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Abstract
The load condition significantly influences ship maneuverability in calm water. In this research, the effect of the 
load condition on turning performance of a very large crude oil carrier (VLCC) sailing in adverse weather condi-
tions is investigated by an MMG-based maneuvering simulation method. The relative drift direction of the ship in 
turning to the wave direction is 20°–30° in ballast load condition (NB) and full load condition (DF) with a rudder 
angle 35° and almost constant for any wind (wave) directions. The drifting displacement in turning under NB 
becomes larger than that under DF at the same environmental condition. Advance �� and tactical diameter ��
become significantly small with an increasing Beaufort scale in head wind and waves when approaching, although 
�� and �� are almost constant in following wind and waves. In beam wind and waves, the tendency depends on 
the plus and minus of the rudder angle.

Keywords: Load condition, Ship maneuverability, Turning, VLCC, MMG-model, Adverse weather conditions.

1. Introduction

Even if such ships as bulk carriers and crude oil carriers were fully loaded for sailing, the ships return without 

cargo. Without the cargo, the ship hull should be sunk properly by loading the ballast water inside the tank of the 

ship to avoid the risk that the propeller and rudder will appear above the water surface. The condition where only 

the ballast water is loaded (normal ballast load condition, NB) is quite different from the condition when fully 

loaded by the cargo (design full-load condition, DF) in the displacement volume of the ship, fore and aft drafts,

and so on. The ship’s performance is also quite different in DF than in NB. Therefore, the ship maneuverability

should be investigated not only in DF but also in NB for ships such as bulk carriers and oil tankers.

Several studies have been conducted with respect to the effect of loading condition on maneuvering perfor-

mances. Eda et al. (1979) confirmed that the ship maneuverability is significantly influenced by load conditions, 

and in the ballast load condition, the turning performance becomes worse and the course stability is improved.

Kijima et al. (1990) proposed a practical method to predict the maneuvering motions of ships in any loading 

conditions. The method is based on several approximate formulas to estimate the hydrodynamic force coeffi-

cients of ships. The prediction accuracy is acceptable, and the method is useful for predicting the maneuverabil-

ity of conventional ships at the initial design stage. Kijima et al. (1995) also proposed a prediction method that 

expresses the effect of the load condition on ship maneuverability based on the parameters such as the flow 

straightening coefficient and effective wake fraction at the rudder position. The prediction accuracy is relatively 

good for turning but not for course-keeping ability. In addition, a new modification of Kijima's mathematical 

model was introduced by Yoshimura (1998), and this model was used to predict the maneuvering performance 
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of two ship models with V-shaped and U-shaped frame lines in full and ballast load conditions. As a result, the 

turning performance becomes worse for the V-shaped model and conversely is improved for the U-shaped mod-

el. The V-shaped hull form makes the course stability worse in general, although it produces better resistance 

and propulsive performances. Additionally, Im et al. (2005) proposed approximate formulas to estimate the hy-

drodynamic derivatives in any loading conditions. Yoshimura et al. (2012) investigated the effect of load condi-

tion on the rudder force, and it was confirmed that the rudder normal force decreases with decreasing the aft 

draft in ballast condition. In these studies, however, the ship maneuverability was not mentioned in adverse 

weather conditions.

For predicting the maneuvering motions in waves, a simple method was proposed by Hirano et al. (1980). In 

the method, only the second-order wave-induced steady forces acting on the ship are considered as the wave 

effect in the existing maneuvering simulation method. Yasukawa (2006) and Yasukawa and Nakayama (2009) 

presented a practical integrated motion simulation method that can calculate both maneuvering and wave-

induced motions, and the simulation results were compared with the model test results for an S175 container 

ship model in waves to verify the calculation accuracy. Skejic and Faltinsen (2008) proposed a unified seakeep-

ing and maneuvering analysis method for ships in regular waves. Then, the wave-induced steady forces were 

estimated by their theoretical method. Seo and Kim (2011) also proposed a unified seakeeping and maneuvering 

analysis method by applying their theoretical method for estimating the wave-induced steady forces. In these 

studies, however, the ship maneuvering in irregular waves and wind was not considered.

