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a b s t r a c t

Based on laboratory experiments and numerical simulations, the scale effect of Internal Solitary Wave
(ISW) loads on spar platforms is investigated. First, the waveforms, loads, and torques on the spar model
at a laboratory obtained by the experiments and simulations agree well with each other. Then, a pro-
totype spar platform is simulated numerically to elucidate the scale effect. The scale effect for the hor-
izontal forces is significant owing to the viscosity effect, whereas it is insignificant and can be neglected
for the vertical forces. From the similarity point of view, the Froude number was the same for the scaled
model and its prototype, while the Reynolds number increased significantly. The results show that the
Morison equation with the same set of drag and inertia coefficients is not applicable to estimate the ISW
loads for both the prototype and laboratory scale model. The coefficients should be modified to account
for the scale effect. In conclusion, the dimensionless vertical forces on experimental models can be
applied to the prototype, but the dimensionless horizontal forces of the experimental model are larger
than those of the prototype, which will lead to overestimation of the horizontal force of the prototype if
direct conversion is implemented.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A large number of observations show that Internal Solitary
Waves (ISWs) occur frequently and exist widely in the ocean due to
density stratification arising from salinity and temperature varia-
tions (Apel et al., 1985). ISWs can cause severe impacts on the
operation of ocean engineering structures (Osborne and Burch,
1980), even causing a cable breakage as occurred in the extended
test period of the Liuhua oilfield in the South China Sea (Bole et al.,
1994). As a floating structure, the spar platform is well suited for
deep-water applications such as drilling, production, processing,
storage and off-loading of ocean deposits. In regions with frequent
occurrence of ISWs, it is necessary to assess the hydrodynamic
impacts of ISWs on spar platforms.

Laboratory experiments are a reliable approach to study hy-
drodynamic loads; however, the scale effect is an intrinsic issue
that affects the conversion from laboratory results to the prototype.
Owing to the size limit of laboratory tanks, the similarity relations
val Architects of Korea.

rea. Production and hosting by El
(such as geometric relations, the Froude and Reynolds numbers)
are difficult to meet simultaneously. Therefore, it is of great
importance to elucidate whether dimensionless experimental
loads can be applied to directly estimate the prototype loads. Taking
ship resistance trials as an example, only the similarity relations of
the Froude number and the geometry can be met, whereas the
similarity of Reynolds number can be hardly assured (Van Manen
et al., 1988). The traditional spar platform can be simplified as a
cylinder structure. There is extensive research on the scale effect in
studies of cylinder/spar platforms under the action of surfacewaves
(Ran et al., 1996; Utsunomiya et al., 2013). However, there are only a
few studies on the scale effect for ISW loads, so that the relation
between the experimental model and its prototype is still unclear.
Additionally, in engineering applications the Morison formula
(Morison et al., 1950) has been widely used to calculate the ISW
loads of a cylinder structure (Cai et al., 2008; Si et al., 2012; Song
et al., 2011). Nonetheless, the inertial force and drag force co-
efficients in the Morison formula can be determined by referring to
the calculation of the surface-wave loads (Sarpkaya, 2001,
Sarpkaya, 2005). It is unclear if the coefficients can be applied to
calculate the ISW loads for a structure of either laboratory scale or
full-size prototype.
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Numerical simulation can directly obtain the hydrodynamic
characteristics and load compositions. Thus, it provides a way to
uncover the ISW load components and to analyze the scale effect of
ISW loads on spar platforms. For the semi-submersible platform
the components of the ISW loads are investigated (Wang et al.,
2018), and results demonstrate that the numerical simulation
method is accurate and effective.

In the present paper, the scale effect and similarity relations
regarding ISW loads on spar platforms are analyzed and discussed.
The paper is organized as follows. Following the introduction,
Section 2 briefly describes the experimental facility and numerical
implementation. Section 3 discusses the scale effect of ISW loads
and the similarity relations. Finally, the conclusions are presented
in Section 4.
Fig. 2. The experimental model (left) and a sketch of the front of the model with di-
mensions (right) (unit: cm).
2. Methodology

2.1. Experimental facility and procedure

The experiments were carried out in the large-scale density
stratified tank (length: 30 m, width: 0.6 m, height: 1.2 m) at
Shanghai JiaoTong University (Fig.1). Two steel plates are located at
the front end of the tank for ISW generation, the experimental
model and measuring equipment are arranged in the intermediate
region, and awedge-shape wave breaker is set up at the rear end of
the tank to prevent the reflection of solitary waves.

