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Abstract: The maneuvering simulation is carried out through the continuous captive model test and the system dynamics approach. 
The mathematical maneuvering group (MMG) model is implemented in the virtual captive model tests by using the computational fluid 
dynamics (CFD) techniques. The oblique towing test (OTT), the circular motion test (CMT), the rudder force test and the open water 
test are performed to obtain the hydrodynamic derivatives of the hull, the rudder and the propeller, and the results are validated by 
experimental data. By designing the tests, the number of cases is reduced to a low level, to allow us to evaluate the maneuverability with 
a low cost and in a short time. Using these obtained coefficients, the system-based maneuvering simulations are conducted to calculate 
the position and the attitude of the ship, with results in agreement with the free running test results. This procedure can also be used for 
other hull forms, with reduced workload and with convenience for maneuvering simulation tasks. 
  
Key words: Maneuvering simulation, captive model test (CMT), system dynamics, computational fluid dynamics (CFD), 
Hydrodynamic derivatives 
 
Introduction  

The ship maneuvering test is important for 
evaluating the maneuverability of a vessel, which 
involves the ability of the vessel to keep or change its 
motion state under the control actions, including the 
straight-line stability, the course-keeping ability, the 
course-changing ability, the yaw checking ability, the 
turning ability, and the stopping ability. Corres- 
pondingly, the turning circle test, the zig-zag test, the 
stopping test, the spiral test and the pull-out test might 
be carried out to determine these abilities. The 
standards of the ship maneuverability are formulated 
by the International Maritime Organization. 

The methods and the procedures for the maneu- 
vering tests were comprehensively reviewed in 
literature. These methods are classified as shown in 
Fig. 1. The maneuvering analysis can be performed 
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either by the free running test or by the mathematical 
modeling (in full- or model-scale). The free running 
test is carried out for the functional propellers and 
rudders. The motion states are recorded and analyzed 
to characterize the maneuverability directly. Experi- 
mental data of ship maneuvering are very few, several 
studies were for the tankers, the DTMB 5415, the 
KVLCC1, the KVLCC2, the KCS, the ONRT, the 
SR108 by the Hamburgische Schiffbau- 
Versuchsanstalt GmbH (HSVA), the Ship Hydrodyna- 
mics Division, Centrum Techniki Okretowej (CTO), 
Poland, the Maritime Research Institute Nederlands 
(MARIN), the Schiffbau-Versuch- sanstalt Potsdam 
GmbH (SVAP), Germany, the Bulgarian Ship Hydro- 
dynamic Center (BSHC), Bulgaria, the Ishikawajima 
Heavy Industries (IHI), Japan, the Iowa Institute of 
Hydraulic Research (IIHR), USA and the Instituto 
Nazionale per Studi ed Esperienze di Architettura 
Navale (INSEAN), Italy, with most of them for the 
zig-zag and turning circle maneuvers, and a few for 
the spiral and stopping maneuvers. Maneuvering in 
shallow water was also tested in the SIMMAN 2014. 
Experimental details can be found in the Tokyo 2015 
computational fluid dynamics (CFD) Workshop in 
ship hydrodynamics and SIMMAN 2008, 2014, 2020. 
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CFD simulations can accurately reproduce the 
experimental results. Because of the numerical 
complexity and the computational cost, the RANS- 
based CFD simulations becomes dominant choices[1-7]. 
Modeled propellers were sometimes used to lighten 
the computational burden[8], which is commonly-used 
in commercial codes (FINE-MARINE, STAR-CCM+, 
etc.). 
 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Coordinate systems of the MMG model 
 

Apart from the free running test, the mathema- 
tical modeling approach, also called the system-based 
method, is widely-used, where the calculation of the 
hydrodynamic coefficients is critical. This method is 
based on the rigid body equations: 
 

2 2= [ + + + (( ) ) +g gX m u vr wq x q r y pq r     

 
( )]gz pr q  , 

 
2 2= [ + + + (( ) ) +g gY m v wp ur y r p z qr p     

 
( + )]gx qp r , 

 
2 2= [ + + + (( ) ) +g gZ m w uq vp z p q x rp q     

 
  ( + )]gy rq p , 
 

2 2)= + ( ( ) + )+ ( +x z y xz yzK I p I I qr r pq I r q I     

 
( ) + [ ( + )xy gpr q I m y w uq vp     

 
  ( + )]gz v wp ur , 

 
2 2)= + ( ( ) + )+ ( +y x z xy zxM I q I I rp p qr I p r I   

 
 

 

  ( ) + [ ( + )yz gqp r I m z u vr wq     

 
( + )]gx w uq vp , 

 
2 2)= + ( ( ) + )+ ( +z y x yz xyN I r I I pq q rp I q p I     

 
  ( ) + [ ( + )zx grq p I m x v wp ur     

 
  ( + )]gy u vr wq                                                       (1) 

 
where the first three equations are for the translational 
motions, while the last three for the rotational motions. 
The forces and the moments ( , , , , , )X Y Z K M N  on 

the right-hand side are expanded in Taylor series. 
( , , , , , )u v w p q r  are the linear and angular velocities. 

