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ABSTRACT  

 

Laminar-to-turbulent transition on marine propeller blades 

affects hydrodynamic performance. In model scale 

experiments, transition regions have been indirectly 

identified using paint-flow visualization, which revealed 

the coexistence of laminar, transitional, and turbulent 

zones on the blade surface. In this study, large eddy 

simulation (LES) is employed to investigate transition 

characteristics at model scale under open-water condition. 

The simulations aim to capture the onset and development 

of transitional flow structures and confirm the presence of 

laminar, transitional, and turbulent regions using high-

fidelity numerical simulation. To further examine 

transition characteristics, a turbulence stimulator was 

installed on the blade surface in model test to artificially 

trigger and enable comparison with CFD simulation. To 

reduce computational cost, two-dimensional simulations 

were performed to analyze the local flow field around the 

stimulator, while a three-dimensional case was included 

for final validation. The results demonstrate that LES 

effectively resolves transitional features and provides 

insights into the conditions responsible for triggering 

turbulence. 
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1 INTRODUCTION 

Accurate estimation of propeller performance is a essential 

to propeller design. Generally, propeller performance 

characteristics are determined through model-scale 

experiments in a towing tank such as Propeller Open Water 

(POW) and self-propulsion tests. To ensure the reliability 

of these results, model tests is to be followed standard 

procedures established by the ITTC (International Towing 

Tank Conference). According to ITTC recommendations, 

the Reynolds number for POW tests should be at least 

2∙105 to minimize these effects.  

In case of the lower Reynolds numbers at model scale, the 

flow over the propeller blade often consists of a complex 

mixture of laminar, transitional, and turbulent regions. 

Consequently, various institutions such as HSVA, 

MARIN, and researchers including propeller maker - 

Nashima have studied alternative approaches to establish 

more robust POW test procedures to ensure reliable result 

of propeller performance [Bugalski, Kerkvliet, Okazaki]. 

Despite these efforts, a fundamental understanding of the 

flow transition on the blade still remains. These transition 

regions have been analyzed using streamline patterns; 

Kuiper, for instance, categorized these regions by 

correlating streamline characteristics with the turbulence 

characteristics. [Carlton] This study LES to resolve the 

transient flow structures of propeller blades, aiming to 

provide a detailed account of the transition process and its 

effect on performance. These high-fidelity simulations are 

validated through a comparison with model test results 

employing turbulence stimulators. Based on these result, 

this research aims to establish understanding of numerical 

predictions and experimental observations for transition 

phenomena on blade. 

 

2 Model Test 

To verify the characteristics of flow transition in open 

water conditions, the KP458 propeller was selected. The 

KP458 is a model-scale propeller specifically designed by 

KRISO (Korea Research Institute of Ships and Ocean 

Engineering) for the KVLCC2 tanker.  The main 

particulars of the KP458 propeller used in this research are 

summarized in the table 1. 

Table 1: Main particular of KP458 

No. of Blade 4 

P/Dmean 0.6897 

EAR 0.4268 

Total skew 20.9 

To investigate the transition characteristics of turbulent 

boundary layer across the propeller blade, a turbulence 

stimulator was applied to the blade surface. For this study, 

a cylindrical-type stimulator was selected.  



 The stimulator is positioned near the leading edge to 

initiate transition from lamina to turbulence. The specific 

the radial/chordwise positions of the stimulators are 

detailed in Table 2 and illustrated in Figure 1. 

Table 2: Main dimension of stimulator 

Type Cylinder 

Height 100 μm 

Diameter 1.5mm 

Circle center position from 

Leading Edge 

10% of Chord 

Length 

Radial spacing 0.02r/R 

Total No.  of turbulator 41 

 

POW tests were conducted at Research Institute of Medium & 

Small Shipbuilding (RIMS). Surface flow patterns were 

visualized using paint tests to identify the transition and 

separation regions on the propeller blades. Flow patterns 

with and without stimulators as shown in Figure 1.  