In this study, the effect of the load condition of a very large crude oil carrier (VLCC) on turning performance

in irregular waves and strong wind is investigated using a simulation method presented by Yasukawa (2006) and 

Yasukawa and Nakayama (2009). Here, emphasis is placed on the low-frequency maneuvering motions with 

respect to surge, sway, and yaw, and the high-frequency wave-induced motions are neglected. The simulation 

method for maneuvering is based on the MMG standard method (Yasukawa and Yoshimura, 2015). By means 

of the simulation method, Yasukawa et al. (2017) investigated the effect of a small main engine output on the 

maneuverability of a VLCC in still water and adverse weather conditions. Both a conventional VLCC and a

VLCC with a 30% reduced energy efficiency design index (EEDI) satisfied the International Maritime Organi-

zation (IMO) criteria for maneuvering motions (IMO, 2002), although the small main engine output worsens the 

ship maneuverability slightly. However, their studies only mentioned the maneuverability in the full-load condi-

tion, but not in the ballast load condition. In this study, maneuvering simulations of two loading conditions (DF 

and NB) are performed to capture the turning characteristics in adverse weather conditions, and the special fea-

tures of turning in adverse weather conditions are discussed based on the simulation results.

2. Simulation Outlines

2.1 Studied Ship

The VLCC tanker KVLCC2 (SIMMAN, 2008) was selected as the studied ship. Table 1 gives the principal, 

and Figure 1 illustrates the body plan. In the table, � denotes the length between perpendiculars, � denotes 

the breadth, � denotes the depth, �� denotes the block coefficient, � denotes the mean draft, �� denotes 
the draft at the aft perpendicular, �� denotes the draft at the fore perpendicular of the ship, ∇ denotes the 

displacement volume, �� denotes the longitudinal position of center of gravity (fore position from the mid-

ship was positive), and �� and �� denote the front wind pressure and the profile wind pressure area, re-

spectively. DF is an even-keel condition, and NB is a trim by stern condition. The configuration and ar-

rangement of the superstructure were estimated based on an existing VLCC tanker with a similar size, be-

cause no actual full-scale ship corresponding to KVLCC2 was available.

The ship has a mariner rudder. Table 2 gives the principal particulars of the rudder, main engine, and pro-

peller. In the table, �� denotes the span of the rudder, �� denotes the averaged chord of the rudder includ-

ing horn, �� denotes the rudder area of the movable part, and � denotes the aspect ratio. �� denotes the 

engine power at maximum continuous rating (MCR), �� denotes the engine revolution at MCR, �� de-

notes the propeller diameter, � denotes the propeller pitch ratio, �� ��⁄ denotes the expanded area ratio of 

the propeller, and � denotes the number of blades of the propeller.
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Table 1. Principal particulars of a VLCC tanker

Items Value

� (m) 320.0

� (m) 58.0

� (m) 30.0

�� 0.81 (in DF)

Loading Condition DF NB

�� (m) 20.80 15.12

�� (m) 20.80 11.28

� (m) 20.80 13.2

∇ (m3) 312,622 182,439

�� (m) 11.20 8.87

�� (m2) 1,161 1,712

�� (m2) 4,258 6,724

Fig. 1. Body plan of a target ship (KVLCC2)

Table 2. Principal particulars of rudder, engine, and propeller

Symbol Value Symbol Value

�� (m) 15.80 �� (kW) 25,600

�� (m) 8.65 �� (rpm) 76.0

�� (m2) 112.5 �� (m) 9.86

� 1.827 � 0.673

�� ��⁄ 0.384

� 4

2.2 Maneuvering Simulation Method

Figure 2 shows the coordinate systems used in the study. Specifically, the space-fixed coordinate system is 

denoted as �� − ������, in which the ��−�� plane coincides with the still water surface, and the ��-axis 

points vertically downward. The moving ship-fixed coordinate system is denoted as � − ���, in which � is 

considered on the midship of the ship, and �, �, and �-axes point toward the ship's bow, i.e., toward the 

starboard and vertically downward directions, respectively. The heading angle � is defined as the angle 

between the x0 and �-axes. Furthermore, � denotes the rudder angle, and � denotes the yaw rate. Addition-
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ally, � and �� denote the velocity components in the � and � directions, respectively. The drift angle at 

the midship position is defined as ��= tan��(�� �⁄ )�. The total velocity corresponds to ��= ��� + ��
� �. 