, , ,x y zI I I  are the moments of inertia. ( , , )g g gx y z  

are the vector components from the gravity center to 
the rotation center. Their derivatives with respect to 
the variables (the velocity, the yaw rate, the rudder 
angle, etc.) give the hydrodynamic coefficients. Other 
forces generated by the wind, the waves, the current, 
the ship-ship interactions, etc. can also be included. 
Several models were proposed for calculating the hy- 
drodynamic coefficients. The linearized models were 
used in early studies. Nonlinear models[9] become the 
trend currently. Among them, the Abkowitz model 
and the MMG model[9] are the most commonly-used. 
For the MMG model, the forces on the hull, the rudder, 
and the propeller are separated, and so are their 
hydrodynamic coefficients, while for the Abkowitz 
model, they are treated as a whole. The methods for 
determining the hydrodynamic coefficients include: 
    (1) The method of using the empirical formula is 
the most convenient but less accurate. 

(2) The captive model test involves the forced 
ship motions obtained by using the planar motion 
mechanism (PMM) tests. Standard procedures were 
described in Refs. [10-11]. Experimental data can be 
found for the KVLCC1, the KVLCC2, the KCS, the 
DTMB 5415, and the ONRT in the Tokyo 2015 CFD 
Workshop in ship hydrodynamics and SIMMAN 2008, 
2014, 2019[9, 12-14]. The CFD is used to simulate the 
experimental conditions numerically. 

(3) The system identification can be used to 
calculate or correct the hydrodynamic coefficients 
based on the free running test results[12, 15-16]. To apply 
this method, the standard maneuvers should be con- 
ducted to obtain the system inputs (the rudder angle, 
the propeller revolution, etc.) and the outputs (the ship 
velocities, the heading, the yaw rate, etc.). The 
advantage of the system identification is that all the 
maneuvering coefficients can be estimated by one or a 
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few free running trials instead of numerous captive 
model tests. The classical system identification 
techniques for the ship maneuvering include the least 
squares method, the model reference method, the 
extended Kalman Filter method, the maximum 
likelihood method, the recursive prediction error 
method, and the annealing search method. However, 
some problems exist in these methods, such as the 
sensitivity to the initial values, the ill-conditioned 
solutions, the simultaneous drift of the parameters and 
the multicollinearity of the regressive parameters. 
Several new approaches were proposed for modeling 
the ship maneuvering, including the Markov process 
theories, the statistical linearization techniques, the 
frequency spectrum analysis, the optimization techni- 
ques, the genetic algorithm, the particle swarm 
optimization (PSO), the artificial neural networks 
(ANN), and the support vector machine (SVM). 
Among them, the ANN and the SVM can both be used 
in the parameter identification and the blind prediction 
of the ship maneuvering. For the parameter identifica- 
tion, the hydrodynamic coefficients can be obtained 
directly by the SVM whereas another regressor (e.g., 
the least squares method) is required by the ANN. For 
the blind prediction of the ship maneuvering, it is 
shown that SVM can be better generalized than the 
ANN. The sensitivity analysis can also be conducted 
to determine the most influential variables for the 
identification[17-19]. 

In this paper, the ship maneuvering analysis is 
carried out based on the virtual captive model tests. 
Commonly-used maneuvering models are analyzed, 
especially, the formulations and the procedures of the 
mathematical maneuvering group (MMG) model, 
based on the virtual captive model tests to obtain the 
hydrodynamic coefficients. The system-based maneu- 
vering simulations are finally performed to calculate 
the trajectory, the heading angle, and other parameters 
of the vessel. 
 
 

1. Maneuvering models 
The system-based maneuvering simulations can 

be used to predict the ship trajectories, the yaw angles, 
and other parameters, which are important for the ship 
motion prediction and evaluation. As indicated by Eq. 
(1), the rigid body equations can be solved directly, 
where the hydrodynamic forces on the ship are calcu- 
lated from the hydrodynamic derivatives obtained 
from either the empirical formula, the captive model 
tests or the system identification methods. Therefore, 
the hydrodynamic derivatives play an important role 
in the ship maneuvering simulations. A set of 3DOF 
rigid body equations is normally adopted for the 
simplification: 

 

2( = ( ,) , , , , , , )Gm u vr x r X u v r u v r                         (2) 

    
( + + ) = ( , , , , , , , )Gm v ur x r Y u v r u v r                            (3) 

 
+ ( + ) = ( , , , , , , , )z GI r mx v ur N u v r u v r                        (4) 

 
    The right-hand side can be expanded in the 
Taylor series as: 
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
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  
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 
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                                              (7) 

 
    The derivatives are usually expressed as: 
 

= u

X
X

u




, = v

X
X

v




, = r

X
X

r


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, = ,u

X
X
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





      (8) 

 

    Normally, only a few terms in Eqs. (5)-(7) are 
retained. In the early models, only the first order terms 
are kept, and they are referred as the linear models. 
Details of various models are discussed in the 
Introduction. Among them, the MMG[9] and Abkowitz 
models are the most commonly-used ones. 
 

