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1. INTRODUCTION 

Predictions of ship performance using Computational Fluid 

Dynamics (CFD) are currently widely used as a complement to 

towing tank testing in most sectors of the shipping and 

shipbuilding industry. However, one area where the industry 

mainly relies on towing tank predictions and stock designs is 

when designing the propeller and the stern area for favourable 

propeller-hull interaction.  

 

This is likely to be because of the challenge of properly 

including the effect of the complex and fast-rotating propeller 

geometry in the CFD solution. Furthermore, the fine detail and 

the Reynolds number of the propeller flow means that a very 

large mesh has to be used compared to standard bare-hull 

resistance calculations. The required computing power will 

therefore seriously impede the practicality of performing such 

calculations on standard workstations. Developing faster and 

more reliable methods for CFD-based predictions of 

hull-propeller interaction will facilitate a more customised 

approach to propeller design. Multiple designs can be tested 

and improved iteratively before arriving at the final propeller.  

 

An alternative to discretising the propeller geometry is to 

use a body force model. In such a model, the forces exerted on 

the fluid by the propeller are replaced by an extra momentum 

source term in the Navier-Stokes equations. The strength of 

the source term is commonly determined by coupling the flow 

solver with a simplified propeller theory. This is currently used 

to some extent to estimate thrust deduction and other overall 

parameters. However, it is unclear how well such models can 

represent, in more detail, the stern-flow generated by a specific 

propeller design and the effect of Energy Saving Devices 

(ESD). Several approaches to capturing the interaction 

between the blades and the stern flow exist. This paper 

compares two of these, Blade Element Momentum theory1) 

and the Kyushu University Simplified Propeller Model2) as 

well as a fully discretised simulation for reference. 

 

To compare the accuracy and computational efficiency of 

these models, the Japan Bulk Carrier (JBC) with and without a 

fitted ESD is used. The JBC hullform with experimental data 

is provided as a benchmark case for assessing the state of the 

art of CFD methods as part of the Tokyo 2015 CFD workshop 

which is the latest in a series of benchmarking workshops to 

assess the state of the art of marine CFD3) 

 

2. FLOW MODEL 

For the coupled simulations, the Reynolds Averaged 

Navier-Stokes (RANS) equations are amended with the body 

force Fv. This represents the propeller acting on the fluid as 

shown in Eq. 1 where τij is the Reynolds stress. 
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The coupled solvers and computational set up for the two 

body force models are equivalent in every way except the 

method for calculating Fv. The coupled simulations are 

performed using the open source CFD toolbox OpenFOAM4). 

 

Pressure-velocity coupling is obtained using the SIMPLE 

algorithm and turbulence closure is achieved using the k-ω 

SST model. Only the underwater body of the JBC hull is 

included and a symmetry plane boundary condition is enforced 

at the still water plane to emulate a double model flow.  

 

The discretised propeller simulation is performed in Fluent5) 

using the same schemes but with a split domain and sliding 

mesh approach to represent the rotating propeller geometry. In 

this simulation there is no body force present. The particulars 

for both solvers are summarised in Table 1.  

 

Table.1 Particulars of the flow models used. 

 
Body force 

models 

Discretised 

simulation 

Software 
OpenFOAM 

2.3.0 

Fluent 

15.0 

Pressure-velocity coupling SIMPLE SIMPLE 

Turbulence model k-ω SST k-ω SST 

Convection scheme Limited TVD QUICK 

Mesh 

Type 
Unstructured 

hex-dominant 

Unstructured 

tet-dominant 

No. cells 12.5M 
Hull 3.82M 

Prop 3.53M 


1y  ~1 ~1 

    

3. PROPELLER MODELS 

The distribution and strength of Fv is determined using two 

separate approaches. These are both capable of producing a 
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body force distribution in a propeller disk of thickness 0.1D 

based on probing the velocity (total wake) from the RANS 

solution at the propeller centre plane. 

