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Abstract: An offshore integrated meteorological mast (OIMM) is introduced which has great
application potential for the development of offshore wind turbine power. This innovative OIMM
features in two aspects: the integrated construction and the integrated transportation. Its integrated
techniques enable this OIMM to be prefabricated onshore and transported by a relatively small
tugboat to the installation site. It is efficient in construction, rapid in transportation and saving in
cost. The towing process is an important section for the integrated transportation, which makes
the towing operation necessary to investigate. With the numerical simulation software MOSES,
the hydrodynamic behavior of the towing operation is investigated. Two special wet towing methods
(surface towing and submerged towing) are adopted and analyzed in terms of the towing resistance,
towing speed, fairlead position and the motion response. The results show that for both towing
methods, to obtain a higher speed by increasing the towing force is uneconomic since the towing
resistance increases a much higher percentage than the towing speed dose. Surface towing has
a smaller resistance but larger motion response compared to submerged towing. The submerged
towing shows a clear descending heave motion. The heave and pitch motions are smaller with the
lower fairlead position and fluctuate less with deeper submerged depth.

Keywords: offshore integrated meteorological mast (OIMM); towing method; towing resistance;
fairlead position; motion response

1. Introduction

The development of offshore wind turbine power characteristics is based on the anemometer
technology including both meteorological mast structures and measurement devices [1]. While the
primary problem for an offshore meteorological mast is associated with the structure design. Offshore
meteorological masts are usually required to be installed on a fixed or a floating foundation. It can
be expensive to install such a foundation or platform and maintain the instrument in an offshore
location [1]. Tianjin University and Dao Da Heavy Industry Company (DDHI) developed an offshore
meteorological mast with an innovative foundation as an integrated structure (OIMM) that reduces costs
by shortening the installation process and narrowing down the required amount of marine operation
equipment [2,3]. This offshore integrated meteorological mast (OIMM) is shown in Figure 1 with the
transporting operation. The OIMM excels in two aspects: the integrated construction and the integrated
installation. It can be manufactured onshore, hoisted into the sea and wet towed to an installation
site. Since the structure has a big triangular floating tank, thus it can be self-floating and wet towed.
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As can be seen in Figure 1, the OIMM has three major components: the upper meteorological mast,
the floating tank, and the anti-slide skirt plates (bottom).J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 2 of 16 
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function as individual ballast compartments and to facilitate the stability adjustment during the wet-
towing. It can also function as a gravity type foundation during the service life. The upper structure 
is a meteorological mast that carries many wind measurement devices. The bottom anti-slide skirt 
plates penetrate the sea bed working as suction caissons, and providing horizontal righting moment 
by the lateral resistance. 

Many publications are focused on the offshore structure installation technology to understand 
the behavior of the structure and estimate the feasibility of this installation process. The basic 
dynamics of a subsea template, assembled system, were studied by calculating the dynamic forces 
and displacements by using time integration in SIMO (simulation of marine operations, SESAM 
package) [7,8]. They estimated the tension of a lift wire by SIMO and a simplified method simulating 
this dynamic system which agreed well with the experimental investigation. The feasibility of dry 
transport a TLP (tension leg platform) by a heavy lift transport vessel was studied, and the motion 
behavior of TLP structure and its transport vessel were evaluated [9]. Eriksson and Kullander [10] 
conducted a wet towing of a substructure with special equipment and vessels in Sweden. Some 
researchers focus on the towing stability feature and important influence factors in terms of the 
different sea conditions for a floating platform and offshore wind turbines [11–14]. A dynamic 
analysis of the wet tow for a floating wind turbine based on a multi-body model in SESAM has been 
performed by Ding et al., and the towline force and the stability features are studied [15]. While a 
comparison of the cost estimation between the dry towing and the wet towing for a semisubmersible 
platform, conducted by Kim et al. [16], suggests that the wet towing is more cost-saving for this 
structure. More installation solutions, especially for deepwater structures, backed by engineering 
tools and numerical simulation methods are discussed by Wang et al. [17] with main characteristics 
and critical challenges. 

Little research has been done on the offshore meteorological mast, especially for the transport 
operation. Based on the above research, this paper adopts two special wet towing methods to the 
innovative OIMM and compares the corresponding dynamic performance by using the numerical 
simulation software MOSES (offshore platform design and installation software). The purpose is to 
obtain the feasibility of the two towing methods with respect to its reliability and operability. Figure 

Figure 1. Offshore integrated meteorological mast and towing operation.

