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The numerous ship accidents at sea have usually resulted in tremendous loss and 
casualties. To prevent such disastrous accidents, a comprehensive investigation into 
reliable prediction of seakeeping performance of a ship is necessarily required. This 
paper presents computational fluid dynamics (CFD) analysis on seakeeping 
performance of a training ship (full scale model) quantified through a Response of 
Amplitude Operators (RAO) for heave and pitch motions. The effects of wavelengths, 
wave directions and ship forward velocities have been accordingly taken into account. 

In general, the results revealed that the shorter wavelengths (/L ≥ 1.0) have 
insignificant effect to the heave and pitch motions performance of the training ship, 
which means that the ship has good seakeeping behavior. However, the further 
increase of wavelength was proportional with the increase of RAO for her heave and 
pitch motions; whilst it may lead to degrade her seakeeping quality. In addition, the 
vertical motions behavior in the following-seas dealt with higher RAO as compared 
with case of the head-seas condition. Similarly, the subsequent increase of the ship 
forward velocity was prone to relatively increase of the RAO for her heave and pitch 

motions especially at /L ≥ 2.0. It was merely concluded that this seakeeping prediction 
using CFD approach provides useful outcomes in the preliminary design stage for safety 
assessment of the training ship navigation during sailing. 

Keywords:  
Seakeeping; heave; pitch; wavelength; 
speed; wave direction; CFD  

 
1. Introduction 
 

Currently, Department of Education and Culture, South-Sulawesi province, Indonesia has 
successfully awarded three training ships to Vocational High-School of Fishery and Nautical Science 
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in Makassar. Primary role of these training ships is purposely designed to train students/cadets 
through providing best practice experiences to be sailors/seafarers. However, numerous marine 
accidents which occurred in the recent years have caused a significant increase of interest in the 
problems of safe operations for a training ship (Ryu et al., [1] and Cho & Lee [2]). Merely, the growing 
awareness of the navigational safety especially in the harsh conditions leads to an investigation on 
the sea-worthiness quality of the current training ships, which is able to predict their worst 
seakeeping scenarios in a realistic seaway. 

Several research investigations on the ship seakeeping behaviour in waves, which affects her 
ability to remain at sea in all conditions, have been basically resolved into the numerical and 
experimental approaches. Han et al., [3] and Han et al., [4] have simulated numerically and reported 
that the Motion Sickness Incidence (MSI) of the training ship led to discomfortability as the forward 
speed increased. In the perspective of ship design, Kim et al., [5] found experimentally that the heave 
and pitch motions reduced with the increase of the ship’s length-to-beam ratio. Siddiqui et al., [6] 
presents a series of experiments with a damaged ship section in a small wave flume that affects the 
ship motion. Yao et al., [7] carried out the seakeeping analysis using the numerical and experimental 
models and concluded that the increase of the heave and pitch motions were proportional with the 
increased of the wavelengths. The similar results were also found by Habekost et al., [8]. Wang et al., 
[9] and Lin & Lin [10] presented the nonlinear numerical analysis, where the heave and pitch motions 
were predominantly affected by the increase of the ship’s speed and worsening of the sea-state as 
well as proven experimentally by Bi et al., [11]. Even so, the experimental method is a time-
consuming, complex procedure process and costly; and even impractical for various seakeeping test 
configurations. Meanwhile, the accuracy of the typical numerical approach requires necessarily 
further verification since some simplified simulation conditions were assumed to be given. Whilst a 
Computational Fluid Dynamic (CFD) approach for assessing the seakeeping performance on the 
training ship put very demanding requirements with regards to a more reliable result both of 
accuracy and precision (Fitriadhy & Adam [12], Mancini et al., [13] and Chen et al., [14]). The rapid 
advancement in computers, the application of more sophisticated 3D-numerical modelling employed 
in naval architecture problems is possibly satisfied. 
 

