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ABSTRACT

Floating pontoons of different shapes are used com-
monly as the base of floating offshore wind turbines, and
as wave breakers to mitigate severity of incoming waves.
The pontoons are typically attached to catenary mooring
lines and often operate in areas subject to large environ-
mental loads, including waves, current and wind. It is of
interest to analyse the wave-current interaction with pon-
toons of various shapes, and assess the effect of the shape
of the body, wave-current direction, and the mooring lines
on the loads and responses. In this study, attention is con-
fined to wave-current interaction with floating objects with
square and circular waterplane areas. A range of wave
conditions is considered and the solution is obtained by the
Green-function method for small forward speeds within the
context of the linear wave diffraction theory. Results in-

clude the wave-current-induced forces, and the motion of
the body. Both conditions of freely floating and objects at-
tached to catenary mooring lines are considered, subject to
various wave-current directions. Computations are carried
out in frequency domain and results of the two models are
compared with each other. Discussion is provided on the
effect of the mooring lines and the wave-current direction
on the responses of the objects.

Keywords: Floating offshore structure, Wave-current-
structure interaction, small forward speed Green function,
linear wave diffraction theory.

1 Introduction
Study of wave and current interaction with freely float-

ing or moored structures is of great importance in oil and
gas industry, ships and submarines and offshore renewable
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energy converters, among others. Knowledge on responses
of a floating structure to various wave conditions and com-
bined waves and current loads is essential for its design,
understanding of its optimum performance and planning its
operation and maintenance procedure.

Numerical and experimental studies are carried out on
motions of floating objects with simple geometries for in-
stance a cylinder, representing a buoy or a floating pon-
toon in offshore applications, or objects with more com-
plicated characteristics such as platforms of floating off-
shore wind turbines and ships. Wave-current-structure in-
teraction of offshore structures is commonly studied by us-
ing two numerical approaches, namely the computational
fluid dynamics and boundary element methods. In the for-
mer approach, the Navier-Stokes equations are solved for
the entire domain and responses of the structure to lin-
ear and nonlinear waves, uniform and nonuniform current
with various velocity profiles can be obtained, see for in-
stance [1], [2], [3] and [4] among others. Computational
fluid dynamics provides a relatively complete description
of the environmental loadings on a floating structure; how-
ever they are computationally expensive. In the boundary
element methods, it is assumed that the fluid is inviscid and
incompressible, and the flow is irrotational. Thus, the vis-
cous effect and the vortices formed at the edges of the body
are not considered. Nevertheless, the boundary element
methods are fast and efficient and commonly the preferred
option at the design and optimization stages of a floating
structure. See [5], [6], [7] and [8] on application of bound-
ary element methods to obtain motion and hydrodynamic
loads of waves only and waves and current interaction with
floating structures.

As a body advances at a constant speed in regular
waves, it generates a steady Kelvin pattern plus several sys-
tems of linear time-harmonic waves. In boundary element
methods, an approximate description of the steady waves is
obtained by means of a double body flow which is applica-
ble in low forward speeds, see [9] and [10]. The problem
is extensively studied by [11], [12], [13], [14] among oth-
ers by different expressions of the Green function and/or
the velocity potentials with respect to the Strouhal number,

τ =
|U |ωe

g
, where U is the forward speed, ωe is the en-

counter frequency and g is the gravitational acceleration. In
this study, the nonsecular expression of the Green function
given by [9], at τ ≤ 0.25 is applied. The Green function is
defined as a sum of a term representing the Green function
for wave diffraction-radiation without forward speed and
terms due to the forward speed and it is uniformly valid in

near and far fields around the object.
Prior to hydrodynamic analysis of wave-current inter-