The design concept of this OIMM is based on many former research [4–6] about the one-step-
installation technology applied in the lager-scale composite bucket foundation (CBF). However,
the construction and installation process for the OIMM are more simplified and different, because it
has a relatively small dimensional size of infrastructure and a much higher superstructure. Generally,
the entire OIMM weights about 300 t, and it has a height varying from 90–140 m, which can be
adjusted based on specific requirements. The huge floating tank usually has multiple subdivisions
inside to function as individual ballast compartments and to facilitate the stability adjustment during
the wet-towing. It can also function as a gravity type foundation during the service life. The upper
structure is a meteorological mast that carries many wind measurement devices. The bottom anti-slide
skirt plates penetrate the sea bed working as suction caissons, and providing horizontal righting
moment by the lateral resistance.

Many publications are focused on the offshore structure installation technology to understand the
behavior of the structure and estimate the feasibility of this installation process. The basic dynamics of
a subsea template, assembled system, were studied by calculating the dynamic forces and displacements by
using time integration in SIMO (simulation of marine operations, SESAM package) [7,8]. They estimated
the tension of a lift wire by SIMO and a simplified method simulating this dynamic system which agreed
well with the experimental investigation. The feasibility of dry transport a TLP (tension leg platform)
by a heavy lift transport vessel was studied, and the motion behavior of TLP structure and its transport
vessel were evaluated [9]. Eriksson and Kullander [10] conducted a wet towing of a substructure with
special equipment and vessels in Sweden. Some researchers focus on the towing stability feature and
important influence factors in terms of the different sea conditions for a floating platform and offshore wind
turbines [11–14]. A dynamic analysis of the wet tow for a floating wind turbine based on a multi-body
model in SESAM has been performed by Ding et al., and the towline force and the stability features are
studied [15]. While a comparison of the cost estimation between the dry towing and the wet towing for
a semisubmersible platform, conducted by Kim et al. [16], suggests that the wet towing is more cost-saving
for this structure. More installation solutions, especially for deepwater structures, backed by engineering
tools and numerical simulation methods are discussed by Wang et al. [17] with main characteristics and
critical challenges.

Little research has been done on the offshore meteorological mast, especially for the transport
operation. Based on the above research, this paper adopts two special wet towing methods to the
innovative OIMM and compares the corresponding dynamic performance by using the numerical
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simulation software MOSES (offshore platform design and installation software). The purpose is
to obtain the feasibility of the two towing methods with respect to its reliability and operability.
Figure 2 demonstrates the detailed information of the applied towing methods: the surface towing
and the submerged towing (or subsurface towing). As for the submerged towing method, the mooring
point can either be attached to the floating tank (fairlead 1) or to the mast (fairlead 2). While for the
surface towing method, the mooring point is attached to the floating tank (fairlead 1). The OIMM is
designed to be suitable for a water depth around 50 m. Therefore, when performing a submerged
towing simulation, the submerged depth of the OIMM is defined varying within 0–40 m. For the
surface towing method, it is simple with only one submerged depth (draft). The towing resistance
based on these two methods is obtained and compared between the MOSES simulation and the manual
computation method. The towing speed and hydrodynamic motion responses relating to the mooring
positions are also considered and compared. The results can provide recommendations and references
for the estimation of the feasibility of the two methods and on the optimization of the towing operation
for OIMM.

The paper is organized as follows. Section 2 introduces the relevant methods for the computation
of the towing resistance and the hydrodynamic theory. A comparison of towing resistance between the
numerical method and manual method is shown in Section 3, as well as the detailed explanations about
the towing speed and the mooring positions. Section 4 illustrates the results based on the discussion
in Section 3, and conclusions are drawn in Section 5.
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2. Theory Background

The towing resistance is a basic parameter, on which the towing system depends. The estimation
methods have been investigated by many researchers [18,19] in terms of the speed reduction and
numerical calculation. The total resistance for different sea states can be described by four different
types of resistance: surface friction, energy loss due to wave generating, energy loss due to current,
wind resistance. For low speed towing, the surface friction counts for a majority. According to
DNV-RP-H103 [20], the tug will have the maximum towing force at zero velocity and in the absence of
wind, waves and current, and the available towing force decreases with forward velocity. In this paper,
the towing resistance is obtained from two methods: the numerical computation by MOSES, and the
manual computation by the Guidelines for Towage at Sea (CCS code) [21].