 
Fig. 1. Full-scale model of training ship 

 
In the present study, a Computational Fluid Dynamics (CFD) investigation has been conducted to 

analyse the seakeeping performance of the training ship in full-scale dimension (as shown in Figure 
1). It should be noted here that a magnitude of the dynamic heave motion responses presented in 
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the form of Response of Amplitude Operators (RAO) of the training has been comprehensively 
quantified to predict her heave and pitch motions. This study has provided very interesting 
computational simulations, whilst a hydrodynamic description underlying the rationale behind the 
results is explained. To achieve this research objective, several parameters such as effect of various 
wavelengths, wave directions i.e., head and following seas; and ship’s speeds have been primarily 
taken into accounts in the computational simulation. Here, the CFD software called as Flow-3D is 
employed through applying unsteady Reynolds-Averaged Navier-Stokes Equation (RANSE); which 
includes several techniques (TruVOF) to capture the free surface effect. The Response Amplitude 
Operator (RAO) of heave and pitch motion performances are then accordingly discussed. 
 
2. Governing Equation  
 

Here, the main equation use by the CFD regularly is Navier-Stokes equation, which basically 
includes continuity and momentum equations (Sapee [15]). Basically, two equations in accordance 
to the law conservation of mass and momentum as clearly expressed in Eqs. (1)-(4). The current CFD 
simulation is based on the incompressible unsteady RANSE, which employs the volume of fluid (VOF) 
to solve a free surface model. 
 
2.1 Continuity and Momentum Equation 
 

The general mass continuity equation presented in Eq. (1). The notation of VF is the fractional 
volume open to flow, 𝜌 is the fluid density, 𝑅𝐷𝐼𝐹 is a turbulent diffusion term, 𝑅𝑆𝑂𝑅 is a mass source 
and 𝐴𝑥, 𝐴𝑦 and 𝐴𝑧 is the fractional area open to flow in x, y and z-direction, respectively. The 

coefficient of R is set to unity; whilst the value of 𝜉 = 0.  The velocity components (u, v, w) are in the 
coordinate directions (x, y, z) or (r, 𝑅𝑆𝑂𝑅, z), (User’s Manual FLOW-3D 10.1.1 [16]): 
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where (𝐺𝑥, 𝐺𝑦, 𝐺𝑧) are body accelerations, (𝑓𝑥, 𝑓𝑦, 𝑓𝑧) are viscous accelerations and (𝑏𝑥, 𝑏𝑦, 𝑏𝑧) are 

flow losses in porous media or across porous baffle plates, and the final condition account for the 
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injection of mass at a source represented by a geometry element. The 𝑢𝑤 , 𝑣𝑤 and 𝑤𝑤 are the velocity 
of the source components whereas the 𝑢𝑠, 𝑣𝑠and 𝑤𝑠are the velocity of the fluid at the surface of the 
source relative to the source itself. 𝛿 is the source of pressure where the statics pressure is applied 
in this research which determine the 𝛿= 1.0, (User’s Manual FLOW-3D 10.1.1 [16]). 
 
2.2 Ship Motion Equation 
 
 Referring to geometry of body motion, the motion equations of a ship model is expressed in Eqs. 
(5)-(7): 
 
𝑑

𝑑𝑡
(𝑚�⃗�𝑐) = 𝑓                                                                                                                                                        (5) 

 
𝑑

𝑑𝑡
(𝑀𝑐. �⃗⃗⃗�𝑐) = �⃗⃗⃗�𝑐                                                                                                                                                 (6) 

 
The index C shows the center of mass of the ship. m and 𝑀𝑐 are the ship’s mass and the tensor of her 
moments of inertia, respectively. The notations of �⃗⃗⃗�𝑐 and �⃗�𝑐 are the angular velocity and the velocity 
vectors of a ship, respectively. Meanwhile, �⃗⃗⃗�𝑐 represents the resultant moment vector acting on the 

body (Maki et al., [17]). In addition, 𝑓 is the resultant force which is expressed in Eq. (7). 
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𝑆
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𝑉

+ 𝑓𝐸                                                                                                       (7) 

 

Here, 𝜌𝑏 and 𝑓�⃗⃗� are the density of the body and the external forces acting in the body, respectively 
(Yan & Huang [18]). Here, the dynamic fluid body interaction function is applied to simulate the ship’s 
vertical motion i.e., heave and pitch motions. 
 
2.3 Waves 
 

The seakeeping simulation of the ship has been assessed in regular waves, where the fifth-order 
Stokes wave’s model is appropriately employed. The reference system (x, z) is set, where x (positive 
direction) is the wave propagation direction and z (positive direction) in the upward direction. The 
wave properties such as wave height (𝐻), wavelength (𝜆), and wave period (𝑇) have been taken into 
account in the simulation. Meanwhile, the equations of the angular wave frequency (𝜔) and the 
wave celerity (𝑐) are presented bellows. 
 