The main wave propagation direction is denoted as �, as shown in Figure 2. Subsequently, relative wave 

direction �� is defined as �� ≡ � − �. The wind direction �� is assumed as same as the wave direction �.

The motion equations with respect to surge, sway, and yaw are expressed as follows (Yasukawa and Yo-

shimura, 2015):
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where m denotes the mass of the ship, ��� denotes the moment of inertia around the center of gravity, ��

and �� denote added masses of x-axis and y-axis directions, respectively, and �� denotes the added mo-

ment of inertia. The unknown variables in Eq. (1) are �, ��, and �. and �, � and � in the right-hand side 

of Eq. (1) denote the surge force, lateral force, and yaw moment around the midship, respectively, and are 

expressed as follows:
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Specifically, subscripts �, �, and � denote the hull, rudder, and propeller, respectively. The forces with 

subscripts �, �, and � are predicted by using the MMG model (Yasukawa and Yoshimura, 2015). The

subscript � denotes the wave-induced steady forces in irregular waves, and � denotes the wind forces, and 

these are predicted in the same manner in a previous study (Yasukawa et al., 2017). The motion equation, 

i.e., Eq. (1), is solved, and thus it is numerically possible to determine the maneuvering motions of the ship.

Fig. 2. Coordinate systems
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Table 3. Hydrodynamic force coefficients used in simulations

Symbol DF NB Symbol DF NB Symbol DF NB Symbol DF NB

���
� -0.0397 -0.0470 ����

� -0.3907 -0.3536 ��
� 0.0189 0.0111 ��(�� > 0) 1.40 1.45

���
� 0.5181 0.4409 ����

� 0.0078 0.0249 ��
� 0.2405 0.1429 ��(�� < 0) 1.10 1.30

���
� 0.0211 0.0320 ��

� -0.1366 -0.0655 ��
� 0.0135 0.0076 ��(�� < 0) 0.395 0.397

�����
� 0.7707 0.3669 ��

� -0.0586 -0.0517 �� 0.149 0.200 ��(�� > 0) 0.640 0.578

��
� -0.3145 -0.3016 ����

� -0.0298 -0.0429 �� 0.387 0.306 ℓ�
� -0.71 -0.71

��
� -0.2326 -0.2047 ����

� -0.2942 -0.2815 �� 0.312 0.292 � 1.09 1.37

����
� -1.6074 -1.0433 ����

� 0.0553 0.0632 ��
� -0.464 -0.412 � 0.499 0.390

����
� 0.3794 0.6101 ����

� -0.0132 -0.0163 �� 8.0 6.0 �� 2.747 2.747

2.3 Detail of Simulations 

Maneuvering simulations were carried out in two loading conditions (DF and NB). The following parame-

ters and treatments were made:

· The engine and propeller are the same as those of the conventional VLCC (Yasukawa et al., 2017).

· Hydrodynamic force coefficients were obtained from the model experiment based on MMG procedures 

(Yasukawa and Yoshimura, 2015). Table 3 gives the hydrodynamic force coefficients used in the simu-

lations. The notations in Table 3 follow the paper by Yasukawa and Yoshimura (2015).

· In the simulations, the propeller revolution (��) for both DF and NB was set the same as 72

rpm, and then the initial approach speed (��) was 15.5 knots for DF and 18.1 knots for NB. 

Note that 18.1kn for NB was determined by powering calculation. The rudder steering rate was 

2.34º/s, and the radius of yaw gyration was 0.25L. Propeller revolution was assumed to be con-

stant in the case without torque rich.

2.4 Treatment of External Forces 

In advance of the maneuvering simulations, a database of wave-induced steady forces in irregular waves 

was made based on the results of two loading conditions (DF and NB) for the interpolation used in the simu-

lations, and these were predicted by the same procedures as those used in the previous study (Yasukawa et 

al., 2017). The wave-induced steady forces in irregular waves were obtained by performing short-term pre-

dictions based on the wave-induced steady forces in regular waves, which were calculated by zero-speed 3D 

panel method (3DPM) for the steady lateral force and yaw moment and the strip theory-based Kochin-

function method (SKFM) for added resistance (Yasukawa, et al., 2018).

