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ABSTRACT  

Propeller boss cap fins are a widely used energy-saving 

device (ESD) that is designed to mitigate propeller hub 

vortex effects and recover rotational losses from the 

slipstream. The effectiveness of model-scale experiments 

for designing this type of energy-saving concept is subject 

to scale effects, and the literature on this matter remains 

limited. During the preliminary design phase, it is be useful 

to determine whether simulating in the model scale has 

merit for the design process and to what extent 

performance predictions in the model scale accurately 

reflect the system’s performance at full scale. This study 

presents a systematic CFD-based investigation focused on 

the effects of scale on the open water performance of the 

modular boss-cap fin technology, known as FLEXCAP. 

The latter features prefabricated fins mounted onto a 

standardized cap for quick delivery of end product. CFD 

optimization is exploited for the selection of the final fin 

pitch and cap rotation. To support the validity of the 

proposed method, we compare predicted results with data 

from the literature for three representative propeller models. 

Finally, the DTMB 4382 model with and without the ESD 

is analyzed across multiple operating conditions at various 

scales, ranging from typical towing-tank model dimensions 

to full-scale propellers. The aim of this work is to identify 

the capabilities and limitations of RANS-based simulation 

approaches for industrial applications and stimulate 

discussion around the risks of estimating full scale 

performance based only on model scale. 

Keywords 

Scale effects, Energy-saving devices, Propeller boss cap 

fins (PBCF), RANSE, Computational fluid dynamics. 

 

1 INTRODUCTION 

Propeller boss-cap-fin technologies belong to the category 

of hydrodynamic energy-saving devices that are designed 

to minimize hub vortex effects and positively contribute to 

ship efficiency; see, also Carlton (2018). Especially for 

older vessels, these devices improve CII (Carbon Intensity 

Index) and EEXI (Energy Efficiency Existing Ship Index) 

measures, resulting in fuel savings.  

Recent advances in high-performance computing and 

computational fluid dynamics (CFD) enable the use of 

high-fidelity simulation tools for the analysis and 

optimization of ESDs via design space exploration without 

the use of costly experiments. This is important, since scale 

effects due to different Reynolds numbers are evident 

during model testing; see Berger et al.(2013), and 

projection to full scale is based on empirical formulas and 

correction factors. Full-scale simulations are not 

characterized by dominant laminar-to-turbulent transition 

effects, compared to model-scale cases, thus extrapolation 

of model tests for powering predictions during the 

propeller design phase (with or without energy saving 

devices) comes with scale-effect related uncertainties. 

Despite the remarkable advancements, design challenges 

related to the accuracy of CFD simulations in predicting 

hub vortex dynamics and the effects of energy-saving 

devices on ship self-propulsion performance in general 

remain. 

Recently in Kerkvliet et al.(2024) and Schuiling et 

al.(2024), MARIN introduces model scale propellers with 

leading edge tripping to bring experiments closer to the 

full-scale measurements, attempting in a pioneering 

manner to narrow the gap between model and full-scale 

predictions. 

Nevertheless, experimental studies in the model scale 

are vital to the validation and improvement of accuracy in 

numerical computations. For instance, the comprehensive 

analysis of model scale tests presented in Seo et al.(2016), 

where effects of design parameter variation on boss cap fin 

performance with special attention on capturing hub vortex 

effects are studied, contributes to this aspect.  

In Liu et al.(2024), prediction and analysis of PBCF 

hydrodynamic and acoustic performance for an unmanned 

underwater vehicle is performed using computational fluid 

dynamics driven surrogate models. Their hybrid model is 
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based on coupling URANS with FW-H equation and 

employs transient calculations to determine the acoustic 

characteristics, focusing on the propeller radiated noise. 

The PBCF installed on a three-bladed B-Series propeller 

improves more than 1.5%, at medium to high advance 

velocities, the open water performance, whereas over 5% 

self-propulsion efficiency enhancement is claimed in ideal 

working conditions.  

