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Abstract. The possibility of simulating the interaction of hull, propeller, and 
engine is gathering the interest of several researches, in view of a more realistic 

design and control of the whole propulsion chain. The engine performance in 

rough seas is affected by the dynamics of the hull and consequently by the 
complex flow regime at the propeller, which induces fluctuating engine torques 

and revolutions. In a previous research, the case study was limited to straight run 

simulations in irregular waves for a Ro-pax ferry, including the power delivery 
contribution by a diesel engine. Herein, the numerical simulation model is further 

developed for allowing the simulation of the main engine behavior in waves 

during maneuvering tasks. In order to assess the accuracy and the limits of 
applicability of the implemented maneuvering model, a benchmark ship is 

introduced, i.e. the KVLCC2, for which several experimental data are available in 

the technical literature. The focus on the numerical modeling for the KVLCC2 
stays in the implementation of a comprehensive maneuvering model (i.e. including 

rudder and propeller interactions), capable of simulating the complex dynamics of 

a ship maneuvering in waves with a fair level of accuracy. The comparisons 
between simulation and experimental data will disclose the range of applicability 

and the validity of the numerical models under investigation. 
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1. Introduction 

The IMO has set ambitious decarbonisation targets for the marine industry, 

bringing the attentions of ship owners towards alternative propulsion systems. In [1], a 

wide description of all possible combinations of hybrid propulsion systems was 

provided. Several considerations on practical applications in the maritime sector are 

available in the more recent technical literature: for example, in [2], [3] the authors 

studied the feasibility of adopting fuel cell on board ships; in [4] the authors focused on 

battery-powered vessels for zero-emission purposes. In this context, the possibility to 

simulate beforehand the performances of these hybrid propulsion systems on board 

ships represents a valuable contribution in terms of design and control [5]. Therefore, 

this sets the need for a comprehensive numerical simulator of ship dynamics and ship 

propulsion chain. A good simulator of marine propulsion systems is made up of several 

numerical sub-models that reproduce the main elements involved in ship propulsion 

chain. Among these sub-models, the prime mover strongly characterizes the 

complexity of the simulator. It is known that engine performance in rough seas is 

affected by the dynamics of the hull and consequently by the complex flow regime at 
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the propeller, which induces fluctuating engine torques and revolutions [6], [7]; 

therefore sub-models for ship dynamics, and propeller characteristics are deemed 

necessary. Moreover, ship maneuvers also affects propulsion system performances due 

to the changes of speed and sailing direction that have direct implications for propeller 

behavior and thus for the propulsion system.  

In (Acanfora et al. 2021), a numerical simulation model, accounting for hull 

propeller engine interactions was developed. The numerical model for hull dynamics in 

irregular waves was validated in [8]; the numerical engine model was finely developed 

and calibrated in [9]; and the numerical model for propeller characteristics was 

developed in [6] based on experimental evidences. Among the current sub-models, the 

maneuvering numerical model is still under development in the simulator. In [10], a 

linear maneuvering model was implemented and the flow interaction between rudder 

and propeller was disregarded: the obtained outcomes, regarding turning circle in 

irregular waves at constant speed, were found satisfying for the Ro-pax ship under 

investigation. Nevertheless, this approach cannot be generalized. In particular, it was 

concluded that in case of a constant speed condition it might be possible neglecting 

rudder-propeller interaction without inducing large errors, whereas this is not doable in 

case of a constant revolution conditions. The numerical model for maneuvering in still 

water is generally non-linear, depending on the hull form, and it is based on the 

knowledge of the so-called maneuvering coefficients. This approach is well 

consolidated in the technical literature [11] and it is completed by the rudder model. 

The effects of hull and propeller on the rudder can be modeled following different 

approaches: one available in [12] is based on analytical hydrodynamic considerations; 

the other one, that goes under the name of MMG method [13] is based on the 

knowledge of numerical coefficients available from experimental test, or from 

numerical CFD analysis [14]. The main issue, when dealing with maneuvering in wave 

simulations, stays in the coexistence of high frequency dynamics (due to waves) and 

low frequency dynamics (due to maneuvers). Indeed, several techniques were 

developed to solve this problem such as: the convolution integral technique [15]; the 

so-called two-time scale approach [16]; and the direct superposition of maneuvering 

and sea-keeping model [12], [17].  

