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ABSTRACT  

The continuous increase of computing power has 

significantly advanced the capability to run full-scale 

vessel maneuvering simulations within commercially 

acceptable time frames. These simulations include typical 

maneuvers such as turning circles and zig-zag runs, which 

are part of IMO regulations. Simulating these maneuvers 

within a CFD environment necessitates the inclusion of 

rudder motions and vessel responses in the simulation set-

up. Time-dependent simulations are executed with rudder 

motions and vessel responses in surge, sway, and yaw 

(3DOF). The sliding-mesh technique is used to simulate 

propeller rotation. The full-scale CFD simulations are 

compared with sea trial data from a single screw container 

vessel featuring a flap-rudder. The agreement of the main 

maneuvering parameters between simulations and sea 

trials is promising. Sensitivity studies have been made with 

the verified CFD model to investigate the impact of 

propeller loading and inertia effects. Propeller load 

variation effects are reflected in the rudder forces and 

therefore in the vessel maneuvering behavior.  
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1 INTRODUCTION 

Full-scale CFD simulations are used within Wärtsilä 

Propulsion for decades. The scope has expanded from 

waterjet inlet designs (Verbeek & Bulten, 1998), to 

propeller open water predictions (Bulten & Oprea, 2005), 

(Bulten & Oprea, 2006) to cavitating thrusters (Bijlard & 

Bulten, 2015) and to complete vessel powering predictions 

(Bulten, 2019). So far it has been based on straight sailing, 

constant vessel speed operating conditions. As part of a 

larger research program, a study has been made concerning 

the feasibility to use full-scale CFD simulations to capture 

the vessel maneuvering capability. In the first phase a 3 

Degree-of-Freedom (3DOF) approach is adopted to 

capture the surge, sway and yaw with active propeller and 

dynamic rudder motions. To limit the complexity of the 

CFD simulations the effects of free-surface are neglected, 

and the so-called double-body approach is used. The CFD 

methodology should be agnostic to the rudder concept, 

among others conventional rudders, flap-rudders and Gate-

Rudders should be possible to evaluate. 

The purpose of the study is to get better understanding of 

(i) the rudder loads whilst operating in dynamic conditions 

and (ii) the interaction effects with the propeller. Therefore, 

two typical vessel maneuvering cases are selected: the 

turning circle with rudder to ±35˚ and the 10/10 zig-zag 

run, where the rudder steering angle is set according to the 

vessel heading. 

For two sister vessels (Sakura and Shigenobu) a trial data-

set (Sasaki, Kuribayshi, Bulten, & Yazawa, 2021) has been 

made available. The vessel trajectories and speed and 

heading are recorded among others. This data will be used 

for verification of the numerical model. 

Next, the verified CFD model has been used for parameter 

sensitivity studies. The initial vessel speed as well as the 

propeller loading have been varied to investigate the 

impact on the vessel maneuvers. Reduction of propeller 

loading is to be expected in case a vessel is equipped with 

wind-assisted propulsion. Increased propeller loading 

mimics either an adverse weather situation or a model-test 

experimental approach of a free-running vessel, where the 

model-scale wall-friction is not compensated to the full-

scale Reynolds number.  

In addition to this, the inertia terms have been varied to 

identify the contributions from the inertia on the one hand 

and the hydrodynamic responses on the other hand. In CFD 

it is possible to keep the vessel at constant draft, whilst 

changing the mass and mass moment of inertia. In this way 

the contributions from hydrodynamic forces due to vessel 

motions can be distinguished. Obviously, this is impossible 

in an experiment.  

In the following section the vessel equations of motions 

will be presented briefly. In section 3, the two selected 

maneuvers will be discussed. The main aspects of the full-

scale numerical model set-up will be described in section 4 

briefly. This comprises the numerical approach, the output 

parameters and the sensitivity studies. In section 5, the 

results from the verification of the CFD model will be 

presented. The results of the sensitivity studies will be 

analyzed in section 6. The paper will end with the 

discussion of results in section 7 and conclusions in section 

8. 



2 VESSEL EQUATIONS OF MOTION 

The vessel equations of motion are based on the 3 DOF 

approach (surge, sway, yaw). A detailed review of the 

equations can be found in (Yasukawa & Yoshimura, 2015). 

2.1 Vessel equations of motion  

Vessel maneuvering of a ship in still water is given by three 

equations of motion for surge, sway and yaw: 

(𝑚+𝑚𝑥)𝑢̇−(𝑚+𝑚𝑦)𝑣𝑟=𝑋𝐻+𝑋𝑅+𝑋𝑝

(𝑚+𝑚𝑦)𝑣̇+(𝑚+𝑚𝑥)𝑢𝑟=𝑌𝐻+𝑌𝑅(+𝑌𝑝)

(𝐼𝑧+𝐽𝑧)𝑟̇=𝑁𝐻+𝑁𝑅(+𝑁𝑝)

}  (1) 

where m is the mass of the vessel, mx and my are the added 

mass terms. The mass moment of inertia is given by Iz and 

the added mass term by Jz. The local surge velocity in the 

vessel coordinate system is given by u and the sway 

velocity by v. The vessel turning rate is r. The dots indicate 

time-derivatives of the terms. The hydrodynamic forces 

and moments are shown on the right-hand side, and the 

subscripts refer to the Hull, Rudder and Propeller.  

