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Abstract

To improve the seakeeping capability, some devices, such as submerged plates, are
often installed on floating structures. The attached plate cannot only suppress the
motion response, but also provide an additional immersed body surface that receives
fluid action, aggravating the wave loads. In this study, a theoretical model is developed
within the context of linear potential theory to study the hydrodynamic characteristics
of a floating column with a submerged plate attached at the bottom. The eigenfunction
expansion matching method is applied to obtain the velocity potential, based on which
the linear wave force and wave runup can be found immediately. A novel derivation of
the mean drift force formulation is developed via the application of Green’s second
identity to the velocity potential and its derivative in finite fluid volume surrounding
the body. Formulations that involve control surface can then be derived. With the
availability of the velocity potential, semi-analytical solution of the mean drift force on
the combined column-plate structure is developed based on respectively the derived
and the classic far-field formulations. After conducting convergence tests and validating
the theoretical model, detailed numerical analysis is performed thereafter based on the
theoretical model. The influence of the plate size, such as the radius and height, on the

wave force and the associated wave runup are assessed.
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1. Introduction

A submerged plate can be frequently employed as an essential component of many
offshore structures, such as spar-type platform and floating wind turbines (FWTs)
(Downie et al., 2000; Li et al., 2013; Antonutti et al., 2014). Most proposed semi-
submersible FWTs are composed of columns and submerged plates installed at the
bottom providing support. The attached plates are designed to increase the added mass
and provide extra damping, without obviously changing the displacement or the column
size. Consequently, the natural frequency of the structure can be moved out of the
dominant frequency range of incident waves. Meanwhile, utilization of submerged
plates for other purposes including wave control and coastal morphology control are
also promising.

The problem of wave interaction with submerged plates has received considerable
attention from researchers. Yu and Chwang (1993) solved the wave scattering over a
submerged thin plate by means of eigenfunction expansion method. Martin and Farina
(1997) used the hypersingular integral equation to formulate the wave diffraction by a
thin plate close enough to the free surface. Molin (2001) proposed a theoretical model
to derive the added mass and damping coefficients of periodic arrays of plates. Tao and
Thiagarajan (2003a, 2003b) investigated the flow characteristics around an oscillating
plate by using the finite difference method. Farina (2010) examined the wave radiation
from an oscillating plate and derived an asymptotic approximation for cases of small
submergences. Jiang et al. (2014a, 2014b) established analytical solutions for the wave
diffraction and radiation problem by a submerged vertical cylinder. Koh and Cho (2016)
assessed the performance of double thin plates as motion reduction devices for spar-
type platforms. Wang and Zhang (2018) studied on the wave radiation problem by
double submerged inclined plates by use of the boundary element method.

Attaching a submerged plate to a floating body can increase the added mass and

provide additional damping. Meanwhile, it can also extend the wetted surface that
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receives fluid loads, giving raise to additional excitations. Different from previous
studies, the main attention in this study has no longer been paid on the added mass and
damping coefficients associated with an attached plate and their effects on the motion
behavior. Instead, our aim is to study particularly the influence of the plate size, such
as the radius and height, on the wave force exert on the body and the associated wave
runup, which are also closely relevant to the structural design.

In this study, a theoretical model is developed within the context of linear potential
theory to study the wave interaction with a stationary combined column-plate structure.
The velocity potential is obtained by applying the eigenfunction expansion matching
method and the linear wave force and wave runup can be found immediately. The mean
drift force is due to the quadratic pressure distributed on the body surface. As remarked
in Lee (2007), singularities of the quadratic pressure are present near the hull area with
sharp variation of geometry, which makes it difficult to obtain accurate computational
results. This study intends to constitute a contribution for overcoming this difficultly.
The Green’s second identity is applied to the velocity potential and its derivative in
finite fluid volume surrounding the body. Formulation that involves control surface can
then be derived and the integral on the body surface can be transferred to that written
on surfaces surrounding the body. Furthermore, the derived formulation is found to be
essentially identical with that in Chen (2006), which is developed by using the variants
of Stokes’s and Gauss’s theorem, for cases of stationary and wall-sided bodies. Semi-
analytical solutions of the mean drift force on the combined column-plate structure are
then developed based on respectively the derived and the classic far-field formulations.
After conducting convergence tests and validating the theoretical model, calculations
are conducted for various cases. It can be found that the existence of the plate can lead
to obvious amplification of the free-surface oscillation near the front and rear edges of
the column at specific frequencies. It is also shown that the in the vertical direction the
linear wave force and mean drift force can vanish in certain cases, which suggests that
the attached plate can be optimized to decrease the vertical force through adjusting the
design parameters.

