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In response to increasingly stringent environmental regulations by the International 

Maritime Organization (IMO), this study presents a preliminary assessment of Flettner 

rotors as a viable wind-assisted propulsion system for cargo ships. Using RANS-based 

Computational Fluid Dynamics (CFD), the aerodynamic performance of various rotor 

configurations is evaluated under different wind speeds, spin ratios, and angles of 

attack. Initially, an isolated 2D and 3D rotor at model scale are simulated for various 

operating conditions. A grid convergence study is conducted as part of the CFD results 

verification process. A cargo ship fitted with Flettner rotors is simulated to compute 

resistance and to evaluate rotor to rotor interaction. The obtained results and analyses 

demonstrate that, under optimal conditions, Flettner rotors have the potential to reduce 

fuel consumption and emissions by around 20%, significantly enhancing propulsive 

efficiency. 

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License. 

 

1.  INTRODUCTION 

Emissions from international shipping increased from 977 

million tons in 2012 to 1,076 million tons in 2018 (Joung et 

al., 2020). During the same period, the share of shipping 

emissions in global anthropogenic emissions grew from 

2.76% to 2.89% (Joung et al., 2020; Hussain & Amin, 2021; 

Kolodziejski & Sosnowski, 2025). According to the Energy 

Efficiency Design Index (EEDI) requirements, newly built 

ships must be 20% more efficient by 2020 and 30% more 

efficient by 2025 in terms of CO₂ emissions and overall air 

pollution (Joung et al., 2020, Hussain & Amin, 2021). To 

meet these International Maritime Organization (IMO) 

mandates, various approaches have been explored to 

improve energy efficiency and reduce fuel consumption and 

emissions. Notable methods include hull form optimization, 

implementation of innovative energy-saving devices, 

application of advanced coatings and lubricants on hull 

surfaces, and the use of renewable energy sources (Hussain 

et al., 2022; Wang et al., 2024). 

Among these, the utilization of wind energy has emerged as 

one of the most promising strategies for reducing fuel 

consumption and addressing environmental challenges 

(Bordogna et al., 2019). Of the available wind-assisted ship 

propulsion technologies, wing sails and Flettner rotors are 

considered the most practical and reliable. Several studies on 

wing sail-assisted ships report potential fuel savings ranging 

from 20% to 30%, depending on wind speed, direction, and 

route (Hussain & Amin, 2021). A total of 38 ships have 

been retrofitted with Flettner rotors between 2018 and 2025 

(Kolodziejski & Sosnowski, 2025). It has been reported that 

fuel savings and emission reductions of up to 10–20% can 

be achieved under real sea conditions using Flettner rotors 

(Hussain et al., 2018; Kolodziejski & Sosnowski, 2025). 

Figure 1 shows a 130 m RoLo (Roll-on/Lift-off) vessel, the 

E-Ship, equipped with four 35 m rotors by a German 

company in 2010, achieving a total fuel saving of 

approximately 15% (Kolodziejski & Sosnowski, 2025).  

 

Figure 1: The E-Ship 1   

(Source: https://www.fotocommunity.de/photo/e-ship-1-

manfred-blochwitz/35628151) 

http://creativecommons.org/licenses/by-nc/4.0/
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Two other cargo ships, known as M/V Epanastasea and M/V 

Alcyone, were fitted with two 30 m × 5 m rotors each, and 

both reported a reduction in fuel consumption of about 8–

10% during real-world operations (Kolodziejski & 

Sosnowski, 2025). The proven performance of rotor-assisted 

ships in real-world operations has encouraged the maritime 

research community to rigorously investigate such 

technologies, with the aim of improving designs and 

optimizing rotor configurations to maximize fuel savings. 

An increasing number of conceptual studies, both 

experimental and numerical, are being conducted to enhance 

rotor design and overall performance (Hussain & Amin, 

2021). 

Bordogna et al. (2019) carried out wind tunnel experiments 

on a large-scale Flettner rotor (1 m diameter, 3.73 m span) to 

evaluate aerodynamic performance at Reynolds numbers up 

to 1.0 × 106, focusing on critical and supercritical regimes. 