The flow is predominantly laminar, with clear streamline 

of a separation point at lower radius region (r/R < 0.5) on 

clean case. Due to centrifugal forces dominate, causing the 

streamlines to deflect significantly outward toward the 

blade tip. As the angular velocity increases at higher radius 

region (r/R > 0.7) of clean case, the flow aligns more 

closely with the tangential direction. The transition toward 

turbulence is more apparent here, driven by the higher local 

Reynolds number.  

The application of the cylindrical stimulator affects the 

surface flow, forcing the streamlines to align more 

tangentially earlier in the chord. This suggests that the 

transition to a turbulent boundary layer has been triggered.  

 

  

  
Figure 1: Paint test of visualization for streamline (Top: 

Clean case, Bottom: w/ stimulator) 

The result of model tests indicated that the stimulator led 

to a 10% loss in thrust and a marginal 0.1% change in 

torque as shown at Figure 2.  

Figure 2: Result of Propeller Open Water test 

However, surface paint patterns only represents the time-

averaged shear stress direction at the wall and could not 

resolve the three-dimensional velocity field or pressure 

fluctuations around the blade. While the streamline 

patterns indicate transition, they could not provide 

quantitative data on the velocity fluctuation or structure of 

the transition process. Consequently, while paint tests 

provide a qualitative baseline, a more high-fidelity 

approach—specifically LES—is required to directly 

resolve the transient flow structures and verify the 

transition characteristics with higher accuracy.  

 

3 Numerical Simulation.  

 

In the marine engineering field, Reynolds-Averaged 

Navier-Stokes (RANS) simulations are wildly used due to 

their computational efficiency and proven reliability. 

However, RANS models rely on time-averaging the 

Reynolds stresses, which introduces limitations when 

simulating highly unsteady flow and boundary layer 

transition. Therefore LES approach is proposed for 

transition on propeller blade in this study.  

The incompressible Navier–Stokes equations were 

solved to describe the flow field: 
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where 𝑢𝑖 is the velocity component, 𝑝 is the pressure, 𝜌 is 

the density, and 𝜈  is the kinematic viscosity. Spatial 

discretization was performed using the finite volume 

method (FVM), and a second-order implicit scheme was 

applied for time integration. 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.00 0.20 0.40 0.60 0.80

K
T

, 
1
0
K

Q
, 

E
T

A
O

J

Clean KT

Clean 10KQ

Clean ETAO

Circle KT

Circle 10KQ

Circle ETAO



In this study, LES was employed to analyze turbulent flow. 

For the sub-grid scale (SGS) model, the Wall-Adapting 

Local Eddy-viscosity (WALE) model was adopted. The 

eddy viscosity is defined as 

𝜈𝑡 = (𝐶𝑤Δ)
2

(𝑆𝑖𝑗
𝑑𝑆𝑖𝑗

𝑑)3/2
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Where Δ is the filter width, typically defined based on the 

local grid spacing as Δ = (Δ𝑥Δ𝑦Δ𝑧)1/3 , and 𝐶𝑤  is the 

model constant, 𝑆𝑖𝑗  is the strain rate tensor and 𝑆𝑖𝑗
𝑑  is the 

traceless symmetric part of the square of the velocity 

gradient tensor.  

Several approaches have been proposed to model the sub-

grid scale (SGS) stress in LES, each with different trade-

offs between accuracy and computational cost. The 

Dynamic Smagorinsky model provides improved accuracy 

by locally computing the model coefficient; however, it is 

associated with increased computational cost and potential 

numerical instability. In contrast, the WALE model can 

accurately capture near-wall behavior without requiring 

additional dynamic procedures, making it more widely 

used in practical CFD applications. The computational 

mesh consisted of polyhedral cells, and prism layers were 

generated near the wall to properly resolve the boundary 

layer. All numerical simulations were carried out using the 

commercial CFD code STAR-CCM+ (version 17.02). The 

time step was determined based on the CFL condition 

evaluated in the near-blade region, where the flow physics 

of interest are concentrated. The CFL value was 

maintained below 2 throughout the entire computational 

domain to ensure numerical stability. 