Compared to the equations of Yasukawa & Yoshimura, 

two additional terms are added for the propeller sway-force 

and propeller yaw-moment contributions. Moreover, xG is 

set to zero in eqn (1). 

Most of the hydrodynamic vessel responses are found on 

the right-hand side of the equations, where the terms XH, 

YH and NH are calculated based on vessel drift v and 

turning-rate r response surfaces:  

𝑋𝐻=−𝑅0+𝑋𝑣𝑣𝑣2+𝑋𝑣𝑟𝑣𝑟+𝑋𝑟𝑟𝑟2+𝑋𝑣𝑣𝑣𝑣𝑣4

𝑌𝐻=𝑌𝑣𝑣+𝑌𝑟𝑟+𝑌𝑣𝑣𝑣𝑣3+𝑌𝑣𝑣𝑟𝑣2𝑟+𝑌𝑣𝑟𝑟𝑣𝑟2+𝑌𝑟𝑟𝑟𝑟3

𝑁𝐻=𝑁𝑣𝑣+𝑁𝑟𝑟+𝑁𝑣𝑣𝑣𝑣3+𝑁𝑣𝑣𝑟𝑣2𝑟+𝑁𝑣𝑟𝑟𝑣𝑟2+𝑁𝑟𝑟𝑟𝑟3

}  (2) 

where R0 is a constant in the hull resistance equation and 

the coefficients are the hydrodynamic hull maneuvering 

response coefficients. It should be noted that the added 

mass terms (mx, my and Jz) in eqn (1) are also 

hydrodynamically driven and these contributions will play 

a role in the CFD simulations as well.  

2.2 MMG equations for rudder forces 

The current study is part of a larger research program 

where the performance of different rudder concepts is 

evaluated. To get an impression of the generation of rudder 

forces, the concept of the rudder normal force is adopted. 

This normal force FN is expressed as: 

𝐹𝑁 =
1

2
𝜌𝐴𝑅𝑈𝑅

2𝑓𝛼 sin 𝛼𝑅    (3) 

where  is the density of the water, AR the rudder area, UR 

the resultant rudder inflow velocity and the inflow angle 

R. The rudder lift gradient coefficient f is based on Fujii’s 

formula (Fujii & Tuda, 1961): 

𝑓𝛼 =
6.13Λ

Λ+2.25
    (4) 

where  is the rudder aspect ratio. 

Without going into details of the calculation of the rudder 

inflow velocity components uR and vR, the concept of the 

flow straightening coefficient R and the effective 

longitudinal coordinate of the rudder position lR will be 

introduced. The transversal component of the inflow 

velocity is defined as: 

 𝑣𝑅 = 𝑈𝛾𝑅(𝛽 − 𝑙𝑅
′ 𝑟′)     (5) 

where U is the vessel speed,  the drift angle and r’ the 

non-dimensional turning rate. The longitudinal inflow 

velocity component uR depends on the propeller loading 

and vessel speed. This value is derived from available CFD 

data for the propeller thrust and vessel speed.  

3 SELECTION OF VESSEL MANEUVERS 

Initial research on the flow phenomena and rudder loads 

was based on captive CFD runs (Bulten, 2024a). To get the 

dynamic response of the vessel on a rudder steering action, 

the scope of CFD simulations is extended to a 3DOF 

approach, to determine the surge, sway and yaw response 

of the vessel. Two different maneuvers have been 

identified to implement: turning circle and zig-zag runs.  

The turning circle scenario consists of (i) start-up phase 

where the rudder is in neutral position, (ii) steering phase 

where the rudder moves from neutral to maximum steering 

angle (±35˚) and (iii) steering phase where the rudder 

remains in maximum angle position. The vessel will 

initially respond to the steering action with an initial turn 

of the stern section and then the bow will push the vessel 

into the turn. At certain point the vessel will reach a steady 

condition with constant vessel speed, drift angle, and 

turning rate. Once the steady operation has been reached, 

there is no impact of the inertia terms anymore. The vessel 

trajectory will be monitored to see whether the 

maneuvering is within the IMO criteria (advance and 

tactical diameter).  

The 10/10 zig-zag maneuver has the same initial steps as 

the turning circle. Whereas the rudder is steered to 

maximum angle for the turning circle, now an angle of 10˚ 
is used. Once the vessel heading has changed 10˚, the 

rudder is steered to -10˚. Due to inertia effects, the vessel 

heading change will continue in the positive direction. The 

maximum deviation between the vessel heading and the 

10˚ set-point is denoted as first overshoot angle. At the 

moment when the vessel heading has reached -10˚, the 

rudder is steered again in the opposite direction. The 

difference between the set-point and maximum heading 

angle is the second overshoot angle. IMO has criteria for 

the maximum values of the two overshoot angles. Due to 

the frequent rudder steering actions, the inertia terms 

continuously play a role in the zig-zag runs.  

