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Abstract

:

Large caissons are extensively applied as deep-water foundations in marine engineering. In fact, caissons are generally prefabricated and transported to project site by wet towing. Motion responses of large caissons and those occurring during the towing process were investigated, and CO2 emissions under various conditions were calculated. These are all considered to ensure towing safety and environmental protection. The caisson resistance coefficient was simulated via Ansys Fluent software. The effects of towrope length, towing speed, and drift depth on the motion responses of caissons under the combined action of wind and wave were evaluated via Ansys AQWA software. Maximum heave value was dominantly affected by rope length and draft depth, and its fluctuation was highly influenced by towing speed and draft depth. However, all of the above mentioned factors had insignificant influences on pitch response. When towing existed, rope tension was rapidly increased from zero to a constant value that depended on towing speed and drift depth. However, the speed of achieving this stable phase depended on the length of the towrope.
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1. Introduction


To response to the requirements of today’s globalized world, oceanographic engineering has rapidly progressed [1]. In addition, caissons have been extensively applied in offshore structures such as wind turbines, cross-sea bridges, and gas and oil platforms. Today, high quality onshore caissons are first constructed, wet-towed with a small tugboat to project site, and installed on the seabed via a water-displacement self-sinking method. Towing operations have been performed for several years as an inexpensive transportation method for a great quantity of commodities [2]. Kim et al. compared the costs of wet and dry towing methods for a semisubmersible platform. The obtained results showed that wet towing was the cheapest option for their project [3,4]. However, in some environments, such as port, open sea, coastal waters, and internal waters, water towing operations may be the only choice. Each of the abovementioned environments have a variety of potential hazards [5]. In addition, regardless of planning feasibility, accidents can take place in towing operations, even in mild weather, inflicting enormous casualties and economical losses [6,7,8]. Hence, accurate studies have to be conducted to address the requirement of wet towing operations and ensure the practicability of the developed integrated transportation method.



Towing operations, which include the transportation of self-floating objects using one or more towing tugs, are very common in ocean engineering projects [9]. Towing dynamics are very similar to those of moored objects in currents [5]. In recent years, several authors, some of whom have applied traditional theoretical methods, have investigated this topic. Bernitsas and Kekridis [10] proposed a 3-Degrees of Freedom (3-DOF) fully analytical model for the investigation of the towing stabilities of some vessels towed by elastic towlines. They derived a formulation for the determination of dynamic system equilibria and employed Routh–Hurwitz criterion for the evaluation of towing stability. They also evaluated the influence of the variations of maneuvering derivatives on equilibrium stability through sensitivity analyses. [11] investigated Jacobian matrix eigenvalues of dynamic systems. [12,13] developed a model for analyzing tug-barge system course stability based on a classical non-liner derivative-based method. The towline was assumed to be a two-dimensional (2D) lumped-mass line. Their results revealed that longer towing lines decreased unfavorable influences due to the slewing motion on the tug. Their model, in which the influence of wind was taken into account, detected stable regions of the course for the towed barge based on the angle of the wind encountered at various speeds of wind and the length of towing line.



Numerical analysis methods have also be applied by various researchers. Several wet tow operations were investigated, most of which were related to offshore wind turbines and nuclear plants. These authors have generally focused on key influencing factors and the stability features of towing [14]. Towing motion behaviors of jack-up [15] and multi-cylinder Floating Production, Storage and Offloading unit (FPSO) [16] units under different towing conditions were investigated for the estimation of extreme motions. [17] studied floating wind turbine stability and simulated towline force using SESAM [18] applied MOSES for the investigation of offshore integrated meteorological mast (OIMM) stability while performing wet towing. The obtained results revealed that both mooring position and draft depth greatly affected dynamic response. However, researchers have generally neglected towrope tension during towing; in other words, they have neglected towing feasibility and safety.



A great number of research works have been performed on simulating offshore structures. However, few researchers have numerically studied the transportation of large non-streamlined structures by wet-tow. In addition, few researchers have considered the environmental impact of air emissions from the project. In the current work, an economic towing procedure consisting of tugboats, a polyester fiber towrope, and a large caisson has been developed. Dynamic response and static stability due to the combination of wind and wave were simulated using Ansys AQWA (Ansys, Shanghai, China). Towrope tension and air emissions have also been evaluated to guarantee towing scheme feasibility and safety and to ensure that practices are environmentally friendly.




2. Caisson Model and Towing System


2.1. Caisson Model


The caisson investigated in the current work was a reinforced concrete frame structure used in the construction of a bridge with a length of 69 m, a width of 44 m, and a height of 16.8 m. Figure 1a shows the top view of the caisson structure graphing. The thicknesses of the outside and inside walls were 450 and 300 mm, respectively. Duo to the design and installation requirements of the superstructures, the inner walls were 3 m shorter than the outer ones. Figure 1b shows the three-dimensional (3D) model of the simulated caisson using Ansys SpaceClaim (Ansys, Shanghai, China). More details and parameter values are summarized in Table 1. Initial draft meant that, at draft value of 8.2 m, buoyancy was equal to its self-weight. The caisson compartments were filled during wet towing. Therefore, the applied drift could be adjusted to meet safety requirements. The towing operation was performed in the Yellow Sea of China under the following sea conditions: wave period, 6.1 s; wave height, 1m; and wind speed, 6 m/s.