The experimental model is shown in Fig. 2. The forces on the
spar platform during the ISW propagation are measured by the
three-component force balance, which is connected to the model
and attached to the top of the tank. Before the experiment, an
additional weight is introduced to ensure the balance between
gravity and buoyancy of the model. Then, we load and unload
weights on the model along the horizontal and vertical directions
respectively in order to obtain the calibration relationship between
the measured electronic signals and loads. During the experiment,
the ISW loads on the model can be calculated from the electronic
signals according to the calibration relationship.

The stratified two-layer fluid in the tank was prepared in the
following way. First we injected the upper-layer fluid until its
height was h1, then slowly injected the lower-layer fluid from two
mushroom-type inlets at the bottom of the tank until the total
height was h. Thus the thickness of the lower-layer is h2 ¼ h� h1.

In the experiment the ISWswere generated using a double-plate
wave maker (black plates in Fig. 1), unlike the system used in the
gravity collapsemethod (Du et al., 2016). The procedure is similar to
that described by Wessels and Hutter (1996). Two improvements
were applied to generate nonlinear ISWs with higher amplitudes.
First, the drive mechanism of the wave-maker was significantly
upgraded and the control software of the two plates was modified.
Then, a steel plate, with size adjusted through tests, was placed on
top of thewave-maker to reduce the disturbance of the free surface.
Fig. 1. Illustration of internal solitary wave ge
The two steel plates move along in opposite directions at
different speeds to generate an ISW at the interface between the
two layers. At the preparation stage, the two plates were set to the
same heights as the undisturbed fluid layers (h1; h2). During the
generation process, the speed of the upper and lower plates (u1;
u2), respectively, was controlled by a computer and can be
expressed as:

u1 ¼ � c,zðtÞ=h1; u2 ¼ c,zðtÞ=h2; (1)

where c is the phase speed, and zðtÞ denotes the interface
displacement of the desired ISW.

The ISWs were measured using two rows of conductivity probes
which were arranged at 3-m intervals. Each row comprised 13
equally distributed probes, and the distance between the rows was
3 cm. It is known that the conductivity has a linear relationship
with the density variation, sowe can easily obtain the ISW interface
displacement as well as the phase speed by post-processing the
conductivity signal measured by the two rows of probes.

The trailing-wave phenomenon behind the leading ISW is often
unavoidable in the experiment stage. The existence of the trailing
waves implies the dissipation of wave energy during wave gener-
ation. As a result, the measured amplitude is always less than the
neration by a double-plate wave-maker.
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desired amplitude for the experiment. To generate the desired
waveform for a specific case, first we have to find the relation be-
tween the measured amplitude am and the desired amplitude ad
based on a series of experiments. Then the desired amplitude can
be achieved by adjusting the input parameters according to the
relation mentioned above.

2.2. Numerical methods and implementation

Under the two-layer fluid approximation, a numerical model of
a flume (Fig. 3) was built to simulate the nonlinear interactions
between ISWs and a spar platform, where the ISWs were obtained
by adding a mass source/sink term to the continuity equation. For
an incompressible fluid of density ri, the governing equations can
be written as:

uix þ viy þwiz ¼
�

0; ðx; y; zÞ; U
Siðx; y; z; tÞ=ri; ðx; y; zÞ2 U

; (2)

uit þuiuix þ viuiy þwiuiz ¼ �pix
�
ri þ n

�
uixx þuiyy þuizz

�
; (3)

vit þuivix þ viviy þwiviz ¼ �piy
.
ri þ n

�
vixxþ viyy þ vizz

�
; (4)

wit þuiwix þ viwiy þwiwiz ¼ �piz
�
ri þ n

�
wixx þwiyy þwizz

�
� g;

(5)

where ðui; vi;wiÞ are the velocity components ðui; vi;wiÞ in Carte-
sian coordinates and Pi is the pressure. Note that the subscripts
with respect to space and time represent partial differentiation, and
i¼1 (i¼2) denotes the upper (lower) layer fluid. g is the gravita-
tional acceleration.