In this paper, the CFD workflow employs high-fidelity 

RANS-based rotating-mesh simulations to capture thrust, 

torque, and wake characteristics with and without the boss-

cap-fin system. Emphasis is placed on isolating the 

mechanisms through which scale affects fin loading, hub-

vortex behavior, and energy-recovery efficiency. The full 

paper will expand on the CFD methodology, comparative 

trends across scales, and recommendations for integrating 

scale-effect considerations into the design of modular 

energy-saving devices.  

 

2 METHODS 

2.1 Computational Fluid Dynamics 

The 3-D, viscous Reynolds-Averaged Navier-Stokes 

(RANS) equations for steady and incompressible flow are 

applied to calculate the flow field around the propeller. 

Computations are performed using Simcenter Commercial 

CFD Software STAR-CCM+. The computational domain, 

shown in Figure 1, comprises the stationary domain, the 

cylindrical subdomain, and extension blocks in the 

upstream/downstream directions. Indicative dimensions 

based on propeller diameter 𝐷𝑖  are provided in Table 1. 

Particularly, the rotational motion of the propeller is 

addressed using the Moving Reference Frame (MRF) 

approach, where a rotating reference frame is introduced 

for the Cylindrical Subdomain. The MRF approach has 

certain limitations; see, e.g., Khedr & Castellani (2024), 

Grlj et al.(2022); however, due to its cost-effectiveness and 

engineering accuracy, it remains popular for industrial 

applications since it allows simulations at reasonable 

computational cost.  

 
Table 1: Domain dimensions based on 𝑫𝒊. 

Part  Expression 

Stationary block 𝐿𝑥 = 6.5𝐷𝑖, 𝐿𝑦 = 𝐿𝑧 = 9.4𝐷𝑖 

Rotational cylinder 𝑅𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = 1.1𝐷𝑖 , 𝐿𝑥 = 2.5𝐷𝑖 

Upstream ext. 5.5𝐷𝑖  

Downstream ext. 7.0𝐷𝑖  

Cylinder for hub 

refinement 
𝑅𝑟𝑒𝑓 = 0.15𝐷𝑖 , 𝑙𝑟𝑒𝑓 = 1.5𝐷𝑖  

 

Equations are discretized and solved over an 

unstructured ‘Polyhedral Mesh’ using the finite volume 

method for ‘Segregated Flow.’ Refinement zones are 

introduced to resolve propeller-tip and hub vortex 

phenomena. Examples of meshes around a propeller are 

shown in Figure 2, including the detail that shows the 

inflation layers mesh used to model boundary layer effects.  

Regarding the numerical scheme, the ‘SST (Menter) K-

Omega’ and ‘Gamma Transition’ models are combined to 

construct the turbulence model adopted here, based on the 

work of Kim et al.(2021), to account for boundary-layer 

transition phenomena and improve accuracy. It is also 

important to note that transition models in conjunction with 

the SST Menter turbulence model require small y+ values 

(i.e., y+ < 5); especially for simulations referring to 

Reynolds numbers that lie within the transition regime. 

 

 

Figure 1: Computational domain in STAR CCM+ consisting 

of a stationary domain, the rotating subdomain and the 

extension regions. 

 

 

Figure 2: [Above] Perspective view of the unstructured mesh 

around the P4382 in full-scale; featuring the refinement zones 

and inflation layers. [Below] Detail of inflation layers at the 

boss cap region.  

2.2 Open water performance  

The parameters related to open water performance of 

marine propellers in steady flow are the non-dimensional 

thrust coefficient (𝐾𝑇) , moment coefficient (𝐾𝑄) , 



 

 

propeller efficiency (𝜂)  and advance coefficient (𝐽) 

defined respectively as, 

 
𝐾𝑇 =

𝑇

𝜌𝑛2𝐷4
, 10𝐾𝑄 =

10𝑄

𝜌𝑛2𝐷5
, 

  𝜂 =
𝐾𝛵

𝐾𝑄

𝐽

2𝜋
 ,        𝐽 =

𝑉𝐴

𝑛𝐷
, 

 

(1) 

where 𝐷  is the propeller diameter in meters, 𝑛  is the 

propeller revolutions in rps, 𝜌 is the fluid density in kg/m3,  

𝑉𝐴  the advance velocity and  𝑇, 𝑄  are the propeller net 

thrust and torque. The latter can be evaluated through 

integration of pressures on the propeller blades and 

projections in the selected axis. Advance velocity 𝑉𝐴 refers 

to the axial velocity component.  