During the vessel maneuvers the inflow into the propeller 

will change due to the drift and turning of the vessel. 

Moreover, the vessel speed will decrease due to additional 

resistance. The interaction effects between the propeller 

and rudder will be captured with these maneuvers. Given 

the dynamics of the maneuvers, impact of inertia effects 

will be captured as well in the simulations.  

4. NUMERICAL SIMULATION APPROACH 

The numerical simulation approach will be described in the 

following. First the CFD set-up will be briefly discussed. 

The output parameters from the simulations get special 



attention, since there are various aspects which can be 

subtracted from the numerical results. Finally, motivation 

for the different sensitivity studies will be given. 

4.1 CFD model set-up 

The basis for the CFD model is described before (Bulten, 

2024b) and therefore only a brief description of the main 

aspects of the model will be mentioned here.  

The geometry of the CFD model consists of the following 

parts: hull, propeller, flap-rudder (main-rudder & flap). 

The propeller rotation is implemented with a sliding-mesh 

approach and the rudder motion is based on the overset 

approach. Since the flap rotation is different from the 

rotation of the main rudder blade, two overset regions have 

been defined. (note that for the Gate-Rudder concept also 

two independent overset regions are required).  

Figure 1 shows the components of the CFD model and the 

polyhedral meshing structure at a horizontal plane. Near 

the surfaces an extrusion layer is created based on the 

Anisotropic Advance Layer Meshing option of Simcenter 

Star-CCM+. In this way the y+ values are controlled for the 

hull and rudder surfaces as well as the rotating propeller 

surfaces, whilst capturing the local propeller geometry 

details. The rudder aspect ratio  for the shown flap rudder 

is 1.48 and the rudder lift gradient coefficient f according 

eqn (4) is 2.43. 

 

Figure 1: CFD model of hull, propeller and flap-rudder 

Since this study covers the first phase of the research, it has 

been decided to use a single-phase flow concept with the 

use of a double body approach, neglecting the free-surface 

effects. The vessel draft is set to the design draft, in order 

to have the propeller and rudder sufficiently submerged. To 

have realistic power consumption at given vessel speed, an 

additional resistance force is introduced to mimic the 

missing wave resistance contribution. A timestep has been 

used, which resembles a propeller rotation of about 15˚ per 

time-step. This is a larger timestep compared to the internal 

Wärtsilä guidelines, where 2˚ per time step is used in 

general, to reduce the computational efforts. Figure 2 

shows the correlation between the propeller non-

dimensional thrust and torque for three different time-step 

sizes. A clear trend is seen that both the propeller thrust and 

torque increase when the time-step is reduced. Although 

this might look significant, it resembles the same effects as 

a small propeller revolution rate variation. It is concluded 

that CFD simulations with 15˚ rotation per time step 

simulate the effect of the propeller rotation, though at a few 

percent reduced propeller rotation rate.  

 

Figure 2: impact of time-step size on propeller coefficients 

(degrees propeller rotation per time step) 

The selected turbulence model for the RANS simulations 

is the Realizable k- model with high y+ wall treatment. 

Since the 3DOF approach is based on the rigid body motion 

of the complete vessel, the actual inflow velocity at the 

boundaries is equal to zero. Consequently, the standard 

method to prescribe a percentage of inflow velocity for the 

turbulence intensity is not valid. Therefore, an ambient 

turbulence level is prescribed in the domain, based on 

values for k and . These values are derived from a 

reference vessel speed, turbulence intensity and a value for 

the Turbulent Viscosity Ratio (TVR).    

To match the power absorption of the vessel in straight 

sailing condition an additional resistance force is applied, 

which is a 3rd power function of the vessel speed. This 

additional force is also used to control the propeller 

overload and underload conditions, which will be 

discussed in section 4.3. 

4.2 Output variables 

The CFD simulations can provide a wealth of data 

regarding forces and moments on different components, 

like hull, propeller and rudder. The forces can be split into 

the different coordinate system directions, to evaluate the 

force and moment balances in the three directions (surge, 

sway, yaw). Although the evaluation of the propeller sway 

force generation is out of scope of the current paper, it is 

worth noting that a significant sway force is observed. This 

is a consequence of implementation of the actual 3D 

propeller geometry and such sway force would not be 

captured in a virtual-disk approach.   

Next to the forces and moments, the vessel motion can be 

identified, with among others vessel trajectory, vessel 

speed, turning rate and drift angle and its time-derivatives. 

This provides information on the individual components as 

shown in eqn (1) and (2). 

4.3 Input parameters for sensitivity studies 

When executing a complex CFD simulation, the applied 

parameters often do not match the trial condition exactly. 

