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Viscous fluid model and potential flow model with and without artificial damping force (f = —xV, u the damping coefficient
and V the local averaging flow velocity) are employed in this work to investigate the phenomenon of fluid resonance in narrow
gaps between multi-bodies in close proximity under water waves. The numerical results are compared with experimental data
available in the literature. The comparison demonstrates that both the viscous fluid model and the potential flow model are able
to predict the resonant frequency reasonably well. However the conventional potential flow model (without artificial damping
term) significantly over-predicts the wave height in narrow gaps around the resonant frequency. In order to calibrate the ap-
propriate damping coefficient used for the potential model and make it work as well as the viscous fluid model in predicting
the resonant wave height in narrow gaps but with little computational efforts, the dependence of damping coefficient x on the
body geometric dimensions is examined considering the parameters of gap width B,, body draft D, body breadth ratio B, and
body number n (n = 2, 3), where B, = Bg/B, for the case of two bodies (Body A and Body B) with different breadths of B, and
Bg, respectively. It was confirmed that the damping coefficient used for the potential flow model is not sensitive to the geo-
metric dimensions and spatial arrangement. It was found that 4 € [0.4, 0.5] may guarantee the variation of Hy/H, with kh to be
generally in good agreement with the experimental data and the results of viscous fluid model, where H, is the excited wave
height in narrow gaps under various dimensionless incident wave frequencies kh, H is the incident wave height, k = 2n/L is the
wave number and % is the water depth.

narrow gap, fluid resonance, water wave, viscous fluid model, potential flow model, finite element method, boundary
element method
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Multiple floating structures arranged side by side with small
separations are often encountered in marine and offshore
practices, such as the Very Large Floating Structure (VLFS)
involving many separated modules [1], side-by-side opera-
tions between a Liquefied Natural Gas (LNG) tank and a
Floating Production Storage and Offloading facility (FPSO)
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[2] and a large vessel berthing in front of wharf [3,4]. The
characteristic dimensions of the gaps between the
neighboring structures are usually very small in comparison
with the dimensions of the structures. When the multi-
floating structures with narrow gaps are subjected to water
waves, fluid resonance may take place, which can lead to
the vertical oscillations of the mean surface with amplitudes
substantially larger than the incident wave in the narrow
gaps and the increase of wave forces on the structures
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around the resonant frequencies. The resonant wave fre-
quency, wave height and wave forces are of engineering
significance. Many efforts have been devoted to these as-
pects, for example, the model tests [5,6], theoretical analysis
[7,8] and numerical investigations [9-13], among others.

The early experimental examinations associated with the
present concerned fluid resonance may be initialed in the
problem of sloshing resonance in moon pool of FPSO,
where the considerable piston-mode motions were paid
much more attention in addition to the sloshing-mode
[14,15]. As for the narrow gaps formed by multi-structure in
close approximation, the sloshing mode may be ignored.
This allows therefore the investigations to be conducted in a
simplified two-dimensional space, which is particularly
desirable under the conditions that the wave traveling direc-
tion is normal to the narrow gap. Focusing on this situation,
both Saitoh et al. [5] and Iwata et al. [6] conducted experi-
mental investigations in virtue of laboratory facility of wave
flume. They measured the wave height in narrow gaps un-
der various incident wave numbers for twin boxes with sin-
gle narrow gap and three identical boxes with double nar-
row gaps, respectively. Their experimental results indicate
that the maximal amplitude of resonant wave motion ex-
cited in narrow gaps may even approach up to about five
times of the incident wave amplitude. Also, it was con-
firmed that the resonant frequency and the corresponding
resonant wave height are correlated closely to the box draft,
the gap width and the number of boxes.

On the other hand, numerical examinations are also car-
ried out during the last two decades. The numerical models
developed so far are mainly within the framework of poten-
tial flow theory, such as those based on boundary integral
method [9,16,17] and scaled boundary finite element
method [10,12,13] in frequency domain and the boundary
element based three-dimensional model in time domain [18].
It was understood that the conventional potential flow
model tends to over-predict the wave amplitudes in the nar-
row gaps because the physical energy dissipations due to
fluid viscosity, vortex shedding and even turbulence can not
be taken into account in the context of potential flow theory.