2.3 Scaling approach  

Starting with geometric similarity, all geometries scaled 

uniformly, preserving relative proportions, enabling an 

isolated assessment of Reynolds’ number and flow-regime 

effects without interference from geometric redesign. The 

same holds for the FLEXCAP configuration consisting of 

the cap and custom fins. Based on the above 

 𝐷𝑖/𝐷𝑚 = 𝜆 (2) 

Following the standard process of ITTC for model scale 

towing tank experiments for propeller open water 

condition, rate of revolutions across different scales is 

defined assuming both Froude (inertial/gravity) and 

Kinematic similarity (velocities): the ratios of flow field 

velocities are constant (i.e. advance coefficient similarity). 

For simplicity, gravitation acceleration and kinematic 

viscosity is assumed to be the same across the examined 

scales (i.e., 𝑔𝑖 =𝑔𝑚 , 𝑣𝑖 =𝑣𝑚 ) and thus Froude similarity 

yields, 

 𝑉𝑖/𝑉𝑚 = √𝜆 (3) 

Advance coefficient similarity in conjunction with the 

above equation,  

 𝑛𝑖/𝑛𝑚 = 1/√𝜆  (4) 

Influence of local flow effects on different Reynolds 

numbers play an important role in propeller loading, 

however for practical reasons model tests at Re similarity 

are not realizable; Carlton (2018).  

To replicate these conditions in our numerical 

simulation, the rate of revolution is set to a constant value, 

and advance ratio varies until thrust values become 

negative; to obtain the full open water curve of the model 

under study. This approach is shown in Table 2. The 

Reynolds number based on propeller diameter is evaluated, 

𝑅𝑒𝐷𝑖 =
𝐷𝑖𝑉𝐷𝑖

𝑣
, 

(5) 

with 𝑉𝐷𝑖 = √𝑉𝐴
2 + (𝜋𝑛𝐷𝑖)

2 𝑎𝑛𝑑 and 𝑣  the kinematic 

viscosity of the fluid. Similarly, Reynolds number based on 

blade section at 0.7R can be evaluated as, 

𝑅𝑒0.7𝑅 =
𝑐0.7𝑅𝑉0.7𝑅

𝑣
, 𝑉0.7𝑅 = √𝑉𝐴

2 + (0.7𝜋𝑛𝐷𝑖)
2 (6) 

where 𝑐0.7𝑅  is the chord length at 0.7𝑅. Investigation of 

scale effects can also involve prediction of pressure 

envelopes at various radial positions. At 0.7𝑅  the 

expression for the pressure coefficient holds as, 

𝐶𝑝
(0.7𝑅) =

𝑝 − 𝑝∞

0.5𝜌𝑉0.7𝑅
2, (7) 

 

3 NUMERICAL RESULTS 

To demonstrate confidence in calculations, three 

propeller models, namely (a) DTMB 4382, (b) KP505 have 

been selected for validating the methodology; taking into 

consideration that for these models, experimental 

measurements for non-cavitating conditions and detailed 

geometric data are published in the literature for 

reproducibility. All computations are performed on a 

system with two Intel Xeon CPU E5-2695 v4 2.10 GHz 

with 36 Cores and 128GB RAM using Simcenter STAR-

CCM+ 2410 Build 19.06.008.  

The DTMB 4382 is also fitted with the FLEXCAP 

energy saving device and its performance is examined 

across various scales to quantify scale effects on propulsive 

performance enhancement. More specifically, since our 

aim in the present is to gain insight into the capabilities and 

limitations of the above methodology in the investigation 

of scale effects, mesh parameters need to be determined 

also for intermediate scales. Table 3 contains mesh details 

for the various propeller sizes of Table 2. Identification of 

representative parameters for the model and full scale are 

derived from the author’s previous work; see Anevlavi et 

al. (2023), and extrapolated for the intermediate scales.  