Typical examples can be the differences in vessel draft and 

trim, vessel sailing speed and the implications from the 

environment (wind, waves, current). To get an indication 

of the sensitivity of certain parameters, additional CFD 
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runs can be made with different input parameter settings. 

In the current study the impact of the initial vessel speed 

has been analyzed. The 10/10 zig-zag runs have been made 

with initial speed of 10, 12 and 15 knots and the turning 

circle runs with 10 and 15 knots. Next to that the propeller 

loading has been varied for the 10 knot case. The propeller 

underload condition can be regarded as a case where wind-

assisted propulsion is present, which results in sailing 

conditions with reduced loading on the propeller. Propeller 

overloading can either represent sailing in adverse weather 

conditions or it can be regarded as the model-scale 

experimental condition of a free-running vessel 

maneuvering model. In speed-power measurements in the 

towing tank this effect is compensated for with the so-

called Fd-towing force. In maneuvering experiments with 

a free-running model, this additional supporting thrust is 

often not applied and therefore the propeller operates at an 

overload condition.  

Besides the physically correct sensitivity studies, is it 

possible to do numerical studies which are not possible in 

experiments. A clear example is the variation of vessel 

mass, whilst keeping the same vessel draft. In such 

approach the hydrodynamic forces and moments are 

supposed to behave in a consistent way, whilst changing 

the overall vessel response. This is not limited to the 

hydrodynamic forces and moments due to vessel drift and 

turning, but also the contributions denoted as added mass 

terms. Considering eqn (1) it means that the mass and the 

correlated mass moment of inertia are varied, whilst the 

added mass terms (mx, my and Jz) are expected to remain 

constant. The sensitivity study covers the variation of 

vessel mass of 80% and 120% of the nominal mass of the 

vessel. 

The general relation between vessel mass and mass 

moment of inertia is based on the following equation 

(Yasukawa & Yoshimura, 2015): 

𝐼𝑧 = (0.25 𝐿𝑃𝑃)2 ∙ 𝑚𝑎𝑠𝑠    (6) 

where LPP is the length between perpendiculars of the 

vessel. The factor 0.25 in this formula could actually be 

different for specific vessels. 

5 MODEL VERIFICATION 

The 3DOF full-scale CFD model has been verified with 

available data from Sakura container vessel. This container 

vessel has an overall length of 111.4 m (Sasaki, 

Kuribayshi, Bulten, & Yazawa, 2021) and it is equipped 

with a flap-rudder and 3.5m controllable pitch propeller.  

In section 5.1 the CFD results for the turning circle to port 

are shown and in section 5.2 the results from the 10/10 zig-

zag runs. 

5.1 Turning circle 

The turning circle evaluation will be based on the vessel 

trajectory. This gives a good indication of the two critical 

IMO criteria: advance and tactical diameter. The CFD runs 

have been executed with an initial vessel speed of 10 and 

15 knots. As shown in figure 3, both CFD runs predict a 

smaller advance and tactical diameter compared to the sea 

trials, though the trend is promising given the 

simplifications of the numerical simulations and the 

deviation of vessel draft and trim compared to the sea trial 

condition. Moreover, the propeller rotational speed has 

been kept constant during the turn. It is acknowledged that 

often the propeller rotational rate needs to be reduced to 

stay within the engine operational envelope. Figure 4 

shows the engine diagram and the propeller loading during 

the turning circles at 10 and 15 knots. In both cases a clear 

increase in loading is observed and the turning circle run at 

15 knots shows that the propeller loading clearly exceeds 

the engine limits. Therefore, in actual operation the 

propeller loading would be reduced during the execution of 

the turn.   

 

Figure 3: turning circle trajectory for CFD runs of 10 knots 

and 15 knots and sea trial data  

 

Figure 4: engine diagram and loads during turning circles 

5.2 10/10 Zig-Zag 

The results for the 10/10 zig-zag runs will be evaluated 

based on the vessel heading angle, as shown in figure 5. 

Agreement between CFD results and sea trial data looks 

promising. It can be observed that the rudder angle setting 
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during sea trial did not perfectly align with the theoretical 

10/10 zig-zag methodology. Nevertheless, the 

development of the vessel heading over time shows 

reasonable agreement.  

 
Figure 5: rudder angle and vessel angle as function of time 

for 10/10 zig-zag run, solid lines representing CFD and 

dotted lines representing sea trial data 

 

Figure 6: overshoot angles and vessel turning rates for 

different initial vessel speeds 

Figure 6 shows the 1st and 2nd overshoot angle for CFD runs 

with different initial vessel speeds (15, 12, and 10 knots) 

and the sea trial results. The 1st overshoot angle shows a 

decreasing trend when the initial vessel speed is reduced, 

whereas the 2nd overshoot angle remains more or less 

constant. The vessel turning rate shows a clear trend with 

initial vessel speed as well, both the minimum and 

maximum value reduce with reduced vessel speed. The 

initial vessel speed of the trials was around 11.7 knots, and 

therefore it is concluded that the CFD predictions are 

acceptable for further use. The time-traces of the vessel 

heading, drift, turning-rate and time-derivative of the 

turning-rate are shown in figure 17 in the appendix. 

