
 

 

Abstract— Several researchers have highlighted the fact that 

the leading-edge tubercles on the humpback whale flippers 

enhances its maneuverability. Encouraging results obtained due 

to implementation of the leading-edge tubercles on wings as 

well as wind and tidal turbine blades and the fact that a limited 

research has been conducted related to the implementation of 

leading-edge tubercles onto the aeronautic propeller blades was 

the motivation for the present study. A propeller that spins 

efficiently through air would directly result in environmental 

friendly flights. Small sized aeronautic propeller; an 8x3.8 

propeller, was considered for the present study. As a part of 

this study, numerical simulations were carried out to explore 

the effect of leading-edge tubercle geometry on propeller 

efficiency. The tubercle geometry was varied systematically by 

changing the tubercle amplitude and wavelength. The propeller 

performance was analyzed at a wide range of flight speeds and 

rotational velocities. The results predict an increase in 

efficiency of the propellers with leading-edge tubercles in 

comparison with the baseline propeller i.e. the propeller 

without leading-edge tubercles, while operating at various 

rotational velocities and flight speeds. A change in the flow-

field was observed around the propellers with tubercles at the 

leading-edge of the propeller blades. It was noted that the 

addition of the leading-edge tubercles to the propeller geometry 

delayed flow separation, reduced span-wise flow and the size 

and strength of the propeller blade tip vortices, leading to a 

reduced torque requirement from the power source. This lead 

to an increase in the efficiency of the propellers with leading-

edge tubercles. Amongst the various configurations of the 

tubercle amplitude and wavelength considered for the present 

study, it was found that the configurations with relatively 

larger tubercle amplitude and smaller tubercle wavelength, i.e. 

large tubercle amplitude-to-wavelength ratio, were more 

efficient. As the advance ratio increased, the increase in 

efficiency of the propellers with leading-edge tubercles also 

improved in comparison with the baseline propeller. An 

increased thrust-to-torque ratio of the modified propeller will 

have a positive impact on the aircraft’s maximum rate of climb, 

time to climb, absolute and service ceilings, range and 

endurance leading to greener and cost-effective flights. 
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I. INTRODUCTION 

N this study effect of leading-edge tubercle geometry on 

propeller efficiency over wide range of flight speeds and 

rotational velocities was analyzed. Tubercles are round 

bumps that change the aerodynamics of a lift producing 

body, such as aeronautic wings [1]-[11], wind and tidal 

turbine blades [12]-[13] and marine propellers [14] by 

delaying flow separation. The tubercles also act as a wing 

fence reducing both the span-wise flow and wing tip vortices 

[1], [4], [7], [12]. 

 

 

 

These vortices are distinctive from the vortices generated 

by the conventional vortex generators because they rotate 

around the axis that is perpendicular to that of the oncoming 

flow and are observed to be in the plane parallel to the 

surface of the lifting surface. The strength of these vortices 

increases with an increase in the angle of attack and the 

tubercle amplitude and a decrease in the tubercle wavelength 

[2], [7]-[10], [12]. Few relevant studies conducted on 

aeronautic wings, marine propellers, wind and tidal turbine 

blades are discussed in the following paragraphs. 

A numerical analysis was performed over a wing section 

using a panel method code by [1]. It was observed that the 
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Fig. 1.  Leading-edge protrusions creating chord-wise vortices (marked by 

blue arrows) in the x-z plane. 
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addition of the tubercles to leading edge of the wing 

geometry not only increased the lift coefficient but also 

reduced the drag coefficient. At lower angles of attack, the 

modified wing, the wing with the leading edge tubercles, had 

no penalty in terms of lift-to-drag ratio. It was also observed 

that the leading-edge tubercles reduced wing tip vorticity. 

Optimization for the tubercle amplitude and wavelength at 

various angles of attack were conducted by [2], both 

numerically and experimentally on an aeronautic wing. The 

optimum configuration in terms of superior aerodynamic 

performance was found to be the one with the smaller 

tubercle wavelength and a larger tubercle amplitude. It was 

also found that the modified wing stalled gradually as 

compared to the baseline wing as reported by [4], [7]. A 

greater effect on the lift-to-drag ratio of the modified wing 

was observed for a change in the tubercle amplitude as 

compared to the change in the tubercle wavelength. 

Low Reynolds number flow over a scalloped flipper with 

leading-edge tubercles was investigated numerically by [4]. 