The additional mass source term Siðx; y; z; tÞ in Eq. (1) is a
nonzero function only in the source region U.

Bordered by the ISW interface, the source region can be divided
into two subregions: U1 and U2, which denote the source region
and the sink region, respectively. The source/sink term SiðtÞ is given
by (Wang et al., 2017):

S1ðtÞ¼ � r1c
zðtÞ

h1 � zðtÞ
1
Dx

; S2ðtÞ ¼ r2c
zðtÞ

h2 þ zðtÞ
1
Dx

: (6)

where c denotes the phase speed, Dx is the width of the mass
source region, and zðtÞ is the interface displacement of the ISW.

The Volume Of Fluid (VOF) method (Hirt and Nichols, 1981) was
employed to track the ISW interface z ¼ zðx;y; tÞ.

At the interface, the normal velocity is continuous, and so is the
pressure. For the top and bottom of the fluid domain we used the
rigid-lid approximation and the surface of the platform was set as
an impermeability boundary. The forces and torque on the surface
Fig. 3. Front view of the 3D
were monitored during the simulation. Moreover, a symmetry
condition was imposed on the left boundary in the source term
wave-generation method. The right boundary was set as a smooth
non-slip wall. To prevent wave reflection at the end of the domain,
a buffering region was allocated to dissipate the ISWs in the nu-
merical flume, which was realized by adding a source term to the
momentum equation in the vertical direction.

The initial condition is still water with no wave or current
motion.

The numerical model works as follows: first the ISW interface
displacement zðtÞ is calculated, then zðtÞ is placed in the mass
source function given by Eq. (6), and finally the ISW is excited in the
source term region. During the propagation of the ISW, the forces
on the spar platform are monitored in real time. It should be noted
that although the numerical simulation is carried out with User
Defined Function (UDF) redevelopment tools on the platform of the
Fluent software, it is still applicable to other calculation platforms.

The governing equations were discretized on three-dimension
structured grids using a Finite Volume Method (FVM) and well-
chosen numerical schemes were selected to avoid spurious ef-
fects. In addition, structured elements were used to ensure the
mesh quality of the computational domain. Particularly, local grid
refinements were employed to reduce the numerical dispersion
near the interface and spar platform (shown in Fig. 4), while sparse
grids were employed to reduce the computational burden in the
buffering region.
2.3. Forces on the spar platform

The horizontal force Fx, vertical force Fz and torque My were
measured by the three-component force balance at the experiment
stage and monitored during the simulation. The lateral force Fy
(caused by a periodic trailing vortex behind the spar platform) is
much weaker than Fx or Fz, so it is not discussed in the paper. Fx
and Fz on a spar platform can be expressed as:

Fx ¼m

ð
s

��
vu
vy

þ vv

vx

�
ny þ

�
vu
vz

þ vw
vx

�
nz

�
dsþ

ð
s

� pnxds; (7)

Fz ¼m

ð
s

��
vu
vz

þ vw
vx

�
nx þ

�
vv

vz
þ vw

vy

�
ny

�
dsþ

ð
s

� pnzds; (8)

where m denotes the dynamic viscosity of water (1:01�
10�3 N,s=m2), S is the wetted surface of the spar platform, and
ðnx ny, nzÞ is the outward unit normal vector of the surface. For
formulas (12), (13), the forces consist of two parts, where the first
term represents the friction (fxfz) and the second one represents the
pressure-difference force (Fpx , F

p
z ).
computation domain.



Fig. 4. The grid distribution near the spar platform.
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Fpx ¼
ð
s

� pnxds; (9)

Fpz ¼
ð
z

� pnzds; (10)

fx ¼m

ð
s

��
vu
vy

þ vv

vx

�
ny þ

�
vu
vz

þ vw
vx

�
nz

�
ds; (11)

fz ¼m

ð
s

��
vu
vz

þ vw
vx

�
nx þ

�
vv

vz
þ vw

vy

�
ny

�
ds: (12)

Furthermore, to study constituents of the load, according to the
contribution of the viscosity, the pressure-difference force can be
divided into two components: wave pressure-difference force
(Fpwx Fpwz ) and viscous pressure-difference force (Fpvx Fpvz ). The wave
pressure-difference force is associatedwith the fluctuation of water
parcels, which can be calculated based on the Euler equations,
Table 1
The parameters for the flume and model at different scales.