action with offshore platforms, this study focuses on a pre-
liminary analysis on floating objects with simple geome-
tries. Floating columns with circular and rectangular cross
sections are widely applied in many offshore structures, for
instance oil and gas platforms, floating substructures of off-
shore wind turbines and wave and current energy convert-
ers. Hence, in this study, linear wave-current interaction
with circular and square cylinders is presented. The nu-
merical results in here will be compared with laboratory
measurements and numerical results by computational fluid
dynamics on wave and current interaction with circular and
square cylinders in future studies. Therefore, the presented
numerical results are determined for scale-model dimen-
sions. In this preliminary analysis, the motions and hy-
drodynamic loads on the model-scale floating cylinders are
computed with boundary element method. Firstly, the re-
sponses of the freely floating cylinders to waves are com-
puted and compared with those when the current loads are
present. Next, the effect of mooring lines are studied on
waves-induced motions of the cylinder and for the case
when both waves and current loads are present. Finally, the
motions of the cylinders to aligned and misaligned waves
and current are obtained and discussed.

The interaction of a floating cylinder to waves only,
and combined waves and current is studied by use of lin-
ear wave diffraction theory with a Green function for small
forward speeds. Firstly, the dimensions of the object and
the properties and the characteristics of the mooring lines
are presented. Next, the theory and the governing equa-
tions, and the applied numerical solution on wave-current-
structure interactions are discussed. Hydrodynamic loads
on each cylinder and their motions due to waves, and com-
bined waves and current, are obtained. The results for un-
moored and moored cylinders are compared. Next, the
effect of the incoming wave heading angle on the wave-
current induced motions of both cylinders is investigated.
Finally, concluding remarks about this study’s analysis are
provided.

2 The square and circular cylinders
The dimensions of the two cylinders, and the charac-

teristic and properties of the mooring lines are provided in
this section. The side length of the square cylinder and the
diameter of the circular cylinder are 0.2 m. Both cylinders
are 0.05 m thick and are submerged at d = 0.018 m, see Fig.
1. The mass of the circular and square cylinders are 0.5213
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kg, 0.6615 kg and their centres of gravity are 0.007 m and
0.00703 m above the still water level (SWL), respectively.

FIGURE 1. Schematic of the circular and square cylinders
considered in this study. Dimensions are in mm.

In this study, both freely floating and moored cylinders
are considered. If the cylinders are moored, they are con-
nected to the seabed with catenary mooring lines, such that
the lines are connected to the bottom four corners of the
square cylinder and in case of the circular cylinder, the four
catenary lines are connected with an angle of 22.5◦ with re-
spect to the x- and y-axis of the global coordinates system.
The properties of the mooring lines are the same for both
circular and square cylinders and are reported in Table 1.

TABLE 1. Properties of the catenary mooring lines.

Modulus of elasticity ( MPa) 1.93×1011

Area of cross-section ( m2) 9×10−6

Density ( kg/m3) 0.3682

Unstretched length ( m ) 0.325

3 Theory & numerical solution
A moving Cartesian coordinate system is chosen with

its origin on the SWL and z-axis pointing upwards, see Fig.
2. The coordinate system is in steady translation with the
mean forward speed of the structure or the current speed,
U such that x-axis is in the same direction as the forward
speed. Assuming that wave amplitude and the wave-current
induced motions and rotations of the structure are small and
the viscous forces are negligible, the hydrodynamic loads
and the wave-current interaction with the body are obtained
with linear diffraction theory. ω is the incoming wave fre-
quency and the encounter frequency is,

ωe = ω −|U | k cos(β ), (1)

x
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FIGURE 2. Schematic of the moored circular cylinder.

where k and β are the incoming wave number and wave
heading angles, respectively.

The total velocity potential, Φ (x,y,z), equals the sum
of steady velocity potential, ϕ̄s (x,y,z) and time harmonic
velocity potentials, ϕ (x,y,z),

Φ (x,y,z, t) = |U | (ϕ̄s − x)+ℜ{ϕ ei ωe t}. (2)

The steady velocity potential is computed by double-
body flow and satisfies the below boundary conditions on
the body and the free surfaces, SB and SF ,

∂ ϕ̄s

∂ z
= 0, on SF , (3)

∂ ϕ̄s

∂n
= nx, on SB, (4)

where n is the normal vector on the body surface, n =
(nx,ny,nz), pointing inwards out of the fluid. Furthermore,
the time-harmonic velocity potential satisfies a boundary
condition at the free surface, SF , see e.g. [10] for more de-
tails,

−ω2
e

g
ϕ +2iτ

∂ϕ
∂x

+
∂ϕ
∂ z

−2iτ∇ϕ̄s∇ϕ +iτϕ
∂ 2 ϕ̄s

∂ z2 = 0, on SF .