The study found that lift coefficients were mostly unaffected 

by Reynolds number for velocity ratios 𝑘 > 2.5, but drag 

coefficients showed significant sensitivity across the tested 

flow conditions. The power coefficient was found to scale 

with the cube of the tangential velocity and remained largely 

independent of Reynolds number or whether the rotor was 

spinning in still or moving air. Chen et al. (2023) conducted 

an experimental study to evaluate the aerodynamic 

performance of large-scale Flettner rotors for marine 

applications, focusing on single and dual rotor 

configurations under varying flow conditions. Using wind 

tunnel tests at Reynolds numbers ranging from 9.33 × 104 

to 3.15 × 105, they investigated the effects of velocity ratio 

(k), aspect ratio (L/D), and endplate diameter ratio (De/D) on 

lift, and drag. The optimal aerodynamic performance 

occurred at 𝑘 = 1.5–2.0, with the highest lift-to-drag ratio 

and resultant force angle around 70°. For dual rotor setups, 

interference effects were found to significantly alter the 

aerodynamic forces, particularly when the spacing ratio 

(S/D) was low and the wind incidence angle was aligned 

with the rotor axis. Their results suggest that well-

configured Flettner rotors can generate substantial 

aerodynamic thrust suitable for ship propulsion, offering 

potential fuel savings of up to 20% under ideal conditions 

(Chen et al., 2023). 

Several numerical studies have been conducted to evaluate 

the aerodynamic characteristics of Flettner rotors, their 

performance as auxiliary propulsion devices, and the 

interactions between multiple rotors installed on ships (Traut 

et al., 2014; De Marco et al., 2016; Copuroglu & Pesman, 

2018; Lu & Ringsberg, 2019; Li et al., 2021;e Tillig & 

Ringsberg, 2020; Kume et al., 2022). A study on the 

prediction of a ship's roll motion and the performance of 

Flettner rotors was conducted by Copuroglu and Pesman 

(2018). The study investigated a sample rotor with a 

diameter of 4 m and a height of 27 m, equipped with a Thom 

disc. While the rotors had no significant non-linear effect on 

roll motion, the driving force performance of the Flettner 

rotors was found to decrease during rolling conditions 

(Copuroglu & Pesman, 2018). De Marco et al. (2016) 

performed a systematic numerical study to identify the most 

influential parameters affecting Flettner rotor performance 

and reported that an additional forward thrust of up to 30% 

of the ship’s resistance can be achieved within the 

operational speed range on actual routes. However, their 

prediction of the drag coefficient (𝐶𝐷) exhibited the highest 

numerical uncertainty, which was primarily attributed to 

mesh-related errors. Kume et al. (2022) conducted a 

combined experimental and RANS-based CFD investigation 

on a VLCC equipped with four rotors, demonstrating that 

aerodynamic forces generated by the rotors vary 

significantly with velocity ratio and apparent wind angle. 

Their study confirmed that CFD predictions at model-scale 

Reynolds numbers can reliably reproduce wind tunnel 

results, supporting their use for evaluating rotor-assisted ship 

performance even at low Reynolds numbers. 

Based on the importance of selecting optimal rotor 

parameters and deck configurations, this paper aims to 

evaluate the performance of rotor-assisted ships using 

RANS-based CFD simulations with a commercial solver. A 

systematic approach is adopted: beginning with the 

simulation of a 2D cylindrical rotor, followed by 3D rotor 

modeling, and finally, integration of the rotors onto a cargo 

vessel known as Japan Bulk Carrier (JBC) in two different 

configurations. Numerical simulations are performed for the 

ship with and without rotors, under various spin ratios and 

wind speeds, to explore optimal conditions. A mesh 

convergence and basic verification study is also conducted 

to ensure computational consistency. The results suggest 

that rotor-assisted propulsion can potentially reduce fuel 

consumption by over 20%. While the findings are 

preliminary and the study has limitations in robustness and 

validation, the outcomes provide valuable insights and 

direction for future investigations aimed at practical 

implementation of wind-assisted propulsion systems. 

2.  PHYSICS OF ROTOR SAIL SYSTEM  

Figure 2 illustrates the detailed physics of a Flettner rotor 

and a rotor-assisted ship. As shown in Figure 2(a), a 

Flettner rotor is a rotating cylinder that generates a lift 

force perpendicular to the apparent wind direction due to 

the Magnus effect. When wind flows over the rotating 

surface, circulation is induced around the cylinder, 

resulting in a lift force, F.   