The study confirmed the existence of the chord-wise vortices 

behind the tubercle troughs as reported by [1]. It was found 

that the vortices created by the addition of leading-edge 

tubercles to the flipper reduced the span-wise flow and the 

presence of counter rotating chord-wise vortices increased 

the boundary layer momentum leading to delayed stall in the 

flipper with leading-edge tubercles. 

Wind tunnel experiments on humpback whale flipper 

models by [7] resulted in an increase in the lift-to-drag ratio 

of the modified flipper in comparison with the baseline 

flipper for a wide range of angles of attack. Analogous to the 

vortex generators over a lifting surface, the tubercles were 

also found increase the stall angle of attack. 

Reference [9] performed an experimental investigation on 

two distinct NACA airfoils with different aerodynamic 

characteristics. The study concluded that the tubercles act in 

a manner similar to conventional vortex generators and the 

influence of tubercles on the efficiency of a lifting surface 

depends not only on the tubercle geometry, controlled by the 

tubercle amplitude and wavelength, but also on the airfoil 

cross section employed. The results demonstrated a 

similarity in the flow patterns when similar amplitude-to-

wavelength ratio of the tubercles was employed. No 

significant difference of results was found for the laminar 

and turbulent flow. The performance with larger amplitude 

tubercles was found to be more favorable in post stall 

regimes and reducing the tubercle wavelength was reported 

to improve the maximum lift coefficient, stall angle and 

post-stall characteristics, up to a certain wavelength. 

An aerodynamic model was put forward by [10] to 

explain the increase in stall angle in the lifting surfaces with 

the leading-edge tubercles. The aerodynamic model 

predicted delayed stall which matches with the wind tunnel 

experiments [7]. The aerodynamic model also predicts that 

the stall occurs behind the troughs before it occurs behind 

the tubercle crests and the absolute low pressure exists 

behind the tubercle troughs which is also confirmed by 

experiments and numerical simulations [1]-[2],[4]-[8]. 

Tidal turbine blades were analyzed both numerically and 

experimentally at various angles of attack by [12]. The 

tubercle geometry i.e. tubercle height and wavelength, was 

optimized numerically. The tubercle with largest amplitude 

and smaller wavelengths was the most efficient in terms of 

lift-to-drag ratio. The configuration with the leading-edge 

tubercles applied to one-quarter of the blade span was the 

most efficient, as noted by the wind tunnel experiments. A 

significant increase in the lift-to-drag ratio of the blade 

having leading-edge tubercles was reported for all 

configurations studied. Moreover, the strong tip vortex 

caused by the well-known end effect was also found to be 

dramatically reduced by the application of the tubercles, as 

was also reported by [1]. 

Reference [13] numerically investigated flow over a 

NREL Phase VI wind turbine with the leading-edge 

tubercles for various configurations of tubercle amplitudes 

and wavelengths. An increased shaft torque was found for all 

the cases at higher wind speeds. It was also concluded that 

transient effects were minimal. 

Reference [14] performed steady-state simulations on a 

marine propeller with leading-edge tubercles. The tubercle 

wavelength and amplitude were kept at a 25% and 2.5% of 

the mean blade chord length for the modified blade. There 

results indicated a small increase in the thrust co-efficient. 

The propeller efficiency increased only at higher advance 

ratios. 

 

II. NUMERICAL METHODOLOGY 

A. Geometric Models and Simulation Methodology 

An 8x3.8 propeller was modelled and modified1 using the 

SolidWorks CAD package and examined as part of the 

present study, as shown in Fig. 2. The access to the 

geometrical and experimental data [16] necessary for the 

verification and validation of the numerical methodology 

justified the use of a fixed pitch propeller in the present 

study instead of a variable pitch propeller. The baseline 

propeller geometries used by [16] were employed. All of the 

numerical simulations were performed to predict the three-

dimensional steady–state flow over aeronautic propellers 

using commercially available code SolidWorks Flow 

Simulation Premium© [SFS]. The Local rotating region(s) 

(Averaging) feature within SFS was employed to simulate 

the propeller’s rotation in the standard atmospheric 

conditions. The employment of the commercial code was 

merited because the commercial code was able to satisfy all 

the necessary boundary conditions. SolidWorks Flow 

Simulation Premium© is a [6], [18] CFD tool built-in to the 

SolidWorks© CAD package. SFS employs κ-ε turbulence 

model with damping functions as the turbulence model, 

SIMPLE-R as the numerical algorithm. The spatial 

discretization scheme for the convective fluxes is the second 

order upwind and for the diffusive terms is the central 

approximation, respectively. Time derivatives are 

approximated using an implicit first-order Euler scheme. 