Attempts have been made to introduce some amount of
resistance artificially in order to overcome the difficulties
from conventional potential flow model, such as the rigid
lid [19], linear damping term as body force [20], and linear
dissipative term in free surface boundary condition [21-23].
Particularly, the vortex method was also employed to simu-
late the fluid resonance in narrow gaps and reasonable re-
sults were obtained [3,4]. It has been shown that the tech-
nique by incorporating artificial resistance into the conven-
tional potential flow model may work well in limiting the
amplitude of water oscillations in narrow gaps, at least for
some special situations. However, the specification of the
magnitude of artificial resistance remains uncertain if the
structure geometric dimensions and operational arrange-
ment are changed.
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As mentioned previously, the real-life fluid viscosity and
energy dissipation has to be considered seriously if the ac-
curate prediction on fluid resonance in narrow gaps is re-
quired. A straightforward manner to develop such a nu-
merical model is to adopt the fundamental Navier-Stokes
equations to describe the actual viscous fluid flow. However,
the performance of the viscous fluid model equipped with
free surface capture technique to simulate violent wave os-
cillation in narrow gaps are shown to be very time-con-
suming although it is able to produce indeed the satisfying
numerical results as expected [24-26]. The main purpose of
this work is to investigate the problem of fluid resonance in
narrow gaps using both the viscous fluid model and the po-
tential flow model. Based on comprehensive numerical
validations and comparisons, the damping coefficient for
potential flow model is calibrated considering various geo-
metric characteristics and arrangements of the floating
bodies. Such that the extreme large wave oscillation under
resonance in the narrow gaps formed by multi-body can be
predicted reasonably in the frame of the potential flow the-
ory with high computational efficiency.

1 Numerical model

1.1 Viscous fluid model

The viscous numerical model used in this work consists of a
three-step finite element [27] solver for Navier-stokes equa-
tions, an internal wave maker [28] for wave generation, a
CLEAR Volume of Fluid (CLEAR-VOF) technique [29] for
free surface capture and a spongy layer for reducing unde-
sirable reflected waves.

The conservation laws of mass and momentum for in-
compressible viscous Newtonian fluids are governed by the
Navier-Stokes equations,

Ou, |q(x,1), xeQ,, 0
ox, | 0, xgQ,
%4_ _%__la_p+ui % +f;_ +£a_q’ (2)
oo ’ox, pdx, Ox;|0x; 3 ox,

where u; and f; are the velocity and body forces components
in the i direction and p, p, v denote the pressure, fluid den-
sity and kinematic viscosity, respectively. It should be
pointed out that no turbulent model is included in the pre-
sent viscous numerical wave flume. Alternatively, the tur-
bulence is accounted for by the direct numerical simulation
in the two dimensional space with very fine meshes. In eq.
(1), a source term g(x, ¢) is used in the source region £ to
generate desirable incident waves by means of the method
of internal wave maker [28]. Considering the linear mono-
chromatic wave used in this work, the source function
reads:
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q(t) = CH,sin(w1)/S, 3)

where C is the phase velocity of the target wave, H is the
incident wave height with H, = 2A and A is the wave am-
plitude, @ denotes the wave frequency with @ = 2n/T, T is
the wave period and S is the area of the source region. In
order to save computational efforts, the reflected wave is
reduced by means of spongy layers located at both ends of
the computational domain. This is implemented numerically
by introducing additional damping force into the body force
term of Navier-Stokes equation:

fi=g&i+R; 4

where f; denotes the external force in the x; direction, g; is
the gravitational force and R; is the damping force used in
spongy layer [30]:

2
R~k (%] Ry, )

s Yo = n

where x and y are the Cartesian coordinates of grid nodes, xy
is the coordinate at the start points of spongy layers, Dj is
the total length of damping zone in the direction of wave
propagation, y;, is the elevation of seabed, y, is the local
maximum elevation of the free surface and k; is an empiri-
cal parameter determined by some trivial numerical tests
beforehand. For the sake of numerical stability, the damping
term is only activated in the vertical direction, that is, R, =
0.

The governing equations are discretized in time and
space using the upwind three-step Taylor-Galerkin finite
element method [27]. Owing to the projection procedure
involved in the present numerical discritization, the velocity
and pressure can be decoupled and solved separately. In this
work, the velocities are solved by means of mass lumped
technique [31], while the BI-CGSTAB method [32] is
adopted to obtain pressure.

The Computational Lagrangian-Eulerian Advection Re-
map Volume of Fluid method [29] is used to capture the
violent free surface. Different from the usual VOF method,
the fluid advection in CLEAR-VOF is implemented by
moving a ‘fluid polygon’ in a Lagrangian sense which al-
lows the CLEAR-VOF to be inherently consistent with the
finite element method and irregular mesh partition. For the
present water wave problem, the inertia influence of air
phase is neglected but without the loss of compromising
computational accuracy. Consequently, the void cells are
not considered during the numerical simulations and the full
elements are dealt with the usual manner in the finite ele-
ment method, whereas the partial elements are treated spe-
cially by means of averaging the density and viscosity

p=op,+(1-0)p,. v=0v,+(1-p)v,. (©6)

where the subscripts w and a represent water and air, re-
spectively.
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The numerical computations start from still water, which
means the initial velocity condition is u(x, 0) = 0 and the
static water pressure is applied. At the ends of sponge layers,
the bottom of numerical wave flume and the solid walls of
the floating bodies, the non-slip boundary condition is im-
posed. According to the requirements of stress balance, both
pressure and velocity boundary conditions need to be
treated at the free surface. By neglecting the viscous effects
a simple normal dynamic free surface boundary condition p
= 0 is implemented. While the widely used velocity ex-
trapolations [33,34] are incorporated in the present viscous
numerical wave flume. The mesh resolution and time step
dependence associated with the present viscous numerical
model has been verified carefully in our previous work
[24-26]. In general, the total number of meshes used in this
work are generally more than 100000 with the smallest grid
size of B,/20 x B4/20 in the narrow gaps, where B, is the
gap width. The time step is automatically determined in the
program using the uniform CFL condition multiplied by a
safe factor of 0.2.