Figure 3 shows surge force coefficient �������� in ��= 0°, and lateral force coefficient �������� in ��= 90°, and 

yaw moment coefficient ��������� in ��= 90° corresponds to 15.5 knots (Fn = 0.14) as an example. These are 
nondimensionalized by ��� �⁄

� �� for forces and ��� �⁄
� ��� for moment, where �� �⁄ is the significant 

wave height. In the figure, �� denotes the averaged wave period. The absolute value of the wave-induced 

steady forces in NB becomes smaller than that in DF overall.

Fig. 3. Averaged wave-induced steady force coefficients in irregular waves for two loading conditions at Vs = 15.5 knots
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Fig. 4. Aerodynamic force coefficients for two loading conditions (DF and NB)

Table 4. Wind and wave conditions in simulations

BF �� (m/s) �� �⁄ (m) �� (s)

7 15.6 4.0 7.7

8 19.0 5.5 9.1

9 22.7 7.0 10.2

10 26.5 9.0 11.6

In addition, a database of wind force coefficients was made based on two loading conditions (DF and NB) 

for the interpolation in the maneuvering simulations. Figure 4 shows the coefficients ����, ���,���,�, which 

are nondimensionalized by 0.5������
� for the surge force, 0.5������

� for the lateral force, and 

0.5������
�� for the yaw moment, respectively. �� is the air density and �� is the relative wind velocity. 

These were estimated by Fujiwara's method (Fujiwara et al., 1998) and represented as the function of the 

relative wind direction ��. The absolute value of lateral wind force coefficient (���) in NB generally be-

comes larger than that in DF.

Fig. 5. Comparison of turning trajectories between experiment and calculation for DF and NB in calm water with � = ±35°

Fig. 6. Comparison of turning trajectories in calm water (�=35°)
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Table 5. Comparison of turning indexes

�=35° �=-35°

��/� ��/� ��/� ��/�

DF 3.67 3.83 3.50 3.54

NB 3.69 4.43 3.49 4.06

IMO criteria 4.50 5.00 4.50 5.00

Fig. 7. Comparison of time history of rudder normal force coefficient (��′) during turning in calm water (�=35°)

2.5 Environmental Parameters

The environmental parameters were set based on the Beaufort scale (BF). Table 4 gives the wind and wave 

conditions based on the BF scale used in the simulation. From the table, the absolute wind speed was denot-
ed as ��, the significant wave height was denoted as �� �⁄ , and the averaged wave period was denoted as 

��. The wind and waves were assumed to be constant with respect to time, and the wind direction (��)

was the same as the wave direction (�).

3. Turning in calm water

3.1 Comparison with Free-Running Model Test 

To validate the present method, the free-running model tests in still water were conducted at the square 

tank of the National Research Institute of Fisheries Engineering (length: 60 m, width: 25 m, depth: 3.2 m) 

by using a scaled ship model (length: 2.901 m, scale ratio 1/110), and simulation results were compared 

with the free-running test results in DF and NB. In the tests, the approach speed �� was 0.76 m/s for DF, 

and 0.785 m/s for NB. Figure 5 shows a comparison of ship trajectories between simulation (cal) and exper-

iment (exp) for DF and NB in calm water with rudder angle �=±35°. The turning simulation results agree 

well with the free-running test results, although the turning simulations are slightly smaller than the experi-

ments. NB has a larger turning radius than DF.

