ca producing the best fit to response were in close agreement with those from CFD
on a cycle-by-cycle basis.

There are some significant trends. For heave motion Cd is very low with the hemispherical base for small amplitudes but
this increases as amplitude (KC) increases. For the rounded base the Cd is larger and for the flat base it is larger again but
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with values less than 0.35. For surge motion the Cd show less variation and are always greater than heave values by at least
a factor of 2 which is indicative of some effect of separation and wake generation. The added mass coefficient on the other
hand is generally close to theWAMIT valuewith a small viscous effect thatmay be positive in heave or negative in surge. This
is consistent with the excellent predictions of energy capture and response of the multi-float WEC M4 with hemi-spherical
and rounded bases by linear diffraction modelling assuming zero drag (Sun et al., 2017; Stansby et al., 2017). Importantly
at a larger geometric scale (times 32) the trends are similar although viscous effects are somewhat reduced.
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Appendix. Nomenclature

A Cross sectional area of body at water plane
Ca Added mass coefficient
Crd Radiation damping coefficient,
Cd Drag coefficient

Cdrd Equivalent drag coefficient for radiation damping
CWAMIT Radiation damping coefficient fromWAMIT (Crd=ρωCWAMIT )

d Water depth
D Body diameter
F Force
k Wave number

KC Keulegan Carpenter number (2πz0/D)
k-ε Turbulence model, k is turbulence kinetic energy and ε dissipation rate, per unit mass
k-ω Turbulence model, ω is specific dissipation rate

L Wave length
m Mass of body
g Acceleration due to gravity
R Outer domain radius
Re Reynolds number
Sdz Resistance term in damping zone
t Time
T Period
V Submerged volume
w Vertical velocity
x Coordinate

y+ Non-dimensional distance from surface, u*y/ν, where u* is friction velocity, y is normal distance from surface
z Vertical displacement
z0 Amplitude of vertical displacement
β Period parameter (D2/νT )
ν Kinematic viscosity
ρ Density
ω Angular frequency
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