The Flow Simulation© solves the Navier-Stokes equations 

which are formulations of mass momentum and energy 

conservation laws for fluid flows, mentioned below (1)-(3). 

 
1 Any mention of modified propeller or a wing refers to a modified wing 

or a propeller with leading edge tubercles. 
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To predict turbulent flows, the Favre-averaged Navier-

Stokes equations are used. Flow Simulation© considers the 

real model created within SolidWorks© and generates a 

Cartesian computational mesh in the computational domain 

distinguishing the fluid and solid domains. The resulting 

mesh, employs the immersed boundary method, has three 

types of cells, namely Fluid cells; the cells located entirely in 

the fluid, Solid cells; the cells located entirely in the solid 

and Partial cells are the cells which are partly in the solid 

and partly in the fluid [19]. 
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where, S i
 is a mass-distributed external force per unit 

mass due to a porous media resistance S
porous

i
, a buoyancy 

gS i

gravity

i
  is the gravitational acceleration 

component along the i-th coordinate direction) and the 

coordinate system’s rotation S
rotation

i
 , i.e., 

SSSS
rotation

i

gravity

i

porous

ii
 . u  is the fluid velocity. 

The subscripts are used to denote summation over the three 

coordinate directions [19]. 

 

 

B. Comparison of Steady-State and Transient Flow 

An unsteady simulation was carried out to explore any 

transient effects, using the modified propeller. The use of the 

modified propeller was justified by the fact that it would also 

account for any unsteadiness in the flow caused by the 

counter rotating chord-wise vortices present in the propellers 

with tubercles. The boundary conditions of 10,000 RPM 

rotational velocity and 0.7 advance ratio were employed. 

The results differed by less than 0.75%, as shown in Table I. 

Therefore, the flow was assumed to be steady-state. The 

steady-state flow assumption was also employed by various 

other researchers [12]-[14] in similar scenarios. 

 

 

 

 

 

 

C. Mesh and Computational Domain Details 

The 10x7 propeller without leading-edge tubercles was 

selected for the verification and validation of the CFD 

methodology because of the unavailability of experimental 

data that can be relied upon, for the propellers implementing 

the leading-edge tubercles. The boundary conditions 

employed were rotational velocities of 4,011 RPM, 5,003 

RPM and 6,006 RPM at various advance ratios. The 

numerical simulation results were compared with the 

experimental results from [16]. An average of 4.8% and 

5.0% difference was noted between experimental results and 

numerical simulations in the thrust and power coefficients 

with maximum deviation being 10.8% and 9.6%, 

respectively. It is clear from Fig. 3 that both the thrust and 

the power coefficients calculated numerically are in a close 

proximity with the experimental results [16]. 

 

 

Nx, Ny and Nz, represent the number of base cells in the 

respective coordinate directions, were 40, 47 and 35 

respectively. These cells are further split into smaller cells in 

areas of interest, i.e. a very fine mesh was employed inside 

and near the rotating domain, to make the simulations 

converge [20]. The employed computational domain size of 

1.75D x 1.75D x 2.25D was of large enough volume to 

accurately track the fluid flow around the propellers. The 

solver operated without any errors, reversed flow or 

unwanted vortex formation. The mesh settings employed for 

the mesh M4 were selected because the difference in critical 

parameters between the mesh M4 and M5 were on average 

0.57%, as shown in Table II. 

 

 

 

 

 

 

 

 
Fig. 2.  Propeller Geometries. Top Row, L-R: Baseline, Modified, C4 

configuration, propeller geometries. Bottom Row: 10x7 propeller geometry. 

TABLE I 

COMPARISON OF STEADY-STATE AND TRANSIENT SIMULATION 

Physical Quantity/ 

Simulation Type 
Transient 

Steady-

State 

Percentage 

Difference 

Dynamic Pressure 340.341 340.133 0.061 

Thrust 0.7393 0.7553 2.12 

Torque 0.08632 0.08639 0.081 

 

 

 

 
Fig. 3.  Comparison of simulation results with the experimental data. 
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D. Layout of Experiments 

The studies conducted on aeronautic wings, tidal and 

wind turbine blades [2], [8]-[9], [12]-[13] concluded that the 

tubercle amplitude and wavelength have a significant effect 

on the efficiency of the wings and the tidal and wind 

turbines. In the present study, the effect of tubercle 

amplitude and wavelength on the propeller’s efficiency was 

investigated. Five configurations of the propeller were 

employed, as shown in Table III. 