With the aim of verifying the influence of stimulator height 

on the transition process, the cylinder height was varied 

across three cases: 20, 50, and 100 μm. Conducting 

experiments with such dimensions presents challenges at 

the model scale, primarily due to the manufacturing 

tolerances required to produce and accurately attach small 
stimulators to the blade surface. Consequently, numerical 

simulation serves as a more suitable and robust tool for this 

parametric study.  

 

3.1 2-Dimensional analysis for section of KP458 

A two-dimensional airfoil analysis was conducted at the 

0.5 r/R section of KP458 to assess the initial effect of the 

stimulator. The angle of attack was set to 5°, and the inflow 

velocity was determined based on the condition 

corresponding to J = 0.5. The computational grids were 

generated using an unstructured polyhedral approach for 

both the clean and tripped airfoil configurations. To ensure 

a systematic grid convergence study, three levels of grids 

(coarse, medium, and fine) were constructed based on an 

isotropic refinement strategy. 

The medium grid was designed to satisfy wall-resolved 

LES requirements, with a target wall-normal resolution of 

𝑦+ ≈ 1 and a wall-parallel resolution at the airfoil surface 

corresponds to approximately x+ ≈ 10. The coarse and fine 

grids were generated by uniformly scaling the grid spacing 

in all spatial directions using an isotropic refinement ratio 

of approximately √2. Consequently, the grid spacing was 

increased by a factor of √2  for the coarse grid and 

decreased by the same factor for the fine grid. Overall, the 

adopted grid design provides a controlled reduction of the 

effective filter width while maintaining consistent near-

wall resolution, enabling a reliable assessment of grid 

convergence in the large eddy simulation framework. The 

resulting number of cells for each grid configuration is 

shown at figure 3. The time step was chosen based on a 

CFL criterion, ensuring CFL < 1 for the 2D cases. 

 

 

Figure 3: Result for 0.5 r/R section of KP458 
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Figure 4: Pressure distribution according to Grid Test (Left: 

Clean, Right : Stimulator of 100 μm) 
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The pressure distribution for a two-dimensional airfoil is 

presented for coarse, medium, and fine grids at figure 4. 

The overall trend shows that the results are well converged 

with respect to grid resolution.  

The wall shear stress distributions are illustrated for cases 

with and without a stimulator at figure 5. In a airfoil 

without stimulator, transition does not occur at leading 

edge; however, with the addition of a stimulator, a clear 

transition phenomenon can be observed. The stimulator 

generates vortex structures, which subsequently lead to the 

development of turbulent flow. As shown in the figure 6, 

vortex structures originating from the stimulator coexist 

with and promote the formation of turbulent structures. 

 

 

Figure 5: Wall shear stress distribution (Top: Clean, 

Bottom : Stimulator of 100 μm) 

 

 

Figure 6: Iso surface for Q criteria of  5∙106 (Top: Clean, 

Bottom : Stimulator of 100 μm) 

 

3.2 3-dimensional analysis of KP458 

For the 3D rotating configurations, a CFL number below 2 

was employed for time-step selection. This differs from the 

2D simulations due to the increased effective velocity 

induced by the rotating frame of reference. Nevertheless, 

the temporal resolution remains sufficient to resolve the 

unsteady flow structures of interest.  

To optimize computational efficiency while maintaining 

high resolution, periodic boundary conditions were 

implemented. Each case was configured with a grid count 

of about 120 million to ensure consistent resolution. This 

approach allows for the simulation of a single blade 

passage, effectively representing the full four-bladed 

KP458 propeller performance by assuming cyclic 

symmetry in the steady-state inflow of the open water test. 