2.2. Towing System


In the current study, the towing system consisted of a tug boat, towing rope, and caisson and was simulated using Ansys software (Figure 2). Both global and local coordinate systems were applied. The tug boat and caisson were modeled in a local coordinate system, and the towing operation was simulated by Ansys AQWA. The towing rope was made of a mix of steel wire with a large diameter, produced by JIAN FENG SLING CO., LTD (Guangzhou, China) [19], and its cross-section is shown in Figure 3. It should be noted that, because only one towrope was used in the towing process, at high towing speeds, multiple tugs might need to be tied to the end of the towrope to provide enough power. However, when studying the dynamic responses of the caisson, we simplified the model and assumed that it was towed by one tugboat.





3. Numerical Method


3.1. Intact Stability Analysis


Metacentric height (GM) is an essential key parameter for the measurement of floating structure initial static stability, and this was calculated as the distance from the gravity center to the metacenter. Higher metacentric values indicated favorable initial stabilities against overturning. Sometimes the height of the metacentric also reflects the rolling model frequency of the structure [20]. In the current work, metacentric height was obtained by:


  G M = B M − (  Z g  −  Z b  )  



(1)






  B M =  I ∇   



(2)




where   B M   is the metacentric radius obtained as distance from buoyancy center to metacenter,  ∇  is displacement volume,  I  is inertia moment from floating structure waterplane to axis,    Z B    is buoyancy center, and    Z G    is gravity center.




3.2. Hydrodynamics Analysis


Wind, currents, and waves are the three key factors affecting the stability of the floating structure during wet towing. Hence, the responses of the structures in different environments is a great problem that has been solved in this work. The main goal of this study was to provide proper insight into practical applications such as offshore structure design, installation plans, and transportation formulation. The time histories of caisson motion with six degrees of freedom (6-DOF) were stated in the reference system by adopting the water plane as the origin. Based on 3D potential theory, hydrodynamic moments and forces on the caisson were obtained.



The dynamic equation for a floating body under various complex loadings is stated as:


      M + Δ M    X ¨  +    B  r a d   +  B  v i s      X ˙  +    K  s t i l l w a t e r   +  K  m o o r i n g     X     =  F 1  +  F  2 L o w   +  F  2 H i g h   +  F  w i n d   +  F  c u r r e n t   +  F  o t h e r s      



(3)




where  M  is floating body mass matrix,   Δ M   is floating body added mass matrix,    B  v i s     is viscous damping matrix,    B  r a d     is radiation damping matrix,    K  s t i l l w a t e r     is hydrostatic stiffness matrix,    K  m o o r i n g     is mooring system stiffness matrix,    F 1    is first order frequency load matrix,    F  2 L o w     is second order low frequency load matrix,    F  2 H i g h     is second order high frequency load matrix,    F  w i n d     is wind load matrix,    F  c u r r e n t     is current load matrix, and    F  o t h e r s     is the remaining load matrix. Floating body mass matrix is stated as:


   M  i j   =      M   0   0   0    M  z G      − M  y G       0   M   0    − M  z G     0    M  x G       0   0   M    M  y G      − M  x G     0     0    − M  z G      M  y G       I  x x        I  x y        I  x z         M  z G     0    − M  x G       I  y x        I  y y        I  y z         − M  y G      M  x G     0     I  z x        I  z y        I  z z          



(4)




where      x G  ,  y G  ,  z G      is gravity center position and    I  i j     is inertia mass.



Hydrostatic stiffness matrix is stated as:


   K  i j , s t i l l w a t e r   =      0   0   0   0   0   0     0   0   0   0   0   0     0   0    ρ g S     ρ g  S 2      − ρ g  S 1     0     0   0    ρ g  S 2      ρ g (  S  22   + V  Z B  ) − M g  z G      − ρ g  S  12       − ρ g V  X B  + M g  x G       0   0    ρ g  S 1      − ρ g  S  12       ρ g (  S  11   + V  Z B  ) − M g  z G      − ρ g V  Y B  + M g  y G       0   0   0    − ρ g V  X B  + M g  x G      − ρ g V  Y B  + M g  y G     0       



(5)




where      X B  ,  Y B  ,  Z B      is buoyancy center position,  S  is water plane area, and    S i    and    S  i j     are the first and second order moments of the water plane area.



In the current work,   Δ M  ,    B  r a d    ,    F 1   ,    F  2 L o w    , and    F  2 H i g h     are obtained by AQWA-Line software and    B  v i s     is determined by Morison theory. Wind and current drag were obtained in a similar way. Environment load coefficients are defined as:


  C =   2 F   A  v 2     



(6)




where  F  is drag force,  A  is the area of body incident to flow, and  v  is velocity relative to wind or current positions.