𝜔 =
2𝜋

𝑇
= 𝑐𝑘 𝑎𝑛𝑑 𝑐 =

𝜆

𝑇
                                                                                                                                   (8) 

 
where 𝑘 is the wave number. 
 

𝑘 =
2𝜋

𝜆
                                                                                                                                                                   (9) 
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2.4 Turbulence Model 
 
For the stability and efficiency of the numerical computation, Renormalization-group (RNG) 
turbulence model has been applied by previous researchers such as Fitriadhy et al., [19], Fitriadhy et 
al., [20], Fitriadhy & Malek [21] and Fitriadhy et al., [22] since it has wider applicability than the 

standard k -  model. This turbulence model also has considered for low Reynolds number effects 
(Yakhot & Orszag [23], Yakhot et al., [24], Koutsourakis et al., [25] and Li et al., [26]) which is known 
to more accurately describe low intensity turbulence flows with having strong shear regions. 
 
3. Simulation Condition 
3.1 Principle Data of Ship 
 

The body plan of ship is clearly shown in Figure 2. The ship particulars consist of displacement 
and wetted surface area is presented in Table 1. 
 

 
Fig. 2. Body plan of a training ship 

 
Table 1 
Ship particulars 
Description Value 

Length overall (LOA), m 26.632 
Waterline Length (LWL), m 23.500 
Beam, m 3.975 
Draft Amidships, m 1.400 
Immersed depth, m 1.768 
Displacement, t 69.590 
Wetted Surface Area, m2 138.726 
Block coefficient (Cb) 0.411 
LCB length from amidships, m -0.227 
KB, m 0.819 
Immersion (TPc), tonne/cm 0.734 
MTc, tonne.m 
Ixx, m4 
Ixz, m4 
Iyy, m4 
Izz, m4 

1.047 
258464.300 
31988.090 
3555692.000 
3556243.000 
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3.2 Parametric Studies 
 
 To achieve the objective, several parameters such as such as the effect of wavelengths within the 

range of 0.25L<  < 3.0L, wave directions (head and following-seas) and various ship’s speed (Vs) 
from 3.601m/s to 5.607m/s, have been employed in the simulation, where the wave height of 1.0 m 
is assumed constant. The detailed simulation conditions are presented in Table 2.  
 

Table 2 
Computational simulation conditions 

Vs (m/s) 
Ratio of wavelength over ship length, (/L) 

Wave 
direction 

0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 2.25 2.5 2.75 3.0 

3.601 √ √ √ √ √ √ √ √ √ √ √ √ 
Head-
seas 

4.630 √ √ √ √ √ √ √ √ √ √ √ √ 
5.607 √ √ √ √ √ √ √ √ √ √ √ √ 

4.630 √ √ √ √ √ √ √ √ √ √ √ √ 
Following
-seas 

 
3.3 Computational Domain and Boundary Conditions 
 

The boundary conditions and computational domain are displayed in Figure 3. Three mesh blocks 
composing of the main block and two nested blocks are presented as shown in Figure 3. The main 
mesh block with the boundary condition at Xmin has been assigned as wave; while Xmax is defined as 
the outflow boundary, which is purposed to avoid reverse flow. Meanwhile, the absorbing layer is 
set up to reduce reflection of periodic wave at an open boundary that works effectively in practice 
as seen in Figure 3(a). Ymin, Ymax and Zmin are assigned as the symmetry boundaries, which they apply 
zero-gradient conditions; whereas Zmax is the specified pressure to create a uniform pressure in the 
boundary. In addition to the computational domain at the nested mesh blocks, all boundary 
conditions are set as the symmetries. These nested blocks are utilized to progressively refine the 
model mesh resolution without sharp discontinuities in cell size (User’s Manual FLOW-3D 10.1.1 
[16]). The detailed boundary conditions are completely displayed in Table 3. 