 

The effect of the propeller is included in the simulation by 

adding Fv to the momentum equation (Eqn. 1) in the 

momentum predictor step of the SIMPLE algorithm. 

 

3. 1 Blade Element Momentum theory 

Blade Element Momentum theory (BEMt) is a combination 

of 2D blade element theory and axial momentum theory6). It is 

suitable for calculations on marine propellers close to the 

design working condition. The model used here follows the 

implementation of Molland et. al.1) The accelerated flow due 

to the propeller is assumed to be due to a discrete pressure 

jump at the propeller disk centreplane. This allows momentum 

theory to be used to estimate the acceleration and, coupled 

with 2D airfoil theory, the forces on blade elements due to the 

total wake. In the RANS-BEMt-coupling, the effective wake is 

obtained by probing the velocity field (total wake) at the 

propeller disk centreplane. The propeller induced velocities are 

subtracted using the axial and tangential inflow factors from 

momentum theory. This produces an error due to the inability 

of the RANS model to follow the ideal fluid assumptions of 

the BEMt and the smearing of the pressure jump. This is 

corrected for as suggested by Windén7). 

 

3.2 Kyushu University Simplified Propeller Model 

The simplified propeller model2) was developed from lifting 

surface theory. It is hereafter referred to as the Simplified 

Propeller Model (SPM.) It has the ability to predict 

propeller-hull interaction by representing the propeller as a 

distribution of vortices of varying strength on the propeller 

disk. The strength of the vortices can be determined from the 

propeller geometry and the probed inflow by setting up 

equations for the potential flow generated by the vortices (with 

corrections for the non-potential flow in the wake.) The 

vortices can be arranged in a structured manner on the 

propeller disk by assuming an infinite number of blades. 

Finally, the model can be tuned to open water characteristics 

of the chosen propeller by varying the sectional drag 

coefficient of the blades.   

 

3.2 Propeller model grids 

In both models, the velocity is probed and the equations are 

solved on a concentric structured grid aligned with the 

propeller axis. The particulars of these are given in Table 2. Fv 

is obtained by mapping the distribution of thrust and torque on 

these grids onto the Finite Volume (FV) RANS mesh. In both 

methods, the structure of the FV mesh can be arbitrary. This 

means that no special treatment of the structure of the FV 

mesh behind the hull is needed. 

 

Table.2 Particulars of concentric propeller model grids. 

  BEMt  SPM 

Radial sectors  16  5 

Circumferential sectors  100  36 

Axial sectors  1  1 

Disk thickness  0.1D  0.1D 

 

4. SIMULATION CONDITIONS 

The conditions for the simulations and the main particulars 

of the JBC used to calculate the non-dimensional results 

presented in Section 5 are given in Table 3. The ESD in the 

benchmark case is a duct placed upstream of the propeller as 

shown in Figure 1(a). The duct is connected to the hull with a 

central strut. No rudder is present in this study to comply with 

the conditions of the benchmark case. The meshes used are 

illustrated in Figure 1. 

 

 
(a) 

  
(b) 

 

Fig.1  (a) Duct geometry and mesh on the hull surface used in 

the body force simulations, propeller mesh illustrated as 

transparent disk. (b) Mesh on hull and propeller used in the 

discretised simulation. 

 

Table.3 JBC particulars. 

Parameter JBC without ESD JBC with ESD 

Lpp 7 m 7 m 

Fn 0.142 0.142 

S0/Lpp2 0.249 0.250 

Propeller particulars 

D 0.203 m 0.203 m 

n (ship point) 7.8 rps 7.5 rps 

 

5. SELF PROPULSION OF THE JBC 

To assess the ability of the propeller models to predict the 

effect of the ESD, two simulations are performed for each 

model, one with and one without the ESD present. In each 

simulation, the hull is kept at a fixed attitude and the propeller 

rate of rotation is kept fixed at the one corresponding to the 

ship self propulsion point found in the experiments. This rate 

of rotation is slightly different between the cases with and 

without the ESD.  