(5)
Following the free surface condition, Eq. (5), the time-

harmonic velocity potential can be expressed with three
terms, namely the incident velocity potential and the lin-
ear velocity potential, ϕ I and ϕ L, and a term representing
the interaction of wave radiation-diffraction with the local
steady flow at the free surface, ϕ N .

ϕ = ϕ I +ϕ L + τϕ N . (6)

By substituting Eq. (6) into the free surface boundary
condition, Eq. (5), ϕ L and ϕ N satisfy homogeneous and
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non-homogeneous boundary conditions on the free surface,
respectively,

− ω2
e

g
ϕ L +2iτ

∂ϕ L

∂x
+

∂ϕ L

∂ z
= 0, on SF , (7)

− ω2
e

g
ϕ N +2iτ

∂ϕ N

∂x
+

∂ϕ N

∂ z
= Q, on SF , (8)

where Q is defined as,

Q = 2 i∇ϕ̄s ∇(ϕ I + ϕ L) − i (ϕ I + ϕ L)
∂ 2ϕ̄s

∂ z2 , on SF . (9)

Moreover, both linear and nonlinear velocity potentials
satisfy boundary conditions on the wetted surface of the
body in radiation and diffractions problems. The bound-
ary conditions of ϕ L and ϕ N on the body surface for the
diffraction problem are,

∂ϕ L

∂n
=−∂ϕ I

∂n
,

∂ϕ N

∂n
= 0, on SB, (10)

and the boundary conditions of ϕ L and ϕ N on the body sur-
face for the radiation problem are,

∂ϕ L

∂n
= n j,

∂ϕ N

∂n
=

i m j

k
, on SB, (11)

where m j terms are defined by double derivatives of the
local steady velocity potential, see [10] for more details on
its formulations.

The Green function for nonzero forward speed
Assuming that the current speed is small, i.e. τ ≤ 0.25,

the Green function given by Noblesse & Chen (1995), [9]
is used to study wave-current effect on a floating body with
arbitrary shape. The Green function is expressed as the sum
of the Green function for wave radiation-diffraction prob-
lems and a term that is a function of the incoming current
speed,

4 π G = GR +GH , (12)

where, GR and GH are the singular and regular terms of the
Green function,

GR = − 1
r
−
(2ei τX − 1

r′

)
, (13)

GH = −2ei 2 τX
(

G0 + i 2τ(
X
H
) (1 + Z)G1

)
. (14)

In Eqs. 12 and 13, (x,y,z) and (ξ ,η ,ζ ) are
the source and field point coordinates, and r and
r
′

are r =
√
(ξ − x)2 +(η − y)2 +(ζ − z)2 and r

′
=√

(ξ − x)2 +(η − y)2 +(ζ + z)2, respectively. Further-
more, (X ,Y,Z) = k = (ξ −x,η −y,ζ −z), H =

√
X2 +Y 2,

and G1 and G2 are the regular part of the Green function for
wave radiation-diffraction problem without forward speed
and its derivatives with respect to H,

G1 = π
[
Ẽ0(H) + i J0(H)

]
eZ + N0(H,Z), (15)

G2 = π
[
Ẽ1(H) + i J1(H)

]
eZ + N1(H,Z), (16)

where J0(H), J1(H) and Ẽ0(H) and Ẽ1(H) are the Bessel
and Weber functions, see [15]. Furthermore, N0(H,Z) and
N1(H,Z) are defined in [16] and [17].

Wave forces and moments
The first order dynamic pressure, p, is obtained by Eu-

ler’s integral,

p =−ρ
(

g z − i ωe (ϕ I + ϕ L + τϕ N)+

U ∇ (ϕ̄s − x)∇(ϕ I + ϕ L)
)
.