1.1 Abkowitz model 
    In the Abkowitz mathematical model, the forces 
and the moment X , Y  and N  in Eqs. (2)-(4) are 
directly expanded as: 
 

2 3 2
*= + + + + + +u u uu uuu vvX X X u X u X u X u X v     

 
2 2 2+ + + +vvu rr rru vrX v u X r X r u X vr   

 
  2 2+ + + +vru u vX vr u X X u X v       
 

+ +v u r r uX v u X r X r u                                      (9) 

 
2 3

*= + + + + + + +r v u um umu vY Y Y r Y v Y u Y u Y u Y v      
 

3 2 2 2+ + + + +vv vrr v vu vuuY v Y vr Y v Y v u Y v u     
 

3 2 2+ + + + +r rrr vv r ruY r Y r Y v r Y r Y r u    
 
  2 2+ + + +ruu u uuY r u Y Y u Y u        
 

3 2 2+ +w rrY Y v Y r                                            (10) 

 
2 3

*= + + + + + +r v u uu uuuN N N r N v N u N u N u      
 

3 2 2+ + + + +v vvv vrr v vuN v N v N vr N v N v u    
 

2 3 2 2+ + + + +vuu r rrr vv rN v u N r N r N v r N r   
 
  2+ + + +ru ruu uN r u N r u N N u      
 
  2 3 2 2+ + +uu v rrN u N N v N r                    (11) 

 
where u  is the disturbance in the surge velocity, 

0u  is the surge velocity in the initial state of the 

forward motion. Depending on the ship model and the 
maneuvering conditions, some terms can be neglected 
and the equations are thus simplified. 
 
1.2 MMG model 
    The coordinate system of the MMG model is 
shown in Fig. 1. Similar to Eqs. (2)-(4), the set of 
3DOF maneuvering equations of the MMG model 
with the added masses ( , )x ym m  and the added 

moment of inertia ( )zJ  is expressed as[9]: 

 
2= ( + ( +) )x y m GX m m u m m v r x mr                     (12) 

 
= ( + + ( + +) )y m x GY m m v m m ur x mr                       (13) 

 
2 )= ( + + + ( + )m zG G z G mN I x m J r x m v ur                   (14) 

 
On the other hand, the forces and the moments of the 
MMG model on the right-hand side are separated 
according to the hull, the propeller and the rudder: 
 

= + +H R PX X X X                                                    (15) 

 
= +H RY X Y                                                                (16) 

 
= +m H RN N N                                                           (17) 

 
This separation allows for more accurate and 
convenient evaluation of each force. Other forces 
induced by the wind, the waves, the current, the ship 
interactions, etc. can also be added in a similar way. It 
should be noted that this separation also brings errors 
due to the coupling effects, such as the hull-ruder- 
propeller interaction, the wave-current interaction, and 
the wave-wave interaction. Corrections can be consi- 
dered in such situations. The hydrodynamic coeffi- 
cients in the MMG model are deduced from the 
captive model tests. 
 
1.2.1 Hydrodynamic forces on the hull 
    The hydrodynamic forces on the ship hull are 
non-dimensionalized as: 
 

21
= ( , )

2H pp d H mX L T U X v r                                       (18) 

 

21
= ( , )

2H pp d H mY L T U Y v r                                          (19) 

 

2 21
= ( , )

2H pp d H mN L T U N v r                                        (20) 
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where the dimensionless hydrodynamic forces are 
expressed in the 1st and 3rd order polynomial 
functions of mv  and r : 
 

2 2 4
0( , ) = + + + +H m vv m vr m rr vwv mX v r R X v X v r X r X v              

                                                                                     (21) 
 

3 2 2 3( , ) = + + + + +H m v m R vvv m vvr m vr m rrrY v r Y v Y r Y v Y v r Y v r Y r               
                                                                                     (22) 
 

3 2( , ) = + + + +H m v m R vvv m vvr mN v r N v N r N v N v r             
 

2 3+vrr m rrrN v r N r                                                     (23) 

 
The lateral velocity mv , the yaw rate r  are 

non-dimensionalized as = /m mv v U , = /ppr rL U  

respectively. Other forces and moments are non- 
domensionalized the same way as Eqs. (18)-(20). The 
non-dimensionalization is based on the Prime system 
II shown in Table 1. 
 
Table 1 Standard normalization systems 

Unit 
Prime 

system I 
Prime 

system II 
Bis 

system 
Length L   L   L  

Mass 31 / 2 L  
21/ 2 dL T   S  

Inertia moment 51 / 2 L  
41/ 2 dL T   2

S L

Time /L U   /L U   /L g  

Reference area 2L   dLT   2 /S L
Position L   L   L  

Angle 1   1   1  

Linear velocity U  U  Lg  

Angular 
elocit

/U L  /U L  /g L  
Linear 

l ti
2 /U L  2 /U L  g  

Angular 
l ti

2 2/U L  2 2/U L  /g L  

Force 2 21 / 2 U L
21/ 2 dU LT

 
Sg 

Moment 2 31 / 2 U L  2 21/ 2 dU L T Sg L 

 
1.2.2 Propeller induced forces 
    Only the longitudinal force induced by the 
propeller is considered 
 

)= (1P P PX t T                                                           (24) 

 
where the thrust deduction factor Pt  is assumed to be 

constant for a given propeller load for simplicity. The 
propeller thrust PT  is written as 