The remaining part of the present paper is organized as follows: The mathematical
3
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problem description is introduced in Section 2. The solution of the wave diffraction
problem is presented in Section 3. The calculation of the linear wave force and wave
runup is introduced in Section 4. The new derivation of the wave drift force formulation
and the calculation of the mean drift force on the combined column-plate structure is
introduced in detail in Section 5. Convergence test and validation of the theoretical
model is given in Section 6. Numerical computation and analysis are carried out
thereafter, with respect to a variety of geometrical parameters in Section 7. Conclusions

have been drawn in Section 8 based on the previous analysis.

Floating column z
— 1 —— F
——

Q Q, T
] R a |
Q, )/ d
Submerged Plate Q, Q

Fig. 1 Definition of the coordinate systems

2. Mathematical Problem

The wave diffraction by a circular column with a submerged plate is considered. The
Oxy and Or@ planes are both located on the undisturbed free surface and the z-axis
points vertically upward. A circular column with radius a and draft d, is floating in
the fluid and its axis coincides with the z-axis. A submerged plate with radius R and
height e, which is coaxial with the column, is attached at the bottom of the column
rigidly. The clearance between the plate and seabed is S = d — T, where T is the draft of

the whole structure and d is the constant water depth.

It is assumed that the fluid is inviscid and incompressible with a constant density p,

4
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the fluid motion is irrotational, and the wave steepness is small. Thus, the fluid velocity
at time 7 is defined by the gradient of the velocity potential ®(x, ) satisfying Laplace’s
equation

VO (X, t)=0. (1)
The velocity potential must satisfy appropriate boundary conditions, namely

RO I ()

¥ +gE=0, on z=0; (2)

%E=O, onz=-d; 3)
/4

a@%=0, onsS,, 4)

Further, if the incident wave is time harmonic, the time factor can be separated out and

the velocity potential is then expressed as
(X, t):Re[¢(r, 6, z)e”'“’t}, 5

where w represents the wave angular frequency; i =+/-1.
The presence of the fixed body in the fluid results in diffraction of the incident waves.

Then the spatial velocity potential ¢ can be decomposed into the incident potential
¢, and the diffraction potential ¢, ,i.e.,

¢(r, o, z) =¢, (r, o, z)+¢D (r, o, z). (6)
Besides Eqs. (2), (3) and (4), ¢, has to satisfy the Sommerfeld radiation condition at

a large radial distance from the structure.

Considering linear incident waves propagate to the positive x-direction, ¢, is given

by:
¢ (r, 0,z)= igol’m(r, z)cosmb, (7)
=
in which
o, (r, z) =g (20d) Ly oy ®)

@  coshx,d
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InEq.(8), ¢ =1 and &,=2 whenm>1; J (x) arethe Bessel functions of order
m; A 1s the amplitude of incident waves; g is the gravitational acceleration; x, is the

wave number, satisfying the dispersion relation @’ = gk, tanhx,d.

3. Solution of Wave Diffraction Problem

The whole fluid domain is divided into three subdomains, i.e., €,, Q, and €Q,,
as shown in Fig. 1. Q, 1s the exterior domain (r > R, —d <z < 0), Q, is the domain
below the plate (0 <r<R,—-d<z<-T),and €, is the domain above the plate (a < r
<R, —d, <z<0).Hereinafter, ¢ (n=1, 2, 3) 1s used to denote the spatial potential
in these subdomains. By means of the eigenfunction expansion method (Yeung, 1981;
Calisal and Sabuncu, 1984), ¢ can be expanded into Fourier-cosine series in terms of

the circumferential coordinate @

g,(r, 0,z)= i(pmm (r, z)cosmb, n=1, 2,3, 9)

m=0

where

A o S
o . (rz)= —%gmz J (k) Zy (ky2)+ D A, R, (Kjl”)Zj (/(jz) ; (10a)
=0

o0

iAg
0,0 (r2)==2L5 "' B V. (Ar),(42); (10b)

w =0

A e
¢3,m(rv Z):_lwg &l Zcm,kliﬁm,kl)m,k(ﬂkr)+Qm,k(#kr):|(]k (;ukz)- (10c)
k=0

In Eq. (10), 4, ;, B, , and C, , are unknown coefficients; «; (j = 1) are positive
real roots of -’ =g« tan(/cjd ); the eigenvalues A, are defined as A,=1 and
A =Ix/S for | > 1; u, and wave frequency o satisfy the dispersion relation

