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Abstract
This paper investigates improving the leading-edge of a hydrofoil with sinusoidal protuberances based on its 
hydrodynamic performance. The original hydrofoil geometry was inspired by the leading edge of the flipper of 
a humpback whale. A multi-step optimization process was performed for a 634-021 hydrofoil. The free-form 
deformation technique defined the shape parameters as a variable design, and these parameters included the 
amplitude of the leading-edge protuberances, which ranged from 0 to 20% of the chord length, and the corrugate 
span, with 3 and 4 crests. The flow characteristics of a parametric hydrofoil were examined using a CFD solver, 
and the lift, drag, and lift-to-drag ratio (L/D) were computed as responses to the optimization cycle. To accom-
plish this, two design study methods were sequentially applied at different angles of attack. A full factorial de-
sign sweep tool was applied that went through all parameter value combinations, and an RBF-based surrogate 
model was constructed to investigate the system behavior. The results indicated the existence of an optimum 
design point, and the highest L/D ratio was determined to be 10.726 at a 12° angle of attack.

Introduction

Many studies have used shape optimization to 
increase the efficiency of hydrofoils, and inspira-
tion from nature has helped engineers improve their 
designs. The agility of humpback whales arises due 
to the leading-edge protuberances on their pectoral 
flippers, termed tubercles (Fish & Battle, 1995; Fish, 
1999). Tubercles have an effect similar to the phe-
nomenon in which large raised bumps on the lead-
ing edge of a wing increase its aero/hydrodynamic 
performance. Fish and Battle (Fish & Battle, 1995) 
found that the mean cross-section of the flippers has 
an aspect ratio of 6 and a profile similar to a sinu-
soidal NACA 634-021 airfoil. They also outlined 
how to add similar extensions to the leading edge in 
terms of the amplitude and wavelength. The effect of 
additional parts on the performance of foils had only 

been previously studied in a few prior studies (Nor-
berg, 1990; Bushnell & Moore, 1991; Wu, Vakili 
& Wu 1991). Bushnell (Bushnell & Moore, 1991) 
showed that humpback whale fin protuberances con-
trol the flow, maintain the lift at high attack angles, 
and reduce drag. Watts and Fish (Watts & Fish, 
1999) conducted bumped airfoil experiments in both 
water and wind tunnels and determined that tuber-
cles on the leading edge of an airfoil increased lift 
by 4.8%. Further numerical computations confirmed 
this result and indicated that the presence of tuber-
cles decreased the effects of drag by 40%.

After the experimental research by Miklosovich 
et al. (Miklosovich et al., 2004), the study of hump-
back whale fins accelerated. By using wind tunnel 
tests, Miklosovich et al. compared two humpback 
whale fin models – one with and one without tuber-
cles – and they reported a 6% increase over the 
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baseline of maximum lift and a 40% delay in the 
stall angle of attack for the flipper model with protu-
berances; however, using this inactive flow control 
method is not always suitable. As Stein and Murray 
(Stein & Murray, 2005) showed, at angles of attack 
between 8° and 12°, an airfoil with a protuberance 
leads to a significant loss of lift and increased drag, 
which causes a sharp decrease in the lift-to-drag 
ratio (L/D). Johari et al. (Johari et al., 2007) exam-
ined the airflow of a NACA 634-021 airfoil in 6 dif-
ferent modes by varying the amplitude and wave-
length of a sinusoidal leading-edge to calculate the 
lift, drag, and pitching moment. They compared it 
to basic foil at angles of attack between 6° and 30°, 
and their results indicated better performance for 
hydrofoils with various protuberances in the post-
stall angle of attack region. They also indicated that 
amplitude changes in the leading edge were more 
effective in foil performance than their wavelength 
changes.