J. Mar. Sci. Eng. 2019, 7, 100 4 of 15

2.1. Towing Resistance By MOSES

In MOSES, the towing resistance is primarily influenced by the wind force and the viscous drag
force. The viscous drag force is illustrated as a portion of the system which is the velocity squared
term in Morison’s equation, the viscous roll damping, or the viscous drag on a piece. This can be
either an excitation due to wave or current, or a damping in still water [22]. Generally, MOSES
employs three hydrodynamic theories: Morison’s equation, strip theory, and 3D-diffraction theory.
The Morison’s Equation is used for beam element and the viscous drag will be computed. For panel
model, the 3D-diffraction theory is applied.

The drag force on a cylinder in an unsteady viscous flow is determined by Morison’s Equation,
which consists of a combination of an inertia term and a drag term:

dF = ρπ
D2

4
CM

..
V +

ρ

2
CDD|V|V (1)

where dF is the force per unit length of a cylinder [N/m], D is the diameter of cylinder [m], ρ is the
density of fluid [kg/m3], CM is the mass coefficient, CD is the drag coefficient,

..
V is the acceleration [m/s2].

Drag force on submerged element consists mainly of friction resistance and pressure resistance.
Friction resistance can be expressed as:

F =
1
2

CFρV2S (2)

where F is the friction resistance on object [N] and V is the towing velocity [m/s]. CF is the dimensionless
friction coefficient depended on the Reynolds number. S is the wet surface area of the object [m2].

The pressure distribution on panel element can be found by velocity potential function and
Bernoulli’s equation with boundary conditions [23].

V = ∇Φ ≡ i
∂Φ
∂x

+ j
∂Φ
∂y

+ k
∂Φ
∂z

(3)

p + ρgz + ρ
∂Φ
∂t

+
ρ

2
V·V = C (4)

where p is the pressure in Bernoulli’s equation, C is an arbitrary function of time.

2.2. Towing Resistance By Code

As for the manual computation, the Guidelines for Towage at Sea (CCS code) provides an estimation
of ocean towage resistance considering the towing speed, by the following empirical equation:

RT = 1.15[R f + RB + (R f t + RBt)] kN (5)

R f = 1.67A1V1.83
× 10−3 kN (6)

RB = 0.147δA2V1.74+0.15V kN (7)

where: Rf and RB are the friction and the residual resistance of towed vessel, in kN; Rft and RBt are
the friction and the residual resistance of towing vessel, in kN; A1 is the wetted surface area under
waterline of vessel or surface structure, in m2; V is the towage velocity, in m/s; δ is the block coefficient;
A2 is the submerged transverse section area amidships, in m2. Rf is the residual resistance of towing
vessel, in kN.

For drilling units or other surface structures with huge wind area, the towage resistance is also to
be calculated as follows, taken whichever is greater:∑

R = 0.7(R f + RB) + Ra kN (8)
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Ra = 0.5ρV2
∑

CxAi × 10−3 kN (9)

where: Rf and RB are the same as (1) above, and the Ra is the air resistance; ρ is the air density, to be
taken as 1.22 kg/ m3; V is the wind velocity, to be taken as 20.6 m/s; Ai is the wind area, to be taken as
upwind, in m2; Cx is the configuration coefficient of wind area.

Equations (5)–(9) are applied to compute the total towing resistance of the floating tank and
the upper meteorological mast. The resistance of the towing vessel (tugboat) is not included in the
total resistance so that it can be compared with numerical results for which the towing resistance is
given separately.

The sea states in MOSES are defined according to the items in CCS guidelines. The wind velocity
is 20.6 m/s, and the current velocity is 0.5 m/s. The towing speed is 3 m/s with a significant wave height
of 2 m.

The results of towing resistance based on this code will be analyzed in Section 3.

2.3. The Hydrodynamic Theory

The motion of the OIMM is featured by the free surface boundary condition, which is nonlinear
and makes the description of the body motion complex. Based on the potential theory, the dynamic
responses of marine structures are widely studied. The problem of hydrodynamics can be formulated
in terms of potential theory based on the following assumptions:

The sea water is assumed incompressible and inviscid. The fluid motion is irrotational. Viscous
effects are neglected and the fluid is assumed to be incompressible. The depth h is finite and constant
and the free surface is infinite in all directions. Assumed the motion of the body and the fluid to be
small for a linearization of the boundary condition and free surface condition.