@’ = gu,tanh(pd,); p, (k> 1) are positive real roots of —@’ = g, tan(p,d,);

R,; (K‘jl’), V., ,(A4r) and P, (ur) areradial functions, defined by
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R, (k)= H, (). =0 (11a)
m, j J Km (K'JV), ]Z :
o e
Vo (Ar)= 11b
i (A1) L(4r) o, (o)
I, (AR)
p (), k=0,
m k(ller) Im (/Ukr), kZ 1’ (11C)

in which, H,(x) are the first kind of Hankel functions of order m; I, (x) and
K, (x) are the first and second kinds of modified Hankel functions of order m,
respectively; O, ,(#7) can be determined according to Eq. (11a) with «, and j

replaced by 4, and k respectively; the coefficient S, , is defined as

_Hr'n(:uoa) k=0
g (@)’ ’
B = ,( 2 (12)
K (wa)
Irln(:uka)

where the prime appearing in the superscript denotes differentiation with respect to the

argument; Z, (K j.z), Y,(4z) and U, (g,z) are orthonormal functions given at the

intervals [—d, 0], [-d, —T] and [ —d, , 0] respectively, defined by

coshi,(z+d) .
) _]:()7
Z( ) coshx,d (132)
(xz)=
IV cosk;(z+d) ?
—, j2L
cosk,d
V2 /=0
Y, (A4z)= 27 ’ (13b)
cosA (z+d), 121
cosh,u;l(z;dl), K=o,
cosh gya,
U, (12) = (13¢)
e cos,uk(z+dl), Pl

cos u,d,

The expressions of the velocity potential are developed to satisfy Laplace’s equation,
;
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subjecting to all boundary conditions except that at the border of the subdomains, i.e.
at 7 = R. The unknown coefficients in these expressions can be determined by imposing
the matching condition at » = R, based on the assumption that the fluid pressure and the
normal velocity are continuous across the border of neighboring subdomains. After
truncating the infinite series of the orthogonal functions in Eq. (10) to finite terms, three
sets of linear equations can be established containing an equivalent number of unknown
coefficients. After solving the linear algebraic system, the unknown coefficients are

found and the velocity potentials in each subdomain can be obtained.

4. Calculation of the linear wave force and wave runup

Once the velocity potential is obtained, some other physical quantities of interest may
immediately be found. The linear wave runup along the cylinder, ¢, can be determined

according to:

{=———, onz=0. (14)

The complex wave runup amplitude, #, is then given by:

n=A4).6,0" > Cp i Bo i (140)+ 0, , (4a) |cosmo. (15)
k=0

m=0
The linear wave force is known by integrating the fluid pressure over the body

surface. After integrating in 8 and applying the orthogonal relationship, the horizontal

force amplitude, f., can be expressed as

f.= —2iAgp7z{R {Jl (koR)E+ D AR, (KfR)éf}

J=0

(16)
+aZC1, k [ﬂ1 B (ﬂka) +0, (‘uka)]&k }a
k=0
in which
sinhk, (d —d, ) —sinhx,S =0
. K, coshx,d ’ ’ (17
<= sink; (d —d,)—sink S o1
K cosk,d e
and
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tanh z,d,

’ k:0>
a=1 " (18)
tanpd, 4oy
My

Similarly, the vertical force amplitude, f,, can be written as

= B, (1) [,(AR)R &

V2 o,
_=2mpAg| B, ,—R" + c I, |, (19)
/. PAL| Dy 4 ; ﬂzlo(/IzR) ; 0,k tk
in which
I:,Bo,oJ1(,UoR)+H1(ﬂoR)]R_[ﬂo,ojl(ﬂoa)+H1(,uoa)]a k=0
m, - M, cosh pd, ’ ’ (20)
[ﬂ(),k]1 (,UkR) -K, (,UkR)]R _|:ﬂ0,k11 (/Uka)_Kl (:uka)]a k>1
14, c0s f,d, ’

5. Calculation of the wave drift loads

Three different methods have been developed so far for the computation of the mean
drift force. The first one consists of direct pressure integrations on the hull of the body,
as described in Pinkster (1980) and Ogilvie (1983), which is called the near-field
formulation. The second one was derived in Maruo (1960) and Newman (1967) by
applying the momentum theorem, which is called the far-field formulation. The third
one was developed by using the variants of Stokes’s and Gauss’s theorem and takes
advantage of a control surface at some distance from the body, as proposed in Chen
(2000).