Therefore, force is determined as:


  F =  1 2  C A  v 2   



(7)







In the current work, load coefficients have been determined using Ansys Fluent software. Figure 4 shows the computational domain obtained based on the findings of Lee et al. [21] and Liu et al. [22]. Fore body was 1.5 L away from the velocity inlet and aft body was 2.5 L away from the pressure outlet. In addition, lateral distance between wall and body was 2 L. First-order temporal and second-order convection schemes were applied for temporal and momentum equations, respectively, to be applied to perform spatial discretization. Jin et al. [23] and He et al. [24] applied the   k − ω   Shear Stress Transfer (SST) turbulence model to analyze the Reynolds averaged Navier-Stokes (RANS) equation and obtained satisfactory results. In the current work, the   k − ω   SST turbulence model was also applied.



For the verification of the accuracy of the developed method, square cylinder load coefficients applied in the Tang’s [25] experimental research were obtained, and the obtained results are summarized in Table 2. The result errors of the two methods were lower than 5%, which meant that the developed numerical method could effectively calculate load coefficients. Environment load coefficients of the investigated caisson are shown in Figure 5.



The Joint North Sea Wave Project (JONSWAP) spectrum was applied as the wave spectrum. Empirical parameters  γ  and  α , as well as peak frequency, were also applied. Spectral ordinate at any frequency is stated as:


  S ( ω ) =   α  g 2   γ α     ω 5    exp ( −   5  ω P 4    4  ω 4    )  



(8)




where    ω P    is peak frequency,  γ  is peak enhancement factor, and  α  is a constant value that depends on wave spectrum peak frequency and wind speed, which can be determined as:


    α = exp   −       ω −  ω P     2    2  σ 2   ω P    2          σ =           0.07         w h e r e     ω ≤  ω P                    0.09         w h e r e     ω >  ω P                   



(9)







Starting and finishing frequencies are also expressed as:


   ω S  =  ω P  ( 0.58 + 0.05   γ − 1   19   )  



(10)






   ω f  = F ( γ ) ⋅  ω P   



(11)




where   F ( γ )   is a weighting function, and weighting function values against   γ ∈   1.0 , 20.0     are available in the AQWA Theory Manual.




3.3. Mesh Convergence Analyses


The analysis of mesh density had to be performed when calculating mean wave drift moments and forces on the structure using both Pinkster (near-field) and Maruo-Newman (far-field) methods to obtained optimum accuracy and efficiency. Mesh size had to be smaller than both one seventh of the wave length size and the minimum dimensional feature of the caisson. A full-sized caisson model was developed with mesh sizes of 0.8, 1.0, 1.2, and 1.5 m. Mean wave drift moments and forces obtained from the two methods were compared. All parameters except element size were the same when using both models. The obtained results are shown in Figure 6.



As can be seen from Figure 6, the mean wave drift moments and forces obtained by the various methods were almost the same at time periods longer than 20 s. However, at periods of less than 20 s, the findings of the two methods were different. Finally, at a mesh size of 1 m, the results obtained from the two methods were similar. Based on the abovementioned findings, a 1 m mesh size was adopted in this analysis.




3.4. Estimation of CO2 Emissions


Currently, an increasing number of engineering projects are required to take proper measures regarding air emissions duo to global warming. In this study, we also estimated CO2 emissions during towing. It was assumed from experience that a tugboat could provide a pulling force of 199.92 kN/1000 kW. We then calculated the number of required tugboats based on rope tension. Emissions were estimated according to the following formula [26]:


  E m i s s i o n s = M C R × L F × A × E F  



(12)




where MCR is the maximum continuous of the combustion engine in use, kW; LF is the engine load factor during specific activity; A is activity time, h; and EF is emissions factor,     k g   k W h    .





4. Numerical Results


4.1. Stability Analysis Results


Intact stability parameters of the caisson were calculated using theoretical and numerical simulation methods, and the obtained results are shown in Table 3. From the data given in the table, it was found that the difference of   G M   obtained by the two methods was less than 5%. Additionally, the   G M   value was decreased by increasing drift, which agreed with the findings of Rawson [20], reported in his book. All above conclusions proved the accuracy and feasibility of the developed numerical method.



The caisson frequency domain was also analyzed. Figure 7 shows caisson’s response amplitude operators (RAOs) for a wave direction of 0 degrees. First-order wave frequency was about 0.5–0.8 rad/s. As the drift increases, the peak of RAOs increases accordingly. The above findings lay a solid foundation for follow-up time domain analysis.




4.2. Results of Dynamic Response


Towing float hydrodynamic responses rely on many factors such as sea load conditions and drafts as well as towing system parameters such as tow speed, towrope length, etc., and a safe towing plan can be easily developed by analyzing the influences of various factors on the dynamic responses. Random sea conditions according to a JONSWAP spectrum with high corresponding frequency and wave height were applied in this work. On the basis of the real sea conditions of a towing project, wave height and frequency values of 1 m and 1.03 rad/s, respectively, were adopted in this work. Wind was assumed to be a steady flow with a speed of 6 m/s.



In the time-domain analysis, three different drift values were evaluated. The statistical values of two time durations of 1 and 3 h are summarized in Table 4 and Table 5, respectively. According to the literature [27] maximum pitch and heave values were normalized to perform deeper comparison. Normalized values are obtained as:


      N o r m a l i z e d     M a x     =   M a x − M e a n   S T D    



(13)




where   M a x   is maximum value in the whole process, Mean is arithmetic mean value, and STD is standard deviation.