A velocity potential φ can be used to describe the fluid velocity vector V (x, y, z) = (u, v, w) at time
t at the point X = (x, y, z) in a cartesian coordinate system fixed in space [23].

It is convenient to decompose the total velocity potential in the alternative forms [24]:

φ = φ0e−iwt + φ7e−iwt +
6∑

i=1

φi
.
ηi (10)

where φ0e−iwt is the velocity potential of the incident wave system; φ7e−iwt is the scattered field due
to the presence of the body; the diffraction problem can be solved by considering the φ0 and the φ7

together; φi, i = 1–6, is the contribution to the velocity potential from the ith mode of motion. Therefore
the φi (i = 1–6) is called the radiation potential.

The towing dynamic problem in this paper is analyzed separately by whether or not considering
the forward speed. To achieve that, we change the forward speed by applying different towing force.
In two ways, the system has no forward speed. One is to tow the structure with a limited force and
keep the OIMM to its initial position without moving forward. Another way is that the towing tugboat
is fixed in the global system and the OIMM connected with the tugboat by a mooring line, and then
the OIMM can oscillate under the environment loadings.

3. Comparisons and Analyses

3.1. Towing Resistance in Different Towing Methods

In Section 2, the numerical method and the manual computation method have been introduced
to obtain the towing resistance. The results are shown in this section and analyzed in Section 4.
The towing resistance is compared based on the surface towing and the submerged towing. As for
the submerged towing, the towing resistance of the OIMM is different if the initial submerged depth
changes. Therefore, four submerged depths are considered and compared by the manual method
and the numerical methods. For the surface towing, only one submerged depth (draft) is considered
because the vertical height of the floating tank is small (shown in Figure 1). The OIMM can be
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self-floating with a draft of 0.85 m which has been verified to be able to maintain adequate floating
stability. Thus, this draft is used for the surface towing.

The towing resistance for submerged towing computed by the manual method and the numerical
method has been tabled in four groups corresponding to four submerged conditions (10 m, 20 m,
30 m, 40 m). For both numerical and manual methods, the resistance caused by the mooring line is
not considered. The wind force listed in Table 1 is based on the CCS code and the wind force on the
floating tank is not considered. The detailed computation of the towing resistance is listed in Table 2.

Table 1. Wind force of OIMM (meteorological mast).

Elevation/m 90–80 80–70 70–60 60–50 50–40 40–30 30–20 20–10 0–10

Area/m2 5.19 8.55 10.71 10.82 13.66 14.39 17.12 20.56 33.09
Wind force/kN 1.923 3.165 3.799 4.843 3.649 4.245 4.875 5.855 8.565

Note: The elevation is positive in vertical upward direction.

Table 2. Towing resistance by CCS code.

Items
Wave & Current/t

Wind Force/t Total/t
Floating Tank Tower

Surface towing 11.66 0.00 4.09 15.75
Submerged 10 m 20.28 5.58 3.89 29.75
Submerged 20 m 20.28 9.04 3.58 32.90
Submerged 30 m 20.28 11.92 3.20 35.40
Submerged 40 m 20.28 14.22 2.72 37.22

Note: The submerged depth and blockage impacts are not considered here.

In MOSES, a time domain simulation was conducted and the required towing force was adjusted
according to the final velocity of the OIMM. The towing resistance is compared under the same towing
speed. The wind force and the towing resistant by MOSES are shown in Table 3.

Table 3. Towing resistance by MOSES.

Items Wind Force/t Towing Resistance/t

Surface towing 5.34 17.94
Submerged 10 m 3.01 32.56
Submerged 20 m 2.32 39.35
Submerged 30 m 1.73 48.42
Submerged 40 m 1.51 51.21

The wind forces from Tables 2 and 3 are generally agreed. More detailed discussion is presented
in Section 4.1.

3.2. Towing with Forward Speed

In this section, the relation among the towing resistance, towing methods, and the resulted speed
are analyzed. The analyses results will provide the towing operation with suggestions on feasible
environment conditions and the choice of possible towing equipment.

In Section 2.2, it has been illustrated that the total potential can be investigated in terms of the
radiation potential and the diffraction potential separately. The radiation problem does not consider
an incident wave. Therefore, the towing operation can be investigated by whether including the wave
and current loads. This can be achieved directly by the numerical method.