 

 

 

 

 

 

Each of the configuration was simulated at four rotational 

velocities of 4,000 RPM, 6,000 RPM, 7,000 RPM and 

10,000 RPM. Each rotational velocity was evaluated at five 

advance ratios of 0.2, 0.4, 0.6, 0.7 and 0.8. 

A configuration with larger amplitude and smaller 

wavelength than the C4 configuration was considered, but 

was not materialized because of the stress concentrations at 

troughs and crests of the tubercles [15]. 

 

 

III. RESULTS 

The efficiency of a propeller is given by the relation (4). 

)(
K
K

P

T

prop
J     (4) 

K T
and K P

 are calculated as following [17]. 
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K

T
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   (5) 

 

and 

Dn
P

K
in

Q 53


     (6) 

where K T
 and K P

 are thrust and power coefficients. T 

is the thrust, Pin
is the power required to turn the propeller, 

J is the advance ratio calculated as 
Dn

u0 . u0
 is flight 

velocity, D is propeller diameter and n is propeller rotational 

velocity.  is the fluid density. 

Fig. 7 shows a result from the numerical analysis. It is 

clear from the Fig. 7 that all the modified propeller 

configurations were more efficient than the baseline 

configuration at various flight conditions tested. Figures for 

lower rotational velocities not shown because of similar 

trends. 

 

 

 

 

 

 
Fig. 4.  Zoomed-in view of the mesh around the 10x7 propeller blade. Top 

Row, L-R; Trailing edge at the blade tip, trailing edge at the blade root. 

Bottom Row, L-R; Leading-edge at the blade tip, leading-edge at the blade 

root. 

TABLE III 

Configuration Wavelength [mm] Amplitude [mm] 
Sweep 

Angle [°] 

C1 16.78 1.82 13.61 

C2 5.56 1.83 32.12 

C3 16.78 3.64 22.81 

C4 5.56 3.63 50.36 

Baseline 0 0 0 

 

 

 

 
Fig. 6.  Top views for the modified 8x3.8 propeller blades. Top Row, L-R: 

C1 configuration, C2 configuration. Bottom Row, L-R: C3 Configuration, 

C4 configuration. 

TABLE II 

MESH INDEPENDENCE STUDY 

Mesh 

Name 

Mesh 

Cells 

Thrust       

Co-

efficient 

Torque          

Co-

efficient 

Dynamic 

Pressure 

[Pa] 

Average 

Percentage 

Difference 

from the 

Coarser 

Mesh 

Value 

M1 53,932 0.128 0.0733 8.54 N/A 

M2 88,606 0.136 0.0775 19.67 22.47 

M3 178,320 0.141 0.0795 20.356 3.24 

M4 283,511 0.147 0.0814 20.272 2.17 

M5 609,369 0.145 0.0813 20.399 0.57 

 

 

 

 
Fig. 5.  Modified propeller blade tubercle amplitude and wavelength. 
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Table IV-VII show the increase in the modified propeller 

efficiency for the various configurations. 

 

 

 

 

 

At higher advance ratios, less negative thrust is produced 

by the modified propellers which is represented by negative 

values in Table IV-VII. The average increase in the 

modified propeller efficiency was observed to be at 22.83% 

for the C4 configuration when compared with the baseline 

configuration, followed by C3, C2 and C1 configurations at 

14.77%, 12.83% and 6.4% respectively. The average is 

based on 16 values (4 rotational velocities and 4 flight 

speeds). The modified 8x3.8 propeller was on average 

14.21% more efficient than the baseline 8x3.8 propeller. The 

average is based on 64 values (4 configurations, 4 rotational 

velocities and 4 flight speeds for each configuration). 

It can be deduced from the data that, on average, the C3 

configuration was 56.64% more efficient that the C1 

configuration and the C4 configuration was 43.81% more 

efficient than the C2 configuration. It is important to note 

that when switching from C1 to C3 and C2 to C4 

configurations the wavelength of the tubercles was kept 

constant and the amplitude was increased. This trend clearly 

demonstrates that the larger amplitude configurations are 

more efficient. It was also observed that when the tubercle 

wavelength was decreased from C1 to C2 configuration and 

from C3 to C4 configuration, the average increase in 

efficiency was 50.1% and 35.34%, respectively. This implies 

that the configuration with the smallest tubercle wavelength 

was most efficient, as explained in section IV.A-C. This 

trend is consistent with th`e previous studies [2], [9], [12]. It 

was also deduced from the data that the tubercle amplitude 

has a pronounced effect on propeller efficiency as compared 

to the tubercle wavelength, as previously concluded by [2] in 

case of an aeronautic wing. The propeller blade tip vorticity 

was reduced on average by 7.03% for the modified 8x3.8 

propeller in comparison with the baseline 8x3.8 propeller. 