 

3.1 Verification studies  

 

3.1.1 P4382 

This is a five-bladed propeller with maximum tip skew 

36deg, zero rake, NACA66 a=0.8 profiles and design 

advance ratio 𝐽𝑑𝑒𝑠 = 0.899 . Model test conditions 

correspond to a diameter equal to 𝐷𝑚 = 0.305𝑚 and a rate 

of revolution 𝑛𝑚 = 7.8𝑟𝑝𝑠  (see Table 2). The re-

constructed propeller geometry is shown in Figure 3. 

Comparison between the predicted open water curves, with 

Table 3 mesh parameters, and the model test data is shown 

in Figure 4. Additionally, details regarding mesh 

sensitivity analysis for this case can also be found in 

Anevlavi & Tsarsitalidis, 2025.  

Present results are in good agreement with 

experimental data, with deviation of ~1.8% for the thrust 

and ~3.5% for the torque coefficient. An overprediction of 

propeller torque, leading to efficiency underestimation, has 

been reported in other works, see, e.g. the skewed 

propellers studied in Kawamura et al.(2012) and the KP505 

case in Gaggero (2018), and it is typically attributed to 

strong transition effects in the boundary-layer. 
  



 

 

  

Table 2: Examined scales based on DTMB 4382 model diameter Dm=0.305m. 

Scale index 1 [model] 2 3 4 5 [full] 

Di/Dm = λ 1.000 6.898 12.80 18.69 24.59 

Diameter, Di (m) 0.305 2.104 3.903 5.701 7.500 

Rate of revolution, ni (rpm) 468.0 178.2 130.8 108.3 94.38 

Rate of revolution, ni (rps) 7.800 2.970 2.181 1.804 1.573 

Propeller diameter 𝑅𝑒𝐷𝑖 2.250×106 4.078×107 1.030×108 4.459×108 6.925×108 

FLEXCAP diameter 0.25𝑅𝑒𝐷𝑖 2.056×106 3.724×106 9.409×106 1.661×107 2.507×107 

 

Table 3: Indicative mesh parameters across multiple scales for medium mesh resolution. 

Mesh parameters 1  2 3 4 5  

Surface wrapper base size (mm) 6.000 40.00 75.00 85.00 90.00 

Automated mesh base size (mm) 50.0 240.0 360.0 460.0 580.0 

Prism layer total thickness (mm) 3.500 11.00 20.00 32.00 45.00 

First layer thickness FLT (mm) 0.005 0.045 0.100 0.160 0.250 

Inflation layers, N 35.00 26.00 20.00 17.00 17.00 

 

 

Figure 3. P4382 re-constructed propeller model. 

 
Figure 4. Comparison between predicted RANS results with 

model test data: P4382. 

Pressure coefficient results, corresponding to a medium 

mesh of 4.5M cells, are plotted in Figure 5 against data 

from Brizzolara et al.(2008). Predicted results are generally 

in good agreement; it is evident that the mesh resolution in 

the vicinity of the trailing and leading edges needs to be 

further refined to improve accuracy. Partially, trailing edge 

behavior can be attributed to the inclusion of the transition 

model, because this is also found in Gubino & Abdel-

Maksoud (2024), where STAR CCM+ with the transition 

model is implemented, and predicted pressure envelopes in 

model scale reveal low-pressure spikes at the blunt TE 

region. Nevertheless, these results reveal certain 

limitations in predicting the pressure envelopes accurately 

due to trailing/leading edge modifications. This can be 

crucial for studies involving propeller TE trimming 

retrofits and for optimizing further propeller boss cap fin 

technologies. In general, the discrepancies between the 

pressure coefficient envelopes do not affect the capability 

in predicting open-water performance with engineering 

accuracy, which is the target of most industrial 

applications.  

 

 
Figure 5. Pressure coefficient in model scale at (a) 0.7R and 

(b) 0.9R at J=0.899 for P4382; comparison with Brizzolara et 

al. (2008).   



 

 

3.1.2 KP505  

This model refers to the five-bladed, right-handed, skewed 

propeller developed for the KCS containership, developed 

by the KRISO institute for the purpose of CFD validation 

(see: https://t2015.nmri.go.jp/kcs.html). Standard NACA 

66 thickness and camber lines are adopted with a maximum 

tip skew of 24 degrees. In model scale, the diameter is 

D=0.25m, ratio between diameter and hub Dh/D=0.18m, 

P/D_0_7R=0.9967, P/D=0.95, Ae/Ao=0.80, Z=5. Also, the 

rate of revolutions in model scale equals n = 15 1/s or 

900rpm. This model, shown in Figure 6, has also been 

tested in various cavitation studies.  