ID k Length
(m)

Width
(m)

Height (m)

Case A 1:1 30 0.6 1
Case B 200:1 6000 120 200

ID k h1
（m）

h2
（m）

Case A 1:1 0.3 0.7
Case B 200:1 60 140
while the viscous pressure-difference force is associated with the
viscous effect, which can be calculated by subtracting the wave
pressure-difference force obtained by the Euler equations from the
one obtained by the Navier-Stokes (NeS) equations. The expres-
sions of (Fpwx Fpwz ) and (Fpvx Fpvz ) are given as:

Fpwx ¼
ð
s

� pnxds ðEulerÞ ; (13)

Fpwz ¼
ð
s

� pnzds ðEulerÞ ; (14)

Fpvx ¼
ð
s

� pnxds ðN�SÞ �
ð
s

� pnxds ðEulerÞ ; (15)

Fpvz ¼
ð
s

� pnzds ðN�SÞ �
ð
s

� pnzds ðEulerÞ : (16)

To facilitate the comparison with experiment measurements,
the moment center is placed at the joint point of the experiment
model and the three-component force balance (see Fig. 2(a)).
Considering the symmetry of the model and neglecting the slightly
nonuniform distribution of the vertical force over the horizontal
wetted surfaces of the structure, we have the torque My given by

My ¼m

ð
s

��
vu
vy

þ vv

vx

�
ny þ

�
vu
vz

þ vw
vx

�
nz

�
,d , dsþ

ð
s

�pnx ,d,ds;

(17)

where d is the arm of the horizontal force of each wetted cell of the
structure, namely the vertical distance between the cell center and
the moment center.
3. Results and discussion

In this section, we discuss the scale effects for the ISW loads on
spar platforms, comparing the experimental model with its pro-
totype. The scaled model was constructed at a ratio of k ¼ 200:1
relative to a real-size spar platform. The parameters for the flume
and model at different scales are listed in Table 1.
3.1. Validation of numerical model

Fig. 5 shows the wave profiles of the ISWs of the Computational
Fluid Dynamics (CFD) simulations, ISW theory (eKdV) and labora-
tory experiments for Case A. Both the numerical and experimental
waveforms are in good agreement with the theoretical results (the
relative errors are within 3%), which indicates that the experi-
mental wave-maker and numerical approaches can accurately
Diameter (m) draft (m) r1 (kg∙m�3) r2 (kg∙m�3)

0.15 0.535 998 1025
30.0 107.00 998 1025

a
(m)

Grid quantity Time step (s)

0.101 1,824,952 0.005
20.2 4,201,860 0.07



Fig. 5. Comparisons of profiles of ISWs between CFD simulations (dotted curve), ISW
theory (solid curve), and laboratory experiments (dash-dotted curve) for Case A.
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generate the waveform in the presence of platforms.
Here, we define Fx ¼ Fx=ðr1gVÞ, Fz ¼ Fz=ðr1gVÞ and My ¼ My=

ðr1gdVÞ as the dimensionless ISW-generated horizontal and
Fig. 6. Experimental and numerical time variation of the ISW
vertical forces, and the torque, respectively, on the spar platform.
Fig. 6 shows the time variations of the dimensionless loads and
torque for Case A. The numerical and experimental results are in
good agreement, indicating that it is reasonable and feasible to
calculate the loads and torque on the spar platform based on the
proposed numerical flume. According to Eq. (17), the torque My is

proportional to the horizontal load Fx. Hence, we primarily focus on
Fx and Fz in the subsequent analysis.

In order to verify the grid and time step independence, 2
different grid distribution cases and 2 different time step cases are

performed with Case A. The simulated maximum loads ( F
max
x ,

F
max
z Þ and corresponding errors relative to experimental results are

listed in Tables 2 and 3. It is seen that more refined grid and smaller
time step than originally used do not improve the precision
significantly. It indicates that numerical results with such grid
distribution and time step are stable and convergent for Case A. In
the same way, numerical test examples also demonstrate the nu-
merical convergence with the grid and time step employed in Case
B (the prototype scale).
3.2. The scale effect of the total ISW loads

For ease of discussion, we define t ¼ t=
ffiffiffi
k

p
as the scaled time; the
-generated dimensionless loads and torque for Case A.