 

     
                                     (a)                                                              (b)                                                                (c) 

Figure 2: Physics of rotor assisted ship (a) Magnus effect mechanism of a rotor, (b) wind velocity triangle and (c) force 

components acting on the ship from rotor. (Adopted from Li et al., 2024) 



 Moon et al.:  

 A Preliminary Assessment of Power Savings by Flettner Rotors Installed on a Cargo Ship  

 

MIJST, V. 13, June 2025 75 

Figure 2(b) shows the velocity triangle diagram for typical 

wind assisted ship, where 𝑉𝑠 is the ship velocity, 𝑉𝑡 is the 

true wind velocity, 𝑉𝑎 is the apparent wind velocity and 𝜃 is 

the apparent wind angle (relative to ship heading). 

Applying vector addition in Fig. 2(b): 

𝑉𝑎⃗⃗  ⃗ =  𝑉𝑡
⃗⃗  ⃗ −  𝑉𝑠⃗⃗⃗   (1) 

The magnitude of apparent wind can be written as (Seddiek 

& Ammar, 2021): 

𝑉𝑎 = √𝑉𝑡
2 + 𝑉𝑠

2 − 2𝑉𝑡𝑉𝑠 cos𝜃 (2) 

where, 𝜃 is the direction of apparent wind angle (from ship 

bow) and defined as: 

𝜃 = tan−1 (
𝑉𝑡  sin𝜃

𝑉𝑡  cos𝜃 − 𝑉𝑠
) (3) 

Figure 2(c) shows force components from rotor, where 𝐹𝑡 

thrust (component in ship direction), 𝐹𝑙 lift (due to Magnus 

effect), 𝐹𝑑 rotor drag and 𝐹ℎ heeling force (lateral). Using 

simple trigonometry (Li et al., 2024): 

𝐹𝑡 = 𝐹𝑙  cos𝜃 − 𝐹𝑑 sin𝜃 (4) 

𝐹ℎ = 𝐹𝑙  sin𝜃 − 𝐹𝑑  sin𝜃 (5) 

Lift and drag are computed using the following expressions 

(Li et al., 2024): 

𝐹𝑙 =
1

2
𝜌 𝐴 𝐶𝐿𝑉𝑎

2 (6) 

 

𝐹𝑑 =
1

2
𝜌 𝐴 𝐶𝐷𝑉𝑎

2 (7) 

where, 𝜌 is the air density, A projected area of the rotor 

which is typically rotor diameter (D) × height (L), 𝐶𝐿 lift 

coefficients and 𝐶𝐷 drag coefficients. Lift coefficient 

depends strongly on spin ratio and defined as (Li et al., 

2024): 

𝛼 =
𝜔𝑅

𝑉𝑎
(8) 

where, 𝜔 angular velocity of the rotor and R is the rotor 

radius. Now to compute the net power savings from rotor, 

one must consider the power requires to rotate the rotor. The 

total power required to rotate a Flettner rotor is primarily 

used to overcome mechanical and aerodynamic torque. 

According to Lele & Rao (2017), the power required (𝑃𝑐𝑜𝑛) 

to rotate a rotor is given as: 

𝑃𝑐𝑜𝑛 = 𝐹𝑓𝑈𝑟𝑜𝑡 (9) 

𝑈𝑟𝑜𝑡 = 𝛼𝑉𝑎 (10) 

𝐹𝑓 =
𝑐𝑓𝜌𝑎𝑈𝑟𝑜𝑡

2

2
𝐴𝑟 (11) 

𝑐𝑓 =
0.455

(log(𝑅𝑒))2.58
−

1700

𝑅𝑒
(12) 

𝑅𝑒 =
𝜌𝑎𝛼𝑉𝑎𝑙

𝜇𝑎

(13) 

where, 𝐹𝑓 is the rotor the frictional force, 𝐴𝑟 rotor surface 

area, 𝑙 is the rotor characteristic length, 𝛼 is the spin ratio, 

and the subscript 𝑎 with each term indicates air.  