6 ANALYSIS OF SENSITIVITY STUDIES 

Given the reasonable agreement of CFD simulations and 

sea trials as discussed in the previous section, the 

simulation model is used for sensitivity analyses. Two 

different studies have been executed: (i) propeller loading 

variation and (ii) vessel mass variation at constant draft (it 

is acknowledged that this is an unphysical condition).  

For the propeller loading variation, both the turning circle 

and 10/10 zig-zag run have been analyzed. For the inertia 

variation only the 10/10 zig-zag run has been analyzed, 

since the inertia terms play a minor role in the turning circle 

run. 

The CFD results of the rudder loads have been compared 

to a theoretical fit of the rudder normal force Fn based on 

eqn (3). The impact of the propeller thrust and the flow 

straightening coefficient R and the effective longitudinal 

coordinate of the rudder position lR have been determined 

based on least square matching of the Fn from CFD data 

and the calculated value of Fn. The agreement between the 

calculated Fn and the CFD results will be shown for the 

runs with different propeller loading. 

The propeller thrust during the maneuvers is analyzed as 

well. Since the actual 3D geometry of the propeller is 

included in the CFD simulations, the response of the 

propeller on the varying inflow field is part of the solution. 

6.1 Turning circle – propeller loading variation 

The impact of propeller loading on the turning circle 

trajectory is shown in the top-picture of figure 7. The 

corresponding vessel turning rate as function of time is 

shown in the bottom picture. From the two plots it is 

obvious that the increase of propeller loading results in 

increased turning rate and consequently a tighter turning 

circle. This is confirmed by the data as shown in figure 8, 

where the rudder normal force is shown as function of time. 

The top picture shows the results for the underload 

condition, the middle picture for the base load condition 

and the bottom picture for the overload condition. The CFD 

results predict a steady rudder force of about 75kN for the 

underload condition, 100kN for the base load and 150kN 

for the overload condition. This confirms the hypothesis 

that the rudder load will increase with increased propeller 

loading. Figure 8 shows the normal rudder force prediction 

based on eqn (3) as well. For this fit an additional factor 

has been introduced to reflect the effects of the flap motion 

during steering. In accordance with recommendations from 

DNV (DNV, 2021) the rudder deflection angle has been 

multiplied with a factor of 1.65. A value of 0.47 for the 

flow straightening coefficient R is determined and the 

effective longitudinal coordinate of the rudder position lR 

is found to be -0.87. 
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Figure 7: trajectory of vessel during starboard turning circle 

(top) and vessel turning rate as function of time (bottom) for 

propeller with underload, base load and overload 

When comparing the calculated rudder normal force and 

the CFD results, it can be seen that there is a good 

agreement in the first part of the turn (the first 40 seconds). 

In the following part the two lines start to deviate. For the 

overload condition there is another interesting 

phenomenon visible at around 87 seconds; a rather sudden 

drop of the rudder normal force occurs. The vessel motion 

and the propeller loading do not show any clear change in 

behavior at that moment. It is therefore concluded that 

occurrence of flow separation at the rudder blade is most 

likely explanation of the sudden change of the rudder force. 

A similar, though less pronounced step can be observed in 

the data for the baseload case.  

Figure 9 shows the pressure distribution at the flap-rudder 

surface and streamlines along the rudder for the turning 

circles to starboard and port side, both at base load. The 

streamlines show the vortical structures along the rudder 

blade which create the flow separation along the blade. The 

upward direction of the vortical structures for the starboard 

turn and the downward direction for the port turn are 

directly related to the propeller rotation direction. 

Occurrence of flow separation at the rudder was not 

expected in the CFD simulations and predicting separation 

accurately is quite challenging. Since the CFD simulations 

are based on the Realizable k- turbulence model, it is 

highly likely that the onset of flow separation is delayed 

and that in actual situations the separation would occur 

earlier. This would mean that the rudder force would drop 

earlier and as a result the turning circle would become 

larger. 

 
Figure 8: comparison of rudder normal force from CFD and 

calculation for underload (top), baseload (middle) and 

overload (bottom) for starboard turning circle maneuver  

 

Figure 9: streamlines along rudder during starboard (top) 

and port (bottom) turning circle for base load case 
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The results from the propeller load variations highlight two 

interesting aspects. First, there will be an impact on turning 

capability when the propeller load needs to be reduced due 

to engine limitations (based on Figure 4). Second, the 

occurrence of rudder flow separation influences the 

trajectory of the turning circle, as shown in figure 3. Both 

aspects would lead to a larger turning circle, thus bringing 

the estimate closer to the sea trial results. Although it is 

acknowledged that the k- SST turbulence model is 

expected to predict the flow separation earlier (Bettle et al., 

2025), it is left out-of-scope to apply this turbulence model 

at the moment. 