Referring to the established near-field formulation, the wave drift force on a

stationary and wall-sided body can be computed by

fe—ﬁijqqumdﬁ%gfgzndl, (1)

in which all involved quantities in the integrand are of the first order; an over bar
indicates the average over a wave period; I' stands for the intersection of the body
surface S» with the mean free surface (z = 0); n is the normal vector on S» and it is

positive when pointing out of the fluid domain. For wall-sided bodies, the normal vector

9
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along I' is the same as that on S at the same location. The near-field formulation is
straightforward and can give all components of the mean drift force. However, for
bodies have sharp corners, the quadratic pressure near the corner is singular and it is

not easy to obtain accurate computational results through direct pressure integral.

5.1 Calculation based on a novel derivation of wave drift loads formulation
This study intends to constitute a contribution for overcoming above difficulty. After

applying Stokes’s theorem to a vector function B, the following identity can be obtained:

[[n-(vxB)ds =§B-tdl, (22)

in which, the line integral is taken in the counterclockwise sense about I'; t is the unit

vector tangent to I' and oriented in the same direction as the path of integration. If the

vector function B is supposed to be CD(VQJ xej) and the body-surface boundary

condition, Eq. (4), is adopted, Eq. (22) can be written as:

”(VCD.V(D)njds:”CD; (Zj’jds—gScb (Vo xe,)-tdl. (23)

in which, €; (j =1, 2, 3) represents the unit vectors in the x, y or z direction respectively;
X1 =x,x2=y,and x3 = z; n1 = nx, n2 = ny, and n3 = n-.

A finite fluid volume limited by Ss, Sc, and S.'f is considered, in which S, represents

a fictitious (control) surface surrounding the body and S’ is the mean free surface

limited by I' and the intersection of S. with z = 0. As the velocity potential and its
derivative both satisfy the Laplace’s equation, by applying Green’s second identify in
the control fluid volume and making use of Egs. (3) and (4), we can have:
Ucp = [ | 2202 22 las (24)
on 5es, ; on 8x

Then Eq. (23) can be rewritten as:

” (VO -VO)nds = [f [aibai)— 0 [ﬁq)ﬂds—g[)@(v(bxej)-tdl. (25)

ey on ox

The integrals on the right-hand side of Eq. (25) contain second-order derivative of
10
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the first-order velocity potential. As it is difficult to achieve high accuracy of the
second-order derivative, care must be taken in dealing with these trouble terms. Based

on the assumption that the control surface intersects vertically with z = 0, the integral

over S, can be expressed as one only containing the first-order derivative plus a line

integral by use of Stokes’s theorem:

”{@%_ [ j]d ”{26262_ (VO -VO)n, ds—gscl)(vq)xej)-tdl,
(26)
in which, I'c represents the intersection of S: with z = 0 and the line integral is taken in
the clockwise sense about I'.

From Eq. (5), it is noted the velocity potential can be expressed in time-spatial

decomposed form. For the case of j = 1, the integral over S on the right-hand side of
Eq. (25) can then be expressed as follows after imposing Eq. (2)
O 0D O oD ‘O
e o R O P
ox Oz ot\ oOx ot Oxot

It is obvious that the integral on the right-hand side of Eq. (27) gives zero mean in one

period, which indicates

”{aﬂaﬁ_ (aq’ﬂdpo. (28)
ox Oz ox

Therefore, for the case of j = 1, the integral over S gives no contribution to the mean

drift force. Meanwhile, for the case of j = 3, the integral over S is possible to be

expressed as one only containing the first-order derivative plus a line integral by use of
Green’s theorem. By imposing Eq. (4), the order of the derivatives can be reduced as
follows:

oD od D oD oD oD
H[gg— — jd ”{2——— (VO -V®)n }dﬁicpgdl, (29)

in which, the line integral is taken in the counterclockwise sense about I'..

Then by introducing Eq. (25) with j = 1 into Eq. (21) and making use of Egs. (26)

11
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and (28), the following formulation for f_ can be obtained.

__p 0D 0D } Yol oD Yol ( 6@]
= L[| 2Z==—(VD -VO)n_|ds—-Edd—n di+£ — 0 |n_di.
/s 2M o on ). |ds 2§5 oz 2<j> oo
(30)
If Egs. (2) and (14) are adopted, the line integral along I" in Eq. (30) can be further
expressed as:
35( % cpaipj xdzzlgiﬁ( a‘bj dl. 31)
4 0z g7 ot ot

It is obvious that the integral on the right-hand side in Eq. (31) gives zero mean in one

period, which indicates

95( &? (Dﬁaq)jnxdl=0. (32)

r

Eq. (32) is also true with I" replaced by I'c. Then by making use of Eq. (32), Eq. (30)

can be rewritten as

__/’”{26383— V¢)~Vd))nx}ds—'02—g§%§2nxdl. (33)

By introducing Eq. (25) with j = 3 into Eq. (21) and making use of Egs. (26) and (29),

the following formulation for f,” can be obtained.