3.  GOVERNING EQUATIONS OF NUMERICAL 

SIMULATIONS 

In this study, Unsteady Reynolds-Averaged Navier Stokes 

(URANS) simulations are performed using SST k-𝜔 

tubulence model with an implicit unsteady formulation and 

second-order spatial and temporal discretization. The set of 

RANS equations for incompressible flow are given as 

(Hussain et al., 2022): 

𝜕𝑢̅𝑖

𝜕𝑥𝑖

= 0 (14) 

𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
+

1

𝜌

𝜕𝑝

𝑑𝑥𝑖
 =  

𝜕

𝑑𝑥𝑗
[(𝜈 + 𝜈𝑡) (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)] (15)  

where, 𝑢̅𝑖 is the mean velocity components, 𝜈 is the 

molecular viscosity, 𝜈𝑡 is turbulent eddy viscosity, and p is 

the pressure. The SST (Shear Stress Transport) model 

blends the standard   𝑘 − 𝜔 model for near wall region with 

𝑘 − 𝜖 model in the far field using a blending function. The 

turbulent kinetic energy equation (k) (Mentor, 1994): 

𝜕𝑘

𝜕𝑡
+ 𝑢𝑗

𝜕𝑘

𝜕𝑥𝑗

= 𝑃𝑘𝛽
∗𝑘𝜔 +

𝜕

𝑑𝑥𝑗

[(𝜈 + 𝛼𝑘𝜈𝑡)
𝜕𝑘

𝜕𝑥𝑗

]    (16) 

where, 𝑃𝑘 production term of turbulence, 𝛼,   𝛽∗ and  𝛼𝑘 are 

model constant which are 0.52, 0.09 and 0.5 respectively. 

The equation of specific dissipation rate equation (𝜔) 

(Mentor, 1994): 

𝜕𝜔

𝜕𝑡
+ 𝑢𝑗

𝜕𝜔

𝜕𝑥𝑗

= 𝛼
𝜔

𝑘
𝑃𝑘 − 𝛽𝜔2 +

𝜕

𝑑𝑥𝑗

[(𝜈 + 𝛼𝜔𝜈𝑡)
𝜕𝜔

𝜕𝑥𝑗

]

                   +2( 1 − 𝐹1)
𝜎𝜔

𝜔
  
𝜕𝑘

𝜕𝑥𝑗

 
𝜕𝜔

𝜕𝑥𝑗

                                 (17)

 

where, F1 is the blending function used to switch between 

𝑘 − 𝜔 model and 𝑘 − 𝜖 model, 𝛽  and 𝜎𝜔 are model 

coefficients with a value of 0.072 and 0.5, respectively. A 

detailed and comprehensive description of the model can be 

found in Menter (1994).  

4. WORK METHODOLOGY 

Figure 3 summarizes the over workflow that is followed to 

perform this numerical study. The computational study 

begins with the selection of rotor parameters and operating 

conditions, including dimensions, spin ratios, and wind 

speeds relevant to performance evaluation. Next, 2D and 3D 

simulations of isolated rotors are performed to understand 

their aerodynamic behavior and generate force data. A 

suitable ship model (Japan Bulk Carrier (JBC)) and design 

parameters are then selected, followed by a resistance 

computation of the bare hull to establish a baseline. 

Subsequently, rotors are installed on the ship model, and the 

towing resistance of the rotor-assisted configuration is 

evaluated. Finally, a self-propulsion computation is 

conducted to quantify the net thrust contribution from the 

rotors and estimate potential fuel savings. 

5. ROTOR DESIGN AND SHIP PARTICULARS 

A rotor of 30 × 5 m rotor with an aspect ratio of 6 was 

chosen for this study and the design parameters are chosen 

based on some existing literature as reported in the review 

paper of Kolodziejski & Sosnowski (2025). Figure 4 shows 

the design of a rotor sail that was modeled and used in this 

study. The Japan Bulk Carrier (JBC) is used as reference 
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ship (Hirata et al., 2020) and the main particulars with 

operating conditions are summarized in Table 1.  All 

simulations were carried out at a model scale of 1:40 for the 

ship with rotor cases. A total of four rotors were installed on 

the deck in different configuration arrangements, as 

illustrated in Figure 5. 

 
Figure 3: Overview of the workflow for the study 

 

Figure 4: Designed rotor used in this study 

Table 1: Ship Particulars (Hirata et al., 2020) 

Particulars Full-scale Model Scale Units 

Length (Lpp) 280.0 7.00 m 

Beam (B) 45.0 1.125 m 

Draft (d) 16.5 0.412 m 

Speed (𝑽𝒔) 7.459 1.179 m/s 

 

(a) 

 

(b) 

Figure 5: Two different rotor installation configurations on 

the deck: in-line arrangement (top) and 2 × 2 staggered 

arrangement (bottom) 