 
2 4= ( )P P P T PT n D K J                                                    (25) 

 
2

2 1 0( ) = + +T P P PK J k J k J k                                        (26) 

 
where 0k , 1k , 2k  are obtained from the propeller 

open water tests. 
During the maneuvering simulations, the pro- 

peller advance ratio PJ  is expressed as: 
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=
)P

P
P P

u w
J

n D
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                                                          (27) 

 

1 2
0

1
= 1 [1 exp( )]( 1)

1
P

P
P

w
C C

w



   


                   (28) 

 
where Pw  is the wake coefficient at the propeller 

position, 0Pw  is that in the straight moving state, p  

is the geometrical inflow angle to the propeller,   is 

the hull drift angle at the midship, Px  is the 

longitudinal coordinate of the propeller position and 

1C , 2C  are the constants of the wake characteristics 

determined from experiments. 
 
1.2.3 Rudder induced forces 
    The rudder induced forces are expressed as: 
 

)= (1 sinR R NX t F                                                (29) 

 
= ( c s)1+ oR H NY a F                                               (30) 

 
= ( + s) coR R H H NN x a x F                                      (31) 

 
where Rt  and Ha  are the steering resistance 

deduction factor and the rudder force increase factor, 

Rx  and Hx  are the longitudinal coordinates of the 

rudder position and the acting point of the additional 
lateral force. They represent the interactions between 
the hull and the rudder. 

The rudder normal force NF  is expressed as 
 

21
= sin

2N R R RF A U f                                              (32) 

 
where   is the water density, RA  is the profile area 

of the rudder movable part and f  is the rudder lift 

gradient coefficient. The rudder inflow velocity RU  

and the angle R  are expressed as: 

 
2 2= +R R RU u v                                                        (33) 
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R
R

R

v

u
                                                                  (34) 

 
where   is the rudder angle, Ru  and Rv  are the 

longitudinal and lateral inflow velocity components 
over the rudder: 
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8
= (1 1+ 1+ 1 + (1+) )T

R R P R R R
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K
u u w
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                                                                                     (35) 
 

=R R Rv U                                                                 (36) 

 
where R  is the effective inflow angle to the rudder,  

R  is the ratio of the propeller diameter to the rudder 

span. R  is the wake fraction ratio at the rudder 

position to that at the propeller position and   is an 
experimental constant. 
 
 
2. Virtual captive model tests 

A scaled model (L3) of the KVLCC2 tanker is 
selected in the captive model tests. The parameters of 
this ship are shown in Table 2. The virtual captive 
model tests are carried out under the propeller condi- 
tion with the rudder. The ship speed 0U  is set to  

0.76 m/s (15.5 kn in full-scale). Dimensionless 
variables are used in some cases and the Prime system 
II is adopted as the reference for their non- 
dimensionalizations (Table 1). 
 
Table 2 Principal parameters of the KVLCC2 tanker 

Parameter L3 model 
L7  

model
Full-
scale

Scale ratio, s  1/110 1/45.7 1 

Length between perpendi- 
culars, ppL /m 2.902 7 320 

Ship breadth, wlB /m 0.527 1.27 58 

Ship draught, dT /m 0.189 0.46 20.8 

Displacement volume, 
sV /m3 0.235 3.27 312 600

Longitudinal gravity center 
position, Gx /m 0.102 0.25 11.2 

Block coefficient, bC  0.81 0.81 0.81 

Propeller diameter, pD /m 0.09 0.216 9.86 

Rudder span length, RH /m 0.144 0.345 15.8 

Profile area of rudder movable 
part, RA /m2 0.00928 0.0539 112.5

 
 
 
 

2.1 Hydrodynamic coefficients of the hull 
 
2.1.1 Actuator disk model for propeller 
    The oblique towing test (OTT) and circular 
motion test (CMT) will be carried out for the hull. 
Instead of a real propeller, an actuator disk model is 
implemented to account for the propulsion. The axial 
and tangential volume forces will be generated by the 
actuator disk to create a flow field similar to that 
created by a real propeller: 
 

= 1bx x d dA r r f ,

 
( )

1
=

1 +
d d

b
d h h

r r
A

r r r 

 




 

f             (37) 

 
where dr  is the radius of the disk, = ( ) /d d hr r r  

(1 )hr , /=d d Pr r R . xA  and A  are expressed as: 
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=
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P

P H P H

Q
A

R R R R  
                        (39) 

 

HR , PR  are the radius range of the disk. The thrust 

PT  is obtained from the self-propulsion tests[9] and 

the torque PQ  can be calculated from the data of the 

open water test. When the ship moves, the position of 
the actuator disk should also be updated based on the 
two coordinate frames in Fig. 1: 
 

0 0 0 0= ( cos + ( sin) )G Gx x x y y   , 

 

0 0 0 0= ( sin + () cos)G Gy x x y y    , 0=z z     (40) 

 
It can be seen that the above equations are only 
updated in the horizontal plane as in the captive model 
tests without sinkage and trim. 
 