In this paper, we implement the MMG approach for rudder and maneuvering 

models together with the direct superposition approach in waves. The hull chosen for 

the applications is the so called  KVLCC2, for which all experimental input data are 

available [13], in addition to the experimental tests of turning circle in regular waves 

for validation purposes [18]. The overall comparisons between simulation outcomes 

and experimental data will help in assessing the pros and cons of the applied methods 

in view of future applications concerning hull-rudder-propeller-engine interactions 

during maneuvering tasks. Following, a modified version of the direct superposition 

technique will be proposed and applied, in view of further improvements of the current 

simulation model. 

2. Numerical model for the hull dynamics in waves  

The non-linear 6DOF model for hull dynamics in regular and irregular waves is 

based on the equations of motions for a rigid ship (see (1)) of mass m.  

The numerical model can be defined as hybrid or blended, and it is based on the 

assumptions explained in [12], where additional details and information on the 



reference frames are available. In particular, the equation (1) is expressed in the body 

fixed reference frame centered at the ship center of gravity.  

{
 
 
 
 

 
 
 
 
(𝑚 + 𝑎11)�̇� + 𝑚(𝑞𝑤 − 𝑟𝑣) + 𝑎15�̇� = −𝑚𝑔𝑠𝑖𝑛𝜃 + 𝑋𝑤𝑎𝑣𝑒 + 𝑋𝑚𝑎𝑛 − 𝑘11 − 𝑘15 + 𝑋𝑝𝑟𝑜𝑝 + 𝑋𝑟𝑒𝑠 + 𝑋𝑟𝑢𝑑

(𝑚 + 𝑎22)�̇� + 𝑚(𝑟𝑢 − 𝑝𝑤) + 𝑎24�̇� + 𝑎26�̇� = 𝑚𝑔𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜙 + 𝑌𝑤𝑎𝑣𝑒 + 𝑌𝑚𝑎𝑛 − 𝑘22 − 𝑘24 − 𝑘26 + 𝑌𝑟𝑢𝑑

(𝑚 + 𝑎33)�̇� +𝑚(𝑝𝑣 − 𝑞𝑢) + 𝑎35�̇� = 𝑚𝑔𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜙 + 𝑍𝑤𝑎𝑣𝑒 − 𝑘33 − 𝑘35

(𝐼𝑥 + 𝑎44)�̇� + (𝐼𝑧 − 𝐼𝑦)𝑞𝑟 + 𝑎42�̇� + 𝑎46�̇� = 𝐾𝑤𝑎𝑣𝑒 + 𝐾𝑚𝑎𝑛 − 𝑘44 − 𝑘42 − 𝑘46 +𝐾𝑟𝑢𝑑

(𝐼𝑦 + 𝑎55)�̇� + (𝐼𝑥 − 𝐼𝑧)𝑟𝑝 + 𝑎15�̇� + 𝑎53�̇� = 𝑀𝑤𝑎𝑣𝑒 − 𝑘55 − 𝑘53 − 𝑘31

(𝐼𝑧 + 𝑎66)�̇� + (𝐼𝑦 − 𝐼𝑥)𝑝𝑞 + 𝑎62�̇� + 𝑎64�̇� = 𝑁𝑤𝑎𝑣𝑒 + 𝑁𝑚𝑎𝑛 − 𝑘66 − 𝑘62 − 𝑘64 + 𝑁𝑟𝑢𝑑

 

(1)  

The terms aij and kij (with i and j from 1 to 6) are, respectively, the added mass 

coefficients corresponding to the infinite frequency, and elements of the memory 

function [19], modelling radiation actions in irregular sea. In modelling irregular sea 

damping, viscous components are disregarded. The terms with the subscript “wave” 

include Froude-Krylov, diffraction and restoring forces and moments, as explained in 

[8], [12]. The terms with the subscript “man” refer to manoeuvring actions, the terms 

with the subscript “prop” and “resist” refer to propeller and resistance forces, while the 

term with the subscript “rud” refer to rudder actions. Additional details for these forces 

and moments are provided in the following sections. The inertia, Froude-Krylov and 

restoring forces and moments are evaluated accounting for all the relevant non-

linearities. The pressure profile is assumed by applying the so-called “stretched 

distribution” above the waterline. This approach is a kind of extension of the linear 

wave theory to incorporate the nonlinear effects associated with the variation of the 

free surface. The hull is discretized by means of triangular panel. 