3.2 Turning in Full Scale

Figure 6 shows a comparison of turning trajectories in DF and NB with �=±35° in full scale. Table 5 pre-

sents a comparison of turning indexes, advance (��), and tactical diameter (��). The turning radius in-

creases in NB compared with DF, and �� and �� increase by 0.1% and 15.2%, respectively, as the aver-

aged value of port and starboard turning. The turning indexes (�� , ��) in NB satisfy the IMO maneuvering 

criteria (IMO, 2002), although they increase when compared with that in DF. It should be noted that the 

IMO criteria for ship maneuverability are only applicable to the full-load and even-keel condition as the 

fundamental condition for the assessment. The turning performance of NB was not at a potentially problem-

atic level from a safety navigation viewpoint.
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Fig. 8. Comparison of turning trajectories in wind and waves of �= 0° and �= 180° for BF7 and BF9 (�= 35°)

Fig. 9. Comparison of turning trajectories in wind and waves of �= 90° for BF7 and BF9 (�= ±35°)
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Fig. 10. A definition of angles of drift turning direction ��, relative drift direction in turning to wave directions ��, and dis-

placement of drift in turning �� (left: �=-35°, right: �=35°) 

Figure 7 shows a comparison of the time history of the rudder normal force coefficient (��′) during turning.

��′ is nondimensionalized by 0.5rLdU2. ��′ in NB is larger than that in DF, although the turning circle is 

larger in NB than DF, as shown in Figure 6. Generally, a larger rudder force makes a smaller turning circle. 

Therefore, the reason why the turning circle is larger in NB than DF is not caused by the rudder force. This 

may be caused by a difference in course stability in DF and NB, and it is expected that the course stability in 

NB is better than that in DF.

3.3 Course Stability

To observe a difference of course stability in DF and NB, the course stability criterion � in calm water 

was compared. The criterion � is expressed as follows (Nomoto et al., 1957):

( )' ' ' 0G G G G
v r r x vC Y N Y m m N¢ ¢¢é ù= - - + >ë û (3)

where ��
��, ��

��, ��
��, and ���

�
denote the nondimensionalized linear hydrodynamic derivatives on maneu-

vering, and �� and ��
� are the nondimensionalized mass and added mass, respectively. The derivatives 

correspond to the center of gravity are converted from midship point and include the effect of propeller and 

rudder. The linear derivatives were determined based on the captive model test results using a ship model 

with propeller and rudder (Yasukawa and Yoshimura, 2015). The ship becomes stable when C > 0 and un-

stable when C < 0. Table 6 gives the linear derivatives and the calculation result of C for DF and NB. The C

in DF is 0.00 (neutral) and NB is 0.02 (stable). Thus, the ship in NB is more stable for course keeping.

4. Turning in Adverse Weather Conditions

Turning simulations were performed in adverse weather conditions such as BF7 and BF9. It was assumed 

that the ship initially advances along x0-axis. Figure 8 shows a comparison of turning trajectories in wind 

and waves of �= 0° and �= 180° with �= 35°. Figure 9 shows a comparison of turning trajectories in wind 

and waves of �= 90°. It is obvious that ship drifting becomes large with increasing BF scale. The ship drift-

ing direction during the turning (drift turning direction) changes with changing wind (wave) directions. Also, 

the drifting displacement in NB is larger than that of DF in any wind (wave) direction. However, an uncon-

trollable situation does not occur in both DF and NB in the simulations.

Figure 10 shows a definition of the angles of drift turning direction denoted as ��, relative drift direction 

in turning to the wind (wave) directions, denoted as ��(≡ �� − �), and displacement of the drift in turning 

denoted as ��. �� can be obtained as the angle between the ��-axis and the drift turning direction. �� is 

the distance between the edges of turning circles (taken from the second edge of the circle to the third edge), 

and it was measured perpendicular to the line of drift turning direction. 



62 Mochammad Zaky, and Hironori Yasukawa
Journal of Advanced Research in Ocean Engineering 4(2) (2018) 53-65

Fig. 11. Comparison of ��, ��, and ��
� for DF and NB in BF7 and BF9

Fig. 12. Comparison of turning indexes �� and �� in wind and waves (�= ±35°)
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Fig. 13. Comparison of time history of rudder normal force coefficient (��′) during turning with �= 35°in still water (SW), 

BF7 and BF9 (�= 0°)

Figure 11 shows a comparison of ��, ��, and ��
� (= �� �⁄ ) in BF7 and BF9 with �= ±35°. The �� line-

arly increases with � for both DF and NB. The values of �� in DF and NB tend to be constant for both 

cases (BF7 and BF9). The order of magnitude of �� is 20°–27° in DF and approximately 30° in NB in BF7 

and BF9 for �= 35°. The �� becomes small in DF compared with NB. The discrepancy of �� between DF 

and NB becomes small with increasing the BF scale. The ��
� is almost the constant for any wind (wave)

directions, although there is a tendency that ��
� gradually decreases with increase of wind (wave) directions. 