5. 1 Open water performance 

The open water performance of the JBC propeller, as 

predicted by the BEMt and SPM as standalone codes (without 

RANS coupling) as well as by the discretised propeller is 

shown in Figure 2. The numerical results are compared to 

experimental data which is provided as part of the validation 

data for the Tokyo 2015 workshop. 

 

Overall, the open water performance is well predicted. The 

BEMt overestimates the performance for high values of J 

which is to be expected since it assumes a constant slope of the 

CL-α curve of the blade element foils. 

 

 
 

Fig.2  Open water performance predictions compared to 

experiments. 

 

5. 2 Coupled solver results 

The results of the coupled simulations are presented in 

Tables 4 and 5. The comparison errors (E%D) quoted in these 

tables refer to relative percentage difference compared to the 

experimental results. The total resistance coefficient ct is 

calculated from the total resistance R as 

 

0

25.0 SU

R
ct


                  (4) 

 

The corresponding advance ratio Jb behind the hull is 

calculated using thrust identity from the open water results in 

Figure 2. The open water results used for this calculation are 

estimated from the computational result from each model. This 

gives the relative rotational efficiency ηr as the ratio between 

KQ behind the hull and the open water result at the same value 

of J as   

 

behindQ

bwateropenQ

r
K

JJK )( 
             (5) 

 

Finally, the thrust deduction 1-t is calculated as 

 

 
T

RRT
t ttow 
1                (6) 

 

Here, Rtow is the towed resistance without propeller and Rt is 

the resistance at self propulsion.  

 

Table.4 Self propulsion coefficients predicted by the different 

models for the JBC without ESD. 

 EFD 
BEMt 

OpenFOAM 

SPM 

OpenFOAM 

Discr. 

Fluent 

103ct (w/o prop)   4.29 4.20 4.20 4.22 

E%D - -2.12% -2.12% -1.70% 

103ct (w. prop)      4.81 4.68 4.67 4.69 

E%D - -2.89% -2.72% -2.52% 

KT 0.217 0.210 0.220 0.225 

E%D - -3.23% 2.30% 3.83% 

10 KQ 0.280 0.262 0.261 0.298 

E%D - -6.60% -6.53% 6.39% 

Jb 0.410 0.420 0.400 0.381 

E%D - 2.44% -2.68% -7.07% 

ηr 1.011 1.009 1.008 0.994 

E%D - -0.20% -0.27% -1.65% 

1-t 0.803 0.816 0.823 0.825 

E%D - 1.51% 2.38% 3.03% 

1-w 0.552 0.565 0.537 0.512 

E%D - -2.44% -2.68% -7.21% 

 

Table.5 Self propulsion coefficients predicted by the different 

models for the JBC with ESD. 

 EFD 
BEMt 

OpenFOAM 

SPM 

OpenFOAM 

Discr. 

Fluent 

103ct (w/o prop)   4.26 4.15 4.15 - 

E%D - -2.69% -2.69% - 

103ct (w. prop)      4.76 4.39 4.42 - 

E%D - -7.74% -7.71% - 

KT 0.233 0.219 0.250 - 

E%D - -6.01% 5.15% - 

10 KQ 0.295 0.276 0.270 - 

E%D - -6.460% -8.54% - 

Jb 0.36 0.38 0.34 - 

E%D - 5.77% -7.70% - 

ηr 1.014 1.022 1.042 - 

E%D - 0.83% 2.76% - 

1-t 0.810 0.901 0.900 - 

E%D - 11.18% 11.07% - 

1-w 0.471 0.498 0.435 - 

E%D - 5.77% -7.69% - 

 

Both body force models are successful in predicting most of 

the relevant coefficients to within 5% of the experimental 

value without the ESD present. The discretised propeller 

simulation is able to predict the coefficients with similar 

accuracy although there is a large error on 1-w. For the case 

with the ESD present, the accuracy is slightly lower with just 

under 8% error on KT and around 6% error on KQ compared to 

experiments for both body force models. 