2.1. Non-linear model of maneuvering actions in waves  

The non-linear model of manoeuvring in waves takes into account the non-linear 

manoeuvring coefficients in still water, coming from the series expansion of the fluid 

force. Applying the symmetry assumption of [20] and limiting the manoeuvring 

derivatives to the more relevant terms, the non-linear manoeuvring forces in body fixed 

axis, can be expressed as follows: 
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𝑋𝑚𝑎𝑛 = 𝑋𝑣𝑣𝑣

2 + 𝑋𝑟𝑟𝑟
2 + 𝑋𝑣𝑟𝑣𝑟 + +𝑋𝑣𝑣𝑣𝑣𝑣
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 𝑌𝑚𝑎𝑛 = 𝑌𝑣𝑣 + 𝑌𝑟𝑟+𝑌𝑣𝑣𝑣𝑣
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2

𝑁𝑚𝑎𝑛 = 𝑁𝑣𝑣 + 𝑁𝑟𝑟 + 𝑁𝑣𝑣𝑣𝑣
3 + 𝑁𝑟𝑟𝑟𝑟

3 + 𝑁𝑟𝑟𝑣𝑣𝑟
2 + 𝑁𝑣𝑣𝑟𝑟𝑣

2

𝐾𝑚𝑎𝑛 = −𝑌𝑚𝑎𝑛(𝑍𝐺 − 𝑇/2)

   (2) 

Based on the direct superposition approach for maneuvers in waves, the derivatives 

related to the accelerations, that are usually an essential part of the still water models 

for ship maneuvers, herein are disregarded, since their effects are already included into 

the added mass terms aij. On the other hand, the potential damping terms kij of ship 

dynamics in waves, in the sway and yaw directions (i.e., i and j equal to 2 and 6), are 

disregarded when the maneuvering model is superposed to the seakeeping model. In 

this way, the maneuvering derivatives are multiplied by the sway and yaw velocities (v 

and r respectively) that are characterized by high and low frequency components, due 

to seakeeping and maneuvering dynamics respectively.  



Although direct superposition approach proved to be fairly accurate for modeling such 

complex dynamics [11], [12], there are still margins for improvements. The current 

development in the direct superposition method bases on the decomposition of sway 

and yaw velocities into high frequency signal (v+ and r+) and low frequency signal (v- 

and r-). This allows for force decomposition: maneuvering forces are obtained by 

multiplying maneuvering derivatives for v- and r- while by seakeeping forces are 

obtained using v+ and r+ for the evaluation of the damping terms kij ( i and j equal to 2 

and 6). This approach would combine the characteristics of the unified maneuvering 

models with the characteristics of the two-time scale models.  

In this paper, we propose a filtering technique based on an exponential filter, as 

described in section 3, aiming at minimizing the signal delay, for sway and yaw 

velocity decomposition. 

2.2. Numerical model of ship resistance and propulsion in waves 

In the current simulation model, ship resistance in still water is given by (3). Added 

wave resistance accounts for first order effects and it includes restoring and Froude-

Krylov non-linear (components evaluated on the tridimensional panel discretization of 

the hull) together an approximate estimation of radiation and diffraction forces from 

linear strip-theory approach [21]. 

𝑋𝑟𝑒𝑠 =
1

2
𝜌𝑉𝑆

2𝑆 𝐶𝑇        (3) 

Therefore, the range of applicability of this numerical model for ship resistance in 

waves reasonably limits to the sea states characterized by wave length greater than ship 

length, where radiation and diffraction actions are not predominant.  

The numerical model of the sailing ship in waves includes screw propeller actions that 

are implemented by means of still water propeller coefficient KT and KQ, given as 

function of the advance coefficient J. The thrust Tprop and the torque Qprop at the 

propeller are: 

  𝑇𝑝𝑟𝑜𝑝 = 𝜌𝐾𝑇𝑁𝑝𝑟𝑜𝑝
2 𝐷𝑝𝑟𝑜𝑝

4    𝑄𝑝𝑟𝑜𝑝 = 𝜌𝐾𝑄𝑁𝑝𝑟𝑜𝑝
2 𝐷𝑝𝑟𝑜𝑝

5   (4) 

Differently from [22], propeller thrust and torque are obtained without applying any 
correction due to propeller emersion. In (5) the thrust deduction factor refers to the still 
water condition also for wave simulations.  