1.2 Potential flow model

The conventional potential flow model is based on the as-
sumptions that the fluid flow is incompressible, inviscid and
irrotational. The two-dimensional mass conservation of po-
tential flow is commonly written in the form of Laplace
Equation:

o’ D(x, y,1) . 0’ D(x, y,1) B

P~ o 0, @)

where ®(x,y,r) is the well-known velocity potential. For
harmonic wave motion, the time dependent part can be
®(x, y,t) = Re[@(x,y)e "] , where
@(x,y) is the complex potential. For simplicity, ¢(x,y) is

separated out as

divided into the incident potential and the scattering poten-
tial, that is

#(x, y) =@, (x, y) + Ps (X, y). (8

As for the linear water wave, the incident potential
@, (x,y) reads

g () =52 cosh k(y+hye, ©)

wcosh kh
in which, g is the gravitational acceleration, A = H,/2 is the
incident wave amplitude and H, is the incident wave height,
o = 21/T is the wave angular frequency and T is the wave
period, kK = 2n/L is the wave number and L is the wave
length, & is the water depth.
In order to model the flow resistance in the narrow gaps
within the frame of potential flow theory, a damping term is
introduced in the momentum equation [21-23]:
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£ ==u(x)V =-u(x)vo, (10

where 4 is an artificial damping coefficient and V is the
averaging flow velocity in the narrow gaps. By using the
first order approximation of wave profile £, we have

C(x,y,t)=—écb,(x,y,t)—f(x)cb(x,y,t). (11)

Considering the kinematic condition on the free surface,
0L /ot =0®/dy , eq. (11) can be re-written as:

Glok (x, y,t)
or?

0D (x, y,t 0D (x,y,t
+u(x) (ar )=—g (ay ). (12)

Accordingly, the time-independent complex potential
reads

o

. :é(w2¢+ia),u 8). (13)

The scattering potential satisfies the Laplace Equation as
well and is subjected to the following boundary conditions:

o¢ [0y :(a)2¢s +iou ¢ )/g at the free surface of y = 0;

O¢y/on=—0¢,/On along the solid wall of structures;
0d /ay =0 at the sea bottom y = —h; 0¢; /ax =—ik¢, at
the far field upstream and O /0x =ik¢ at the down-

stream.

The above governing equations for potential flow to-
gether with the boundary conditions are solved using a
boundary element method [35]. In the present potential flow
model, only the first order results are concerned. The grid
points used in this work are 2257, leading to 1128 mesh
cells. The fine meshes are generated in the narrow gaps with
8 uniform cells, while the coarse meshes are used in the far
field. The computational meshes have been confirmed to
produce convergent solutions.

2 Numerical results

The previously described viscous numerical wave flume
and the potential flow model with different artificial damp-
ing coefficients were employed to investigate the fluid
resonance in the narrow gaps formed by rectangular boxes.
The available laboratory test results by Saitoh et al. [5] and
Iwata et al. [6] were adopted to validate the numerical re-
sults. In the laboratory tests, two or three identical boxes
with the same breadth B = 0.5 m are fixed in a wave flume
with water depth & = 0.5 m. Different drafts D and gap
width B, are considered in the experiments. The incident
wave heights Hy range from 0.023 m to 0.025 m in the
laboratory tests. The input parameters of the numerical
model are set up as closely as possible to those used in the
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experiments. A sketch definition of the numerical and ex-
perimental setup is illustrated in Figure 1.

We considered the influences from gap width B,, body
draft D, box breadth ratio B, and the number of bodies n.
The numerical results from the potential flow model with
different damping coefficients are compared with available
experimental data and the viscous numerical results. For the
special cases of two boxes with different breadths, the po-
tential results are compared only with the viscous numerical
results because of the absence of experimental data. By
means of the comparisons, the appropriate damping coeffi-
cient for the multi-box assembly involving different struc-
ture configurations is determined.

2.1 Influence of gap width

We first considered the situations of twin bodies with single
narrow gap. The two boxes are with the same breadth 0.5 m
and draft 0.252 m as adopted in the experiments [5]. The
influence of the gap width on the fluid resonance in narrow
gap is investigated involving three typical gap widths of
0.03 m, 0.05 m and 0.07 m. The variations of averaging
wave height H,/H, in the narrow gap with respect to the
non-dimensional wave number k% are plotted in Figure 2.
Note that the details of the free surface evolution can be
found in our previous work [24-26] and are omitted in this
article. For the purpose of comparison, the experimental
data [5], the numerical results from viscous numerical wave
flume and the potential flow model with different values of
damping coefficients (# = 0.0, 0.3, 0.4 and 0.5) are also
included in this figure.