= £ U {28232— (VO -VO)n }d (34)
0z On

S +S

Thus, the mean drift force in the vertical direction is given by the integral on the control
surface Sc and the limited free surface S .

Now the formulation for the computation of the wave drift force, Egs. (33) and (34),

is derived based on the application of Green’s second identity in a finite fluid volume

surrounding the body. It can be noted that the derived formulation is equivalent to that

obtained in Chen (2007) by using the variants of Stokes’s and Gauss’s theorem.

12
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Fig. 2 Definition of control surface in the numerical implementation

With the availability of the velocity potential and based on the derived formulation,
the mean drift force on the combined column-plate structure can be evaluated. The form
of the control surface Sc can be arbitrary. To facilitate the numerical implementation,
hereinafter, the control surface is made to be composed of a cylindrical surface defined
by r=Rc and —d <z <0, and a limited sea-bed surface defined by z=—-dand 0 <r<R.
Fig. 2 gives the definition of the control surface in the numerical implantation. For
vertically axisymmetric bodies, the surface integrals in Eqgs. (33) and (34) can be
reduced to line integrals after integrating in 6 and applying orthogonality. Thus, by
introducing Egs. (9) and (10), the mean drift force on the combined column-plate
structure can be calculated according to:

rewel -2 Fo v 0| o9

m=0[ _g

0 0 R R,
fzzRe{—%zU i, (R., z)dz+ [, ,(r, 0)dr+[ %, ,(r, 0)dr
a R

m=0

(36)

R

R,
+jv?/2,m(r, —d)dr+J'17vljm(r, —d)dr}},
R

0

13
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in which

~ (7_ Z):i agon,m aw:, m+1 + m +1 aw:,m _E a(”:, m+1
p n,m s gm (3}" 8]” ’ ¢n, m+1 8r r ¢n, m (3}’
(37a)
_mmtl e 0P 0P |
r r wn,m n, m+1 (32 82 9
. 2 (o \
qn,m (r’ Z):_ _¢n,m¢n,m+l V, (37b)
m g
and
. 2( 0p, 0
u (r,z)=—|2—>—2"1rp; 38a
ponlr52) g, ( 0z  Or (38a)
A 2 (o . Op, 00, ., m .
\% ryzZ)=—| — - v, 38b
n,m( ) 5m [gz ¢n,m¢n,m 8}’ 8r 7"2 wn,mwn,m ( )
A 2(00,,00,, m .
wo(rz)=—| ——2 +— r. 38¢
n,m( Z) 5m ( al" a}" 7”2 ¢r1,m¢n,n1 ( )

In Egs. (35) and (36), ‘Re’ indicates that the real part is to be taken. In the numerical
implementation, Romberg quadrature method is used to control the accuracy of the line

integral in Egs. (35) and (36).

5.2 Calculation based on the classic far-field formulation
The mean drift force can also be deduced from the quantities at far field. The far-

field formulation is restricted to give the components in the horizontal directions and
the moment around vertical axis. The expression of f given in Mei et al. (2005) is

reported below:

1= —II[Pcosﬁ+pUr(Ur cosf—U,sin@)]ds, 39)
.

in which, S is a cylindrical surface located at infinity; U denotes the fluid velocity

and can be expressed in terms of gradient of the velocity potential; P is the pressure
term on the control surface and can be determined based on Bernoulli equation. With

all these manipulations, the following expression can be obtained (Mei, et al, 2005):

14
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345

2
z=0 | ?

¢

(40)

_J'prdHCOSH jdz_[[%)j @cﬂ ]+%

in which, r tends to infinity. At far field, the contribution from the evanescent modes to
the diffraction potential is neglected. By using the asymptotic expressions for Bessel

functions, the diffraction potential for large » can be expressed in an asymptotic form.