𝑋𝑝𝑟𝑜𝑝 = (1 − 𝑡𝑝)𝑇𝑝𝑟𝑜𝑝     (5) 

2.3.  The MMG model for steering actions 

The so-called MMG standard model is one of the solutions for ship manoeuvring 

simulations in still water [23] developed by the Japanese Manoeuvring Modelling 

research Group from which the MMG name derives [13], [24]. In this paper, we focus 

on the peculiar modeling of the hydrodynamic forces exerted by the rudder (6), 

provided by the MMG method. The method bases on the knowledge of pertinent 

experimental coefficients for the estimation of steering actions, in order to account for 

the evidence that rudder operates in the slipstream induced by hull and propeller.  
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𝑋𝑅𝑈𝐷 = −(1 − 𝑡𝑟)𝐹𝑁 𝑠𝑖𝑛 𝛿

𝑌𝑅𝑈𝐷 = (1 + 𝑎ℎ)𝐹𝑁 cos 𝛿

𝐾𝑅𝑈𝐷 = −(1 + 𝑎ℎ) 𝑍𝑟𝑢𝑑 𝐹𝑁 𝑐𝑜𝑠 𝛿

𝑁𝑅𝑈𝐷 = (𝑋𝑟𝑢𝑑 + 𝑎ℎ  𝑥ℎ) 𝐹𝑁 𝑐𝑜𝑠 𝛿

     (6) 

FN is the rudder normal force (see (7)), tr, ah and xh are the coefficients representing the 

hydrodynamic interaction between hull and rudder. In particular, tr, called the steering 

resistance deduction factor, includes also for propeller effects of the rudder. 

Rudder normal force FN is expressed as: 

𝐹𝑁 =
1

2
𝜌𝐴𝑅𝑈𝑅

2𝑓𝛼 𝑠𝑖𝑛𝛼𝑅                                                                             (7) 

where AR is the rudded area, fa is the rudder lift coefficient, UR is the resultant inflow 

velocity and 𝛼𝑅  is the inflow angle, defined as follows: 

𝑈𝑅 = √𝑢𝑅
2 + 𝑣𝑅

2      ( 8) 

 𝛼𝑅 = 𝛿 − tan−1(
𝑣𝑅

𝑢𝑅
) ≃ 𝛿 −

𝑣𝑅

𝑢𝑅
     (9)  

In (9), 𝛿 is the rudder deflection angle, uR and vR are the longitudinal and lateral 

inflow velocity components to rudder, respectively, that account for hull dynamics and 

propeller effects. In particular, longitudinal inflow depends on rudder and propeller 

interactions, while lateral inflow accounts for flow straightening effects modeled by the 

so-called flow-straightening coefficient. Additional details and formulas, herein 

omitted for the sake of synthesis, are available in [13].  

2.4.  Developed filtering technique 

The filtering technique is based on the so-called exponential smoothing approach, 

where the smoothing coefficient is 𝛼𝑠 = 𝑑𝑡/𝜏. The sample time dt is herein assumed as 

dt=0.3 s, while τ represents the encounter period of the ship, that modifies during the 

simulation. In the current model, a second order transfer function is adopted, in order to 

minimize the phase shift that the exponential smoothing technique would induce in the 

filtered signal. 

3. Case study 

The KVLCC2 is a very large crude carrier developed by the KRISO towing tank 

for research purposes and used for several benchmark studies [18], [25].  

Table 1. Main characteristics of KVLCC2 

Characteristic Value 

Length between perpendiculars, L [m] 320 

Breadth, B [m] 58 

Draft, T [m] 20.8 
Displacement [m3] 312622 

Long. center of gravity LCG from aft perp. [m] 171.1 

Vertical center of gravity VCG [m] 18.56 
Roll radius of gyration [B] 0.4 

Yaw radius of gyration [L] 0.25 

Rudder lateral area [m2] 136.7 
Turn rate [degree/s] 2.34 

Propeller Diameter [m] 9.86 

The hull data, in ship scale, are given in table 1. 



The main manoeuvring derivatives and the hydrodynamic coefficients used for the 

implementation of manoeuvring and steering models are taken from [11], [13].  