The average was taken over the four configurations and 148 

data points in wake of each propeller blade tip, as shown in 

Fig. 12. The maximum reduction in the tip vorticity was 

observed to be at 25.27% for the C4 configuration. The 

averages mentioned in this passage are based on 64 values (4 

configurations, 4 rotational velocities and 4 flight speeds for 

each configuration). It can also be observed form data that 

as the flight speed increased, the increase in the efficiency of 

the modified propellers became more evident. 

 

IV. DISCUSSION 

A. Non-Uniform Span-wise Pressure Distribution and 

Counter Rotating Chord-wise Vortex Formation 

The span-wise pressure distribution for the modified 

propeller blade is compared with the corresponding baseline 

propeller blade in Fig. 8, using cross section views at various 

span-wise locations, shown in Fig. 9. Propeller thrust and 

torque are generated by a combination of the low pressure 

region along the suction side and high pressure region on the 

pressure side of the propeller blade. The low pressure region 

on both the suction and the pressure side of the propeller 

blade fade out towards the trailing edge. The low pressure 

region, on the suction side of the propeller blade is more 

prominent towards the tip of the propeller blade in the span-

wise direction. While on the pressure side of the propeller 

blade, the low pressure region is more prominent near the 

root of the propeller blade. The maximum pressure region 

observed at the leading-edge of the propeller blade is the 

stagnation region. In the baseline propeller blade, this span-

wise pressure distribution trend is relatively constant, as 

shown in Fig. 8. 

It is clear from Fig. 8 that on the suction side of the 

modified propeller blade the low pressure region shifts 

towards the leading-edge behind the tubercle troughs. On the 

 
Fig. 7.  Propeller efficiency plot. 

TABLE IV 

C1 CONFIGURATION 

Rotational Velocity / 

Advance Ratio 

4,000 6,000 7,000 10,000 

0.2 1.4 1.59 1.76 2.04 

0.4 1.72 1.92 2.08 2.05 

0.6 4.17 4.26 4.2 5.34 

0.7 9.6 22.19 23.15 14.99 

0.8 -3.4 -4.4 -1.71 2.73 

 

TABLE V 

C2 CONFIGURATION 

Rotational Velocity / 

Advance Ratio 

4,000 6,000 7,000 10,000 

0.2 2.78 2.9 2.88 2.98 

0.4 2.48 2.52 2.64 2.57 

0.6 10.56 10.04 10.44 9.95 

0.7 43.02 39.87 35.35 24.39 

0.8 -31.42 -29.98 -30.83 -24.39 

 

TABLE VI 

C3 CONFIGURATION 

Rotational Velocity / 

Advance Ratio 

4,000 6,000 7,000 10,000 

0.2 4.05 4.4 4.55 4.86 

0.4 3.98 4.8 4.72 5.13 

0.6 10.15 10.62 10.95 10.61 

0.7 44.67 42.78 41.12 28.89 

0.8 -4.35 -7.69 -8.96 -2.17 

 

TABLE VII 

C4 CONFIGURATION 

Rotational Velocity / 

Advance Ratio 

4,000 6,000 7,000 10,000 

0.2 5.46 5.63 5.67 5.78 

0.4 5.88 6.35 6.44 6.4 

0.6 18.06 17.92 18.38 17.35 

0.7 66.77 63.99 61.76 53.59 

0.8 -144.5 -164.5 -167.6 -168.5 
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other hand, the low pressure region lies at a larger distance 

from the leading-edge behind the tubercle crests. On the 

pressure side of the modified propeller blade, the high 

pressure region shifts closer to the leading-edge of the 

propeller blade behind the troughs. It is noticeable that the 

high pressure region also lies at a smaller distance from the 

leading-edge of the propeller blade behind the tubercle 

crests.  

The leading-edge of the modified propeller blade also 

shows a variation in the stagnation line in comparison with 

the baseline propeller, as shown in Fig. 9. It can be clearly 

seen from the Fig. 9 that the stagnation line is uniform in the 

baseline propeller blade and distorted in the modified 

propeller blade. 

This trend of non-uniform pressure distribution can be 

attributed to the addition of tubercles in the propeller blade 

geometry. The similar trends of pressure distribution were 

also reported in case of aeronautic wings [1]-[2], [6]. The 

figures for less severe flight conditions are not shown 

because of a similar trends. 

