
 

23rd Numerical Towing Tank Symposium 
 

11-13 October 2021 

 

Mülheim an der Ruhr/Germany 

 

 

 
 

 

Ould El Moctar (Ed.) 
 

 

 

 

 



On the propeller modelling and its effect on hydrodynamic loading and 

structural response of ship hull appendages 

 

Andro Bakica a, Nikola Vladimir a, Hongil Im b 

a Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Crotia 
b Hyundai Heavy Industries Co. Ltd., 1000, Bangeojinsunhwan-doro, Dong-gu, Ulsan, 44032, Korea 

 

1. Introduction 

 Governed by changes in IMO regulations, shipping industry has turned to the non-standard and novel ways 

of reducing the ship fuel consumption. One way of improving the overall ship efficiency is by installing Energy 

Saving Devices (ESDs) which are located near the propeller. These devices operate by changing the flow near the 

propeller increasing the propeller efficiency, thus providing the same thrust at the lower rotation rate which directly 

has a positive impact on the ship fuel consumption. 

 When evaluating ESDs usually Computational Fluid Dynamics (CFD) is employed in order to solve the 

complicated flow field near the propeller considering the fluid viscosity, flow separation at the ship wake and the 

propeller rotation. Many authors have contributed to the validation of CFD for the ship equiped with the ESD (Kim 

et al., 2015; Sakamoto et al., 2019). Most of the work is usually related to the hydrodynamic efficiency of such 

devices or the influence of scale effects. Although these subjects are of importance for the overall evaluation of any 

ESD, their structural response remains vaguely investigated. Pre-Swirl Stator (PSS) type of ESD has been 

investigated through the joint international project GRIP (Paboeuf & Cassez, 2017; Prins et al., 2016). For the same 

device Lee et al. (2016) developed a design procedure which is further extended in Ju et al. (2018) to account for the 

different PSS shape. However, the overall coupling procedure features a simplified coupling of the CFD fluid 

loading to the structural FEM model and does not assess the propeller influence on the local PSS structure. 

 This study addresses the influence of the propulsion models on the PSS hydrodynamic loads and structural 

response in waves. Three models are investigated: without propeller (w/o propeller), with propeller (w/ propeller) 

and with the simplified propeller model of Actuator Disk (AD). The aim is to evaluate which of the propulsion 

models is necessary to properly investigate the ship-motion induced loads on the PSS from the perspective of the 

entire design procedure which should include the long-term wave statistical analysis. The hydrodynamic loads are 

obtained by means of OpenFOAM (Weller et al., 1998) with the in-house methods for free-surface flows. These 

loads are then imposed on the structural model through the careful interpolation procedure and computed stresses are 

evaluated using the FEM tool NASTRAN (Siemens, 2014). It is important to mention that there will be no thorough 

investigation of the PSS performance issues and propeller efficiency analysis since the main goal is to evaluate the 

difference of the propulsion models on the stresses of the PSS fin in the perspective of a statistical wave analysis. 

 

2. Numerical model 

 Numerical hydrodynamic model is based on the Finite Volume (FV) discretization where the two-phase 

flow is considered incompressible. From the assumptions, flow is considered divergence-free, hence the continuity 

equation is defined as: 
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where u is the velocity in the fluid. The momentum equation reads: 
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where u is the position vector, 
dp is the dynamic pressure gradient, ( ) x is the density dependent on the spatial 

location, R is the deviatoric part of the Reynolds stress tensor and 
e is the effective kinematic viscosity. Turbulence 

in the flow is modeled through the effective viscosity and with the two-equation k − SST turbulence model. 

Interface between the two non-mixing fluids is modeled as a field bounded between -1 and 1 with a hyperbolic 

tangent profile. This field is written as a function of a signed distance called the Level-Set (LS) which is a shortest 

Euclidean distance from the free surface. More on the theory of the model can be found in Sun & Beckermann 

(2007), while the implementation details are described in Vukčević et al. (2016a, 2016b). In Vukčević et al. (2016a), 

the reader can also find the details on the numerical implementation of water waves. Wave reflection from the 

boundaries is resolved with the relaxation zones at domain edges (Jasak et al., 2015).  

 Regarding the ship propulsion models, the simpler AD approach features only a pressure and velocity 

tangential jumps at the position of the virtual disk. AD is simply introduced on the selected number of faces at the 

vicinity of the propeller plane. In this manner, the mesh w/o the propeller and w/ AD can have equal configurations. 

Full description and validation of the AD model can be found in Bakica et al. (2019). The most complex model w/ 

propeller is modelled through the sliding mesh interface. Mesh is separated in two regions, surrounding mesh and 

rotating mesh regions. The mesh in the vicinity of the propeller is allowed to rotate given the axis of rotation and 

rotation rate. The solution between the two meshes is merged on the General Grid Interface (GGI) where the 

interpolation of flow variables is computed. Description of the face-cut algorithm and variable averaging can be 

found in work by Beaudoin & Jasak (2008). 

 Regardless of the propulsion model, the obtained pressure field needs to be interpolated to the FEM 

structural model. Interpolation process is performed after the hydrodynamic solution is found meaning that there is 

no interaction between the flow and the motion of the structural nodes. This would classify the hydro-structural 

interaction as a one-way coupling. The pressure is interpolated onto the structural mesh by using the values at the 

Gaussian integration points which increases the accuracy of the field transfer. For each Gaussian point per FEM 

element there is an adjacent pair on the hydrodynamic mesh whose value is sought. This value is not readily 

available due to discontinuity of the flow field at the surface where zero gradient boundary condition is applied for 

the pressure and solution is known only at the surface face center. This requires computing the values at the CFD 

surface points in order to create a smooth pressure field which is performed by least square fit. After receiving the 

hydrodynamical values at all the integration points the FEM nodal forces can be computed depending on the plate 

element shape function. This enables the FEM model to be directly imposed with the nodal forces instead of the 

averaged pressure values. Finally, the stresses can be computed using linear static analysis. Interpolation process in 

full details is explained in Bakica et al. (2020). 