The case study concerns the numerical simulation of turning circle manoeuvres in 

regular waves for two wavelengths (/L=1 and /L=1.5), two wave directions (=180° 

and =270°, with =180° head sea) and three wave height (H/L=0.02, H/L=0.015, and 

H/L=0.01). The obtained outcomes, in terms of turning circle path, are qualitatively 

compared with the experimental data available in [18]. 

4. Results 

Prior to show the results referring to turning circle in waves, a preliminary analysis in 

still water is carried out. The comparison between the experimental data and the 

numerical simulation (see Fig. 1) confirms that the implemented maneuvering model 

with the MMG approach provides an accurate modeling of the turning path in still 

water. In this section, we mainly focus on the applications of the direct superposition 

method, i.e. without filtering and decomposing sway and yaw velocities. Figure 1 

shows the turning circle paths for a wavelength equal to ship length (/L=1) and two 

different initial encounter angles . The comparison with the experimental data is 

carried out by superposition of the numerical data on the graphical experimental result. 

The turning circle in head wave =180° shows a drifting direction rearward and 

leftward; whereas the turning circle in beam waves coming from the left side of the hull 

=270° shows a drifting direction mainly rightward and leftward. Despite the 

experimental and the numerical trajectories are not perfectly matching, the drifting 

directions are properly simulated. In Fig. 2, the comparison between experimental and 

numerical data, is shown for three different wave height, for the turning circle in head 

waves to portside, /L=1, given the availability of experimental graphical results from  

[18]. Figures 2a, 2b and 2c refer to H/L=0.02, H/L=0.015, and H/L=0.01 respectively. 

It is possible noticing that the larger is the wave height the greater is the drifting 

distance. This trend, together with the drifting direction (rearward and rightward) is 

fairly simulated. Moreover, for the smaller wave height H/L=0.01, the numerical 

turning circle path resembles the experimental data with a good accuracy. 

  
Figure 1. turning circle in head and beam waves to starboardside, =-35°.  



 
(a) 

 
(b) 

 (c) 
Figure 2. turning circle in head waves λ/L=1 , to portside, δ=35° for different wave heights 

In Fig. 3, the comparison between experimental and numerical data is shown for 

/L=1.5 and H/L=0.02 in case of beam and head waves. The obtained numerical 

outcomes confirm a qualitative good accuracy with the experimental measurements, 

especially for =270°.  

From the analysed results, it seems that the overall agreement of the numerical 

model improves noticeably by increasing the wavelength and reducing the wave 

amplitude in case of shorter waves. Nevertheless, the presented outcomes are in the 

same range of accuracy of other models dealing with the numerical simulation of 

turning circle in regular waves [25], [26].  

  
Figure 3. turning circle in head waves λ/L=1.5 , to starboard, δ=35° for different encounter angles 

The application of the novel approach, including the decomposition of the sway 

and yaw velocities, is carried out for wavelength condition /L=1, H/L=0.02 in head 

wave. The fair accuracy of the filter can be observed in Fig. 4 for the sway velocity: the 

current approach minimize the signal delay, although it is not fully efficient in the 



smoothing action. The obtained turning circle path is shown in Fig. 2c, aiming at 

comparing the new simulation approach with the experimental data and with the 

outcomes of the unchanged simulation model. It is possible noticing how the new 

approach has a certain improvement in modelling the initial part of the turning circle 

and has a better agreement in the drifting distances, in spite of somewhat smaller 

turning diameters compared to the unchanged simulation model outcomes. Indeed, 

such differences in turning diameters and in drifting distances are responsible for 

almost an additional simulated turn compared to the experimental data.  

 

Figure 4. Filtered sway velocity during turning circle in head waves, λ/L=1 , to portside, H/L=0.02 

5. Conclusions 

In this paper, we presented a numerical model for ship manoeuvring in waves applied 

to a large tanker for the estimation of the turning circle paths. The comparison with the 

experimental data confirmed a fair accuracy of the model for increasing wavelengths. 

Nevertheless, an overall agreement in the drifting directions due to the different wave 

conditions under investigation was always appreciable. Although there are several 

acknowledged limitations in the numerical model, the obtained results fall within the 

same range of accuracy of similar researches. In addition, the developed approach, 

based on signal decomposition by means of exponential smoothing, proved to have a 

certain improvement for the turning circle case where it was applied. Therefore, future 

studies will focus on the refinement of such technique with additional applications. 
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