 

 

 

In the modified propeller blades, the vortex formation 

takes place behind the troughs of the tubercles, as shown in 

Fig. 10. The vortices have relatively high strength and small 

diameter near the leading-edge and the strength of these 

vortices decreases and their diameter increases along the 

chord. This trend was also reported by [11] in case of 

aeronautic wing. It can be clearly observed from the Fig. 10 

that no such vortices exist in the baseline propeller. The 

formation of these vortices delay flow separation, reduce 

span-wise flow and strength and size of the blade tip vortices 

[1]-[2], [4], [7]-[10], [12]. 

 

 

B. Delayed Stall, Reduction in the Blade Tip Vortices and 

Reduced in the Span-wise Flow 

The streamlines around the modified propeller blade are 

compared with the corresponding baseline propeller blade in 

Fig. 11 using cross sections at various span-wise locations. 

In the modified propeller blades, the formation of counter 

rotating chord-wise vortices delay flow separation behind 

the tubercle crests. These vortices carry high momentum 

flow close to the surface of the propeller blade. The 

boundary layer is re-energized between the vortices which 

leads to the delayed stall in the propeller with leading-edge 

tubercles. It is clear from Fig. 11 that for the modified 

propeller blade the flow is still attached behind the tubercle 

crest, even at a relatively higher advance ratio of 0.7 which 

is accompanied by a large negative angle of attack, while the 

flow separation is starting to occur behind the tubercle 

trough. Meanwhile, in the baseline propeller blade, the flow 

has already been separated at the same locations. This 

clearly demonstrates that the addition of leading-edge 

tubercles delay flow separation. This observation was also 

reported in the case of aeronautic wings [2], [4], [6]-[10]. 

 

 

In a propeller blade with leading-edge tubercles, the blade 

tip vortices are a result of the tubercle closest to the 

propeller blade tip, rather than the entire length of the 

propeller blade as is the case with the baseline propeller 

blade. This reduction in the tip vortices also contributes to 

 
Fig. 8.  Span-wise pressure distribution for the 8x3.8 propeller blade cross 

sections. Top Row, L-R; Modified 8x3.8 propeller, C4 configuration; cross 

sections at 53% (Tubercle Crest) and 56% (Tubercle Trough) of the blade 

span. Bottom row, L-R; Baseline 8x3.8 propeller cross sections at 53% and 

56% of the blade span; at 10,000 RPM and 0.7 advance ratio. 

 

 
Fig. 9.  Span-wise pressure distribution around the 8x3.8 propeller blades. L-

R: Modified 8x3.8 propeller blade; C4 Configuration; baseline 8x3.8 

propeller blade; at 10,000 RPM and 0.7 advance ratio. 

 
Fig. 10.  Streamline cut plots at various locations along the 8x3.8 propeller 

blade chords. L-R; Modified 8x3.8 propeller blade; C4 configuration, 

baseline 8x3.8 propeller blade; at 10,000 RPM and 0.7 advance ratio. 

Colored by dynamic pressure with black background. Propeller rotation is 

clockwise. 

 
Fig. 11.  Streamlines around the 8x3.8 propeller blade cross sections, relative 

to the rotating reference frame. Top Row, L-R: Modified 8x3.8 propeller, C4 

configuration; cross sections at 53% (Tubercle Crest) and 56% (Tubercle 

Trough) of the blade span. Bottom row, L-R: Baseline 8x3.8 propeller cross 

sections at 53% and 56% of the blade span; at 10,000 RPM and 0.7 advance 

ratio. 
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the improved efficiency of the modified propellers in 

comparison with the baseline propellers because of the less 

induced drag produced by the propeller blades with leading-

edge tubercles. Fig. 12 shows tip vorticity around and in the 

wake of propellers. The two sections of the Fig. 12 are 

colored by λ2 criterion and vorticity strength, respectively. 

The smaller size and strength of the tip vortex for the 

modified propeller in comparison with the baseline propeller 

can be clearly observed in Fig. 12. This reduction in the tip 

vortex size and strength was also reported by [1], [12] for 

the case of aeronautic wing and tidal turbine blade with 

leading-edge tubercles. 