(17)

Following Eq. (17), the first order excitation forces and
moments are computed as,

Fexc
j =−i ρωe

∫∫
SB

(ϕ I
j + ϕ L

j + τϕ N
j )n j dS+

ρ g
ωe

∫∫
SB

∇ (ϕ̄s − x)∇(ϕ I
j + ϕ L

j )n j dS.
(18)

Similarly, the added mass and damping coefficients,
a jk and b jk, respectively, are obtained,
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R jk =−i ρω2
e

∫∫
SB

(ϕ L
jk + τϕ N

jk)nk dS −

i ρ g
∫∫

SB

∇ (ϕ̄s − x)∇(ϕ L
jk)nk dS,

(19)

where,

a jk = ℜ
{ 1

ω2
e

R jk

}
, b jk = ℑ

{ 1
ωe

R jk

}
. (20)

Equation of motion
Assuming τ ≤ 0.25, the equation of motion of a float-

ing structure to waves and current is obtained by,

ξk

(
−ω2

e (M jk + a jk)+ i ωeb jk + c jk,hst + c jk,moor
)

= A Fexc
j , j,k = 1,2, · · · ,6,

(21)

where A is the wave amplitude and c jk,hst and c jk,moor are
the hydrostatic and mooring lines stiffness coefficients, re-
ceptively. ξk is the complex body response phasor in mode
k and M jk is the linearised body inertia mass matrix. The
response amplitude operators (RAOs) of the structure to

waves and current for τ ≤ 0.25, |ξk

A
|, are obtained by solv-

ing Eq. (21) at encounter frequency ωe.

Numerical solution
The numerical solution of the wave-current-structure

interaction is obtained in HYDRAN-XR (see [18]), a po-
tential flow solver for hydrodynamic analysis integrated
with finite element method for structural considerations.
HYDRAN-XR is modified and the nonsecular Green func-
tion for small forward speed, given by Noblesse et al.
(1995), [9] is implemented.

Panel mesh over the wetted surface of the body, SB

and on the free surface at the vicinity of the object, SF are
generated. HYDRAN-XR solves the diffraction and radi-
ation problem over SB and the double body flow over SF

by boundary integral equations with a three dimensional
source distribution, Green function method, see e.g. [19].

4 Results & discussion
In this section, waves and wave-current interaction

with the square and circular cylinders are studied. First,
the excitation force in surge and the excitation moment in
pitch on the cylinders for wave loads and combined waves
and current are computed and compared. Next, motions of
the freely floating circular and square cylinders to waves,
and combined waves and current loads are computed and
compared with those when the mooring lines are present.
Furthermore, the effect of waves and current misalignment
on the motions of the moored cylinders is investigated.

The simulations are carried out for three wave heading
angles, β = 0◦, 30◦ and 45◦, and wave periods 0.5 s to 2 s,
considering the dimensions of the cylinders. Furthermore,
the current speed is 0.06 m/s. Body mesh convergence
studies are performed for both cylinders with panel lengths
0.005 m, 0.008 m and 0.02 m as fine, medium and coarse
meshes. Results of medium and fine meshes of the cylin-
ders were converged. The free surface panel mesh covers
an area with its radius equal to five times the diameter of the
cylinders. The free surface mesh with maximum panel size
of 0.01 m is with 46368 and 50560 panels for square and
circular cylinders, respectively. The medium mesh of the
square and circular cylinders were 925 and 1440 panels and
their simulations take approximately 1 hour and 45 min-
utes, and 1 hour, respectively on a desktop machine with
Intel Core i5 8600, 3.10 Ghz CPU and 32 GB memory.

Excitation forces and moments
Figure 3 shows the excitation force in surge, Fexc

1 , and
the excitation moment in pitch, Mexc

5 , on the circular and
square cylinders for two load cases, waves only and com-
bined waves and current. In general, the square cylinder ex-
periences slightly larger excitation force and moment com-
pared with the circular cylinder. Furthermore, Fexc

1 and
Mexc

5 on the circular and square cylinders increase when
both waves and current are present.