When the wave interaction with the combined column-plate structure is considered, ¢

at far field is given by:
lgA iKyrcos 2 (K()r 7)
=8| et 4 A, cosmb |Z,(x, 41
% 1) { K, mZ‘ ” " ( " ) D
in which,
A, —eimd, e 42)

By inserting Eq. (41) into Eq. (40) and applying the stationary phase method to the

integrals, Eq. (40) can be rewritten as

_ A* 2K,d +sinh 2k, d
f;c = pg 22 m m+1 Am . (43)
K, 2sinh2x,d o &,

6. Convergence Test and Validation

In order to ensure that present results are free from the influence of the truncation
number, convergence of the theoretical model is examined. Hereinafter, pga’4 and
pgaA?® are used to nondimensionalize the linear and mean drift force respectively. As
illustrated in Bachynski et al. (2014), the dimensional supporting-column diameter in a
wind turbine system can be around 12 m. The examination considers the cases that the
draft of the structure keeps unchangeable at 7/a = 1 and the plate radius keeps 1.5 times
the column radius (R/a = 1.5). At the meantime, the plate height varies as e/a = 0, 0.05,
0.1 and 0.2. The water depth is constant as d/a = 3. The accuracy of the calculation for
the linear wave force is mainly influenced by the number of eigenmodes N. Fig. 3 shows
the linear wave force amplitude with varying N. As to the calculation of the mean drift

force, not only the number of eigenmodes N, but also that of Fourier modes M, can
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affect the accuracy. Figs. 4-6 present the examination on the convergence of the mean
drift force with respect to varying M and N. In these figures, the mean drift force results
based on the derived and the classic far-field formulations are referred as ‘NF’ and ‘FF’
respectively. It can be seen that, regardless of the size of the structure, the convergence
is satisfactory. Moreover, it can be concluded that 15 Fourier coefficients and 100
eigenmodes are sufficient to guarantee a satisfactory accuracy. Therefore, M = 15 and
N =100 are used in all the subsequent computations.

The dependence of the calculation on the control surface is then examined when the
derived mean drift force formulation is used. Fig. 7 presents the mean drift force results
for different cases of control surface, in which R. is varied as R + d, R + 2d and R +5d.
Rc = R + d has been used in the previous convergence test. It can be seen the different
cases give almost the same results and Rc = R + d is then used in all the subsequent
computations. Furthermore, in order to make sure that the theoretical model is valid and
reliable to a convinced degree, a comparison between the mean drift force results based
on the derived and the classic far-field formulations is made. From the comparison

listed in Table 1, it can be noted excellent agreement is obtained between the results.
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Fig. 3 Convergence test on the linear wave force amplitude with respect to the number of
eigenmodes N at koa =2.0 (T/a =1, Rla= 1.5, d/a = 3) (a) horizontal force (b) vertical force
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Fig. 6 Convergence test on the mean drift force based on the far-field formulation with respect to
the number of Fourier modes M and eigenmodes N at xoa =2.0 (T/a=1, Rla=1.5,d/la =3) (a) M
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Fig. 7 Comparison of the mean drift force based on different values of R. at koa =2.0 (T/a =1, R/a
=1.5, e/a = 0.1, d/a = 3) (a) horizontal force (b) vertical force

Table 1 Comparison of the normalized mean drift force, f. / ( pgaAz) , based on the derived and

the far-field formulations at different wave frequencies (7/a =1, Rla= 1.5, d/a = 3)

ela= 0 0.05 0.1 0.2
Koa = NF FF NF FF NF FF NF FF
1.0 0.664 0.664 0.682 0.682 0.699 0.699 0.738 0.738
1.2 0.654 0.654 0.666 0.666 0.677 0.677 0.704 0.704
1.4 0.617 0.617 0.625 0.625 0.633 0.633 0.653 0.653
1.6 0.615 0.615 0.622 0.622 0.631 0.631 0.653 0.653
1.8 0.632 0.632 0.639 0.639 0.647 0.647 0.668 0.668
2.0 0.639 0.639 0.645 0.645 0.651 0.651 0.667 0.667

7. Numerical Results and Discussion
A comprehensive study is then performed to discuss the effects of the attached plate
on the wave force and the associated wave runup. In all the subsequent calculations, the

draft of structure keeps constant as 7/a = 1 and the water depth is d/a = 3.

7.1 Linear Wave Runup

The effects of the attached plate on the linear wave runup amplitude at three different
locations around the body are shown in Fig. 8. The wave runup amplitude is plotted
versus the normalized wave number xoa in the cases of varying radius R and a constant
plate height e/a = 0.1. All curves in Fig. 8 are asymptotically getting close to 1 as xoa
approaches zero, a state of no wave transformation at all.