2.1.2 Computational setups 

The hydrodynamic derivatives of the hull are 
determined using the OTT, CMT. The planar motion 
mechanism (PMM) can also be used, but the obtained 
derivative values vary remarkably due to the influence 
of the motion frequency and the amplitude according 
to Ref. [9]. It should be noted that the simulations here 
are carried out without sinkage and trim. The 
open-source code OpenFOAM is used for the 
simulations in this work. The SST -k   turbulence 
model is adopted. The time derivative terms are dis- 
cretized using the implicit Euler scheme. The convec- 
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tion term in the momentum equation is discretized 
using the second order linear upwind scheme, and the 
convection term in the VOF equation is discretized 
using the second order total variation diminishing 
(TVD) scheme with van Leer’s flux limiter. The 
second order central differencing scheme with non- 
orthogonal correction is used for the discretization of 
the diffusion term. Four outer correctors are used per 
time step, and three pressure corrections are employed 
in this case[20-24]. All equations are solved within the 
tolerance of ( 8)O  . More details are given in our 

earlier work[25]. The rudder angle 0    in the tests. 
    (1) Oblique towing test 

In the OTT, the hull drift angle   varies in the 

range of 0-20 with an interval of 4. The compu- 
tational domain is designed as shown in Fig. 2. During 
the OTT simulations, the same mesh is used while the 
direction of the inlet velocities varies to realize 
different oblique conditions, to avoid remeshing at 
different ship drift angles. The actuator disk is located 
as the real propeller. The case setups are shown in 
Table 3. Five drift angles are designed in this study. 
The inlet velocity and the revolution rate of the KP458 
propeller are 0.76 m/s, 17.95 rps. The thrust value is 
obtained from the experiment in Ref. [9]. The torque 
is obtained from the open water test according to the 
thrust. 
 
 
 

 

 

 

 
 
 
 

 
 

Fig. 2 (Color online) Computational domain and boundary con- 
ditions for the OTT, CMT 

 

Table 3 Setups of the OTT, CMT 
Parameters Values 

Ship drift angle, 

 / 
0, 4, 8, 12, 16, 20 

Thrust, T /N 4.350, 4.321, 3.810, 4.054, 3.735, 3.784

Torque, Q /Nm 
0.0884, 0.0872, 0.0822, 0.0845, 0.0815, 

0.0820 

     
(2) Circular motion test 

In the CMT, the non-dimensional yaw rate r  
varies in the range of 0-0.8 with an interval of 0.2 at a 
fixed drift angle. Figure 3 shows the typical move-  
 

ment in the CMT. The ship model is towed to move in 
a circular arc line. Since the yaw rate = /r U R , 
changing the turning radius R is equivalent to 
changing r at the same ship speed = 0.76 m / sU . 

The surge force, the lateral force and the yaw moment 
are measured during the tests. The thrust and the 
torque are determined the same way as the former part 
(Table 3). The position of the actuator disk is updated 
each time step according to Eq. (40). 

 
 
 

 

 

 

 
 
Fig. 3 Sketch of the CMT. r , R , U  are the yaw rate, the 

turning radius and the ship speed 
 
2.1.3 Results and analyses 
    (1) Oblique towing test 
    The validation and verification studies were 
carried out in our earlier work[25]. The feasibility of 
implementing the models is confirmed. The non- 
dimensional forces and moment are calculated as 
shown in Figs. 4-6. In the simulations, only positive 
drift angles are considered. The negative drift angle 
cases can be considered as the direct projections ed 
directly from the positive ones. The ship with larger 
drift angle has higher lateral force and yaw moment. 
The lateral force and the yaw moment in the OTT are 
in very good agreement with the experimental 
results[9]. For the longitudinal force, the values with 
negative drift angles are underestimated since they are 
projected directly from the positive ones. 
    (2) Circular motion test 
    The wave elevation generated by a ship of 
smaller drift angle is higher. The wave elevation is 
influenced by the volume force of the actuator disk. 
The velocity points to the inside of the turning circle 
in the CMT. The non-dimensionalized forces and 
moment are shown in Figs. 4-6. 
    (3) Hydrodynamic coefficient calculation 
    The coefficients of the actual measured force are 
expressed as: 
 

= + +H R Pmes X XX X                                                  (41) 
 

= +mes H RY Y Y                                                               (42) 
 

= +H Rmes NZ N                                                            (43) 
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Fig. 4 (Color online) Non-dimensional surge force ( )HX    in OTT, CMT 

 

 

Fig. 5 (Color online) Non-dimensional lateral force *( )HY   in OTT, CMT 
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Fig. 6 (Color online) Non-dimensional yaw moment *( )HN   in OTT, CMT 

 

 
 
Fig. 7 (Color online) Fitting surfaces of the results of the OTT, CMT. mv , r  are the dimensionless lateral velocity and yaw 

rate. *
HX  , *

HY   and *
HN   are the dimensionless forces and moment on the hull 
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where 
 

2= + ( + ) +H H y m GX X m m v r x m r                                (44) 
 

= ( + )H H xY Y m m r                                                  (45) 

 
=H H GN N x m r                                                         

(46) 
 
Here, an approximation of 1u   is employed. With 

= 0 , the following equations can be obtained: 
 

= (1 )H mes pX X t T                                                  (47) 

 
= + (1+ )H mes H NY a FY                                                  (48) 