The meshing generation is generated in Flow-3D as seen in Figure 3(b). A nested mesh block is 
added to increase the meshing quality for the ship model. The ship is assigned in two degrees of 
freedom which are heave and pitch motion.  Here, the convergence computational result has been 
assessed to preserve the steadiness in the computational simulation results as presented in Table 4. 
Referring to this mesh independent results, the total cell meshing of 4,083,085 has been selected in 
all computational simulations of the training ship model. For this reason, it was unnecessary to 
increase the total cell meshing up to 5,809,868 due to its insignificant influence into the 
computational results of the magnitude of the heave and pitch motions amplitudes. Besides, the time 

history for the heave and pitch motions of the training ship at  = 1.75L is clearly presented in Figure 
4. The visualisation of the ship is then displayed using Flow-Sight as seen in Figure 5. 
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(a)                                                                                                       (b) 

Fig. 3.  (a)Boundary condition (b) Mesh generation  
 
Table 3 
Boundary conditions 
Boundary Main Block  Nested Block 

𝑋𝑚𝑖𝑛 Wave (WV) Symmetry 
𝑋𝑚𝑎𝑥  Outflow (O) Symmetry 
𝑌𝑚𝑖𝑛 Symmetry (S) Symmetry 
𝑌𝑚𝑎𝑥  Symmetry (S) Symmetry 
𝑍𝑚𝑖𝑛 Symmetry (S) Symmetry 
𝑍𝑚𝑎𝑥  Specified Pressure (P) Symmetry 

 
Table 4 

Mesh independent study at Vs = 4.630 m/s and  = 1.75L  

Case Total Number of Cell  
Amplitude 

Heave Motion, m Pitch Motion, deg 

𝐴 2,098,566 0.2683 2.5768 

𝐵 2,961,938 0.2373 2.3820 

𝐶 4,083,085 0.2260 2.2585 

𝐷 5,809,868 0.2272 2.2421 

 

 
Fig. 4. Time history of heave and pitch motions characteristics of a training ship at Vs = 

4.630 m/s and  = 1.75L 
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Fig. 5. Example visualisation of training ship at v = 4.630 m/s and  = 1.75L 

 
4. Results and Discussion 
4.1 Seakeeping of a Training Ship at Various Wavelengths, () 
 

The RAO characteristics for the heave and pitch motions of the training ship were shown in Figure 
6. Basically, the subsequent increase of wavelength within the range of 0.25 ≤ /𝐿 ≤ 1.0 was 
insignificant influence to the RAO magnitude for heave and pitch motions of the training ship, which 
inherently led to have a better seakeeping quality in seaway. This can be explained by the fact that 
the vertical motions of the training ship have not been deteriorated indicated by the small heave and 
pitch motions as clearly seen in Figures 7(a), (b) and (c). Referring to Table 5, the subsequent increase 
of the wavelength from  = 1.25L to 1.5L resulted in much more significant influence for the heave 
motion than her pitch motion. Here, the maximum increment has reached by 95%; while her pitch 
motion amplitude increased by 76%. This finding was similar to what was found by Hizir et al., [27] 
and Fitriadhy & Adam [12], this can be explained by the fact that the resonant frequency occurred 
which is attributed to the lack of damping coefficient of the training ship. This situation can be visually 
described by the increase of her bow volume immersion as clearly displayed in Figure 7(d), (e) and 
(f). 
 

 
Fig. 6.   RAO of heave and pitch motions at various wavelengths with Vs = 4.630 m/s (head-seas condition) 
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Table 5 
Heave and pitch motions of training ship at various 
wavelengths with Vs = 4.630 m/s (head-seas condition) 
/L  Heave motion, m Pitch motion, deg 

0.25 0.0439 0.1112 
0.50 0.0361 0.1078 
0.75 0.0551 0.3468 
1.00 0.0533 0.8813 
1.25 0.0937 1.7665 
1.50 0.1829 2.2255 
1.75 0.2260 2.2585 
2.00 0.2126 2.3023 
2.25 0.2028 2.1571 
2.50 0.1989 2.1043 
2.75 0.1958 1.9586 
3.00 0.1948 1.9576 

 

 
Fig. 7. Visualisation of wave elevation characteristics at various wavelengths (Vs = 4.630 m/s) 

 
 



CFD Letters 

Volume 13, Issue 1 (2021) 19-32 

28 
 

In addition, the RAO of heave and pitch motions rapidly increased and ultimately reached the 
peak point at  = 1.75L and  = 2.0L, respectively, as clearly displayed in Figure 6 (left) and Figure 6 
(right), respectively. This condition was vulnerable to degrade the seakeeping performance of the 
training ship and might resulted in discomfortability to the crew on-board indicated by instantaneous 
sinkage and excessive trim of the training ship as shown in Figure 7(g) and (h). Furthermore, these 
motion responses were relatively steady or even reduced as the wavelength further increases by 3.0L 
as clearly seen in Figures 7(i), (j), (k), (l) and (m). 