A larger plate radius can cause a larger wave runup at the rear edge of the column (»
18
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=a, =0, see Fig. 8(a)). From Fig. 8(a), it is also found that the wave runup amplitude
is always less than that of incident waves when R = a. However, this is not the case
when R > a. An obviously amplified wave runup occurs around xoa = 0.67 when R > a,
and the amplification gradually weakens as R decreases. After shoaling into shallower
region over the plate, waves would undergo complicated transfer process. As pointed
by Yu (2002) in studying the wave scattering by a submerged plate that such transfer
process could induce obvious amplification of the free-surface oscillation over the plate
due to the phase interaction between the flows over and below the plate. Therefore,
obviously amplified wave runup can be observed in this study after including the effects
of the plate. Beyond the peak point, the wave runup amplitude decays quickly as xoa
increases until less than that of incident waves. This can be attributed to the sheltering
effects provided by the column to the rear zone behind the structure. In Fig. 8(b), each
curve is characterized by an obvious peak, which gradually decreases and moves to the
high frequency region as R decreases. Beyond that peak point, influence from the plate
radius tends to be minor. At the front edge of the column (r = a, 8 = &, see Fig. 8(c)),
the wave runup firstly grows quickly until reaches the peak, which is reduced as the
radius of the plate approaches that of the column. Beyond the peak point, the wave
runup firstly falls quickly and then tends to behave stable in the high frequency region.

Fig. 9 presents the linear wave runup amplitude at three selected locations for
different plate height e with the plate radius keeps constant as R/a = 1.5. Effects of the
plate height are similar to that of the plate radius. Generally, when getting closer to the
free surface, the plate can have more significant effects on the wave scattering process
by the structure, which is a consequence of the exponential decay of wave motion in

the gravity direction.
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The distribution of the wave elevation amplitude around the body is plotted in Figs.
10-12 for xoa = 0.67, 0.74 and 1.5 respectively with the plate height fixed at e/a = 0.1
and the plate radius varies as R/a =1, 1.5 and 2. All wave patterns are characterized by
obviously amplified free-surface oscillation near the front edge. At koa = 0.67 and 0.74
(see Figs. 11-12), the wave elevation around the front and the rear edges shows an
increasing tendency as R increases. In addition, at xoa = 0.67 and 0.74, the increase of
R leads to obvious changes in the wave pattern in the downstream region. Meanwhile,
the wave elevation and its distribution at koa = 1.5 (see Fig. 13) appears to be less
dependent on the plate radius. This may be due to the fact that the wave motion
attenuates more rapidly in the gravity direction as the wave length decreases. Short
waves may not experience strong interaction with a plate submerged at a certain depth

and then obvious disturb on the wave field cannot be induced.

(b)

Fig. 10 Distribution of the normalized wave elevation amplitude around the body at xoa = 0.67

(T/la=1,ela=0.1,dla=3) (@) Rla=1(b) Rla=1.5(c) Rla=2
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Fig. 11 Distribution of the normalized wave elevation amplitude around the body at koa = 0.74

(Tla=1,ela=0.1,dla=3) (@) Rla=1(b) Rla=1.5(c) Rla=2

(a) (b)

Fig. 12 Distribution of the normalized wave elevation amplitude around the body at koa = 1.5 (T/a

=1,ela=0.1,dla=3)(a)Rla=1(b)Rla=1.5(c)Rla=2

7.2 Linear Wave Force

The variation of the linear wave force amplitude is shown in Fig. 13 for different
plate radius R with the plate height being constant as e/a = 0.1. Note from Fig. 13(a)
that regardless of the plate height the horizontal force firstly increases quickly until it
reaches the maximum, and then decreases continuously as xoa increases further. The
hydrodynamic pressure along the waterline is directly proportional to the wave
elevation. When R = a, the peak value occurs around xoa = 0.87, at which the relative
phase between the wave elevation around the front and the rear edges is 158 degrees. It
corresponds to the situation that that when a wave crest appears around the front edge,
leading to positive hydrodynamic pressure, negative pressure occurs simultaneously
around the rear edge. In addition, when the peak value occurs at R = a, an increase in R
can amplify the free-surface oscillation around the front and rear edges and increase
their relative phase gradually at the mean time, which can give rise to the increase of
the horizontal wave force. Therefore, the peak values in Fig. 13(a) increase as R

increases. Note from Fig. 13(b) that the vertical force decreases continuously as xoa
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increases when there is no plate attached to the column (R = a). Things become different
when R > a, as there exist a zero-excitation frequency at which the structure endures no
vertical excitation force. Basically, the vertical force can be divided into two parts, one
the force on the bottom of the plate and the other the opposite one on the upper surface
of the plate. The summation of the two parts can reach zero when they have the same
magnitude. The zero-excitation frequency, moves gradually to the low frequency region
as R increases. Before the zero-excitation point, an attached plate with larger radius
endures smaller vertical force, while beyond that point such tendency is reversed but
more pronounced.