During the execution of the turning circle, the vessel speed 

drops significantly. This results in an increase of non-

dimensional propeller thrust at constant rotational speed. In 

addition to the loss of speed, the vessel will sail under a 

drift angle during the turning. These aspects (drift and 

turning) have an impact on the inflow to the propeller and 

consequently on the propeller loading.  

Figure 10 shows the non-dimensional propeller thrust as 

function of time, where the start of the rudder steering 

action is set to t=0 seconds. For all cases the propeller 

thrust shows a comparable behavior with a superposed high 

frequency disturbance. The vessel speed during the turn, 

which stabilizes at about 20-30% of the initial vessel speed, 

is the main cause for the increase of non-dimensional 

propeller thrust. A clear difference in propeller loading can 

be observed between the port and starboard turn. This is 

related to the rotation direction of the propeller and the 

development of pre-swirl into the propeller. The pre-swirl 

is related to the turning direction, whereas the propeller 

rotation direction remains the same. For the starboard turn 

the pre-swirl increases the loading of the propeller. In the 

port turn, the pre-swirl rotates with the propeller, which 

results in unloading of the propeller. The three different 

starboard turns with different propeller loading converge to 

a comparable non-dimensional propeller thrust during the 

turning circle maneuver. Due to the low vessel speed the 

initial difference in vessel resistance vanishes.  

Figure 10 also shows a polynomial fit of the propeller 

thrust. This fit is based on a combination of the propeller 

open water curve with a 3rd order correction function based 

on vessel drift angle  and turning rate r: 

𝐾𝑡𝑝 = 𝐾𝑡𝑝_𝑢𝑛𝑖𝑓 ∙ (1 + 𝑎𝛽 + 𝑏𝑟 + 𝑐𝛽2 + 𝑑𝛽𝑟 +

𝑒𝑟2 + 𝑓𝛽3 + 𝑔𝛽2𝑟 + ℎ𝛽𝑟2 + 𝑖𝑟3)
 (7) 

The Kt-polynomial fit function captures a part of the 

propeller load variation due to vessel turning, like the effect 

of the direction of the turning circle (port or starboard). 

Nevertheless, some effects are not captured well with the 

current polynomial function. One clear effect is the strong 

increase of propeller loading immediately after the rudder 

steering action. The reason for this behavior is not clear at 

this moment and this would require further research to 

clarify it. A possible reason could be the blockage of the 

flow by the rudder which creates an upstream reaction. 

 

Figure 10: non-dimensional propeller thrust development 

during turning circle maneuvers 

6.2 10/10 Zig-zag – propeller loading variation 

For the 10/10 zig-zag runs three different propeller loads 

have been analyzed: base load (120 RPM), overload (150 

RPM) and underload (100 RPM). The impact of propeller 

loading on overshoot angles and vessel turning rates is 

shown in figure 11 for the 10/10 zig-zag runs. Both 

overshoot angles decrease with increasing propeller 

loading. This is related to the increase of vessel turning 

rates with increased propeller loading. The wash of the 

propeller generates higher velocity, which in turn generates 

larger rudder forces and therefore higher turning rates.  

The time-traces of the propeller loading variations for the 

vessel heading, turning and drift are shown in figure 18 in 

the appendix. 

The impact of propeller loading on the rudder normal force 

is shown in figure 12 for the three different propeller 

loadings. The rudder normal force calculation is based on 

the same vessel interaction factors (R = 0.47, lR =-0.87). 

Agreement between the rudder normal force from CFD and 

the calculated value is good for all three cases. 

The propeller thrust for the zig-zag runs is shown in figure 

13 for the three different propeller loading conditions. The 

overload and underload cases can be clearly distinguished 

from the baseline case. During the zig-zag runs the vessel 

speed reduces a bit, though not as significant as during the 

turning circles. The same polynomial fit as used for the 

turning circles is shown for the zig-zag runs. Although the 

polynomial fit is not perfect, it follows the trends of the 

propeller thrust variation to a certain degree.  
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Figure 11: overshoot angles and vessel turning rates for 

different propeller loadings 

 

Figure 12: comparison of rudder normal force from CFD 

and calculation for underload (top), baseload (middle) and 

overload (bottom) for 10/10 Zig-zag maneuver 

 

Figure 13: non-dimensional propeller thrust development 

during 10/10 zig-zag maneuvers 

6.3 10/10 Zig-zag – vessel inertia variation 

Although the variation of vessel mass whilst maintaining 

same vessel draft is an unphysical situation, it still can 

provide valuable information regarding the contributions 

of the hydrodynamic forces to the equations of motion. 

With the variation of vessel mass, the vessel mass moment 

of inertia is varied as well, according to eqn (6). Whereas 

the relation between vessel mass and vessel draft is obvious 

for a floating object, the relation between vessel draft and 

mass moment of inertia is not so trivial. Moreover, the 

added mass terms are hydrodynamic responses to the 

vessel accelerations and are expected to remain constant 

for same draft even when the vessel mass is varied. 