Figure 7 contained the comparison of open water 

curves for this case. Considering all the above, the present 

RANS template has shown to have sufficient engineering 

accuracy for performing parametric studies for selecting 

optimal FLEXCAP configurations. 

 

    

Figure 6. KP505 propeller model re-constructed using the 

KRISO project repository. 

 

Figure 7. Comparison between CFD results and model test 

data of the KP505 in full-scale.  

3.2 Scale effect on P4382  

Simulated results for this propeller at various intermediate 

scales are predicted for the design advance coefficient 

J=0.889 with results shown in Table 4. Based on the 

considered mesh parameters, the thrust coefficient does not 

alter significantly between the model and the full scale, 

whereas the differences between the torque coefficient are 

noticeable. Findings suggest that torque coefficient is 

smaller at full scale simulations compared to the model 

scale results, which agrees with Carlton (2008), Grlj et 

al.(2022). Some authors report that these trends regarding 

reduction of torque at model scale tests do not apply to all 

propeller geometries and in some skewed cases, this 

behavior is reversed; see Krasilnikov et al.(2009). These 

observations suggest that simulations at intermediate 

scales need to be investigated further with emphasis on grid 

sensitivity and high element count in the boundary layer 

region to full capture viscous effects with high accuracy. 

This applies especially for applications targeting accurate 

torque coefficient estimation, such as the design and 

optimization of PBCF systems. Figure 8 shows the open 

water curves predicted for the reference propeller in model 

(D=0.305m) and full scales (D=7.5m).  

 

Figure 8. Comparison between CFD results obtained for 

model (solid lines) and full scale (dashed lines) for the P4382.  

3.2 Scale effect on P4382 with FLEXCAP at J = 0.899  

Early propeller boss cap fin designs primarily featured 

planar fins mounted permanently on the boss cap, which 

rotate as one body with the propeller. A combination of 

empirical practices and model test experiments has proven 

to be a reliable design approach not only for boss-cap fins, 

but also for many other hydrodynamic energy-saving 

devices, such as wake equalizing ducts and rudder bulbs. 

In that case, design selection depends largely on the 

designer’s experience since the pool of the examined 

geometries is based on a limited sample.  

FLEXCAP belongs to the category of newer PBCF 

designs that feature more complex fin geometries; 

generated using pitch, rake, and skew variation along the 

span; see also systematic study of Gaggero (2018), where 

different variables (camber, thickness, longitudinal 

position, etc.) are studied in terms of their effect on open 

water performance using model-scale CFD. A schematic 

representation of the device is shown in Figure 9.   

The same mesh used for the reference propeller as 

implemented for the study of the P4382 fitted with a 

FLEXCAP design. The results are provided in Table 4, 

where performance enhancement is shown to be higher in 

full scale compared to model scale. Both thrust and torque 

coefficients are reduced for this configuration. Table 5 

contains general information regarding ESD design. Fin 

angle and cap orientation selection is based on the author’s 

previous work; Anevlavi & Tsarsitalidis (2025) where 

parametric CFD runs resulted in FLEXCAP positioning 

that is beneficial to propeller performance. 

It is important to note that, based on the Reynolds’ 

number defined with respect to the FLEXCAP diameter 

(0.25𝑅𝑒𝐷𝑖), transition effects are expected to affect ESD 

performance up to model scale-3.  

https://t2015.nmri.go.jp/kcs.html
https://t2015.nmri.go.jp/kcs.html


 

 

  

Table 4: Scale effects results on open water performance with consideration of FLEXCAP at 𝑱 = 𝟎. 𝟖𝟗𝟗.  