  
4.2 Seakeeping of Training Ship in Various Speeds, (Vs)  
 

Figure 8 shows the RAO characteristics of heave and pitch motions of the training ship at various 
speeds. The magnitude of the heave and pitch motions are completely presented in Table 6. Basically, 
the training ship has qualitatively showed to have similar trend of the heave and pitch motions 
behaviours as the subsequent increase of the forward velocity. Regardless of the increase of the 
forward velocities, the results revealed that the training ship has good seakeeping performance 
within the range of 0.25 ≤ /𝐿 ≤ 1.0. Similar to what was found by Hizir et al., [27], the highest forward 
velocity (5.607 m/s) resulted in better seakeeping behaviour of the training ship indicated by the 

lower RAO of the heave (0.25 ≤ /𝐿 ≤ 1.5) and pitch (0.25 ≤ /𝐿 ≤ 1.75) motions as clearly seen in 
Figure 8 (left) and Figure 8 (right), respectively.  However, the training ship has finally reached the 

maximum RAO of the heave and pitch motions as the further increase of /𝐿 by 1.75L and 2.0L, 
respectively. It should be noted here that the highest forward speed of the training ship has possibly 
led to downgrade her seakeeping performance indicated by the higher amplitude of the vertical 
motions. Referring to Table 6, the training ship associated with Vs = 5.607 m/s and  = 1. 5L resulted 
in the significant reduction of the heave motion 40.6% and 14.6%; whilst, the heave motion has 
decreased by 21.8% and 16.6% as compared to the forward speed of 3.603 m/s and 4.630 m/s, 
respectively. However, the RAO of her pitch motion subsequently increased, which was proportional 
to the forward speeds in the region of  ≥ 2.0L. The examples clearly presented in Figure 9 with the 
ratio of wavelength is 2.5L. The computational analysis showed that the subsequent increase of the 
forward speed incorporated with the coupling motion in the head-sea is predominantly heave into 
pitch, so that there can be a more significant influence on the occurrence of the pitch motion 
responses than the heave motion. This can be explained by the reasons that the training ship was 
easy to pitch, where the height of water on deck is sensitive to pitch angle as shown in as shown in 
Figure 9(a), (b) and (c). This inherently indicated that the seakeeping performance of the training ship 
has gradually degraded. Similar to the heave motion behaviour, the RAO of the pitch motion for the 
training ship was then relatively steady; even tends to decrease especially at the range of 2.0 ≤ /𝐿 
≤ 3.0.  
 

 
Fig. 8. RAO heave and pitch motions at various training ship’s speeds 
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Table 6 
RAO of heave and pitch motions at various training ship’s speeds 

/L 
Amplitude of Heave motion, m Amplitude of Pitch motion, deg 

3.601 m/s 4.630 m/s 5.607 m/s 3.601 m/s 4.630 m/s 5.607 m/s 

0.25 0.0452 0.0439 0.0402 0.2281 0.1112 0.0499 

0.50 0.0473 0.0361 0.0336 0.1640 0.1078 0.0670 
0.75 0.0607 0.0551 0.0382 0.5563 0.3467 0.1363 

1.00 0.0638 0.0533 0.0356 1.5299 0.8813 0.7122 

1.25 0.1789 0.0936 0.0692 2.3253 1.7665 1.5921 
1.50 0.2245 0.1829 0.1596 2.3855 2.2255 1.9584 
1.75 0.2250 0.2260 0.2301 2.5472 2.2585 2.0015 
2.00 0.2111 0.2126 0.2221 2.2522 2.3023 2.3402 
2.25 0.1984 0.2028 0.2149 1.9852 2.1571 2.3052 

2.50 0.1933 0.1989 0.2034 1.9246 2.1043 2.2171 
2.75 0.1925 0.1958 0.2015 1.8588 1.9585 2.0490 