In addition, the towing operation performed in the calm sea condition with a forward speed will
be compared in terms of the surface towing and the submerged towing. For both towing operations,
optional towing velocity is around 3–5 knots [7]. Therefore, four different velocities (0 m/s, 1 m/s, 2 m/s,
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3 m/s) are chosen to compare the towing resistance and towing stability in complex loading states.
As has been mentioned, the zero forward speed can be achieved by exerting a limited towing force.

Moreover, another towing operation is performed as a comparison with zero forward speed
achieved by fixing the tugboat in the global system. The simulation is performed in both surface
towing and submerged towing. The wave, current and wind loads are taken in to account. The towing
force is not needed when the tugboat is fixed. The results of the comparison are shown in Section 4.2.

3.3. Mooring Positions

This section focuses on the feasibility and superiority of the mooring positions (fairlead positions)
based on two towing methods. Generally, the surface towing method is applied to the self-floating
objects and the large structures will adopt the submerged towing [25]. Considering the high-rise
feature of the OIMM, both towing methods can be applied. For the surface towing, only one fairlead
position, fairlead 1 is taken. As for the submerged towing, both fairlead 1 and fairlead 2 can be
applied. The dynamic performance of this towing system relates to the mooring positions, because the
orientation and the position of the applied towing force are associated with the fairlead positions.

To eliminate the additional effect by the towline and tugboat, the towing system is simplified by
substitute the towline with a constant horizontal force, which will provide the driving force to OIMM.
In this simplified system, the only interaction is the environment loading with OIMM.

In addition, for each mooring position, the dynamic features of the submerged towing are further
compared in terms of the submerged depth. This comparative analysis will be a more valuable
reference when the OIMM is higher and the sea is deeper. With different submerged depths, not only
the towing resistance but also the motion responses will change. The impact caused by fairlead
positions on the dynamic motion responses of the OIMM are compared in heave and pitch motions.
The results are discussed in Section 4.3 which may be benefit the optimization of the towing operation
and maneuverability of the towed structures.

4. Results and Discussions

4.1. Towing Resistance

In this section, the towing resistance obtained by two methods (MOSES and CCS code) is
discussed. Two towing methods are distinguished by the submerged depth. Specifically, the surface
tow corresponds to the shallowest submerged depth and the submerged tow includes four different
depths (10 m, 20 m, 30 m, 40 m). The comparison is shown in Figure 3.
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Figure 3 depicts the variations of the towing resistance between numerical method and manual
computation (CCS). Basically, the surface towing method has the lowest towing resistance suggesting
that the surface friction force caused by current and wave accounts for a large part of the towing
resistance. In Section 3.1, from Tables 2 and 3, the wind forces by MOSES and CCS code are basically
agreed. Thus, the total resistance is dominated by wave and current loadings. However, the growth
of towing resistance by numerical method is much higher than that by CCS code, especially for the
submerged towing.

The difference is quite small for the surface tow and shallow submerged tow. The maximum
different is around 37% corresponding to the submerged depth of 40 m. This increased difference
between MOSES and CCS methods can be accounted for by the submerged area of the slender structure
(meteorological mast) which increase as the depth goes deeper. That is, the Morison’s Equation was
used in MOSES to compute the wave and current interaction on beam element (meteorological mast),
while for CCS code, the entire submerged part adopted the same estimation method. The figure implies
that the CCS code comparatively underestimates the towing resistance, especially for submerged
conditions with slender part.

Other reasons accounting for the overestimation may because that the sea environment performed
in MOSES is irregular wave condition and the current induced force is more sensitive to the panel
model for diffraction. Moreover, the resistance growth by CCS code mainly results from the increase
of the wet surface of the meteorological mast which is quite limited and the friction and the residual
resistance of the floating tank does not change under the water. While by the numerical method, a
slender structure will make a difference because of the Morison’s Equation.

For this high-rise structure, the wind force can be significant compared with the wave and current
loads, which should be considered. To analyze the individual effects of environment loadings, the
surface towing was performed. It means the water plane and wet surface were the same, and then the
towing resistance caused by the wave and current is the same. Besides the wind load is at the maximum
since the entire mast is above the surface. The towing force is balanced with the resistance and results
in a stable forward speed. In Figure 4, wind, wave and current effects are separately investigated in
terms of the induced forward speed and they are compared with the total effect. The total effect means
all environment loads are considered. The towing force applied to the system varies from 5–25 t.