However, Hansen et al. (Hansen, Kelso & Dally,  
2011) showed that the effect of different tubercle 
amplitudes on the performance of the foil depend-
ed on the angle of attack and was not permanent. 
Although the results of a study by Hansen et al. were 
related to two airfoils other than NACA 634-021, 
Cai et al. (Cai et al., 2015) showed that the effect of 
protuberances on an airfoil’s leading edge was near-
ly the same in different foils. In different research 
conducted by Johari (Johari, 2012), the effect of the 
Reynolds number on an original and leading-edge 
modified NACA 634-021 was evaluated. The results 
showed that the stall angle and the maximum lift 
coefficient of the baseline foil increased with the 
Reynolds number, up to 3.6×105. In contrast, the 
Reynolds number played only a minor role in estab-
lishing the lift and drag characteristics of foils with 
a modified leading edge.

The dependence of the behavior of sinusoidal 
wavy leading-edge foils on the Reynolds number 
has recently been experimentally investigated by 
Peristy et al. (Peristy et al., 2016) on NACA 0018. 
Their study indicated that a lift force reduction at 
small attack angles and an increase in the drag due 
to the creation of bumps on the leading edge raised 
doubts as to whether this method was suitable for 
controlling a foil’s behavior. Despite the complex 
performance of an airfoil’s leading edge with pro-
tuberances, a consensus has been reached that using 
this method to control passive flow only improves 
performance at certain angles of attack. In this 
regard, Zheng et al. (Zhang, Wang & Xu, 2013; 
2014) also examined one of the models defined by 

Johari et al. (Johari et al., 2007) and showed that 
improvements in the performance using this model 
occurred only at post-stall angles of attack. Another 
innovative experimental work was reported by Cus-
todio et al. (Custodio, Henoch & Johari, 2012), in 
which the effect of leading-edge tubercles on an air-
foil’s efficiency was examined. It was found that the 
spanwise flow between protuberances caused inter-
actions between them that generated a bi-periodic 
flow pattern, demonstrating the effect of the aero/
hydrodynamic performance of the foils.

Numerical investigations on flow control have 
been used to investigate an airfoil’s behavior. 
Numerical simulations have some advantages when 
using low and high Reynolds flow patterns to explain 
complex phenomena (Pedro & Kobayashi, 2008; 
Weber et al., 2011; Dropkin et al., 2012). Pedro and 
Kobayashi (Pedro & Kobayashi, 2008) performed 
a numerical investigation on the separation phenom-
enon and improved the performance of a modified 
foil with leading-edge protuberances using detached 
eddy simulations (DESs) and concluded that per-
formance improvements were due to an increase 
in flow-induced vertices and a delay in the trail-
ing-edge separation. Dropkin et al. (Dropkin et al., 
2012) and Weber et al. (Weber et al., 2011) applied 
the Spalart–Allmaras turbulence model to compute 
the aerodynamic forces of an airfoil with sinusoidal 
leading-edge protuberances. Similarly, Skillin et al. 
(Skillin et al., 2015) determined the cause of a stall 
delay by examining the flow around a tubercled air-
foil and also showed that a wavy airfoil obtained 
higher lift at post-stall angles. Paula et al. (de Paula 
et al., 2017) experimentally investigated the presence 
of wavy bumps on the leading edge of a very thick 
airfoil, and the results confirmed an improvement in 
the stall situation in these wings. On the other hand, 
Custodio et al. (Custodio, Henoch & Johari, 2018) 
reported some tunnel tests for semi-span hydro-
foils that had an underlying NACA 634-021 profile 
with rectangular and a swept leading edge tubercled 
geometry. The effect of cavitation phenomena was 
analyzed at different angles of attack.