It appears that both the viscous fluid model and the po-
tential flow model predict the resonant frequency accurately.
The predicted resonant frequencies are very close to those
observed in the laboratory tests. The variation of H,/H,with
kh obtained using the viscous numerical model is seen to
agree well with the experimental data. The relative errors of
the maximum wave heights between the viscous fluid model
and the experimental data are less than 10%. It should be
noted that it is difficult to determine the resonant frequency
and the corresponding resonant wave height in narrow gap
with high accuracy using the viscous fluid model because
the very small frequency increment is required to meet with
the high resolution. This is not easy to implement as the
potential flow model since the viscous fluid model is very
time-consuming. Our numerical simulation experience

Transmitted wave

Body A — Body B — Body C F.—»"‘

SE h

y

Incident wave Y

‘—
Reflected wave

Figure 1 Sketch definition of the numerical and experimental setup.
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»—— Exp. Satioh et al. (2006)
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Potential model, u= 0.0
Potential model, = 0.3
Potential model, u= 0.4
Potential model, u = 0.5

3.0 3.5 4.0

Exp. Satioh et al. (2006)
Present viscous model

Potential model, u=0.0
Potential model, u=0.3
Potential model, u = 0.4
Potential model, u = 0.5

3.0 35 4.0

- Exp. Satioh et al. (2006)
——=—— Present viscous model
————— Potential model, u=0.0

- Potential model, u=0.3
Potential model, u=0.4
------- Potential model, u = 0.5

0 T
1.0 1.5 2.0 2.5 3.0 3.5 4.0
kh

Figure 2 Comparison of non-dimensional wave height H,/H, with respect
to incident wave frequency ki for twin boxes at different gap width B, with
the same D = 0.252 m, B = 0.5 m, 2 = 0.5 m and Hy= 0.024 m. (a) Gap
width B;= 0.03 m (B,/B = 0.06); (b) gap width B,= 0.05 m (B,/B = 0.10);
(c) gap width B,=0.07 m (B,/B = 0.14).

shows that, for example the case of Figure 2(b) conducted
on a computer with the Intel I7 CPU and 4 G memory, the
potential flow model took only about 90 min for the total 69
wave frequencies involved, while the viscous fluid model
requires more than 48 hours to simulate the physical process
of 60 s at the resonant wave frequency. Therefore, the reso-
nant frequency and the resonant wave height associated
with the viscous fluid model in this work are generally re-
ferring to the values with acceptable tolerance compared to
the experimental observations. In contrast to the good per-
formance of the viscous fluid model, the conventional po-
tential flow model (that is, # = 0.0) over-predicts signifi-
cantly the wave height in narrow gap at the frequencies near
the resonant frequency. However, the accuracy of the reso-
nant wave heights based on the potential flow model is im-
proved substantially when a non-zero damping coefficient is
used. It can be found from Figure 2 that the wave heights at
the resonant frequencies decrease with the increase of
damping coefficient. The potential flow model results ob-
tained with ¢z = 0.4 and 0.5 appear to agree generally well
with the experimental data and the viscous fluid model. It is
also observed that the predicted wave heights from the po-
tential flow model are hardly affected by the values of
damping coefficient at the frequencies outside a certain
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band at either side of the resonant frequency.

In order to demonstrate clearly the influence of the gap
width, the resonant frequencies and resonant wave heights
obtained by laboratory tests and numerical models at vari-
ous gap widths are summarized in Table 1. It can be seen
that the numerical results and experimental investigations
indicate coincidently that the resonant frequency tends to
decrease with the increase of gap width (By/B from 0.06 to
0.14). According to the experimental data, the maximal
resonant wave height happens at B, = 0.05 m. It is specu-
lated that the fluid resistance in the narrow gap may be
proportional to the mean vertical velocity gradient in the
narrow gap, which can be roughly evaluated by the formula
of dV/dx = V/B,. That is the reason why the measured reso-
nant wave height at B,= 0.03 m is smaller than that at B,=
0.05 m, accounted by the increase of V/B, mainly due to the
reduced gap width. On the other hand, the fluid resistance is
also affected by the local mean flow velocity, in other
words, the actual oscillating amplitude of fluid resonance.
As the resonant wave height (velocity) exceeds a critical
value, for example the situation of B,= 0.05 m, it will lead
to the absolute increasing of fluid resistance in narrow gaps
regardless of the increase of gap width. That means the in-
crease of mean vertical velocity plays the more important
role contrasted to the gap width. Hence, we find that the
resonant wave height at B, = 0.07 m is smaller than that
observed at B;= 0.05 m. As for the viscous numerical re-
sults, the predicted resonant wave height at B,= 0.03 m is
greater than the experimental data, while the smaller values
are produced at B, = 0.05 m and B,= 0.07 m. However, the
maximal relative difference appearing at B, = 0.05 m is
about 10%, which is acceptably rather small compared to
the results of the conventional potential flow model. In ad-
dition, the numerical results from the potential flow model
with = 0.4 and 0.5 are observed to agree with the experi-
mental data in general with the largest relative errors about
20% and 10%, respectively.