As seen in Table 4, STD and normalized max. error were generally less than 10% for different simulation times, and mean value barely changed. From Table 5, it is shown that caisson pitch for various simulation times also presented the same variation trend. Figure 8 and Figure 9 demonstrate motion responses for various time durations. Figure 8 compares pitch response in different durations; it was found that pitch amplitude varied significantly at the beginning of towing operation (before 600 s). After 1 h, however, pitch amplitude varied periodically. It can be clearly seen from Figure 9 that heave amplitude changed irregularly at early towing stages (before 600 s) and, after 1 h, heave change tended to be regular.



4.2.1. Drift Depth and Towing Speed


Because of the large size of the caisson, its wet surface and water plane could change significantly under violent heave and pitch motions. Four towing speeds and three drift conditions were studied to compare cable tension, heave, and pitch. It is noteworthy thet the above three drift depths were greater than those for self-weight balancing and, therefore, ballast weight was applied. It should also be kept in mind that ballast weight was assumed to be placed at the caisson gravity center.



Dynamic response analyses for various drift depths and towing speeds were performed for a towrope length of 100 m. Figure 10 shows the normalized maximums of heave motion and pitch angle. Figure 11 presents bar charts of the STD of caisson responses. Figure 12 illustrates towrope tension variation during towing.



As can be seen from Figure 10a, at a constant towing speed, the normalized maximums of pitch angle barely changed (around 2.6–3.2) when increasing drift depth, especially at a towing speed of 6 kn. Additionally, at constant drift depth, normalized maximums of pitch angle slightly fluctuated when increasing towing speed. Figure 10b reveals that, at drift depths of less than 13.5 m, normalized maximums of heave motion barely changed when increasing towing speed. However, at a drift depth of 13.5 m, normalized maximum of heave was less than the former one and increased with towing speed.



As can be seen in Figure 11a, towing speed and drift depth had insignificant effects on pitch angle STD because the caisson water plane was constant no matter the drift depth changes. So, large wet surface areas could have small effects on pitch motion [18]. As can be seen in the bars presented in Figure 11b, heave motion fluctuations by increasing towing speed were significant. Additionally, at a drift depth of 12.5 m and a constant towing speed, heave motion STD was smaller than those of the other two conditions.



Towrope tension is another key index for the measurement of towing safety. Towrope tension variations at various towing speeds and drift depths were evaluated, and the obtained results are shown in Figure 12. Towrope tension tended to remain constant after towing for about 1 h. By increasing towing speed, the time required for stabilization was increased. According to the towrope tension [28] calculation equation, flow surface areas and relative velocity greatly influenced the towrope. Therefore, an increase of towing speed increased the towrope tension.




4.2.2. Drift Depth and Towrope Length


The towrope should have adequate length to guarantee that the caisson would not collide with the tugboat during the whole towing process. Taking account of the length of the caisson and the tugboat, as well as the towing speed, the towrope length adopted in this research is 100 m, 150 m, and 200 m. Dynamic responses were analyzed for three towrope lengths and two drift depths at a constant towing speed of 3 knots.



Normalized maximums for various depths and towrope lengths in pitch and heave are shown in Figure 13. It could be easily concluded that variations in maximum pitch angle (around 3.2–3.6) were not greatly affected by towrope length by comparing the normalized maximum of the pitch angle with different towrope lengths at a given drift depth. However, the heave motion peak was influenced by towrope length. As seen from Figure 14a, pitch angle STD was barely changed with towrope length, indicating that the pitch angle fluctuation was hardly influenced by towrope length. Figure 14b reveals that towrope length had unobvious effects on heave response fluctuation. Therefore, it can be easily concluded that towrope length had a limited effect on the normalized maximum values and STDs of heave and pitch.



Figure 15 illustrates the towrope tension time domain curves for various towrope lengths and drift depths. Towrope tension was increased from 0 to a maximum value, then tended to remain constant. This constant value was similar at given drift depths and towing speeds, regardless of towrope length, which totally complied with the proposed calculation equation (CCS, 2011). However, by increasing the length of the towrope, tension was increased faster at the beginning of towing (less than 1 h).





4.3. Extmated of CO2 Emissions


Currently, the power of general tugboats is in the range of 4000–5000 kW. In the current work, we assumed that the tugboat worked with a constant power of 4500 kW and towing distance was 30 nautical miles. Therefore, the actual number of tugboats required for various working conditions was calculated based on towrope tension. Additionally, CO2 emissions calculated by the equation are shown in Table 6.



It can be seen from the data provided in Table 6 that the number of tugboats required for the mentioned working conditions was 1 to 3. Due to relatively small differences in draft changes for several different working conditions, draft did not affect the number of required tugboats. Comparing CO2 emissions for the same draft at different speeds showed that, when speed was 3 kn, only one tugboat could afford the project. Although towing time was 10 h, CO2 emissions were only 2766.4 kg. At the speed of 4 kn, however, one less tug was used than at a speed of 6kn, although it took 2.5 h longer to tow. Surprisingly, CO2 emissions of both cases were equal to 34,149.6 kg. At the speed of 5 kn, CO2 emissions were the largest and equal to 40,979.52 kg. In addition, from an energy point of view, by the increase of CO2 emissions, more energy was actually required for the above conditions. That is to say, at the speed of 5 kn, the highest amount of energy was consumed.