 

Figure 14: overshoot angles and vessel turning rates for 

different vessel masses 
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The vessel mass has been varied to simulate the range of 

80% to 120% of the vessel mass. The results for the 

overshoot angles are shown in the top diagram of figure 14. 

A clear trend is observed for the overshoot angles with 

increasing mass (and mass moment of inertia). On the other 

hand, the vessel turning rate is almost constant for the three 

analyzed cases. This behavior is different compared to the 

propeller loading variations, where both the overshoot 

angles and the turning rates show a dependency on the 

propeller loading. The time-traces of the vessel inertia 

variations for the vessel heading, turning and drift are 

shown in figure 19 in the appendix. 

6.4 Propeller thrust correlation 

An attempt has been made to capture the non-dimensional 

propeller thrust as derived from the CFD simulations with 

a polynomial function. The results have been shown in 

figure 10 for the turning circle runs and in figure 13 for the 

10/10-zig-zag runs. The match is not excellent for both 

maneuvers. Figure 15 shows the correlation between the 

polynomial fit and the CFD results for the non-dimensional 

propeller thrust for all analyzed maneuvers. The current 

method gives an overall correlation R2 of 99.77% for all 

analyzed maneuvers, which is actually exceeding the 

expectations. Further research would be needed to improve 

the agreement between the CFD results and any 

mathematical fit methodology.  

 

Figure 15: correlation between non-dimensional propeller 

thrust from CFD and from polynomial fit 

6.5 Hull maneuvering response coefficients 

Equations (1) and (2) have shown the hydrodynamic hull 

response coefficients. These coefficients can be derived 

from the CFD simulations. In the conventional approach 

the fit will be based on the coefficients as shown in eqn (2), 

which are the coefficients based on the vessel drift and 

turning rate. Another approach would be to include the 

added-mass terms in the fitting procedure. This would 

eliminate the uncertainty of the estimate of the added mass 

terms (mx, my and Jz ). Since the added mass terms have a 

hydrodynamic background, it is to be expected that the 

added mass terms would be equal for the three runs with 

different vessel mass values and same vessel draft.  

 

Figure 16: correlation of sway-hull coefficients based on 

conventional approach (top) and method included the inertia 

terms (bottom) 

Figure 16 shows the results for the sway force hull 

coefficient fitting process based on either the conventional 

approach (only the hydrodynamic coefficients as shown in 

eqn(2)) and on the approach where the inertia terms are 

included in the fitting process. Both methods provide a 

good correlation coefficient R2 (well above 99%) and 

similar results are obtained for the surge and yaw fitting. 

This indicates that the applied method to determine the 

hydrodynamic hull response coefficient works according 

to expectations. Even though the difference between the 

two correlation coefficients looks rather small (R2=99.62% 

vs R2=99.92%), there is a visible difference between the 

two applied methods. It can be concluded from figure 16 

that the fitting methodology benefits from the inclusion of 

the inertia terms. 

7 DISCUSSION 

A full-scale CFD simulation model has been developed to 

study the vessel maneuvering aspects and the interaction 

between propeller and rudder, based on the dynamic vessel 

response. To keep the calculation times of the maneuvers 

within acceptable limits, a number of simplifications have 

been made, like the omission of the free surface effects. 

Nevertheless, the findings from the studies seem 

reasonable. Some of the findings are rather obvious for the 

analyzed flap-rudder concept, for example the impact of 
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propeller load variations. Confirmation of known theory is 

not a problem, since the results are to be compared with 

other rudder concepts in later stage, where this theory 

might not be applicable.  

At this moment it can be concluded that there is a clear 

impact of propeller loading on the vessel maneuvering. 

Due to the increased propeller wash the turning rate 

increases with higher propeller loading. This effect is 

expected to play a role in model test experiments with free-

running models, when the increased skin-friction is not 

compensated for. 

Another finding of the study so far is the possible 

occurrence of flow separation along the rudder surface 

during turning circles. The fact that this flow separation is 

predicted in the CFD simulations with a Realizable k- 

turbulence model, which is known to be rather poor in 

predicting flow separation phenomena, indicates that the 

risk for rudder flow separation is real. Since the model 

scale simulations are out-of-scope of the current study, 

conclusions cannot be drawn regarding the occurrence of 

the flow separation at model scale, though it is likely that 

separation is present at model scale as well. This might 

compensate to a certain degree the impact of the increased 

propeller loading. 

The study with variation of vessel mass indicated an impact 

on the vessel overshoot angles. Where the increase of 

propeller loading results in a reduction of overshoot angles, 

the increase of vessel mass (and mass moment of inertia) 

result in increase of overshoot angles. Variation of vessel 

mass does not influence the vessel turning rate like it is 

observed with propeller load variations.  