The comparisons shown in Figure 2 and Table 1 appear
to suggest that the potential flow model can be used to pre-
dict the wave height in the narrow gap if a well calibrated
damping coefficient is adopted. However it has to be vali-

Table 1 Influence of gap width on the resonant frequency and resonant
wave height in narrow gap

Gap width B, (B./B) %ﬁ 6“)’ %ﬁ (;“)‘ %?Z 4?
Experiment [5] 1.639 1.556 1.469
Viscous model 1.735 1.643 1.494

ki potential model, =04 1700 1550 1450
Potential model, = 0.5 1.700 1.550 1.450
Experiment [5] 4.512 5.060 4.672

Hy/H, Viscous model 4.790 4.556 4.450

‘ Potential model, = 0.4 5.616 5.238 4.886

Potential model, z=0.5 4.822 4.597 4.346
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dated furthermore over a wide range of structural configura-
tions.

2.2 Influence of draft

Now we focus on the influence of draft with the fixed gap
width of 0.05 m, box breadths of 0.5 m and water depth of
0.5 m. Also, three different drafts, namely D = 0.103 m,
0.153 m and 0.252 m, are considered, which leads to the
dimensionless drafts D/h of 0.21, 0.31 and 0.50, respec-
tively. Figures 3(a) and 3(b) show the variation of dimen-
sionless wave height H,/H, with incident wave frequency kh
at D =0.103 m and 0.153 m, respectively. As for the case of
D = 0.252 m with the same B,=0.05m, B=0.5 m and h =
0.5 m refers to Figure 2(b).

The numerical results shown in Figures 3(a), 3(b) and
2(b) confirm again that both of the potential flow model and
the viscous fluid model are able to predict the resonant fre-
quencies well, despite different drafts are considered in
these figures. As far as the variation of H,/H, with kh is
concerned, the viscous fluid model can produce satisfying
results compared to the experimental measurements. On the
other hand, the conventional potential model fails to predict
the resonant wave heights reasonably, giving rise to un-
physical results of more than 10 times of the incident wave
height. But it simulates successfully the wave heights in
narrow gaps at lower frequencies and higher frequencies.

Similar to the previous examples, as a proper amount of
artificial damping is adopted in the potential flow model it
can work even as well as the viscous fluid model in pre-
dicting the resonant wave height. Generally, the larger
damping force is introduced, the smaller resonant wave
height is obtained. It seems that the usage of x# = 0.5 may

10 '(a) [
- 1 1 Exp. Satioh et al. (2006)
[ |

Present viscous model
| Potential model, i1 = 0.0
;. Potential model, u=0.3

_ 1 Potential model, p = 0.4
Potential model, p = 0.5

- Exp. Satioh et al. (2006)
——=—— Present viscous model
| --==- Potential model, u= 0.0
| Potential model, = 0.3
) Potential model, u=0.4

------- Potential model, p = 0.5

1.0 1.5 2.0 2.5 3.0 35 4.0
kh

Figure 3 Comparison of non-dimensional wave height H,/H, with respect
to incident wave frequency ki for twin boxes at different draft with the
same B = 0.5 m, B,=0.05 m, &~ = 0.5 m and Hy= 0.024 m. (a) Draft D =
0.103 m (D/h = 0.206); (b) draft D = 0.153 m (D/h = 0.306).
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lead to satisfying results of resonant wave height for the
present two cases considered in Figure 3. In addition, it is
also interesting to find that the predicted wave heights in
narrow gaps are not sensitive to the damping coefficient
when the incident wave frequencies are far from the reso-
nant frequency.

Comparisons of Figures 3(a), 3(b) and 2(b) show also
that the frequency region associated with the fluid reso-
nance becomes broader as the draft decreases gradually. It
means that the variation of H,/H, with kh is not as sharp as
that observed in larger drafts. As for the detailed influence
of body draft on the resonant frequency and resonant wave
height, the representative quantities are listed in Table 2. It
was identified that the resonant frequency decreases sub-
stantially with the increase of draft (from 0.103 m to 0.252
m). Actually, it is not surprising to observe this phenome-
non since the larger draft can lead to the increase of fluid
mass in the narrow gap and consequently the natural fre-
quency of fluid bulk in the narrow gap decreases. According
to the experimental data and numerical results obtained in
this work, the resonant wave heights in narrow gap trend to
increase with the draft. This is mainly induced by the wave
conditions under the fluid resonance. It has been confirmed
before that the fluid resonance happens at higher frequency
as the draft decreases. That means the corresponding fluid
resonance in narrow gap will be excited by the short waves
and the strong wave reflection might be expected. Therefore,
the available wave energy accounted for the fluid resonance
in narrow gap decrease. Accordingly, the dimensionless
H,/H, under small draft is reduced. It should be noted that,
on the other hand, the larger draft may increase the total
fluid resistance in narrow gap and trend to decrease the
resonant wave height because of the increase of wall area
exposed to water oscillation in the narrow gap. However,
this effect is expected to be limited compared to the previ-
ously mentioned wave reflection.