Based on the outlined literature review, almost all 
research has been conducted on flow patterns around 
foils with sinusoidal leading-edge protuberances, 
and the details of foil performance and the mech-
anism of the leading-edge protuberances on flow 
control have been discussed. However, shape opti-
mization of hydrofoils with sinusoidal leading edg-
es, and particularly the interactions between design 
variables, has not yet been addressed. Therefore, in 
this paper, the sensitivity of the shape parameters in 
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the leading-edge region was analyzed by consider-
ing the main airfoil inspired by a humpback whale 
fin, i.e., NACA 634-021. By using a full factorial 
sweep design study and RBF-based surrogate mod-
el, the hydrodynamic performance of the foil was 
improved. To accomplish this, an integrated compu-
tational tool was used as an efficient and fast con-
vergence application to construct an optimization 
process. A free-form deformation (FFD) technique 
was first applied for CAD parametrization. The 
defined tubercled hydrofoil parameters consisted 
of the control point’s position of every crest and 
trough in the chord direction. The defined objective 
function was the lift-to-drag ratio (L/D), and FFD 
geometry control points were used as variables that 
were introduced to the CFD solver. The developed 
optimization framework determined the position of 
these control points to improve the objective, and the 
results of the modified leading-edge shape were pre-
sented and analyzed.

Problem definition

The goal of this paper is to apply a design study 
process to optimize the amplitude and wavelength 
of the protuberances on the leading-edge of a NACA 
634-021 foil using the experiment described by 
Johari et al. (Johari et al., 2007) as a reference. 
Parameters X1 and X2 are defined as global param-
eters that adjust the movements of FFD control 
points along the chord. Shape modification and 
changes to the leading-edge form accomplished 
by the 7 points were regularly moved by adding 
X1 and X2 from 0 to −0.02 m (Figure 1). As an 
example, Figure 2 presents a modified hydrofoil 
obtained by adjusting different values of X1 and X2 
to create a sinusoidal leading-edge profile along the 
spanwise direction with different amplitudes and 
different numbers of crests. The crest-to-crest dis-
tance of a wavy edge is defined as the wavelength, 
which is 0.5c here.

NACA 634-021
Span: 203 mm
Chord: 102 mm

X1

X1

X1

X1

X2

X2

X2

Figure 1. Baseline hydrofoil (foil with no protuberances; X1 = 0, X2 = 0) and design variables (X1, X2)

X2 = −0.01 m
X1 = 0 m

X1 = −0.02 m
X2 = 0 m

X1 = −0.01 m
X2 = 0 m

Figure 2. Different values of X1 and X2 resulting in different amplitudes and leading-edge shapes
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Design study process

In this section, the overall design study process 
is introduced, followed by a description of its mod-
ules, geometry parameterization, numerical simula-
tion set up, and design data modelling. In this study, 
we used a surface modification technique based on 
FFD to define local variations in the hydrofoil geom-
etry during the design study. The objective of this 
study was to obtain the ultimate shape optimization 
of a sinusoidal leading-edge by calculating the lift, 
drag, and lift-to-drag ratio, and maximizing L/D. 
Numerical simulations were performed with the 
RANSE-based CFD solver within StarCCM+ soft-
ware. All geometries extracted from CAD design 
were connected to simulations via HEEDS software 
at angles of attack of 6°, 9°, 12°, 15°, 18°, and 21°. 
To examine the sensitivity and effectiveness of the 
variables, an RBF-based interpolation was used to 
estimate the system’s response to help assess the 
best design base at higher L/D ratios. Figure 3 shows 
the flowchart of the design study process.

Numerical setup

This study used the RANS equation solver 
within StarCCM+ to simulate a fully-submerged 

leading-edge corrugated hydrofoil at a constant 
velocity and uniform flow of 1.8 m/s and at differ-
ent angles of attack. A physical model was select-
ed based on the StarCCM+ user guide (User Guide, 
2020). An implicit unsteady scheme was used for 
temporal discretization, while utilizing the SIMPLE 
algorithm to couple the pressure and velocity equa-
tions. The selected turbulence model for the current 
study is the standard k-ε model, which has been 
extensively used in industrial applications and simi-
lar studies (User Guide, 2020).