As mentioned before, the numerical study of varying vessel 

mass for the same vessel draft is unphysical, though the 

variation of mass moment of inertia could be regarded as 

physically possible. In the table below the impact of mass 

variation is transferred to the variation of the length 

parameter, in line with eqn (6). Table 1 shows that the 

standard length factor of 0.250 requires a variation of 

±10% to get the equivalent mass moment of inertia 

variation of a vessel mass variation of ±20%. 

Table 1: Equivalent length parameter for same mass 

moment of inertia (based on mass variation) 

Mass 
Moment of Inertia 

(eqn (5)) 

Equivalent length-

factor 

80% (0.250LPP)2
m080 (0.224LPP)2

m100 

100% (0.250LPP)2
m100 (0.250LPP)2

m100 

120% (0.250LPP)2
m120 (0.274LPP)2

m100 

 

The variation of propeller thrust due to the vessel motions 

has been analyzed as well. So far, a perfect mathematical 

fit which represents the variation of the propeller thrust has 

not been found. The current fitting procedure based on the 

non-dimensional propeller thrust in straight sailing 

condition with a correction factor for vessel drift and 

turning motions has shown to capture the overall trend, 

though it is acknowledged that the current approach 

overlooks some dynamic aspects.  

8 CONCLUSIONS 

The presented study on full-scale CFD simulations of 

vessel maneuvering with active propeller and dynamic 

rudder motions shows promising agreement with available 

sea-trial data. Even though the CFD simulation ignores the 

free-surface effects, the vessel response seems logical.  

The rudder forces from the CFD simulations agree well 

with the theoretical approach for rudder normal force 

calculation for the various 10/10-zig-zag runs. For the 

turning circle runs a fair agreement is found for the initial 

part of the maneuver. The fact that the rudder force as 

predicted by CFD drops in the later part of the turn, is 

attributed to occurrence of flow separation. This is a bit of 

a surprise, since the selected Realizable k- turbulence 

model is in general not the best choice to capture flow 

separation phenomena. 

The sensitivity studies with variation of propeller loading 

show clear and understandable trends for both the turning 

circle and the zig-zag runs when considering the vessel 

drift and turning rate behavior.  

The methodology to estimate the rudder normal force 

based on a few coefficients works fine, as long as the flow 

along the rudder blade remains attached. In case flow 

separation occurs, the calculation method overestimates 

the rudder normal force. 

The propeller thrust variation due to the vessel motions is 

more complicated. Some general trends regarding the 

propeller loading are found, like the impact of propeller 

rotation direction and vessel speed loss in combination 

with turning circle maneuvers. Nevertheless, some other 

observed aspects are not fully understood yet.  

For the derivation of the hydrodynamic hull response 

coefficients, two methods have been tested. It has been 

found that the inclusion of the inertia terms gives even 

better results than the conventional approach, where only 

the vessel drift and turning rate are used for the derivation 

of the coefficients. 

Vessel mass variation has indicated another impact on 

vessel maneuvering. The currently presented study is based 

on a variation of both the vessel mass and the mass moment 

of inertia. Future studies could be executed to investigate 

the sensitivity of the length parameter as used in the 

equation to couple the mass moment of inertia to the vessel 

mass. This should indicate how the inertia terms for sway 

and yaw interact with each other and with the 

hydrodynamic responses from the vessel.  

Model tests experiments with free-running models will 

often have overloaded propellers. This would result in 

larger turning rates and therefore smaller turning circles. In 

case rudder flow separation would occur in the model tests, 

the turning rate would decrease, potentially compensating 

the decrease of the turning circle diameter to a certain 

extend. 



From the findings of this study, it is concluded that the 

same numerical approach can be used for other rudder 

concepts, like the Gate-RudderTM. Since the interaction 

effects between hull, propeller and Gate-Rudder are 

expected to be different, it is highly likely that the trends 

found in the current study would not apply to the Gate-

Rudder concept.  
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APPENDIX 

The following diagrams show the time-traces of the vessel 

response for the discussed sensitivity studies. Figure 17 

shows the results for the runs with different initial vessel 

speed (10, 12, 15 knot). Figure 18 shows the diagrams for 

the variation of propeller loading (100, 120, 150 RPM) and 

figure 19 shows the diagrams for the simulations with 

different vessel mass (80%, 100%, 120%). 

The results for vessel drift and turning rate can be used to 

determine the polynomial coefficients, as used in MMG 

maneuvering model (Yasukawa & Yoshimura, 2015).  

 

Figure 17: Time traces of the vessel heading, vessel drift, 

vessel turning rate and vessel turning rate time-derivative for 

different initial vessel speeds 
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Figure 18: Time traces of the vessel heading, vessel drift, 

vessel turning rate and vessel turning rate time-derivative 

for different propeller loadings 

 
Figure 19: Time traces of the vessel heading, vessel drift, 

vessel turning rate and vessel turning rate time-derivative 

for different vessel masses 
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