Table 2
The numerical results for the grid-independence test (iteration step: 0.005s).

ID Grid quantity F
max
x ð%Þ F

max
z ð%Þ

Case A 1,824,952 1.90e-3 (5.06%) 2.50e-3(3.84%)
Case A-GridTest1 2,134,794 1.90e-3 (5.06%) 2.51e-3 (3.46%)
Case A-GridTest2 2,365,738 1.90e-3 (5.06%) 2.51e-3 (3.46%)

Table 3
The numerical results for the time step-independence test (grid quantity:
1,824,952).

ID Time step F
max
x ð%Þ F

max
z ð%Þ

Case A 0.005 1.90e-3 (5.00%) 2.50e-3(3.84%)
Case A-TimeStepTest1 0.004 1.90e-3 (5.00%) 2.50e-3(3.84%)
Case A-TimeStepTest2 0.003 1.90e-3 (5.00%) 2.50e-3(3.84%)
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dimensionless horizontal Fx and vertical forces Fz are defined as
described in Section 3.1.

As shown in Fig. 7, both horizontal and vertical forces follow a
similar trend, almost simultaneously peaking at t ¼ 61. However,
the relative error of the maximum amplitude for the horizontal
force is 25.66% between the model and the prototype, while it is
only 8.17% for the vertical forces. This indicates that the scale effect
is highly significant for the horizontal forces and limited for the
vertical forces. Next, the causes of these differences will be dis-
cussed from the point of view of the load components.

To discuss the components of the ISW loads, it is necessary to
analyze the influence of fluid viscosity on the generation and
propagation of ISWs. We carried out two simulations based on the
Navier-Stokes equations and the Euler equations. The wave profiles
for Case A simulated by the two systems are shown in Fig. 8. The
results show that the waveforms generated by the two simulation
approaches remain stable with only slight differences between the
two profiles, which indicates that the influence of fluid viscosity on
the ISW propagation is limited.

3.2.1. The scale effect of the horizontal loads
For the horizontal force, the time variations of the wave and

viscous pressure-difference forces, as well as the friction are shown
in Fig. 9. Comparing Fig. 9(a) and (b), the friction is always small and
can be considered negligible. The changes in the wave pressure-
difference forces from Case A to Case B and not great (the relative
Fig. 7. Comparisons of (a) horizontal forces a
error of the amplitude is about 20%, shown in Fig. 10). However, the
viscous pressure-difference forces change significantly (relative
error of 38%). This indicates that the scale effect is influenced
mainly by the viscosity characteristics.

3.2.2. The scale effect of the vertical loads
The time variations of the wave and viscous pressure-difference

forces, and the friction for the vertical force are shown in Fig. 11. For
Case A and Case B, the friction is negligible and portions of the
viscous pressure-difference forces are quite small, while the wave
pressure-difference forces are the dominant component
(see Fig. 12). These results indicate that the influence of the vis-
cosity on the scale effect is minimal.

3.3. Analysis of similarity relations

The results shown above can be explained by the similarity
theory. With regard to the spar platform, the geometric similarity,
Froude number (Fr) and Reynolds number (Re) should be taken into
consideration. For simplicity, we can assume that the geometric
scale ratio CL is k. The theoretical analysis of the similarity criteria is
presented below.

Depending on the parameters of the set-up, solitary waves can
be either of elevation or depression, moving with speed c related to
its (signed) amplitude a (Camassa et al., 2006):

c2

c20
¼ðh1 � aÞðh2 þ aÞ

h1h2 �
�
c20
�
g
�
a
; (18)

where c0 is the linear long wave speed defined by

c20 ¼ g
h1h2ðr2 � r1Þ
r1h2 þ r2h1

; (19)

For travelling-wave solutions of a strongly nonlinear system
with speed c, the average velocity and the layer thickness are
related by the exact expression

U1 ¼ c0
�z

h1 � z
; U2 ¼ c0

z
h2 þ z

(20)

Hence, the velocity scale is CUi
¼ Cc ¼ Cc0 ¼

ffiffiffi
k

p
for both the

upper and lower fluid layers. According to the definition of the Fr

(Fr ¼ Ui=
ffiffiffiffiffi
gL

p
) and Re (Re ¼ LUi=n), their scale relations areCFr ¼ 1,
nd (b) vertical forces at different scales.