5. Conclusions


The towing of caissons with bulkheads inside was studied in the current work. The towing system consisted of the caisson, a towrope, and tugboats. Wet towing was designed as an economical and wieldy transportation method. A numerical evaluation was performed, which provided a new method to assess the feasibility of the developed method, and the following conclusions were drawn.



Drifts and towing speeds had little effect on pitch response regardless of normalized maximums and their fluctuations, while deeper drifts result in higher heave maximums when the towing speed is given. Drifts also significantly affected heave fluctuations. At drift depth of 12.5 m, STD was smaller than those of the other two cases. At a certain drift, towing speed more significantly affected pitch fluctuations compared to heave fluctuations. Once a stable state was obtained for the towing process, towrope tensions were determined by towing speeds and drifts. Towrope length was found to have an insignificant effect on heave and pitch responses. However, it could affect the speed of achieving a stable state for towrope tension. Meanwhile, CO2 emissions were mainly affected by towing speed. Above all, the optimum towing plan for the project was a drift depth of 12.5 m, a towing speed of 3 kn, and a towrope length of 200 m.
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Figure 1. (a) Top view of the caisson; (b) Caisson model simulated in Ansys SpaceClaim. 
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Figure 2. Coordinate systems applied in the research. 
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Figure 3. Cross-section of towing rope. 
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Figure 4. Computational domain in Ansys Fluent. 
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Figure 5. Environment load coefficients. 
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Figure 6. Mean wave drift forces and moments on the structure. Note: (I) mesh size, 0.8 m; (II) mesh size, 1.0 m; (III) mesh size, 1.2 m; (IV) mesh size, 1.5 m. 
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Figure 7. Pitch and Heave RAOs. 
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Figure 8. Pitch in 3 h duration. 






Figure 8. Pitch in 3 h duration.



[image: Water 13 00126 g008]







[image: Water 13 00126 g009 550] 





Figure 9. Heave in 3-h duration. 
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Figure 10. Normalized maximums for different drift depths and towing speeds. 
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Figure 11. STD of dynamic responses for different drift depths and towing speeds. 
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Figure 12. Towrope tension at different drift depths and towing speeds. 
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Figure 13. Normalized maximums for different drift depths and towrope lengths. 
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Figure 14. STD of dynamic responses at different drift depths and towrope lengths. 
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Figure 15. Towrope tension at different drift depths and towrope lengths. 
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Table 1. Main parameters of caisson.
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	Items
	Value





	Length/m
	69



	Width/m
	44



	Height/m
	16.8



	Initial draft/m
	8.2



	Center of gravity/m
	(0, 0, 5.58)



	Radius of gyration (COG)/m
	(5, 7, 8)
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Table 2. Load coefficients calculated by Tang and Fluent.
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	Angle/deg
	CTang’s
	Cfluent
	Error





	0
	1.88
	1.931
	2.71%



	10
	1.26
	1.294
	2.70%



	20
	1.26
	1.276
	1.27%



	30
	1.33
	1.351
	1.58%



	45
	1.42
	1.464
	3.10%
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Table 3. Parameters calculated by theoretical method and numerical simulation.
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Drift/m

	
-

	
IXX/m4

	
▽/m3

	
BM/m

	
ZB/m

	
ZG/m

	
GM/m

	
Error






	
11.50

	
AQWA

	
489,807.00

	
35,122.00

	
13.95

	
−5.79

	
−6.76

	
14.92

	
4.65%




	
11.50

	
Theoretical

	
506,950.25

	
34,914.00

	
14.52

	
−5.79

	
−6.91

	
15.64




	
12.50

	
AQWA

	
489,807.00

	
38,209.40

	
12.82

	
−6.29

	
−7.66

	
14.19

	
3.82%




	
12.50

	
Theoretical

	
506,950.25

	
37,950.00

	
13.36

	
−6.29

	
−7.68

	
14.75




	
13.50

	
AQWA

	
489,807.00

	
41,247.10

	
11.87

	
−6.79

	
−8.50

	
13.58

	
4.28%




	
13.50

	
Theoretical

	
506,950.25

	
40,986.00

	
12.37

	
−6.79

	
−8.61

	
14.19
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Table 4. Heave at different simulation times.
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Drift/m