 
= + ( + )H mes R H H NN x a xZ F                                          (49) 

 
*

HX  , *
HY   and *

HZ   can be calculated with mesX  , 

mesY  , mesN  , NF   and T   being  obtained from the 

CFD simulations. By substituting Eqs. (21)-(23) into 
Eqs. (44)-(46), the following expressions can be 
obtained for calculating the hydrodynamic derivatives: 
 

2
0= + + ( + + ) +H vv m vr y mX R X v X m m v r          

 
2 4( + ) +rr G vvvv mX x m r X v                                        (50) 

 
3 2= + ( ) + + +H v m R x vvv m vvr mY Y v Y m m r Y v Y v r              

 
2 3+vrr m rrrY v r Y r                                                        (51) 

 
3 2= + ( ) + + +H v m R G vvv m vvr mN N v N x m r N v N v r            

 
2 3+vrr m rrrN v r N r                                                     (52) 

 
    The least squares method is adopted to fit these 
equations with the interpolated simulation results in 
Figs. 4-6. The fitting surfaces are shown in Fig. 7. The 
coefficient values can be found in Table 4, which 
agree with the experiment values except a few 
coefficients ( rrX  , rrrY   and rrrN ). This is because the 

experiments covered a wider range comparably. In 
terms of ( + + )vr yX m m   , ( + )rr GX x m    and ( RN 

)Gx m  , the added mass components are calculated as 

follows: 
    (1) m  is given from the displacement volume 
of the ship. 
    (2) xm , ym  and zJ   are estimated by the 

Motora’s empirical chart. 

    The final hydrodynamic derivatives and added 
masses of the hull are shown in Table 4. 
 
Table 4 Hydrodynamic derivatives and added masses of the 

hull 
Coefficient  Exp.  Sim. 

0R   0.022  0.019 

vvX   0.040 0.061 

+ +vr yX m m     0.518  0.525 

vrX    0.002  0.007 

+rr GX x m     0.021  0.009 

rrX    0.011 -0.001 

vvvvX    0.771  0.730 

vY   0.315 0.355 

R xY m m     0.233 0.218 

RY    0.083  0.084 

vvvvY   1.607 1.161 

vvrY    0.379  0.288 

vrrY   0.391 0.548 

rrrY    0.008  0.059 

vN  0.137 0.139 

R GN x m    0.059 0.070 

RN   0.049 0.060 

vvvN  0.030 0.027 

vvrN  0.294 0.143 

vrrN    0.055  0.099 

rrrN   0.013 0.002 

xm   0.022 - 

ym   0.223 - 

zJ    0.011 - 

 
2.2 Rudder force tests 
 

2.2.1 Computational setups 
    The rudder force tests are conducted in a straight 
moving state with a fixed rudder angle (0-20 with an 
interval of 5 in the tests, = 0 , = 0r  ). Since the 

flow details are important for predicting the loads on 
the propeller, a real propeller is modeled in these tests. 
The propeller revolution Pn  is 17.95 rps. The non- 

dimensional forms of Eqs. (15)-(17) can then be 
simplified as: 
 

0= + (1 (1 s) n) iP R NX R t T t F                          (53) 
 

)= (1+ cosH NY a F                                                (54) 

 
= ( + ) cosm R H H NN x a x F                                         (55) 
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    The computational meshes are shown in Fig. 8. 
The arbitrary mesh interface (AMI) technique is used 
for the propeller rotation. The rudder, the propeller 
and its downwind are refined to capture the flow 
characteristics. 
 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 (Color online) Computational domain and mesh for the 
rudder force tests. (a) The positions of the hull, the 
rudder and the propeller, (b) Zooms of the AMI  
position, (c) and (d) The mesh refinements at two cross 
sections of the propeller 

 
2.2.2 Results and analyses 
    The flows at the propeller position will be 
accelerated by the propeller and directed by the rudder, 
which is also the mechanism of the advancing and the 
turning of the ship. In Fig. 9, the longitudinal force, 
the lateral force, the yaw moment and the rudder 
normal force are calculated and compared with 
experiments[9]. Except the longitudinal force, others 
are approximately linear with respect to the rudder 
angle. The propeller thrust remains the same at 
different rudder angles. Based on Eqs. (53)-(55), the 
relations between the forces and the moment on the 
hull and the rudder forces are shown in Fig. 10. The 
hydrodynamic coefficients Rt , Ha  and Hx  can 

then be obtained from the slopes. The calculated 
rudder coefficients are shown in Table 5. Deviations 
can be clearly observed since only five cases are 
simulated in our work. More simulations can be done 
to reduce the computational and fitting errors. 
    Other coefficients of the rudder are determined as 
follows: 
    (1) The longitudinal coordinate of the rudder 
position Rx  is approximately 0.5 ppL , i.e., =Px

0.5 . 
    (2) Rudder lift gradient coefficient  =f
6.13 /(  + 2.25)   is estimated using the formula 

with a practical treatment for the mariner rudder by[9]. 
= /R RB C  is the aspect ratio of the rudder 

including the horn part, where RB and RC  are the 

rudder span and the chord length, respectively. 
    (3)   and   are determined from the rudder 
force test results in a straight moving state under 
various propeller loads. Their values are directly taken 
from Ref. [9]. 
    (4) R  and Rl  are calculated by fitting the data 

from the OTT and the flow straightening coefficient 
tests, which are taken from Ref. [9]. 
 