Fig. 8. The numerical results for the ISW waveforms using Euler and Navier-Stokes based simulations for Case A.

Fig. 9. Horizontal force components for different scale models; (a) Case A, (b) Case B.

Fig. 10. (a) Wave pressure-difference force curves and (b) viscous pressure-difference force curves for horizontal loads for the experimental model and its prototype.
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Fig. 11. The components of the vertical forces for the different scale models. (a) Case A, (b) Case B.

Fig. 12. (a) Wave pressure-difference force curve and (b) viscous pressure-difference force curve for vertical loads the experimental model and its prototype.
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and CRe
¼

ffiffiffi
k

p
: In addition, the scale relation Ct of time t (t ¼ L= c)

can be written as
ffiffiffi
k

p
(That is why we define t ¼ t=

ffiffiffi
k

p
in Section

3.1).
Overall, the similarity criteria between the spar platform model

and its prototype are summarized in Table 4.
Generally, the Reynolds and Froude numbers represent the ac-

tions of the viscosity and free surface. In Table 4 the Reynolds
number increases significantly from the scaled model to the actual
size, while the Froude number remains the same. This relationship
implies significant differences between the viscosity actions of the
model and the prototype that lead to a strong influence on the scale
effect of the horizontal forces, as shown in Section 3.2. For the
vertical force, the scale effect is very small due to the low influence
of the viscosity, which agrees with the conclusions in Section 3.2.

The Morison equation is an empirical formula that is widely
Table 4
The similarity criteria between the spar platform model and its prototype.

geometry (L) velocity

Similarity scale ratio k
ffiffiffi
k

p

used to calculate the ISW loads of a cylinder structure. With the
average velocity (Eq. (20)) in a two-layer fluid, it can be written as:

FMor¼
ð
CDri

D
2
UijUijdzþ

ð
CMri

pD2

4
vUi

vt
dz; (21)

where CD and CM are the drag and inertia coefficients, respectively.

The similarity relation for dimensionless FMor

�
FMor ¼ FMor

r1gV

�
can

be derived from Eq. (21) as follows.

CFMor
¼CActual

D ,fD þ CActual
M ,fM

CExp
D ,fD þ CExp

M ,fM
; (22)

where fD ¼ R
ri

D
2UijUijdz and fM ¼ R

ri
pD2

4
vUi
vt dz at the experimental
(Ui) Re (Re ¼ LUi=n) Fr (Fr ¼ Ui=
ffiffiffiffiffi
gL

p
)

ffiffiffi
k

p
1
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scale.

From Eq. (22), if the CD and CM remain the same (CActual
D ¼ CExp

D ,

CActual
M ¼ CExp

M ) between the model and the prototype, CFMor
equals 1,

which means the dimensionless force is invariant using the same
set of coefficients in the Morison equation. However, this
assumption is not valid (see the second paragraph in Section 3.1).
Consequently, the Morison equation with the same set of co-
efficients is not applicable to estimate the ISW loads for both the
model and the prototype. Therefore, the drag and inertia co-
efficients should be modified to account for the scale effect.

4. Conclusions

Numerical simulations and experiments were carried out to
study the scale effect of internal solitary wave loads on spar plat-
forms. The conclusions are summarized as follows:

(1) For the horizontal force, the scale effect on the viscous
pressure-difference force is significant while the scale effect
on the wave pressure-difference force is not obvious. For the
vertical force, the scale effect can be neglected for both the
wave and viscous pressure-difference forces. From the sim-
ilarity point of view, the Froude number is the same for the
laboratory scale model and its prototype, but the Reynolds
number does not meet the similarity criteria. Therefore, the
Morison equation with a same set of inertia and drag co-
efficients is not applicable to estimate the ISW loads for both
the prototype and experimental model. The coefficients
should be modified to account for the scale effect.

(2) It is feasible to take the dimensionless vertical forces
measured in the laboratory as the dimensionless vertical
loads on the prototype. However, the dimensionless hori-
zontal forcemeasured in the laboratorywill overestimate the
horizontal force of the prototype if the conversion is imple-
mented directly.
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