The comparisons of resonant wave height in Table 2
show that the viscous fluid model can produce very good
solutions except the case of D = 0.153 m. Looking at the
corresponding results shown in Figure 3(b), it seems that the
experimental data may involve some measurement errors
because the resonant frequency is obviously smaller than

Table 2 Influence of body draft on the resonant frequency and wave
height in narrow gap

Draft D (D) oz o3 050
Experiment [5] 2.732 2.154 1.469
h Viscous model 2.778 2.191 1.494
Potential model x= 0.4 2.725 2.175 1.450
Potential model x=0.5 2.725 2.175 1.450
Experiment [5] 3.130 3.668 4.672
Hy/H, Viscous model 3.396 4.457 4.450
Potential model x= 0.4 4.043 4.626 4.886
Potential model x=0.5 3.516 4.048 4.346




22 Lul,etal

the numerical results obtained form both the viscous fluid
model and the potential flow model. In contrast to the con-
ventional potential flow model, acceptable predicted reso-
nant wave heights are obtained by introducing artificial
damping force. It is identified again that 4= 0.4 and 0.5 can
produce satisfying resonant wave height in narrow gap.
Compared to the averaging resonant wave heights from the
experimental data and the viscous fluid model, the maximal
relative errors for 4 = 0.4 and 0.5 are around 20% and 10%,
respectively. It indicates that 4 = 0.5 is also a desirable
choice for the present situation involving different drafts,
which is in good agreement with the previous findings con-
sidering various gap widths.

2.3 Influence of individual breadth

In practical applications, two approximating ships are
commonly with different cross-section dimensions. Hence it
is necessary to investigate the influence from the individual
breadths of two boxes in order to propose a reasonable
damping coefficient for the potential theory based on the
numerical modelling. This is achieved in this work by using
the same benchmark of twin boxes with identical draft of
0.252 m, gap width 0.05 m and water depth 0.5 m as con-
sidered in Figure 2(b), but reduces the breadth of Body B
from 0.5 m to 0.3 m and 0.2 m, respectively, while keeps
the breadth of Body A to be the fixed 0.5 m. Therefore,
three body breadth ratios of Bg/Bs, 1.0, 0.6 and 0.4, are
considered in this work. The same as the previous discus-
sions, the variation of H,/H,with kh is examined, as shown
in Figures 4(a) and 4(b). Also, the special case of Bg= Bs =
0.5 m at the same water depth, draft and gap width is re-
ferred to Figure 2(b). Note that, Figure 4 presents only the
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Figure 4  Comparison of non-dimensional wave height Hy/H, with re-

spect to incident wave frequency kh at different individual breadths for two
boxes with the same B, = 0.05 m, D =0.252 m, 1 = 0.5 m and Hy= 0.024 m.
(a) Bg= 0.2m (BB/BA: 04), (b) Bg= 03m (BB/BA: 06)
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comparison between the results of our viscous numerical
model and the potential flow model because the experimen-
tal data are not available in the literature. Consequently, the
calibration for the damping coefficient of potential flow
model is based on the numerical results of the viscous fluid
model, since we have shown the excellent performance of
the viscous model in simulating the violent fluid oscillation
in narrow gap under water waves.

It can be seen from Figures 4(a) and 4(b) that the poten-
tial flow model predicts very close resonant frequencies to
those obtained from the viscous fluid model. In addition to
the frequencies around the fluid resonance, the potential
flow models with and without damping force work fairly
well, giving rise to satisfying predictions on the amplitude
of fluid oscillation in narrow gap. However, the resonant
wave heights are also over-predicted by the conventional
potential model but can be reduced reasonably by using
appropriate artificial damping term.

Careful observations on Figures 4(a), 4(b) and 2(b) indi-
cate that the resonant frequency generally decreases with
the increase of the breadth of Body B. That means the reso-
nant frequency is not only dependent on the fluid mass in
narrow gap as discussed before but also correlated to the
fluid bulk under the floating bodies. The tendency of reso-
nant frequency with respect to the body breadth is in good
accordance with the previous theoretical analysis in refs.
[5,6].

The numerical results from the viscous fluid model show
that the resonant wave height is reduced by decreasing the
breadth of Body B located downstream, as shown in Table 3.
This can be interpreted by the energy conservation. It is
rational to assume that the incident wave energy is nearly
identical to the cases considered here since a uniform inci-
dent wave height is employed. One may argue that the ac-
tual incident wave energy can be affected by the wave re-
flection and transmission as described in the previous sec-
tion associated with the body draft. It is true that the reso-
nant wave frequency increases with the decrease of the
body breadth By and leads to the appearance of fluid reso-
nance under short waves. That means the wave reflection
may get stronger. Apparently, the actual incident wave may
decrease accordingly. However, for short waves the trans-
mission of wave energy can also become weaker. Hence the
collaborated effects from the wave length change are ex-
pected to counteract each other. In addition, it can be seen
from this table that the change of resonant wave frequency
due to breadth is rather limited, resulting in the variation of
wave length about 0.2 m, which is believed not to signifi-
cantly affect the actual incident wave energy. Bearing the
above recognitions in mind and considering that much more
wave energy can be transmitted to the rear region of the
floating bodies due to the decrease of the breadth of Body B,
it can be deduced that the wave energy used to support the
resonant wave oscillation in narrow gap decreases conse-
quently. Therefore, the resonant wave height is observed to
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Table 3 Influence of individual body breadth on the resonant frequency
and wave height in narrow gap