2.3 Open water tests of the propeller 
 

2.3.1 Computational setups 
The open water test is used to determine the 

hydrodynamic coefficients 0k , 1k  and 2k  for the 
propeller. The KP458 propeller is adopted with the 
KVLCC2 model, whose geometrical parameters are 
shown in Fig. 11. The computational domain is 
designed as 5 propeller diameters ( )PD  upstream, 10 

diameters downstream and 10 diameters in the lateral 
direction. The grid of the propeller is refined gradually 
and the grids of the edges of the blades are further 
refined with a higher level grid to capture the tip vor- 
tices. The grid number and the time step are 1 089 926 
and 10−3 s, respectively. The whole domain rotates 
with a prescribed rotation velocity. The inlet velocity 

in( )U  is varied to obtain different advance coeffi- 

cients in( = / )P p pJ U n D . 
 

2.3.2 Results and analyses 
    The single run approach, with the inlet velocity 
being increased with a small acceleration, is adopted 
instead of the multi-run approach to reduce the 
computational time. 

In the single run method, the acceleration should 
be small enough to make the time derivative negli- 
gible, thus the solution process is in a quasi-steady 
state. The result is shown in Fig. 12, which covers a 
wide range in a single run. Overally, the simulation 
result agrees with the experiments. However, since the 
initial values may be not realistic, it will take time for 
the flows to reach a balanced state. 
    The values of 0k , 1k  and 2k  are calculated 

according to Eq. (26) and shown in Table 6. They are 
captured accurately by the single-run approach. The 
thrust ( )PT  and the torque ( )PQ  for the actuator 

disk model can be calculated according to the 
simulation results: 
 

2 4
= P

T
P P

T
K

n D
,
 

2 5
= P

Q
P P

Q
K

n D
                                 (56) 

 
    The determination procedures of other propeller 
coefficients are as follows: 
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    (1) The thrust deduction factor Pt  is calculated 

according to Eq. (53). The 0R  value is already 

obtained. The torque ( )T   can be obtained from Fig. 

12. It can be seen that it is not affected by the rudder 
angle. The thrust deduction coefficient value is shown 
in Table 6. 
    (2) The wake characteristic constants 1C , 1C  

are taken from Ref. [9] directly. 
    (3) The longitudinal coordinate of the propeller 
position Px  is approximately 0.5 ppL , i.e., =Px

0.5 . 
(4) Effective wake in the straight moving state  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0Pw  is assumed to be 0.40 for the L7-model and 0.35 

for the full-scale as in Ref. [9]. 
 
 

3. Maneuvering simulations 
Using the hydrodynamic coefficients obtained in 

Tables 4, 5 and 6, the maneuvering simulations are 
performed for the KVLCC2 L7 model (Table 2). The 
initial velocity 0U  is 0.76 m/s. The propeller revo- 

lution is assumed to keep a constant 0U . The turning 

circle tests ( = 35 )    and the zigzag tests ( =
10 /  20 )     are simulated using the MMG model 

described in Section 1.2. The free running model tests 

 

 
 

Fig. 9 (Color online) Simulation results of the rudder force tests. X  , Y  , mN  , NF  and   are the dimensionless longi- 

tudinal force, lateral force, yaw moment around midship, rudder normal force, propeller thrust and rudder angle, 
respectively 
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Table 5 Hydrodynamic coefficients obtained from the 
rudder force tests 

Coefficients Exp. Sim. 

Rt   0.387
 

0.123 

Ha        0.312
 

0.284

Hx        0.312 0.284

f        2.747 - 

Rx
 0.5 - 

 0.5 - 
  1.09 - 

< 0( )R R   0.395 - 

)> 0( R R   0.640 - 

Rl  0.71 - 

 
were carried out in the Maritime Research Institute 
Netherlands (MARIN) and are used for comparison 
here (Figs. 13-18). 

The turning circle tests are normally conducted 
with two directions, with positive and negative rudder 
angles (Figs. 13, 14), to test the turning ability in both 
directions. From the dimensionless trajectory, the 

absolute velocity 2 2( =  + )U u v , the heading angle 

( )  and the yaw rate ( )r , it can be clearly seen that 

the ship velocity and the heading angle are predicted 
accurately. The largest error of the ship velocity is  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.6%, while that of the heading angle is 4.3%. 
However, the yaw rate is relatively harder to predict. 
Although the trends of the experiment and the 
simulations are similar. The maximum value is clearly 
underestimated by the simulation, with the largest 
error reaching 16.8%. This underestimation causes the 
deviation of the ship trajectory. The predicted turning 
radius is also smaller. 
 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

Fig. 11 (Color online) (a) Geometry of the propeller, (b) Local 
refinement of the mesh of the blade, (c) Gradual mesh 
refinement at the propeller position (Propeller infor- 
mation: (1) Diameter (0.09 m), (2) Pitch ratio (0.721), 
(3) Area ratio (0.431), Hub ratio (0.155)) 

 

 

 

 