 

6. COMPUTATIONAL EFFORT 

One of the advantages of using body force models rather 

than discretised propeller simulations is the computational 

effort required. This is illustrated in Table 6 where the relative 

extra time spent on conducting self propulsion calculations 

compared to bare hull resistance calculations on a specific 

workstation is illustrated. 

 

 0.1 

 0.2 

 0.3 

 0.4 

 0.5 

 0.6 

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8 
J 

KT 

10 KQ 

η 

Exp. SPM Discretised BEMt 

 0.7 



The body force computations are performed on a Linux 

workstation using 12 Intel Core i7-5960X CPUS @ 3.00 GHz 

with 62.8 GB of RAM. The bare hull simulation takes just 

over 5h on this machine. The discretised computation is 

performed on a Windows workstation using 4 Inter Core 

i7-4960X CPUs @ 3.6 GHz with 64 GB of RAM. The bare 

hull simulation takes just over 4h on this machine. 

 

Table.6 Comparison of computational effort when conducting 

self propulsion calculations between the three models. 

Model Time spent (relative to bare hull calculation) 

Bare hull 1.0000 

BEMt 1.0197 

SPM 1.0201 

Discretised 9.2512 

   

It should be noted that the RANS-BEMt-coupling used here 

is designed for unsteady flow and so the wake and force 

distribution is updated every SIMPLE iteration. The 

RANS-SPM coupling is designed for steady flow so the 

conditions are only updated once in 50 iterations. The BEMt 

uses a finer grid as shown in Table 2. This is the reason why 

the total computational times for both models are similar 

despite the BEMt algorithm itself being faster. Finally, while 

3000 SIMPLE iterations are used for both models with an 

active body force, the SPM also requires a further 3000 

iterations without the body force to initialise the wake. This is 

not taken into account in Table 6. 

 

7. CONCLUSIONS 

As expected, both models can predict the propeller hull 

interaction without the ESD present with satisfactory accuracy. 

However, the error is increased for both models when adding 

the ESD geometry. The effect of the duct in terms of the hull 

efficiency ηH where 

 

w

t
H






1

1
                    (7) 

 

as predicted by the two body force models compared to 

experiments is shown in Figure 3, here multiplied with ηr. 

Figure 3 also shows the predicted change in 1-w.  

 

The lower accuracy when the duct is present is likely to be 

because of the more complex wake flow. It is possible that the 

mesh around the duct and stern area is not accurately capturing 

the flow around the duct and thus gives a false wake estimate 

to the propeller models. Another reason may be that the 

discretisation of the two propeller models is too coarse or, that 

they are not well suited to capture the effects of a more 

complex wake. 

 

Finally, with regards to the propeller models, the duct 

causes the propeller to operate at a lower advance ratio. Both 

models have increasing deviations from the open water curves 

towards lower advance ratios as shown in Figure 2. Also, 

because the duct causes a viscous wake of its own (albeit 

narrow) some sectors of the propeller model will be assigned a 

very low value of the local advance ratio. This may also 

influence the integral thrust and torque for the same reason.  

 

 

 
Fig.3 Effect of the duct as predicted by the body force models 

in OpenFOAM. 

 

 To investigate which of these possibilities is true, 

experimental wake data behind the JBC with and without duct 

is needed. With such data the ability of the flow solver to 

correctly represent the wake could be assessed. By doing so, a 

more qualitative comparison could be made between the BEMt, 

SPM and the discretised propeller simulation. Despite this, the 

results in this paper show that there is potential for using body 

force based propeller models to predict the effects of stern 

geometry modifications on the propulsive performance in a 

fast and straightforward manner compared to a fully 

discretised simulation.   
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