Breadth of Body B 02m 0.3 m 0.5m

By (Bp/Ba) 0.4) (0.6) (1.0)
Experiment [5] - - 1.469

h Viscous model 1.643 1.640 1.494
Potential model x= 0.4 1.625 1.600 1.450
Potential model = 0.5 1.625 1.600 1.450
Experiment [5] - - 4.672

Hy/Ho Viscous model 3.975 4.366 4.450
Potential model x= 0.4 3.740 4.356 4.886
Potential model = 0.5 3.332 3.843 4.346

decrease in narrow gap with the decrease of box breadth
located downstream.

Comparing the numerical results of resonant wave
heights obtained by the potential flow model with the
damping coefficients of 0.4 and 0.5 with the viscous fluid
model and the experimental data (for only the case of Bg/Bs
= 1.0), it can be seen that the value of ¢ = 0.4 is more de-
sirable with the maximal relative error of 6% while the
maximal relative error is 16% at g = 0.5. The optimal cali-
bration of x# = 0.4 is somewhat smaller than the previous
tuned value g4 = 0.5. But no substantial difference is ob-
served between the predicted resonant wave heights ob-
tained from #=0.4 and = 0.5.

2.4 Influence of the number of boxes

The fluid resonance in two narrow gaps between three iden-
tical fixed boxes was also investigated in this work. This
was conducted by intruding an additional Body C behind
Body B and leaving the same small separation of 0.05 m
between them. The dimensions of water depth 7 = 0.5 m,
draft D = 0.252 m, breadth of the boxes B = 0.5 m are set to
be identical to those used in the previous cases of twin bod-
ies with a single narrow gap. The gap between Body A and
Body B is referred to as Gap 1 herein and that between
Body B and Body C is defined as Gap 2. By using a uni-
form incident wave height of Hy = 0.024 m under various kh,
the numerical results of Hy/H,, in Gap 1 and Gap 2 from the
viscous fluid model and potential flow model are compared
with the experimental data [6], as shown in Figures 5(a) and
5(b).

It can be seen from Figure 5(a) that the variation of
H,/H, with kh in Gap 1 from viscous flow model agrees
well with the experimental data in general but with a small
phage lag. Both the viscous flow model results and the ex-
perimental data show that the variation of wave height in
Gap 1 has two peak values. This suggests that the fluid
resonance in Gap 1 takes place at two distinct frequencies in
contrast to the single resonant frequency in the case of twin
bodies with one narrow gap. The double-peak variation of
H,/H, with kh is also observed in Gap 2, as shown in Figure
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Figure 5 Comparison of non-dimensional wave height H,/H, with respect
to incident wave frequency k% in two narrow gaps between three identical
boxes, (a) for Gap 1 and (b) for Gap 2, at B, =0.05 m, D =0.252 m, B =
0.5m, 4 =0.5 m and Hy= 0.024 m.

5(b), although the second resonant response is not as sig-
nificant as that in Gap 1. The existence of two resonant fre-
quencies is mainly attributed to the presence of the second
narrow gap or the intrusion of the third box.

Obvious discrepancies between the results of the conven-
tional potential flow model (¢ = 0.0) and laboratory tests
can be observed in Figures 5(a) and 5(b) over the bands
around the resonant frequencies. At the first resonant fre-
quency, H,/H, = 10 is predicted by the conventional poten-
tial flow model, which is more than two times of the results
of the viscous flow model and the model tests. At the sec-
ond resonant frequency, the conventional potential flow
model predicts Hy/H,> 30, which is more than 7.5 times of
the values obtained from physical model tests [6]. However,
as for the frequencies far away from the resonant band, the
predicted wave heights based on the potential flow model
have little dependence on the values of the damping coeffi-
cient. This is similar to what was observed in the previous
cases involving twin bodies with different gap widths, drafts
and breadth ratios. It was observed again that the wave
heights in narrow gaps around the fluid resonant frequencies
decrease with the increase of the damping coefficient. It is
found that the value of i = 0.4 leads to relatively accurate
predictions of the resonant wave heights. It is worth noting
that the specific value of g = 0.4 is valid not only for Gap 1
but also for Gap 2.