	
Speed/kn

	
STD

	
Error

	
Mean/m

	
Error

	
Normalized Max

	
Error




	
1 h

	
3 h

	
1 h

	
3 h

	
1 h

	
3 h






	
11.5 m

	
3 kn

	
0.022

	
0.022

	
1.25%

	
0.017

	
0.017

	
0.10%

	
2.635

	
2.934

	
10.20%




	
11.5 m

	
4 kn

	
0.025

	
0.026

	
2.53%

	
0.017

	
0.017

	
0.13%

	
2.723

	
2.816

	
3.29%




	
11.5 m

	
5 kn

	
0.031

	
0.033

	
6.17%

	
0.017

	
0.017

	
0.07%

	
2.807

	
2.935

	
4.36%




	
11.5 m

	
6 kn

	
0.043

	
0.049

	
12.43%

	
0.017

	
0.017

	
0.27%

	
2.880

	
2.916

	
1.24%




	
12.5 m

	
3 kn

	
0.020

	
0.020

	
0.49%

	
−0.011

	
−0.011

	
0.04%

	
2.635

	
2.749

	
4.12%




	
12.5 m

	
4 kn

	
0.022

	
0.023

	
2.08%

	
−0.011

	
−0.011

	
0.00%

	
2.660

	
2.876

	
7.51%




	
12.5 m

	
5 kn

	
0.026

	
0.028

	
5.24%

	
−0.011

	
−0.011

	
0.05%

	
2.837

	
2.965

	
4.30%




	
12.5 m

	
6 kn

	
0.034

	
0.039

	
11.09%

	
−0.011

	
−0.011

	
0.00%

	
3.033

	
2.952

	
2.76%




	
13.5 m

	
3 kn

	
0.034

	
0.034

	
0.33%

	
−0.039

	
−0.039

	
0.05%

	
2.068

	
2.221

	
6.88%




	
13.5 m

	
4 kn

	
0.035

	
0.035

	
0.44%

	
−0.039

	
−0.039

	
0.05%

	
2.264

	
2.447

	
7.47%




	
13.5 m

	
5 kn

	
0.037

	
0.037

	
1.00%

	
−0.039

	
−0.039

	
0.04%

	
2.463

	
2.599

	
5.23%




	
13.5 m

	
6 kn

	
0.041

	
0.044

	
7.01%

	
−0.039

	
−0.039

	
0.04%

	
2.585

	
2.795

	
7.50%
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Table 5. Pitch at different simulation times.
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Drift/m

	
Speed/kn

	
STD

	
Error

	
Mean/deg

	
Error

	
Normalized Max

	
Error




	
1 h

	
3 h

	
1 h

	
3 h

	
1 h

	
3 h






	
11.5 m

	
3 kn

	
0.355

	
0.371

	
4.21%

	
0.023

	
0.024

	
5.41%

	
2.818

	
2.736

	
2.96%




	
11.5 m

	
4 kn

	
0.420

	
0.431

	
2.56%

	
0.037

	
0.040

	
7.47%

	
2.915

	
3.273

	
10.94%




	
11.5 m

	
5 kn

	
0.438

	
0.447

	
1.95%

	
0.055

	
0.061

	
9.53%

	
3.422

	
3.343

	
2.38%




	
11.5 m

	
6 kn

	
0.427

	
0.424

	
0.73%

	
0.075

	
0.084

	
11.10%

	
2.877

	
3.276

	
12.18%




	
12.5 m

	
3 kn

	
0.367

	
0.383

	
4.16%

	
0.026

	
0.028

	
6.51%

	
2.716

	
2.724

	
0.29%




	
12.5 m

	
4 kn

	
0.412

	
0.423

	
2.59%

	
0.044

	
0.047

	
7.45%

	
3.078

	
3.289

	
6.41%




	
12.5 m

	
5 kn

	
0.430

	
0.442

	
2.74%

	
0.064

	
0.072

	
10.33%

	
3.653

	
3.536

	
3.31%




	
12.5 m

	
6 kn

	
0.429

	
0.431

	
0.55%

	
0.088

	
0.099

	
11.43%

	
2.867

	
3.183

	
9.93%




	
13.5 m

	
3 kn

	
0.370

	
0.384

	
3.75%

	
0.030

	
0.032

	
5.66%

	
2.718

	
3.043

	
10.70%




	
13.5 m

	
4 kn

	
0.406

	
0.418

	
2.72%

	
0.050

	
0.055

	
8.86%

	
3.127

	
3.398

	
7.96%




	
13.5 m

	
5 kn

	
0.432

	
0.449

	
3.88%

	
0.073

	
0.082

	
11.06%

	
3.560

	
3.402

	
4.66%




	
13.5 m

	
6 kn

	
0.450

	
0.454

	
0.90%

	
0.100

	
0.115

	
13.15%

	
2.985

	
3.211

	
7.06%
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Table 6. Calculation of CO2 emissions.
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	Drift/m
	Speed/kn
	Tensions/KN
	Number of Tugboats
	MCR
	LF
	A
	EF
	Emissions of CO2/kg





	11.5
	3
	704.5426
	1
	4500
	0.68
	10
	0.744
	22,766.4



	11.5
	4
	1187.94
	2
	9000
	0.68
	7.5
	0.744
	34,149.6



	11.5
	5
	1816.56
	3
	13,500
	0.68
	6
	0.744
	40,979.52



	11.5
	6
	2541.9
	3
	13,500
	0.68
	5
	0.744
	34,149.6



	12.5
	3
	751.4154
	1
	4500
	0.68
	10
	0.744
	22,766.4



	12.5
	4
	1272.13
	2
	9000
	0.68
	7.5
	0.744
	34,149.6



	12.5
	5
	1947.65
	3
	13,500
	0.68
	6
	0.744
	40,979.52



	12.5
	6
	2734.05
	3
	13,500
	0.68
	5
	0.744
	34,149.6



	13.5
	3
	799.2422
	1
	4500
	0.68
	10
	0.744
	22,766.4



	13.5
	4
	1356.29
	2
	9000
	0.68
	7.5
	0.744
	34,149.6



	13.5
	5
	2083.59
	3
	13,500
	0.68
	6
	0.744
	40,979.52



	13.5
	6
	2922.2
	3
	13,500
	0.68
	5
	0.744
	34,149.6
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
Toom

oo enth
(@) Pitch

(MaxmeanySTD.