6.  RESULTS AND DISCUSSION 

6.1  Rotor Performance Assessment 

6.1.1 Computational setup and Mesh Description 

In the preliminary assessment of rotor performance, both 2-

D and 3-D simulations of a single rotor were performed 

under two different wind speeds: 1.26 m/s and 1.90 m/s in 

model scale, which corresponds 8 m/s and 12 m/s in full 

scale, respectively. The spin ratio varied from 1 to 5 to 

evaluate the aerodynamic performance and angles of attack 

were 120, 135, 150, 165 and 180 degrees. Figure 5 shows 

the computational set up configuration and domain used for 

the simulation of a single 2-D rotor. The domain is 

rectangular, with the rotor positioned approximately 4.5×D 

(rotor diameter) downstream from the velocity inlet, where 

D is the rotor diameter. The outlet boundary is located 27×D 

downstream of the rotor to allow for fully developed wake 

flow. The domain extends to 7×D in both vertical directions 

to minimize blockage effects. Symmetry boundary 

conditions are applied at the top and bottom, while a no-slip 

boundary condition is imposed on the rotor surface as shown 

in Figure 6. 

 

Figure 6: Computational domain for 2D rotor simulations 

(not in scale) 

The velocity inlet and pressure outlet are used to prescribe 

inflow and outflow conditions, respectively. Figure 7 shows 

the generated mesh used for the rotor simulations and the 

Evaluate rotor to rotor interaction by CFD 
simulations of ship with installed rotors

Install rotors on the ship model

Compute bare hull model power 
requirements

Select ship model and paramters

Perform 2D and 3D rotor simulations

Selection of rotor paramters and operating 
conditions
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mesh is generated using automated meshing option of STAR 

CCM+. The generated mesh is a polyhedral core mesh with 

ten-layer prism cells and progressively finer resolution 

toward the rotor surface. Enhanced mesh refinement is 

evident around the rotor to accurately capture flow 

gradients, though no additional refinement in wake region 

was applied. The first layer is designed to maintain 𝑦+ < 1,  
to properly resolve the near-wall boundary layer and the 

mesh contain approximately 400,000 cells. 

 

(a) 

 

(b) 

Figure 7: Generated mesh view: full domain (top) and 

close-up view around the rotor(bottom) 

The 3-D simulation of a single rotor was also performed for 

the same operating conditions of wind speed and angles as a 

part of preliminary assessment. The rectangular cube 

domain has the same dimension as used in 2-D simulations 

(Figure 6) and the 3-D domain extends approximately ~ 

3×H (rotor height) in vertical direction placing the rotor at 

the bottom of the domain. For the 3-D rotor simulations, the 

mesh was generated with approximately 1.2 million 

polyhedral cells in the core region. Local refinement was 

applied around the rotor, with a minimum cell size of 

approximately 0.05×D to accurately resolve the flow 

phenomenon. The boundary-layer mesh with ten prism 

layers was used, with the first layer positioned to maintain 

𝑦+ < 1,  and a growth ratio of 1.2. Figure 8 shows the 

generated mesh view of domain and rotor. Figure 9 shows 

the variation of the lift coefficient (CL) and drag coefficient 

(CD) of three different meshes presenting the mesh-

independence study conducted for the 3D rotor simulations. 

The mesh-independence study was conducted using coarse 

(0.8 M), baseline (1.2 M), and fine (1.8 M) meshes. As the 

number of cells increases, CL exhibits a noticeable decrease, 

indicating sensitivity to mesh refinement in capturing 

unsteady flow features around the rotor. CD shows relatively 

minor variation, suggesting lower sensitivity to grid 

resolution. The study uses 1.2 million cells as baseline mesh 

for the reported result in the paper.  

 

Figure 8: Generated mesh view for 3D rotor case 

 
Figure 9: Mesh convergence study 

6.1.2 Result Analysis 

Figure 10 shows the power consumption by the rotor as 

computed using the Eq. (9) at different spin ratio and 

apparent wind. Required power to rotate the rotor increase 

with increment of spin ratio and wind velocity. Next, we 

evaluate the potential power savings from the rotor based on 

the forces computed in numerical simulation for 2-D and 3-

D rotor.  To find the potential power savings, we consider 

the reference bare hull resistance at the towing condition. 

The bare hull resistance at model scale for the JBC as 

reported by experimental study is 4.289 × 10-3 (Hirata et al., 

2020), and total effective power is 43.08 kW at 

corresponding model speed 1.179 m/s. According to 

Hussain et al. (2022), the overall propulsive efficiency of a 

conventional rudder–propeller system on a cargo ship ranges 

from approximately 0.60 to 0.65. In this study, an efficiency 

of 0.63 is assumed, resulting in a brake power requirement 

of 68 kW. Figures 11 and 12 present the potential power 

savings achieved using four Flettner rotors at various angles 

of attack and spin ratios at two inflow wind speeds (1.26 m/s 

and 1.90 m/s). 