The compared results of the numerical analysis according 

to the stimulator height are summarized in the table 3. As 

the stimulator height increased, a clear trend of increasing 

thrust reduction was observed. Specifically, at a height of 

100 μm —which corresponds to the experimental 

condition—the thrust decreased by approximately 5% in 

the simulation, compared to the 10% reduction measured 

in the model test. This discrepancy is likely attributed to 

the simulation's inability to fully resolve the complex 

vortex structures generated during the actual model test. 

Regarding torque, the analysis showed a relatively small 

variation compared to thrust, maintaining a trend 

consistent with the experimental observations 

 

Table 3: Comparison of KT,10KQ of stimulator height on 

KP458 with Clean case 

 KT [%] 10KQ [%]  

20 μm 97.0 99.6  

50 μm 96.8 100.9  

100 μm 94.7 100.9  

 

Depending on the height, the pressure distribution, wall 

shear stress, and streamline patterns were compared. 

Similar to the previous experiments, the objective of the 

analysis was to identify variations in streamline 

characteristics based on the stimulator configuration. 

While the overall pressure distribution maintained a 

consistent trend, local pressure peaks were observed at the 

attachment locations as the stimulator height increased. 

However, a comprehensive understanding of these changes 

requires isolating the specific contribution of vortex 

structures to the blade surface; currently, distinguishing the 

effects of transition from those of vortex structures remains 

a challenge, necessitating further detailed investigation. 

Meanwhile, variations in wall shear stress revealed distinct 

differences in the transition onset depending on stimulator 

height. Specifically, the fluctuations in wall shear stress, 

which were confined to the vicinity of the trailing edge in 

the clean condition, expanded to around 0.5 r/R as the 

stimulator height increased. This phenomenon provides 

indirect phenomena of an early flow transition into a 



turbulent boundary layer. Also, the streamline 

visualization results align with the transition and 

turbulence trends observed in experimental model tests, 

therefore numerical analysis gives proper validation 

results. 
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Figure 6: Pressure distribution according stimulator height 
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Figure 7 : Wall shear stress distribution according 

stimulator height 
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Figure 8: Streamline on blade according to stimulator height 

To investigate the transition characteristics on the propeller 

blade surface, the magnitude of the velocity was monitored 

at specific spatial points. The monitoring locations were 

defined at approximately 15% of the boundary layer 

thickness. Boundary layer thickness is calculated from the 

local velocity reaches 99% of the free-stream velocity. 

Previous study has analyzed the transition characteristics 

of tripping devices using Power Spectral Density (PSD) on 

the NACA 0012 airfoil. Similarly, the present study 

employs PSD comparisons to investigate the trends in 

transition characteristics. [Santos] To simplify the 

identification of turbulent characteristics, PSD of the 

velocity fluctuations was calculated. While a accurate 

analysis requires comprehensive turbulence statistics, this 

study utilizes PSD levels to establish qualitative trends and 

identify initial transition signatures.  

The PSD values on the suction side of clean case were 

compared at chordwise positions of 30%, 50%, and 80% 

(x/C). At 30% chord, the observed energy levels were low, 

indicating a laminar flow region, which is consistent with 

the trends previously identified from the wall shear stress 

distributions. At 50% chord, a slight increase in broadband 

noise was observed at 0.5 r/R; however, the overall 

variation in energy remained minimal, suggesting that the 

flow is still predominantly laminar at this mid-chord 

position. In contrast, at 80% chord, significant spatial 

variation was identified, while the energy level remained 

low at 0.3 r/R, it increased substantially at 0.5 r/R and 0.7 

r/R, indicating the onset and development of transition in 

the outboard regions. These PSD monitoring results show 

correlation with prior analyses of wall shear stress and 

streamlines, which indicates the laminar, transition, and 

fully turbulent regions. 
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Figure 9: Power density spectrum of velocity magnitude 