i 11sm






media/file8.jpg
15

0.5

0 0.0

051

-10F

-1.5

“180

160

140

120

100 80

60 40

Angle of attack (deg)

20






media/file27.png
(Max-mean)/STD
W

N\

~

drift 11.5m
drift 12.5m
100m  150m  200m
towrope length
(a) Pitch

(Max-mean)/STD

drift 11.5m
drift 12.5m

100m  150m  200m
towrope length

(b) Heave





media/file13.png
20F Pinkster Method Pinkster Method
13 3 Maruo-Newman method Maruo-Newman method
g s} £
£ 0 <
S _gi 3
< <
>~ “10k >~
-15
-20
-25 Y v T S = — -25 Y=Y TS = r—
5 10 15 20 25 30 35 40 45 50 55 60 5 10 15 20 25 30 35 40 45 50 55 60
Period (second) Period (second)
(1) 25¢ (II)
Pinkster Method 20¢ Pinkster Method
Maruo-Newman method 15¢

Maruo-Newman method

Yaw (N/m)
o Ul

I
Ul

RTEN
U

N
(-

I
N
@)

5 10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60
Period (second) Period (second)
(1) (IV)

(c) Yaw

162





media/file31.png
3.0 —————— . 3.0 —————— .
—100m —— 150m —— 200m ——100m —— 150m ———200m
25} . 25} _
220t { =20} _
=4 =~
E E
Z 15} {1 X 15F _
s =
8 RS
= z
= 1.0} 1 =210t _
0.5 . 0.5 _
0.0 S S S S — - ooL— . . . . oo .
0 3600 7200 10,800 0 3600 7200 10,800
Time (second) Time (second)
(a) drift 11.5m (b) drift 12.5m





media/file18.jpg
028

o
i —Heave
009 Lower envelope of heave
006 [
020
00
016 000
. -0
g012
= 0%
o

000

-

-008 L

1080

Time (s)





media/file9.png
1.5

— Cxw [ [Cxe
1.0 — 1 Gy Cye
| T —Cxve G
1 \ T
o 0.0 Z# — C// E— ?
05 //
7
10—
-1.5

180 160 140 120 100 80 60 40 20 0
Angle of attack (deg)





media/file14.jpg
60 20
i, e
i 125m " it 125m
0 ai135m i 155m
£ £
H £
H S
) g
H %05
= S
o
a0
20 03
T T T N N I

Frequency (rad/s)

Frequency (radians/sec)

20





media/file20.jpg
it 115 i 15m
5 larin 125m 5 [ drip 125m

<, i o, i 135m

H H

I N

D ER

Speet Speed
(a) Pitch ) Haow





media/file23.png
02}

0.1}

D drift 11.5m
E drift 12.5m
E drift 13.5m

0.0L

3kn

4kn Speed 5kn 6kn
(a) Pitch

S TDHeave

0.08

0,001

0.07k
0.06

0,05

0,031
0.0}

0.01}

|:| drift 11.5m
E drift 12.5m
|:| drift 13.5m

3kn

4kn Speed 5kn 6kn
(b) Heave





media/file5.png
iber material

('™






media/file15.png
Pitch RAO (deg/m)

T T T —r T 2.0 R rr r rr
drift 11.5m i drift 11.5m
drift 12.5m 7 15 L drift 12.5m

- drift 13.5m — - i drift 13.5m
] £
£10F
N i Sﬁ :
v 0.5 [
S I
A I
) 0.0 [
] B T T B 050 ey Ly Ly ]
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Frequency (rad/s) Frequency (radians/sec)





media/file19.png
0.28

0.24
0.20

0.16

-0.04

-0.08

0.12

i Heave
0.09 |-

Lower envelope of heave

0.06 F

0.03 [k

0.00 [
0,03

_006 [ 1 ] 1 ] 1 ] 1 ] 1 ] 1
0 600 1200 1800 2400 3000 3600

3600 7200 10,800





media/file28.jpg
STDpa.

i 11.5m
i 125m

Toom Tom 200m.
el
0 pici

D

o

T

eyl
) Heare

i 15m
i 125m





media/file11.jpg
b ikster Method 2 —— Pinkster Method
13 Maruo-Nevwman method 13 Mauo-Newman mathod
10 1)

Nm)
Vet ()

E R T R R ]

0ISH S 30 3 s 0 %
eriod (second)

eriod (second)

) 25 )
—— Pinkster Method 2 Pinkster Method
Maruo-Newman method 13 Maruo Nevwman method
210}
2 5|
<ol
Bt
-1
E -2
B i T T T R T o)
beriod (sccond) Period (second)
am

m
() Yaw





media/file2.jpg
= [

caisson

v
N

%

~towrope
P tugboat

P2

0.deg —’/ [

45 deg

90 deg





nav.xhtml


  water-13-00126


  
    		
      water-13-00126
    


  