 

 

The counter rotating vortices also act as a virtual wing 

fence, reducing span-wise flow. A virtual barrier is formed 

by these vortices which causes hindrance to the volume of 

air directed in the span-wise direction. These vortices carry 

relatively higher energy than the volume of air traveling in 

the span-wise direction. As the volume of air traveling in the 

span-wise direction merges with one of these vortices, it gets 

redirected in the chord-wise direction. This trend was also 

noted by [4] in case of a humpback whale flipper, acting as 

an aeronautic wing. Fig. 13 shows velocity flow trajectories 

around the propeller blades. It is clear from the figure that 

the high velocity flow at mid-span to the tip of propeller 

blade in the baseline propeller is in the span-wise direction 

which is undesirable. It is also clear from Fig. 13 that at a 

relatively high advance ratio of 0.7, the flow is attached for 

the modified propeller and is directed in the chord-wise 

direction which is desirable. The reduction in span-wise flow 

for the modified propeller blade can also be more clearly 

seen in Fig. 14. 

 

 

 

 

 

 

 

 

C. The Effect of Tubercle Geometry on Propeller 

Performance 

The addition of the tubercles to the propeller geometry 

results in an improvement in the propeller efficiency. In this 

section, the effect of tubercle geometry on propeller 

performance will be discussed. Among the configurations 

 
Fig. 12.  T-B; Tip Vorticity iso-surface plot around the 8x3.8 propeller 

blades. Tip Vorticity surface plot in the wake of the 8x3.8 propeller blades. 

L-R: Modified 8x3.8 propeller blade; C4 configuration, baseline 8x3.8 

propeller blade; at 10,000 RPM and 0.7 advance ratio. Vorticity magnitudes 

of 850 s-1 were used for both propellers in λ2 plots. 

 

 
Fig. 13.  Flow trajectories around the 8x3.8 propeller blades, relative to the 

rotating reference frame. T-B: Baseline 8x3.8 propeller blade, modified 

8x3.8 propeller blade; C4 configuration at 10,000 RPM and 0.7 advance 

ratio. 

 

 
Fig. 14.  Streamlines close to the 8x3.8 propeller blades, relative to the 

rotating reference frame. T-B: Baseline 8x3.8 propeller blade, modified 

8x3.8 propeller blade; C4 configuration at 10,000 RPM and 0.7 advance 

ratio. Propeller rotation clockwise. 
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tested, the C4 configuration; with the smallest tubercle 

wavelength and the largest tubercle amplitude was observed 

to be the most efficient. 

Tubercles can be considered analogues to variable 

geometry wings. An increase in the sweep angle, decrease in 

the wing-span, of a variable geometry wing converts a larger 

percentage of the oncoming air in to span-wise flow. 

Similarly, as the amplitude of a tubercle is increased and the 

wavelength decreased, the sweep angle of the tubercle is 

increased. This increases the local span-wise flow over the 

tubercle, creating stronger counter rotating chord-wise 

vortices and a more significant alteration of flow-field 

around the propellers with leading edge tubercles, as shown 

in Fig. 15-16. 

As evident from Fig. 15, on the suction side of the 

propeller blade, the shift in low pressure region away from 

the leading edge behind the tubercle crest is most in the C4 

configuration, followed by the C3, C2 and the C1 

configurations, respectively. While on the pressure side, 

high pressure region is closest to the leading edge for the C1 

configuration, followed by the C2, C3 and C4 

configurations, respectively. 

As evident from the Fig. 16, on the suction side of the 

propeller blade, the shift in low pressure region towards the 

leading-edge behind the tubercle troughs and on the pressure 

side of the propeller blade, the shift in high pressure region 

towards the leading edge of the propeller blade is most in C4 

configuration followed by C3, C2 and C1 configurations, 

respectively. It is clear from Fig. 8-9 and Fig. 15-16 that 

there is a severe pressure gradient behind the tubercle 

troughs, in the modified propeller blades. This is a 

consequence of the leading edge tubercle geometry and is a 

reason why the flow stalls at these locations before it stalls 

behind the tubercle crests. 

 

 

 

In Fig. 17, the colored region represents the separated 

flow. It is clear from Fig. 17 that the region of region of 

separated flow is most in baseline configuration followed by 

C1, C2, C3 and the C4 configuration, respectively. A similar 

observation was reported by [8] in the case of the aeronautic 

wing. 

 

 

Streamlines around the propeller blade cross sections are 

shown in Fig. 18-19. It is clear from Fig. 18-19 that the flow 

separates behind the tubercle troughs before the tubercle 

crests and most separation occurs in the baseline 

configuration while the least flow separation occurs in the 

C4 configuration, as explained in section V.B. 