3.00 0.1906 0.1948 0.1986 1.8553 1.9575 2.0325 

 

 
Fig. 9. Visualisation of wave elevation characteristics at various speeds (head-seas condition) 

 
4.3 Seakeeping of Training Ship in Following-Seas  
 

The characteristics of heave and pitch motions for the training in the following-seas is clearly 
displayed in Figure 10. In addition, the magnitude of the heave and pitch motions are completely 
presented in Table 7. In general, the CFD results revealed that the training ship’s motions in the 
following-seas has the higher magnitude of the heave and pitch motions especially for /𝐿 ≤ 1.75 
when compared to the head-seas condition. Similar to what was explained by Kat & Thomas [28] the 
reason can be explained by the fact that a ship in the following seas could experience large speed 
fluctuations (at low encounter frequencies) about its mean forward speed. It was noted that the 
maximum increment of the heave and pitch motions in the following-seas condition were 66% and 
68% at /𝐿 = 1.25 and /𝐿 = 1.0, respectively, as compared with case of the head-seas condition. 
Inherently, this may lead to the unfavourable and dangerous situations of the training ship in the 
following seaway. Correspondingly, the training ship has gradually undergone rigorous vertical 
motions in instantaneous trim indicated by the more immersion at her bow section as shown in 
Figure 11(a), (b) and (c). Merely, the training ship appeared to be vulnerable to surf-riding condition 
in the following seas through the increase of the vertical motions while riding on a wave crest. The 
further increase of the wavelength (/𝐿 > 1.75) has relatively resulted in the reduction the heave and 
pitch motions, which possibly provided more favorable ship’s motions. Besides, the range of /𝐿 ≥ 
2.0 has seemed to bear qualitative similarities both heave and pitch motions to the head-seas 
condition.  
 



CFD Letters 

Volume 13, Issue 1 (2021) 19-32 

30 
 

 
Fig. 10. RAO of heave and pitch motions at various wavelengths and wave directions with Vs = 4.630 m/s 

 
Table 7 
Heave and pitch motions of training ship at various 
wavelengths with Vs = 4.630 m/s (following-seas condition) 
/L Heave motion, m Pitch motion, deg 

0.25 0.0466 0.1245 
0.50 0.0385 0.1388 
0.75 0.0652 1.1099 
1.00 0.0728 1.4792 
1.25 0.1542 2.3524 
1.50 0.2154 2.4263 
1.75 0.2295 2.5309 
2.00 0.2257 2.4522 
2.25 0.1911 2.2183 
2.50 0.1966 1.9579 
2.75 0.1862 1.8742 
3.00 0.1807 1.8739 

 

 
Fig. 11. Visualisation of wave elevation characteristics at various wavelengths with Vs = 4.630 m/s (following-
seas condition) 

 
5. Conclusion  
 

The seakeeping investigation into heave and pitch motion of the training ship at various 
wavelengths, wave directions, and forward speeds have been successfully performed using the 
Computational Fluid Dynamic (CFD) approach. The computational simulation results are then 
presented in the form of her Responses Amplitude Operator (RAO) i.e., heave and pitch motions. The 
computational simulation results can be drawn as follows: 
 

i. The subsequent increase of wavelength ( ≤ 1.0L) has insignificant influence on the 
seakeeping quality of the training ship in seaway indicated with the less RAO values of the 
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heave and pitch motions responses.  has led to the increment of heave and pitch motion 
of the training ship which leads to downgrade of the seakeeping performance.  However, 
the training ship experiences more excessive heave and pitch motions at 1.25 ≤  ≤ 1.5, 
which is inherently degrade her seakeeping performance. 

ii. In the following-seas, the heave and pitch motions of the training ship are higher than the 
head-seas condition by 66% and 68% at  = 1.25L and 1.0L, respectively. 

iii. In general, the increase of the forward speed resulted in better seakeeping behavior of 
the training especially within the range of 0.25 ≤ /𝐿 ≤ 1.0. Inversely, the training ship 
motions has been deteriorated indicated by the significant increase of the RAO for the 
heave and pitch motions.  

iv. The RAO of the heave and pitch motions for the training ship are relatively steady; even 
tends to decrease especially at the range of 2.0 ≤ /𝐿 ≤ 3.0. 
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