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 8 of 16 

 

Figure 3. Towing resistances by two method (MOSES and CCS code) under surface tow and 
submerged tow. 

Figure 3 depicts the variations of the towing resistance between numerical method and manual 
computation (CCS). Basically, the surface towing method has the lowest towing resistance suggesting 
that the surface friction force caused by current and wave accounts for a large part of the towing 
resistance. In Section 3.1, from Tables 2 and 3, the wind forces by MOSES and CCS code are basically 
agreed. Thus, the total resistance is dominated by wave and current loadings. However, the growth 
of towing resistance by numerical method is much higher than that by CCS code, especially for the 
submerged towing.  

The difference is quite small for the surface tow and shallow submerged tow. The maximum 
different is around 37% corresponding to the submerged depth of 40 m. This increased difference 
between MOSES and CCS methods can be accounted for by the submerged area of the slender 
structure (meteorological mast) which increase as the depth goes deeper. That is, the Morison’s 
Equation was used in MOSES to compute the wave and current interaction on beam element 
(meteorological mast), while for CCS code, the entire submerged part adopted the same estimation 
method. The figure implies that the CCS code comparatively underestimates the towing resistance, 
especially for submerged conditions with slender part. 

Other reasons accounting for the overestimation may because that the sea environment 
performed in MOSES is irregular wave condition and the current induced force is more sensitive to 
the panel model for diffraction. Moreover, the resistance growth by CCS code mainly results from 
the increase of the wet surface of the meteorological mast which is quite limited and the friction and 
the residual resistance of the floating tank does not change under the water. While by the numerical 
method, a slender structure will make a difference because of the Morison’s Equation.  

For this high-rise structure, the wind force can be significant compared with the wave and 
current loads, which should be considered. To analyze the individual effects of environment 
loadings, the surface towing was performed. It means the water plane and wet surface were the same, 
and then the towing resistance caused by the wave and current is the same. Besides the wind load is 
at the maximum since the entire mast is above the surface. The towing force is balanced with the 
resistance and results in a stable forward speed. In Figure 4, wind, wave and current effects are 
separately investigated in terms of the induced forward speed and they are compared with the total 
effect. The total effect means all environment loads are considered. The towing force applied to the 
system varies from 5–25 t.  

5 10 15 20 25
0

4

8

12

16

S
pe

ed
 (

m
/s

)

Towing force (t)

 current
 wind
 wave
 total

 
Figure 4. Comparison between the towing speed under different sea loads varying with the towing 
force by MOSES. 

As shown in Figure 4, generally the current induced speed line is closest to the total effect line. 
Wave occupies much less impact when the forward speed is higher. The wind load has a dominant 
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force by MOSES.

As shown in Figure 4, generally the current induced speed line is closest to the total effect line.
Wave occupies much less impact when the forward speed is higher. The wind load has a dominant
effect only when the towing force at the lowest level and it declines significantly afterward. In general,
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Figure 4 suggests that for OIMM the wave and current loads are dominant for normal towing speeds
(above 1 m/s), which supports the increased difference shown in Figure 3. Since the submerged
part of the mast is not considered in manual results and the current and wave loads on this part
are considerable.

4.2. Forward Speed

In this section, the towing resistance under different forward speeds are compared. The towing
resistance is defined as the viscous drag force in MOSES. The resistance variations are compared in
a time domain for both surface towing and subsurface towing. The comparison is considered from two
perspectives: zero-speed and none-zero speed. This has been illustrated in Section 3.2. Two loading
environments are defined for the none-zero speed towing. One does not consider the wave and current
loadings (the still water condition). The other is normal including all environment loadings. Notice
that the towing force applied to the still water condition was the same as that applied to the speed
condition of 3 m/s.

Figure 5 shows the time domain results of the viscous drag force for the surface towing. Viscous
drag curves fluctuate significantly as towing speed increases because of the free surface effects on the
floating tank. The dynamic motion under higher speed conditions is larger because the wet surface
area varies significantly and accounts for this fluctuation. The fixed condition shows a similar variation
as the 0 m/s speed condition. The viscous drag forces for the fixed and the 0 m/s speed conditions
are the lowest, which is reasonable because the resistance is in proportion to the second order of the
velocity term. That is, the lower speed corresponds to lower sea loads. The still water condition has
a close and smaller viscous resistance as the 3 m/s speed condition since the same towing force was
applied for them and the latter has wave and current induced resistance. Without the wave and current,
the viscous drag curve is smooth. In addition, the viscous resistance increases by around 20% for every
speed increase of 1 m/s.
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speeds for surface towing.