  





media/file6.jpg





media/file24.jpg
S
N
TR Ay e MR 0 w0 o
Time o) ine o) Tie o)
e 15w ®)drt 125m (©dif 135m





media/file29.png
0.6

0.4

STD Pitch

0.2

0.0

[ drip11.5m
[ drip12.5m

100m 150m 200m
towrope length
(a) Pitch

0.04

STD Heave

0.02

[ drip115m
[ drip12.5m

100m

150m

towrope length
(b) Heave

200m





media/file1.png
S
e
—
-
-

2
Z
/
%
/
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
Z
%

1.50.0

1500

1500 69000 1500
||
ppzzzzzzzzzzzzzzzz;z;z;zzzzazzizzzzizzzagzizrrauizzzzz;z;z;z;z;;yzzz;z;;;;;i;;;::;ia’;’ii;,;z¢

)

22222

Thickness of outside
walls: 450mm

HEEEEEEN
DDDDBDDD
EEEEEEEEE

2

A2 1

Thickness of inner
walls: 300mm





media/file10.jpg
P et Y § ‘ e
E

pifi (SR
Hy e
i i
. s
]i( o3|
i

TR LERE I WSS Se

o o) o

() Sway





media/file7.png





media/file16.jpg
5 Lower gnvelope of Pitch

4
& e ; : i g "
= 0 W e aw
zI

0

=

2 . .

0 3600 7200

—Pich

Time (s)

10800





media/file12.png
Sway (N/m?)

Sway (N/m?)

Surge (x10°

1.0

Surge (x10°

Pinkster Method
Maruo-Newman method

20 25 30 35 40 45 50 55 60
Period (second)
(1)

Pinkster Method
Maruo-Newman method

10 15

Surge (x10°

Pinkster Method
Maruo-Newman method

25 30 35 40 45 50 55 60
Period (second)
(1)

10 15 20

Pinkster Method
Maruo-Newman method

5 10 15 20 25 30 35 40 45 50 55 60 5 10 15 20 25 30 35 40 45 50 55 60
Period (second) Period (second)
(11D (IV)
(a) Surge
2.0¢
Pinkster Method 1.5¢ Pinkster Method
Maruo-Newman method 1.0f Maruo-Newman method
E 0.5}
]
%—0.5-
—1.0F
—1.5}
-2.0 o ey e -2.0 T e
5 10 15 20 25 30 35 40 45 50 55 60 5 10 15 20 25 30 35 40 45 50 55 60
Period (second Period (second)
I I
50 (1) 0. (1)
1.5k Pinkster Method 15k Pinkster Method
1.0k Maruo-Newman method 10k Maruo-Newman method
0.5¢ | ”g 0.5p
111 S S — Z o.ova
0.5} S _—o5f
>
—1.0f ~1.0k
—1.5¢ 1.5k
-2.0 Y o e -2.0 T e e e
5 10 15 20 25 30 35 40 45 50 55 60 5 10 15 20 25 30 35 40 45 50 55 60

Period (second)
(1II)

(b) Sway

Period (secon.

V)





media/file3.png
A

V' Yo

O1 L--==""" towrope

caisson

0deg_/"

45 deg 90 deg

v

J1






media/file22.jpg
iift 11.5m 0.8,
07] Wi 125m e asm
Eeip 135m L i 25m
it 135m

3ha X
g Sk bl 0 gy i
(a) Pich P





media/file17.png
1.5
Pitch
[~ Lower gnvelope of Pitch

o

=

o0

L ] 1 ] 1 ] 1 ] 1
=2 | '

: 600 1200 1800 2400 3000 3600
o

[ea)

0 3600 7200 10,800





media/file4.jpg
Fiber material






media/file30.jpg
30y
100m—— 150m——200m 100m—— 150m——200m
25 25
220
Zu
S
0 05
000 3600 7200 10800 ”0 3600 7200 10,800
Time oy Tine cond)
fbimp (B) i 125m





media/file25.png
— 3kn———>5kn | L ——3kn——5kn ] L ——3kd——5kn
3.5+ 4kn 6kn 3.51 4kn 6kn 7 351 4kn 6kn

0 3600 7200 10,800 0 3600 7200 10800 0 3600 7200 10,800
Time (second) Time (second) Time (second)

(a) drift 11.5m (b) drift 12.5m (c) drift 13.5m





media/file0.jpg
| E===am E}%BHBQB

7\ T[] I [T T[]

]H[HJH[H[]H[HH]

[_H \\_J\ V ! ]\l 1[ }l [_H LJ U] ______ e
Ba mrﬁ‘“
W =11 H
\[]H[]\ []H[]\]
\H\HV [T T[]
) @

(b)





media/file21.png
s

W

(Max-mean)/STD

N

6 -
| drift 11.5m | drift 11.5m
drift 12.5m > 3 drift 12.5m
drift 13.5m : drift 13.5m
fi N fi
_ L
S 3F — - I -
ey w
g | | ]
S 2F
1f
1 : 1 : 1 , 0 [ 1 : 1 : 1 : 1
4kn 5kn 6kn 3kn 4kn 5kn 6kn
Speed Speed
(a) Pitch

(b) Heave