��
� in NB is larger than that of DF in all cases, and ��

� significantly increases in larger BF scale like BF9. 

The ship's mass in NB is obviously smaller than that in DF, although the external forces due to wind and 

waves are almost the same between DF and NB. Therefore, the external forces due to wind and waves per 

ship's mass are larger in NB. The ship in NB with a light displacement easily drifts away because of wind 

and waves. 

Because of the effect of the ship drifting in adverse weather, the turning indexes (�� , ��) also change 

with the magnitude and the direction of the external forces. Figure 12 shows a comparison of the turning 

indexes (�� , ��) in adverse weather conditions. Note that “SW” in the horizontal axis of the figure denotes 

the still water. In �=0°, �� and �� become significantly small for both DF and NB with increasing BF 

scale. This is because the rudder force increase comes from a significant speed drop in adverse weather.

When the speed drop occurs under the condition of constant propeller revolution, the propeller load increas-

es and the rudder force increases. Figure 13 shows a comparison of time history of rudder normal force co-

efficient (��′) during turning with �= 35° in SW, BF7 and BF9 (�= 0°) for both DF and NB. ��′ in BF7 

and BF9 is larger than that in SW at about t=100s just after the steering action finished. Also we can observe 

that peaks of ��
� periodically appear at the speed drop range during turning in wind and waves. In �=180°, 

�� and �� are almost constant in both DF and NB since the ship speed is almost the same in calm water. In 

�= 90°, the change of �� and �� for increasing BF scale is quite different in between �=35° and �= -35°.

In the case of �=35°, �� and �� become small for both DF and NB with increasing BF scale, and, con-

versely, in the case of �= -35°, �� decreases slightly and �� increases slightly with increasing BF scale.

At the beginning of the turning with �=35°, the relative wind (wave) direction changes from the beam wind 

(wave) direction to the head wind (wave) direction (namely, c0=90° to 0°). Roughly speaking, this situation

is similar to the turning situation in �=0°. On the contrary, in the case of �= -35°, the relative wind (wave)

direction changes from beam wind (wave) direction to following wind (wave) direction (c0=90° to 180°). 

This situation is similar to the turning situation in �=180°. In the change of �� and �� with changing BF 

scale, NB is remarkable compared with DF in all cases. This may be because a ship in NB with a light dis-

placement easily drifts and follows the wind (wave) directions. However, the effect of external forces by the 

wind and waves on the turning indexes is qualitatively the same in DF and NB.

5. Conclusions

In this study, the effect of the load condition of a VLCC on turning performance in calm water and stormy 

conditions was investigated. The maneuvering simulations were performed for the conventional VLCC in 
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full load (DF) and ballast load (NB) conditions using an MMG-based simulation method (Yasukawa and 

Yoshimura, 2015). The results obtained in this study are summarized as follows:

· The turning performance of NB in calm water becomes worse than that of DF as NB is better in course 

stability than DF. Although the turning performance is worsened in NB, the turning indexes (Ad, Dt) 

still complied with the IMO maneuvering criteria (IMO, 2002) for this ship.

· In adverse weather conditions, the relative drift direction of the ship in turning to the wave direction

�� is almost the constant for any wave and wind directions. The order of magnitude is 20°–30° in NB 

and DF in the case with a rudder angle of 35°, although �� in DF is slightly smaller than that in NB. 

· The drifting displacement in turning �� is almost the constant for any wind (wave) directions. �� in 

NB is remarkably larger than that of DF at the same BF scale, because the external forces due to wind 

and waves per the ship mass are larger in NB. �� significantly increases with an increasing BF scale.

· Advance �� and tactical diameter �� become significantly small with an increasing BF scale in head 

wind and waves when approaching, although �� and �� are almost constant in following wind and 

waves. In beam wind and waves, the tendency depends on the plus and minus of the rudder angle �.

The effect of external forces owing to the wind and waves on the turning indexes is qualitatively the 

same in DF and NB.
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