on suction side for clean case (0.3 r/R, 0.5 r/R, 0.8 r/R) 
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Figure 10: Power density spectrum of velocity magnitude 

on suction side for 20 μm stimulator case (0.3 r/R, 0.5 r/R, 

0.8 r/R) 
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Figure 11: Power density spectrum of velocity magnitude on 

suction side for 50 μm stimulator case (0.3 r/R, 0.5 r/R, 0.8 

r/R) 
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Figure 12: Power density spectrum of velocity magnitude on 

suction side for 100 μm stimulator case (0.3 r/R, 0.5 r/R, 0.8 

r/R) 

The figures 10,11,12 show that the PSD varies with 

increasing stimulator height. For the case with a height of 

20 μm at figure 10, relatively low PSD levels are observed 

at 0.3 and 0.5 r/R, indicating that transition is not promoted. 

In contrast, at 0.7 r/R, higher PSD values are observed, 

suggesting that transition tends to be promoted as the 

Reynolds number increases. 



At the 30% chord location (0.5 r/R) with 20 μm, where 

transition is not promoted, stimulator-induced fluctuations 

are also observed in both the low-frequency range and at 

specific high-frequency bands. 

As the stimulator height increases, the onset of transition 

becomes more apparent. In particular, for heights of 50 μm 

and 100 μm, transition is relatively promoted. However, 

peaks associated with vortex structures in the low-

frequency range are also observed simultaneously, 

indicating that further investigation is required to clearly 

distinguish the transition characteristics induced by the 

stimulator. 

 

The power spectral density at 0.5 r/R is presented for 

chordwise locations of 30%, 50%, and 80% at figure 13. 

At the 30% and 50% positions, the clean and 20 μm cases 

show relatively low levels, whereas the 50 μm and 100 μm 

cases show significantly higher values. This indicates that 

the transition characteristics vary depending on the height 

of the stimulator. In addition, higher energy levels are 

observed in the low-frequency range of 200–800 Hz 

compared to the clean case, suggesting the presence of 

vortex structures generated by the stimulator. At the 80% 

chord location, the power spectral density increases for all 

cases. This trend is consistent with the transition behavior 

observed in the wall shear stress contour. However, it is 

necessary to distinguish between disturbances caused by 

excessive perturbations introduced by the stimulator and 

those arising from natural transition. As mentioned above, 

a more rigorous assessment is required to determine 

whether an appropriate level of turbulence promotion has 

been achieved. 
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80 % of chord 

Figure 13: Power density spectrum of velocity magnitude on 

suction side at 0.5 r/R 

 

4 CONCLUSION 

 

This study numerically investigated the effects of 

turbulence stimulators attached to a propeller blade surface 

on boundary-layer transition. Under the clean condition, 

the boundary layer remained predominantly laminar, 

whereas the application of a stimulator induced vortex 

structures that promoted transition to turbulence. These 

trends showed qualitative agreement with experimental 

observations. 

The overall pressure distribution on the blade was largely 

insensitive to the stimulator height; however, localized 

pressure peaks were observed at the attachment locations, 

indicating locally intensified flow disturbances. Analysis 

of wall shear stress showed that increasing stimulator 

height extended transition-related fluctuations upstream to 

approximately 0.5 r/R, suggesting earlier transition toward 

the propeller tip region. 

Power spectral density (PSD) analysis further 

demonstrated that a stimulator height of 20 μm had a 

limited influence on transition, whereas heights of 50 μm 

and 100 μm significantly enhanced transition. However, 

low-frequency energy peaks associated with stimulator-

induced vortices were also observed, complicating the 

distinguish natural transition and excessive perturbations. 

Overall, the results indicate that turbulence stimulator is 

effective in promoting boundary-layer transition on 

propeller blades, with their influence dependent on 

stimulator height. However additional turbulence analyses 

are required to clearly separate transition effects from 

vortex-induced disturbances. 
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