Freely floating cylinders
Figure 4 shows the wave- and combined waves and

current-induced motions of the freely floating circular and
square cylinders in surge, heave and pitch with respect to
encounter wave periods. Since the floating cylinders are
in model-scale dimensions, the pitch RAOs are given in
deg/mm. Larger surge RAOs are observed from freely
floating cylinders when only waves are present compared
with those due to combined waves and current effect. How-
ever, both heave and pitch RAOs increase when the current
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(a)

(b)

FIGURE 3. Comparison of (a) the excitation force in surge and
(b) excitation moment in pitch on circular and square cylinders
to waves, and combined waves and current loads.

is added. Pitch RAOs of both cylinders experience a peak
at 0.5 s, approximately the natural period of the floating
cylinders in pitch.

Moored cylinders

Next, the circular and square cylinders are connected
to the seabed with four catenary mooring lines. The prop-
erties and the characteristics of the mooring lines are given
in table 1. RAOs of both moored cylinders to waves are
compared with those to waves and current loads in Fig.
5. Similar to Fig. 4, surge motions of the cylinders de-
crease when current loads are added whereas the heave and
pitch RAOs to waves and current are larger than those to
wave loads only. Furthermore, pitch RAOs of the circular
cylinders decrease significantly when the mooring lines are
added compared with those of the freely floating circular
cylinder, shown in Fig. 4. Nonetheless, the square cylinder
undergoes large pitch motions with mooring lines added, to
both waves only and waves and current loads.

(a)

(b)

(c)

FIGURE 4. Comparison of (a) surge, (b) heave and (c) pitch
responses of the freely floating circular and square cylinders to
waves, and combined waves and current loads.

Waves and current misalignment

In this section, motions of the circular and square cylin-
ders to co-directional waves and current are computed and
compared with those when the waves and current are mis-
aligned. In this study, the current direction is always par-
allel with the x-axis of the global coordinate system, but
the wave heading angle changes from β = 0◦ to β = 30◦

and 45◦. Surge, heave and pitch RAOs of the circular and
square cylinders for the three wave heading angles are com-
puted and compared.

Figure 6 and 7 show the comparison of the RAOs of
the moored circular and square cylinders to co-directional
and misaligned waves and current, i.e. β = 30◦ and 45◦. It
can be seen that surge and pitch motions of both cylinders
decrease as the angle between the incoming waves and cur-
rent increases from β = 0◦ to β = 45◦. Furthermore, the
effect of β on the heave motions of the cylinders is negligi-
ble.
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(a)

(b)

(c)

FIGURE 5. Comparison of (a) surge, (b) heave and (c) pitch
responses of the moored circular and square cylinders to waves,
and combined waves and current loads.

5 Concluding Remarks
Wave-current interactions of two cylinders with square

and circular cross sections are studied by use of the bound-
ary element method with a Green function for small for-
ward speed. The waves- and combined waves and current-
induced excitation forces on both cylinders in surge and the
moments in pitch are computed and compared. Commonly,
the addition of the current that is co-directional with the in-
coming waves results in larger excitation force in surge and
excitation moment in pitch. The motion of the cylinders are
obtained for waves only and are compared with those when
both waves and current interact with the cylinders. Further-
more, for both load cases, the effect of catenary mooring
lines on the motions of the circular and square cylinders is
studied. It is seen that when the current loads are added
the surge motions of the cylinders decrease slightly com-
pared with their wave-induced surge motions. However,
both heave and pitch RAOs to waves and current are larger
than those due to waves loads. Finally, the effect of waves
and current misalignment on the motions of the cylinders is

(a)

(b)

(c)

FIGURE 6. Comparison of (a) surge, (b) heave and (c) pitch
responses of the moored circular cylinder to aligned and mis-
aligned waves and current loads, at β = 0◦, 30◦ and 45◦.

studied.
Addition of current loads and mooring lines results in

different responses of the floating cylinders compared with
when only wave loads are present. This study emphasises
the importance of considering the wave-current interaction
for a better description of the environmental loads on off-
shore structures.
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