Fig. 10 (Color online) Analysis results of the rudder force tests. X  , Y  , mN  , NF  and   are the dimensionless longitudinal 

force, lateral force, yaw moment around midship, rudder normal force and rudder angle, respectively 



 

 
 

272

 

 
 

 

 

 

 
 
 
 
 
 
 
 

Fig. 12 (Color online) Open water test results for the KP458 
propeller ( TK , QK  are the thrust and torque 

coefficients, PJ  is the advance ratio) 
 

The zigzag tests are more difficult to perform 
since the rudder angle changes constantly (Figs. 
15-18). Two directions are also tested for comparison. 
Good agreement between experiments and simulations 
can be observed at the beginning. However, the error 
accumulates and grows to a higher level, leading to 
the underestimation of all the parameters. The largest 

error of the absolute velocity 2 2( =  + )U u v , the 

heading angle ( )  and the yaw rate ( )r  are 5.5%, 

21.2% and 16.3%, respectively. Since the experiments 
are only for a short time, the accuracy of the results 
are hard to evaluate for a long time range. It is certain 
that the deviation grows with the error accumulation.  
    Generally, the maneuvering simulations can 
correctly predict the ship motion with an acceptable 
accuracy, which shows the validity of the procedure in 
this work. 
 
 

4. Conclusions and discussions 
The maneuvering analysis is carried out based on 

the MMG model in this work, where the forces on the 
hull, the rudder and the propeller are separated. The  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MMG model is implemented in the virtual tank by 
using CFD techniques. 

The whole virtual captive model tests are carried 
out using a L3 KVLCC2 model. The actuator disk 
model replaces the real propeller, to reduce the 
computational cost and to simplify the numerical 
treatment. The open water test, the rudder force test, 
the OTT, CMT are carried out to measure the forces 
and the moment on the propeller, the rudder and the 
hull. And the hydrodynamic derivatives are calculated 
mathematically. By designing the tests, the number of 
cases is reduced to a low level, which allows us to 
evaluate the maneuverability with a low cost and in a 
short time. 

Based on the obtained hydrodynamic coefficients, 
the system-based maneuvering simulations, including 
the turning circle and zig-zag maneuvers, are conduc- 
ted and the results are compared with those of the free 
running test. The good agreement shows the validity 
and the accuracy of the proposed model and procedure. 

The CFD is a good alternative for the experi- 
mental approach. With the current advances, the CFD 
is able to predict the ship motions with a fairly good 
accuracy. In the current work, some simplifications 
are made to improve the efficiency of CFD without 
affecting the accuracy. However, it is still far from 
enough as far as the engineering purposes are 
concerned. New algorithms of the CFD and the 
computer technology should be developed to realize 
this purpose. 
 
 

Acknowledgements 
    This work was supported by the Guangdong 
Basic and Applied Basic Research Foundation (Grant 
No. 2019A1515110863), the Fundamental Research 
Funds for the Central Universities (Grant No. 
3102020HHZY030004), the Natural Science Basic 
Research Program of Shanxi (Grant No. 2020JC-18) 
and the Shanxi Provincial Key Research and 
Development Program (Grant No. 2021KW-38). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 6 Hydrodynamic coefficients of the propeller 
Coefficients Exp. Sim. Multi-run (sim.)  Single-run (sim.) Value 

0k  0.2931 -  0.2754  0.2720 - 

1k  0.2753 - 0.2595 0.2513 - 

2k  0.1385 - 0.1334 0.1347 - 

pt
 0.220 0.209 - - - 

1C
 - - - - 2.0 

2 ( < 0)pC 
 - - - - 1.1 

2 ( > 0)pC   - - - - 1.6 

px  - - - - 0.5 

0pw
 

(L7 model) - - - - 0.50 

0pw
 

(full-scale) - - - -  0.35
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Fig. 13 (Color online) Turning circle maneuver ( = 35 )   of the KVLCC2 L7 model. U ,  , r , ppL  are the absolute 

velocity, the heading angle, the yaw rate and the ship length, respectively 
 

 
 

Fig. 14 (Color online) Turning circle maneuver ( = 35 )    of the KVLCC2 L7 model. U ,  , r , ppL  are the absolute 

velocity, the heading angle, the yaw rate and the ship length, respectively 
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Fig. 15 (Color online) Zigzag maneuver ( = 10 / 10 )     of the KVLCC2 L7 model. U ,  , r , ppL  are the absolute 

velocity, the heading angle, the yaw rate and the ship length, respectively 
 

 
 

Fig. 16 (Color online) Zigzag maneuver ( = 10 / 10 )     of the KVLCC2 L7 model. U ,  , r , ppL  are the absolute 

velocity, the heading angle, the yaw rate and the ship length, respectively 
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Fig. 17 (Color online) Zigzag maneuver ( = 20 / 0 )     of the KVLCC2 L7 model. U ,  , r , ppL  are the absolute 

velocity, the heading angle, the yaw rate and the ship length, respectively 
 

 
 

Fig. 18 (Color online) Zigzag maneuver ( = 20 / 0 )      of the KVLCC2 L7 model. U ,  , r , ppL  are the absolute 

velocity, the heading angle, the yaw rate and the ship length, respectively 
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