The estimated savings are calculated by extracting lift and 

drag forces from CFD simulations and applying Equation 

(4) to determine the forward thrust generated by the rotors. 

This thrust is subtracted from the total resistance to 

computing the new power requirement. It is important to 

note that the power consumed by the rotors is also accounted 

for by adding it to the baseline power requirement without 

rotors. Additionally, the effect of increased wind speed on 

ship resistance is not considered in the baseline model for 

the model speed. 
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The 2D results show a clear increase in power reduction 

with higher spin ratios, particularly for lower angles of 

attack (e.g., 120°–135°), with peak savings exceeding 15–

30%. In the 3D simulations, the trends remain consistent but 

show slightly reduced effectiveness due to three-

dimensional effects and boundary layer development. 

Figures 13 and 14 show the velocity and dynamic pressure 

contours around the rotor at spin ratios 3 and 4, for both 2D 

and 3D simulations. It is noted both contours are scaled to 

corresponding full scale velocity. As the spin ratio increases, 

both the induced velocity and pressure differential around 

the rotor intensify, indicating stronger lift generation. 

Compared to the 2D case, the 3D simulations exhibit more 

diffused wake regions and reduced pressure gradients due to 

three-dimensional effects and flow development in the 

spanwise direction. 

 

 
Figure 10: Flettner Rotor Power Consumption for 2D and 3D Rotor 

 

   
Figure 11: Potential reduction in ship power requirement obainted by 2D rotor analysis:  

wind speed 1.26 m/s (top) and 1.90 m/s (bottom) 

 

   
Figure 12: Potential reduction in ship power requirement obainted by 3D rotor analysis:  

wind speed 1.26 m/s (top) and 1.90 m/s (bottom) 
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Figure 13: Velcoity contour at spin ratio 3 (left column) and 4 (right column) and appanrant wind speed 1.26 m/s : 2D 

case (top row) and 3D case(bottom row) 

 

  

  

Figure 14: Dynamic pressure contour at spin ratio 3 (left column) and 4 (right column) and appanrant wind speed 1.26 

m/s: 2D case (top row) and 3D case(bottom row) 

 

Based on these results, the optimal configuration 

corresponds to a spin ratio of 4–5 and angle of attack 

between 120° and 135°, yielding up to 18% net power 

savings at full scale under wind speeds of approximately 8–

12 m/s. Thus, the main takeaway from this preliminary 

assessment shows the potentiality of the rotors to reduce 

power requirements and ultimately the fuel savings. As in 

this preliminary assessment, we didn’t consider rotor-rotor 

interaction and rotor, ship interaction, which are also very 

important to assess the actual operational performance. 

Thus, in the next section, we will assess the performance of 

the rotor installed on the ship model. 

6.2 Analysis of Rotor-To-Rotor Interaction  

6.2.1 Computational Setup and Mesh Description 

The multiphase VOF simulation is conducted for the ship 

with rotors under towing conditions to primarily evaluate 

rotor-to-rotor interactions and the influence of the rotors on 

total ship resistance. In this setup, the rotors are modeled as 

static structures mounted on the deck, with a wind speed of 

1.90 m/s and a 180-degree angle of attack for both 

configuration of the rotor as shown in Figure 5. The Froude 

number of the model is 0.142, corresponding to a towing 

speed of 1.179 m/s. While this simplified approach is not 

sufficient to fully capture the complex interactions among 
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multiple rotors, it nonetheless provides useful insights, 

particularly regarding how the flow interacts with the rotors 

and how much additional resistance they contribute to the 

overall ship resistance. 

The same numerical methodologies used for the single 

isolated rotor are applied here as well. Figure 15 shows the 

computational domain used for full rotor-ship configuration 

simulations. The domain extends approximately 1.5 Lpp 

upstream, 2.5 Lpp downstream, 1.5 Lpp vertically bottom 

and 1.0 Lpp from deck to top boundary. The width of the 

domain was 1.5 Lpp and symmetrical condition was applied 

along the center line of the ship spanwise to reduce 

computational time. 