 

 

 
Fig. 15.  Span-wise pressure distribution for the 8x3.8 propeller blade cross 

sections. Row 1, L-R: C1 configuration, C2 configuration. Row 2, L-R: C3 

configuration, C4 configuration. Row 3: Baseline configuration. All 

configurations at 10,000 RPM and 0.7 advance ratio. Cross sections at 53% 

of the blade span (Tubercle Crest) 

 
Fig. 16.  Span-wise pressure distribution for the 8x3.8 propeller blade cross 

sections. Row 1, L-R: C1 configuration, C2 configuration. Row 2, L-R: C3 

configuration, C4 configuration. Row 3, L-R: Baseline configuration at 61% 

of the propeller blade span, Baseline configuration at 56% of the propeller 

blade span. All configurations at 10,000 RPM and 0.7 advance ratio. C2 and 

C4 cross sections at 56% and C1 and C3 configurations at 61% of the blade 

span (Tubercle Trough) 

 
Fig. 17.  Vorticity iso-surface around the 8x3.8 propeller blades. Row 1, L-

R; C1 configuration, C2 configuration. Row 2, L-R; C3 configuration, C4 

configuration. Row 3; Baseline Configuration at 10,000 RPM and 0.7 

advance ratio. Vorticity magnitudes of 20,000 s-1 were used for all the 

propellers. Figures are colored by dynamic pressure. 
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D. The Effect of Tubercles on Propeller performance 

w.r.t. Flight Speed 

For fixed pitch propellers at a constant rotational velocity, 

the angle of attack of the propeller blades decreases and 

subsequently falls below zero degrees, the propeller blade 

experiences a large negative angles of attack at higher 

advance ratios. Therefore, as advance ratio increases, the 

propeller efficiency decreases rapidly after a certain advance 

ratio as propeller blades stall. The counter rotating chord-

wise vortices generated as a result of the addition of 

tubercles to the propeller blade geometry delay flow 

separation, as explained in section IV.B. This explains 

relatively larger efficiency improvement for the modified 

propellers over the baseline propellers at higher advance 

ratios. In a parallel explanation, the relatively larger 

efficiency improvement for the modified propellers can also 

be attributed to the increased strength of the vortices at 

higher flight speeds due to the higher momentum of 

incoming air. It can clearly be seen in the Fig. 20 that as the 

advance ratio increased from 0.7 to 0.8, for the baseline 

propeller, reversed flow occurred in a much larger section of 

the propeller blade. While in the modified propeller blade, 

some of the flow is still directed towards the chord-wise 

direction, even at this high advance ratio. A substantial 

increase in the strength of the vortices could explain this 

phenomenon. 

 

 

V. CONCLUSION 

Computational Fluid Dynamics analysis predicts that the 

addition of the leading-edge tubercles to the propeller 

geometry leads to the formation of the counter rotating 

chord-wise vortex pair and the altered pressure distribution 

around the propeller blades. The addition of tubercles to the 

propeller geometry leads to the delayed flow separation, 

reduced span-wise flow and smaller size and strength of the 

propeller blade tip vortices, leading to an improvement in 

the propeller efficiency of 14.21%. The effectiveness of the 

leading edge tubercles is a strong function of the tubercle 

geometry. Tubercles are better suited for propellers as 

compared to the other passive flow control devices such as 

conventional vortex generators because tubercles can be 

integrated seamlessly in to the propeller blade geometry. 

The leading-edge tubercles can be employed not only on 

variable pitch propellers but also on a wide variety of fixed 

pitch propellers. 

 
Fig. 18.  Streamlines around the 8x3.8 propeller blade cross sections. Row 1, 

L-R: C1 configuration, C2 configuration. Row 2, L-R: C3 configuration, C4 

configuration. Row 3: Baseline Configuration. All configurations at 10,000 

RPM and 0.7 advance ratio. Cross sections at 53% of the blade span 

(Tubercle Crest) 

 
Fig. 19.  Streamlines around the 8x3.8 propeller blade cross sections. Row 1, 

L-R: C1 configuration, C2 configuration. Row 2, L-R: C3 configuration, C4 

configuration. Row 3, L-R: Baseline configuration at 61% of the propeller 

blade span, Baseline configuration at 56% of the propeller blade span. All 

configurations at 10,000 RPM and 0.7 advance ratio. Cross sections for the 

C2 and C4 configurations at 56% of the blade span and at for the C1 and C3 

configurations at 61% of the blade span (Tubercle Trough). 

 
Fig. 20.  Zoomed in view at mid-span of the velocity vectors and contours 

around the 8x3.8 propeller blades. Top Row, L-R: Baseline 8x3.8 propeller 

at 10,000 RPM and 0.7 advance ratio and 0.8 advance ratio. Bottom Row, 

L-R: Modified 8x3.8 propeller at similar flight conditions. Propeller rotation 

is clockwise. 
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