Scale index 1 [model] 2 3 4 5 [full] 

Reference geometry      

𝛫𝛵 0.2116 0.2052 0.2067 0.2075 0.2075 

10𝛫𝑄  0.4632 0.4458 0.4409 0.4394 0.4383 

Eff. 𝜂 0.6536 0.6586 0.6708 0.6757 0.6774 

Mesh  5.7Μ 6.4M 6.8M 7.8M 8.4Μ 

Y+ average ~1 8 24 48 80 

𝐶𝑓  0.0145 0.0157 0.0130 0.0119 0.0113 

Fitted with ESD      

𝛫𝛵 0.2092 0.2002 0.2022 0.2021 0.2025 

10𝛫𝑄 0.4511 0.4287 0.4228 0.4183 0.4171 

Eff. 𝜂 0.6632 0.6678 0.6837 0.6911 0.6946 

Mesh  6.3M 7.6Μ 7.9M 8.7M 9.2M 

Y+ average ~1 8.4 25 46 78 

𝐶𝑓 0.0142 0.0148 0.0123 0.0116 0.0107 

𝛥𝛫𝛵(%) -1.13 -2.44 -2.18 -2.60 -2.41 

𝛥𝛫𝑄(%) -2.61 -3.84 -4.11 -4.80 -4.84 

𝛥𝜂(%) 1.52 1.45 2.01 2.31 2.55 

 

 

Figure 9: P4382 propeller model fitted with FLEXCAP-1028; see Anevlavi & Tsarsitalidis (2025) [left]. FLEXCAP design 

variable definition and sign convention; adapted from Gaggero (2018). [right] 

 

Figure 10 shows the reduction of low-pressure region 

downstream the propeller cap, in full scale, with the 

consideration of the energy-saving device. Hub vortex 

visualization for the propeller with and without the energy-

saving can is provided using Q-criterion iso-surface based 

on 15 /s2 in Figure 11 below for full-scale. 

 

DISCUSSION AND CONCLUSION 

In this work, the performance of the DTMB 4382 is 

examined considering various scales, including cases 

where the propeller is fitted with a new modular boss-cap-

fin energy-saving device. Emphasis is given to the 

potential performance gains across various scales. It is 

found that the same design in the model scale yields 

smaller propulsive performance enhancements compared 

to the full-scale, which is also shown to be twice as 

effective. 

 
Table 5: FLEXCAP-1028 in full scale (Fig. 9 sign convention) 

Diameter 2180 mm 

Pitch angle (θ), clockwise 21.5deg 

Cap rotation (α), clockwise  -15deg 

Chord (fin base) / Max. Thickness 

(fin tip) 

977mm / 

14mm  

 

From a designer’s perspective, holistic and integrative 

approaches, such as the methodology proposed in Cheng et 



 

 

al.(2014) are the ones that yield the maximum of ESD 

performance gains. Especially for PBCFs, consideration in 

the early design phase allows for a more favorable 

propeller pitch distribution to the operation of the energy-

saving device (i.e., increased loading near the root).  

 

 

 

Figure 10: Absolute total pressure contours for the P4382 

with and without the FLEXCAP device.  

 

 

Figure 11: Q-criterion iso-surface (15 /s2) for the P4382 with 

and without the FLEXCAP device.  

This leads to an increased performance enhancement 

compared to cases where PBCFs are considered as retrofit 

projects. Similar design approaches could be useful for 

newbuild projects amidst new measures for hydrodynamic 

performance improvements in shipping. In general, 

optimization of the PBCF based on open water 

performance proves to be a cost-effective design approach 

that provides acceptable engineering accuracy for the early 

design stages.  

Future work directions emphasize the implementation 

of more accurate RANS methodologies to address scale 

effects, including ‘Overset Mesh’ techniques for unsteady 

simulations. Evaluation of performance gains after the 

installation of propeller boss cap fin technologies based on 

ship self-propulsion simulations is also a future extension. 

On that matter, literature suggests that ESD efficiency 

enhancement predictions based on open-water 

performance are smaller than power gain measurements 

obtained at self-propulsion conditions; see, e.g., Kim et 

al.(2021). This is especially important for the final design 

cycle, as wake effects affect load distribution on the blades 

and propeller inflow; see, e.g., Berger et al.(2013). To sum 

up, these study proposals can contribute to the 

development of methodologies and design approaches for 

more efficient PBCF concepts. 
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