 
Figure 15: Side view of the computational domain for ship 

simulation (not in scale) 

   

(a) 

   

(b) 

Figure 16: Genereted mesh view on ship and rotors for two different configurations: (a) in-line arrangement full view and 

a cross sectional view (top) and (b) 2 × 2 staggered arrangement full view and a cross sectional view (bottom) 

 

Figure 16 shows the mesh on the ship hull surface and rotor 

for two different rotor arrangement configurations. A 

refinement was applied at the free surface region of the ship 

hull to capture wave resistance properly.  Some localized 

refinement at the bow and aft side at the rudder region were 

also applied. Mesh coarsening was applied at the inlet/outlet 

& far-field as these are less important flow feature areas. A 

total of 4.0 M cells were used in this study.  

6.2.1 Results Analysis 

The computed total resistance coefficients for the in-line 

arrangement are 4.72 ×10-3 and the 2 × 2 staggered 

arrangement is 4.78 ×10-3. The reported experimental data 

for the same operating conditions but with bare hull only no 

deck or rotor on the deck is 4.289×10-3 (Hirata et al., 2020). 

Based on the experimental data, the total resistance of the 

model at Fr = 0.149 is 36 N, whereas the two rotor cases 

give about 39.9 N and 40.5 N, respectively, for the same 

model speed. 

The model with rotor indeed increases the total resiatnces 

almost about 10-11% comapred to experimnetal data. While 

major portion of these deviation comes due to the repsence 

of rotor on the deck and accomodation deck, it also comprise 

the numerical uncertainity as well. We are not evaluating 

numerical uncertainty in this study as we are soley focusing 

on just to get a preliminary undertanding how the rotors and 

their arrangement affecting in a broader picture as well how 

flow aerodoynmics behave among the rotors.  The total 

resiatnce predicted for both cases are almost same indicating 

the rotor arrangement which has minimal influence on the 

resisatnce. However, as the rotors were kept fixed, it is not 

possible to calculate the amount of lift force gerenated by a 

rotating rotors from these set of simulations.  

Figure 17 shows the visulation of the flow of this 

simualtions. As it is seen in the figure, the flow is no longer 

uniform over the deck due to the presence of  rotors. We 

suspect that the downstream rotors operate in the wake of 

the upstream ones for the four in line rotor arrangement. 
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This causes reduced apparent wind speed and turbulent flow 

structures, leading to weaker lift generation for the aft rotors. 

On the other hand, in 2×2 staggert arragement, the rotors are 

laterally offset, minimizing direct wake interference. Each 

rotor has better access to relatively undisturbed flow, 

improving aerodynamic efficiency. Thus more favorable 

flow interaction should allow for higher net thrust and 

balanced performance across rotors. 

 

   

(a)                                                                                                  (b) 

Figure 17: Flow passed around the rotors: in-line arrangement in (a) and 2 × 2 staggered arrangement in (b) 

 

7.  CONCLUSIONS 

To summarize, the numerical study assessing the 

preliminary performance of a rotor-assisted ship was carried 

out by solving the unsteady Reynolds-Averaged Navier–

Stokes (RANS) equations using the SST k–ω turbulence 

model. A systematic approach was adopted, beginning with 

2D and 3D simulations of isolated rotors, followed by an 

investigation of rotor-to-rotor interactions with rotors 

installed on the main deck of the model ship. 

The key outcome of the study highlights the potential of 

Flettner rotors to reduce power requirements and achieve 

fuel savings. Although determining the optimal 

configuration and operating conditions remains a challenge, 

results indicate that a spin ratio of 4–5 and an angle of attack 

between 120° and 135° could lead to up to 18% net power 

savings at full scale under wind speeds of approximately 8–

12 m/s. Towing simulations further revealed that rotors 

installed on the deck can increase the ship’s total resistance, 

and that a 2 × 2 staggered arrangement offers superior 

aerodynamic performance compared to an in-line 

configuration of four rotors. 

That said, the study has certain limitations. Notably, the 

results have not been validated against experimental data, 

and a rigorous verification study is needed to accurately 

quantify the additional resistance introduced by the rotors. 

While an attempt to assess the rotor-to-rotor interaction is 

performed, interaction between rotors to ship remain 

unevaluated which might have significant effects on the ship 

stability and seakeeping performance. Furthermore, as the 

current simulations were conducted at model scale, a full-

scale evaluation is essential to determine the actual fuel 

savings achievable under real-sea operating conditions. 
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