Figure 6 illustrates the time domain results of the viscous drag force of the submerged towing.
The submerged depth is 40 m. The resistance curve fluctuates much less than that of the surface
towing, which is because the water plane is much smaller. The resistance force increases significantly
as each additional growth of the towing speed. More specifically, the resistance force nearly doubled
for each additional towing speed. The fixed condition presents a similar variation as that of the
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0 m/s speed condition. As for the still water condition, basically it has a close and smaller viscous
resistance similar to that of the 3 m/s speed condition since the same towing force was applied for them.
Likewise, the time history curve is smooth for the still water condition. Generally, the towing process
for submerged towing is more stable, which can be beneficial from a practical perspective.
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Figure 6. Comparison between the time history curves of the viscous drag force under different towing
speeds for submerged towing (submerged depth: 40 m).

In Figure 7, the applied towing force and the balanced viscous drag resistance for both surface
towing and submerged towing are compared. The submerged depth is 40 m for subsurface towing
and six groups are chosen based on the towing speed. For fixed body condition, no towing force is
applied and only the balanced resistance is shown. Compared with the surface towing, to perform
a submerged towing requires larger towing force so as to achieve a similar towing speed, especially for
high speed towing. The required towing force and balanced viscous drag force are proportional to
the second order of the towing speed. For the surface towing, the water plane area is similar and the
distinction between the viscous drag force and towing force is quite clear for the still water condition.
The resistance is smaller compared with the condition of speed 3 m/s, which is reasonable. Because the
wave and current effects are eliminated.
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Figure 7. Comparison between the surface towing and the submerged towing under different towing
speeds in terms of the viscous drag force and the towing force.
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Generally, based on the above figures, it suggests that to obtain a higher speed by increasing the
towing force is low efficient in terms of the transportation cost since the towing resistance will increase
by a larger margin.

4.3. Mooring Position

In this section, the impacts of the mooring positions are investigated from the viscous resistance
and the motion response perspectives. The submerged towing was performed with an initial depth of
40 m. As has been shown in Figure 2, there are two mooring positions named as fairlead 1 attached to
the floating tank; and fairlead 2 attached to the tower near to the surface, respectively. The two fairlead
positions excel at different aspects. For instance, the fairlead 2 is near to the free surface and can be
conveniently connected with a towline. While the fairlead 1 attached the floating tank in a height
near to the center of gravity has a smaller force arm, which is benefit for a relatively small motion
response amplitude. Thus, it is necessary to analyze the dynamic behavior under these two conditions.
Figure 8 depicts the motion responses and the sea environment with two fairlead positions.
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Figure 8. Schematic view of the pitch and heave motion directions, the loading environments and the
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In Figure 9, it is shown that the surface towing method has a much lower resistance but significant
fluctuation since it has a larger water plane area. While for the submerged towing method, the fairlead
1 has a smaller resistance level compared with the fairlead 2. The difference of viscous drag between
fairlead 1 and 2 is related to various reasons, for example, the initial submerged depth and the towing
speed. Therefore, to verify this regulation, more simulations with different submerged depths are
compared with the same forward speed, as shown in Figures 10 and 11.J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 12 of 16 
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subsurface towing in terms of the fairlead position (towing speed: 3 m/s).
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In Figure 10, the time history curves for viscous drag force with four submerged depths are
compared in terms of the fairlead positions. These curves are smoothed by FFT (fast fourier transform).
To eliminate the impacts due to the towing speed, the same towing speed (3 m/s) is chosen for all
submerged conditions.