 

3. Computational setup 

 The PSS investigated in this study is fitted on a well-known benchmark ship case KVLCC2. Ship 

particulars are given in Table 1. This type of fuller hull forms usually features a bilge vortex and other types of 

rotational losses at the stern wake, hence making it a good candidate for the ESD setup. However, as already 

mentioned hydrodynamic performance issues are not addressed in this study. All three propulsion models are shown 

in Fig 1. In order to make the study concise, only one fin is analyzed (shown in blue on Fig. 1). The procedure is 

straightforward to deduce for the other two fins. 

 Ship surrounding mesh is 3.5LPP long behind the ship, 2.0LPP to the inlet boundary and 2.5LPP to the sides.  

All three cases have the same near hull mesh geometry, while only the propeller case differs in the region of the 

propeller inclusion which ensures equal spatial comparison. In order to ensure the same time-step refinement in all 

three cases time-step is set to 1.5 degrees of propeller rotation. Rotation speed is adjusted with the PI controller for 

the AD case in a calm-water run until the thrust and hull drag force are equal. Same rotation rate is used for the direct 

propeller case. Wave parameters are chosen in order to excite ship pitching motion since the evaluation of the ship 

motion-induced loads compared to propulsion loads is a main subject of investigation. Chosen wave parameters 

include wavelength of 0.9LPP and the wave amplitude fixed at 10% of the ship draught.  

 



     Table 1. Ship particulars 

Length between perpendiculars (LPP) 320.0 m 

Breadth (B) 58.0 m 

Depth (D) 30.0 m 

Draft (T) 20.8 m 

Displacement (Δ) 312622 m3 

Design speed (U) 16.5 knots 

Block coefficient (CB) 0.81 

Vertical centre of gravity (KG) 18.6 m 

Moment of inertia (KXX/B) 0.40 

Moment of inertia (KYY/LPP , KZZ/LPP) 0.25 

  

 

 
 

Figure 1. Three different propulsion models: w/o propeller (left), w/ AD (middle), w/ propeller (right). 

 

For all three cases, 40 time-steps per encounter period is stored for structural analysis meaning that local higher 

frequency fluctuations from propeller blade passing will not be visible on the stress signal since this would include 

an unnecessarily large number of load cases for structural analysis. Also, the force in the local coordinate system of 

the fins is analyzed in order to compare the hydrodynamic loading impact in all of the hydrodynamic conditions.  

 

4. Results and discussion 

 First, the forces on the fin are analyzed. Lifting force is considered as a main contribution to the vertical 

bending moment of the PSS i.e., in the direction vertical to the two-dimensional section of the airfoil. Results are 

shown in Fig 2 in terms of lift coefficient. As can be observed, both the w/ AD and w/ propeller cases have a 

observable amount of force increase, but the trend of the hydrodynamic loading remains similar. Interestingly, the 

AD creates a similar suction effect on the fin profile, thus adding a reasonable amount of resemblance to the w/ 

propeller case. However, even the simplest case w/o propeller has a comparable lift loading curve which suggests 

that the dominant loading impact is created by the ship motion, particularly pitch motion has a leading influence on 

the currently observed fin. This is shown in Fig 2. by observing the pressure loading peak compared to the ship pitch 

motion which is with respect to the observed fin location intuitively expected.  



 
 

Figure 2. Lift coefficient (CL) on the selected fin (left), ship pitch motion (right) 

 

 Overall, by observing these results, their impact on the underlying structural configuration is not clear and 

can be investigated only by direct pressure transfer to the structural model. The field transfer is shown in Fig 3. for a 

particular time-step in a w/ propeller case where hydrodynamic and structural meshes are shown side by side. In 

order to reduce the amount of presented material, only the maximally loaded FEM element is selected, and its stress 

range is evaluated. The stress ranges for all three cases are shown in Fig 4. For the three cases stress ranges are 6.37 

MPa, 6.31 MPa and 7.00 MPa for the w/o propeller, w/ AD and w/ propeller case, respectively. Peak stress is very 

similar in all three cases with the maximum of 53.98 MPa in the w/o propeller case while the other two cases have a 

difference of less than 3%. Most importantly, in all propulsion models the resulting stresses are sufficiently similar 

meaning that for the entire wave statistical analysis, the simplest w/o the propeller case results are adequate. 

 

 
 

Figure 3. Pressure on the CFD hydrodynamic mesh (left), FEM element averaged pressure on structural mesh (right). 

 

 
 

Figure 4. Stress at particular time-step (left), stress range for three propulsion models during encounter period (right). 

 

 

 



5. Conclusion 

 This study investigated the influence of different propulsion models on the stresses of a PSS type of ESD. 

The aim of the study was to identify the necessary complexity in order to perform a valid long-term wave statistical 

analysis. The results have shown that the simplest model w/o propeller has sufficiently accurate results compared 

even to the most CPU demanding w/ propeller case. All this has shown that although there is a difference in the 

hydrodynamic loads emerging from the propeller suction effect, the final stress distribution remains quite similar 

with the stress peak roughly equal in all three cases. There is a slightly larger difference in stress ranges, but from the 

fatigue viewpoint this can be simply considered by including the calm-water propeller amplitude along the entire 

ship life cycle. Overall, the study has shown that the inclusion of the propeller is not mandatory when assessing the 

design wave parameters for the PSS ship motion induced loads. 
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