The comparisons of results shown in Figures 5(a) and 5(b)
indicate that the phase-lag between the experimental data
and potential flow model results also exist, similar to the
results from the viscous fluid model. Actually, the variation
of Hy/H, versus kh from the potential flow model with arti-
ficial damping forces agrees much better with the results of
the viscous fluid model.
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Following the previous procedure, we firstly demonstrate
the comparisons in quantity on the results in Gap 1 of three
bodies with the case of two bodies. It can be seen from Ta-
ble 4 that the fundamental resonant frequency in Gap 1 is
smaller than that observed in the case of twin bodies, while
the second resonant frequency is greater than the resonant
frequency of twin boxes. It seems that the resonant frequen-
cies observed in experiments are slightly smaller than those
obtained by numerical predictions using both the viscous
fluid model and the potential flow model. As for the reso-
nant wave heights in Gap 1 of three bodies, they are ob-
served to be smaller than that of twin bodies, both at the
first frequency and the second frequency. It appears that the
potential model with ¢ = 0.4 can produce better solutions of
the resonant wave heights in Gap 1 at both distinct resonant
frequencies. The comparisons of resonant frequencies and
resonant wave heights in Gap 2 are presented in Table 5.
Since the second resonant frequency from experimental
measurement and the viscous fluid model are not as obvious
as that observed in Gap 1, the roughly estimated values are
provided in Table 5. For the numerical results of the poten-
tial flow model with damping term, they are determined
alternatively using the results based on the conventional
potential flow model. Similar to the previously described
results associated with Gap 1, the resonant frequency of
twin bodies is found to be between the first and second

Table 4 Influence of body number on the resonant frequency and wave
height in Gap 1

Number of Bodies - 3
1" Freq. 2" Freq.

Experiment [6] 1.469 1.307 1.640
Viscous model 1.494 1.334 1.702
Potential model, = 0.4 1.450 1.350 1.700
Potential model, z=0.5 1.450 1.350 1.700
Experiment [6] 4.672 4.484 3.026
H.IH, Viscous model 4.450 4.383 3.081
¢ Potential model, = 0.4 4.886 4.318 2.948
Potential model, z=0.5 4.346 3.905 2.680

Table 5 Influence of body number on the resonant frequency and wave
height in Gap 2¥

Number of Bodies 2 3
1" Freq. 2" Freq.
Experiment [6] 1.469 1.374 1.586°
Viscous model 1.494 1.438 1.626"
Potential model, 1= 0.4 1.450 1.400 1.675*
Potential model, #=0.5 1.450 1.400 1.675*
Experiment [6] 4.672 4.333 2.981
H./H, Viscous model 4.450 4313 3.292
- Potential model, = 0.4 4.886 4.254 2.495
Potential model, = 0.5 4.346 3.794 2.232

a) Note, * roughly estimated; + determined by potential flow model with
1=0.0.
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resonant frequencies of three bodies. Two smaller resonant
wave heights are also observed in the case of three bodies
with respect to that of twin bodies with single narrow gap. It
means that the resonant wave heights are reduced by in-
creasing the box number regardless of how many resonant
frequencies in presence. In addition, the appropriate damp-
ing coefficient = 0.4 can also be identified, but gives rise
to a slightly larger error contrasted to the results observed in
Gap 1.

3 Concluding remarks

Numerical simulations of fluid resonance in narrow gaps
under water waves are conducted in this work employing
both the viscous fluid model and the potential flow model
with and without artificial damping force.

Based on the comprehensive numerical results of the
viscous fluid model and available experimental data, the
influences of gap width, body draft, breadth ratio and body
number on the resonant frequency and resonant wave height
in narrow gaps were investigated. The main findings in-
clude:

(1) With the increase of gap width, the resonant fre-
quency moves towards lower frequency. However, the
maximal resonant wave height appears at a particular gap
width, determined by the counter effects from mean veloc-
ity in the narrow gap and gap width.

(2) Increasing the body draft, the resonant frequency is
observed to shift towards the lower region. Meanwhile, the
resonant wave height tends to increase for the cases consid-
ered in this work.

(3) When the breadth of downstream body is reduced, the
resonant frequency increases while the resonant height de-
creases.

(4) By introducing an identical floating body to the as-
sembly, two distinct resonant frequencies are observed. The
fundamental frequency is smaller than the resonant fre-
quency of twin bodies, while the second frequency is higher
than the resonant frequency of twin bodies. The resonant
wave heights of three bodies are generally smaller than that
observed for twin bodies. In addition, the resonant wave
height under fundamental frequency is found to be greater
than that associated with the second resonant frequency in
the both gaps.

The numerical results from the conventional potential
flow model show that it is able to capture the resonant fre-
quency as accurately as the laboratory tests and the viscous
fluid model. However, it fails to predict the resonant wave
height in narrow gaps, generally giving rise to much more
over-prediction.

By introducing appropriate damping force into the poten-
tial flow model, the accuracy of the predicted resonant wave
height in narrow gaps can be improved greatly. It was con-
formed in this work that when & € [0.4, 0.5] is adopted, the
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potential flow model is capable of predicting the resonant
wave height in narrow gaps as well as the experimental tests
and the viscous fluid model, while the computational efforts
can be saved greatly. It is promising that the calibrated
damping coefficient is observed not sensitive to the varia-
tion of gap width, body draft, body number and individual
breadth ratio according to the verifications conducted in this
work. The maximal relative error is limited within 20% for
the different body configurations and arrangements consid-
ered in this work.
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