Fig. 14 presents the linear wave force amplitude for different plate height e with the
plate radius being constant as R/a = 1.5. In Fig. 14, the variation trend of the results
with xoa is typical similar to that in Fig. 13. The horizontal force in general increases
as e increases at a fixed wave frequency. Again, the vertical force is found to be zero at
specific frequencies which gradually moves to the low frequency region as the plate

height increases.

@ (b)

e R/a=2 —R/a =2
4 -Ria=175 ~Ria : L75 = R/a =175
Ria=15 - R;a—1.5 == R/a=15
— T [ =X e *R/la=125 I AU A \UR SO «R/a=1.25
T ~= Ria=1 z Ria-
g E
:x 2+ — \\
1r \\
P T S
0

0.0 0.5 1.0 15 2.0 25 3.0

K, a xa

Fig. 13 Normalized linear wave force amplitude with different plate radius (7/a =1, e/a = 0.1, d/a

= 3) (a) horizontal force (b) vertical force
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7.3 Mean Drift Force

The influence of the plate radius on the mean drift force is examined in Fig. 15 with
the plate height fixed at e/a = 0.1. The results given in this section are all obtained based
on the derived mean drift force formulation. In Fig. 15(a), the mean drift force in the
horizontal direction in general increases as R increases at a fixed wave frequency. As
shown in Eq. (33), the mean drift force in the horizontal direction can be split into two
terms: one written on the control surface and the other the wave elevation term. The
two terms decrease to zero in the zero-frequency limit and then follow opposite
variation trend with xoa. In the high frequency region, their joint contribution is nearly
constant, leading to the overall force tends to behave stable. From Fig. 15(b), it is noted
that mean drift force in the vertical direction is in the negative z-direction over the entire
frequency domain when R = a. This does not hold true when R > a. Apparently, the
vertical mean drift force is contributed by two opposite parts which are associated with
the wave action over the upper and bottom surfaces of the plate respectively. The overall
force is firstly dominated by the later part which remains negative over all frequencies
and its magnitude gradually decreases to zero as xoa increases. As xoa increases further,
the former part becomes predominant, leading to the overall force in the positive z-
direction. From Fig. 15(b), it is also noted that a larger plate radius results in more
prominent variation against xoa.

The variation of the mean drift force against the plate height e is shown in Fig. 16
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when the plate radius keeps constant as R/a = 1.5. Effects of the plate height are similar

to that of the plate radius. Generally, shallower heave plates (larger e) can more

effectively interact with surface waves to affect the wave scattering process. Therefore,

a plate with a larger height can impose more significant effects on the force.
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8. Conclusions

Wave interaction with a floating column with a submerged plate attached at the

bottom is investigated through applying a theoretical model. Emphasis of this study has

been laid on the influence of the attached plate on the wave force and the associated

wave runup. Extensive calculations have been conducted with a variety of geometrical

parameters. The main conclusions can then be summarized as follows:

1) A novel derivation of the mean drift force formulation is developed based on the
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application of the Green’s second identity to the velocity potential and its derivative in
finite fluid volume surrounding the body. The derived formulation involves control
surfaces at a distance from the body and is found to be essentially identical with that in
Chen (2006), which is developed by using the variants of Stokes’s and Gauss’s theorem,
for cases of stationary and wall-sided bodies. Semi-analytical solutions of the mean
drift force on the compound column-plate structure are developed based on respectively
the derived and the classic far-field formulations. Those solutions both possess good
convergence and the results based on them agree well with each other.

2) The existence of the plate can notably disturb the wave scattering process related
to a column. At specific frequencies, obvious amplification of the free-surface
oscillation can be observed around the front and the rear edges of the column after
including the effects of the plate. Correspondingly, local pressure on the body can be
obviously increased, which is not beneficial to the structural safety.

3) In the horizontal direction, the linear wave force and mean drift force both increase
as the plate radius or height increases. In the vertical direction, the linear wave force
and mean drift force on a column with an attached plate follow a substantially different
behavior from that without the plate and can vanish at specific frequencies due to the
cancellation between the wave action on the bottom and the upper surfaces of the plate,
which suggests that the attached plate can be optimized to decrease the vertical force

through adjusting the design parameters.
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