This shows that the difference of viscous drag force caused by fairlead position is more significant
when the submerged depth is shallow, and the difference becomes moderate for the increase of
submerged depth. Besides, these curves under shallow-submerged condition obviously have greater
fluctuations and lower viscous resistance than the deep ones. This can be observed clearly from
Figure 11 with the standard deviation (STD) of the viscous resistance. This is related to the wet surface
and the water plane area. For shallow submerged depth, the submerged part is smaller, thus the
viscous drag is smaller; while the water plane is larger, corresponding to a heavier fluctuation. Since the
water plane area is much smaller when it was towed in a deeper depth, the difference of the viscous
drag due to the fairlead positions becomes limited. In conclusion, for practical operations, when the
same level of the towing speed is required, adopting the mooring position of fairlead 1 is reasonable,
since the towing resistance is lower.
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The pitch and heave motion responses for the submerged towing are compared in Figures 12 and 13.
The wind force is not considered here to simplify the loading environment and the same towing speed is
maintained. The motion responses are clearly influenced by two fairlead positions.
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In Figure 12, pitch motions are depicted. As can be seen, the pitch angles are positive for fairlead 1
suggesting a backward rotation of the OIMM. For deeper submerged depth, pitch angles are larger, but its
fluctuations are smaller. As for fairlead 2, it shows a quite opposite feature. The negative pitch angle
means the OIMM leans forward. The oscillations are more stable, and the amplitude is smaller at a deeper
submergence depth. In general, the pitch motion for the fairlead 2 is larger than that of the fairlead 1.

As for Figure 13, the heave motion of the submerged towing with fairlead position 1 shows a slight
descending motion except for the deepest one which ascends slowly by around 1 m. The submerged
depth of 30 m presents the most significant heave motion and ends up with a relative stable vertical
position. As for fairlead 2, the heave motions are negative for all depths and the amplitude is larger.
The deepest submerged condition shows the lowest heave motion. Likewise, the submerged depth of
30 m with fairlead 2 shows the most significant heave motion. In general, with a mooring position of
the fairlead 2, the heave motion is larger than that of the fairlead 1.

The pitch and heave motion responses prove that fairlead 1 is superior to fairlead 2 because of
the smaller amplitude. As shown in Figure 13, the descending heave motion can be explained that
the OIMM leans forward and the wave and current force may result in a relative downward force
on the OIMM. Especially when the mooring position is near to the surface and the towing force may
aggravate the lean angle. Besides, the current velocity is different on the top and the bottom surfaces of
the floating tank accounting for the pressure difference, which may further result in this descending
motion. The ascending motion for fairlead 1 can be explained for the same reason. The submerged
depth is near to the sea bed where the current velocity decreases rapidly. Thus, the current velocity
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decreases near to the bottom of the floating tank and the induced pressure on bottom surface of is
larger than that of the upper surface of the floating tank. Therefore, the OIMM could be lifted slightly.

5. Conclusions

This study deals with the dynamic characteristics of an innovative integrated offshore structure
OIMM in terms of the towing resistance and motion responses. Two special towing methods are
adopted for this high-rise structure and the hydrodynamic software MOSES is applied to simulate
the towing process in time domain. This paper estimates the feasibility of the towing operations and
provides suggestions for potential problems when conducting an offshore wet towing for the OIMM.

First, the towing resistance is obtained by MOSES and CCS code. The numerical result is verified with
manual computation. The manual result of towing resistance is agreed with the result by MOSES for surface
towing and shallow submerged towing. For deep submerged towing, the difference between two methods
is caused by the applied theory in MOSES and CCS. The potential theory and Morison equation are applied
in numerical method, while empirical equations are used by CCS code. The current impact is the most
important component since the induced speed is closest to the overall induced speed.

Secondly, the surface and submerged towing methods are compared in terms of different forward
speeds and the results suggest that to obtain a higher speed by increasing the towing force is
unreasonable with respect to the transportation cost, since the towing resistance increases much higher.
Larger towing force is required for submerged towing to achieve the same speed level as surface
towing, particularly when the towing speed becomes higher.

Thirdly, based on the fairlead positions, time domain simulations are conducted to estimate the
surface and the submerged towing methods with respect to the resistance and dynamic responses.
It suggests that higher mooring position is likely to result in larger viscous resistance. Deeper
submerged depth is preferred when the lower motion amplitude is required. Fairlead 1 excels in two
aspects: lower resistance and lower motion responses. The submerged towing should be performed
with sufficient distance away from the seabed because the OIMM is likely to descend by a large distance.

Finally, it can be concluded that the numerical method by MOSES can be applied for the preliminary
estimation of the towing operations for OIMM considering complex sea environment. More accurate
and detailed estimation will require to consider the properties of the mooring line and the impacts of
the tugboat in the system. These conclusions can provide recommendations and references for the
estimation of the feasibility of the towing methods and on the optimization of the towing operation for
OIMM and resembling structures.
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