An unstructured trimmer mesh was used for 
mesh operation, in which the width of the compu-
tational domain was equal to the foil span. Symmet-
rical plane conditions were applied along the y-axis, 
which implies that a nominal 2D foil performance 
was investigated, without considering the effects of 
tip vortices. To avoid blockage effects, the bound-
aries of the computational domain were smoothly 
extended, as shown in Figure 4a. The prism layers 
and additional wall functions were applied to resolve 
the boundary layer at the hull. The height of the first 
boundary layer around the foil was set to 0.02 mm, 
making the maximum y+ values < 5. The hydrofoil 
surfaces were defined as no-slip walls. At the inlet 
boundary, the velocity components were specified. 
At the outlet boundary, the outlet pressure boundary 

3D CAD Parametrized
model

StarCCm+
Simulation

HEEDS post-
processing

Design1
Design2

...

Lift, Drag, L/D Full factorial sweep study
RBF based surrogate model

Figure 3. Flowchart of the design study process
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Figure 4. Computational domain and boundaries (a), and unstructured trimmer mesh around the hydrofoil (b)
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condition was prescribed, while at the top and bottom 
of the domain, a symmetrical boundary condition 
was applied. Figure 4a shows the computational fluid 
domain and its boundaries. To capture flow patterns 
and sharp edges, surface and volumetric refinements 
were applied to the volume mesh. Figure 4b dis-
plays the selected mesh characteristics for a baseline 
hydrofoil (with no protuberance) at 6° and 24° angles 
of attack (Johari et al., 2007). A mesh study was used 
to select an appropriately-sized base mesh cell. Mesh 
refining and grid convergence were continued until 
the solutions were independent of the mesh size.

Mesh sensitivity analysis

To determine the optimum mesh size with accept-
able numerical accuracy and appropriate element 
numbers, mesh convergence studies were carried out 
using a speed of 1.8 m/s. A mesh convergence study 
was conducted by changing the values of the lift and 
drag coefficient, as presented in Figure 5. The ini-
tial mesh size was a 4% chord length, and four mesh 
planes were made according to a 45% refinement 
ratio. As shown in Figure 5, the difference between 
grid 3 and grid 4 was not significant; therefore, the 
full mesh independence reached about 4.25 million 
cells, and grid 3 was selected as the optimum mesh 
plan. The lift and drag coefficients are defined as 
follows:
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where L and D are the lift and drag of the hydrofoil, 
respectively; ρ is the density of the fluid; U∞ is the 
inflow velocity; c is the baseline chord; and s is the 
foil span. A vorticity contour streamlined around the 
modified hydrofoil is displayed in Figure 6.

Results and discussion

Design exploration was conducted to analyze the 
key parameters that affect the product’s performance. 
There are two main categories in the design explo-
ration process: performance assessment and design 
optimization. A performance assessment study runs 
a product through a pre-defined set of conditions to 
understand the influence of important parameters 
on a product’s performance. In a design optimiza-
tion study, an optimization algorithm automatically 
determines the input conditions to improve the prod-
uct with respect to a specific goal. Since these two 
categories provide different kinds of information, 

20.000 20016. 80004. 1.0000e+05.
Vorticity: Magnitude (Is)

40012. 60008.

Figure 6. Vorticity contour line with streamline around a modified hydrofoil
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Figure 5. Mesh element number baseline airfoil (Johari, 2012)
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a constructive and efficient design exploration pro-
cess is usually a combination of both (User Guide, 
2020).

Accordingly, for performance assessment, the 
sweep sampling technique is adopted to distribute 
216 design points in the design space to generate 
data. The generated geometries consist of [6 angles 
of attack ×6 X1 points ×6 X2 points], and then the 
L/D ratio was calculated for these hydrofoils. The 
sweep sampling was represented graphically with 
a response surface method in Figure 7a at 6°, 9°, 
12° angles of attack, and in Figure 7b at 15°, 18°, 
21° angles of attack. To better understand the system 
behavior, an adapted design optimization algorithm 
based on RBF surrogate was applied to analyze the 
results to determine the optimum design. Conse-
quently, inputs and outputs were prepared to fit a sur-
rogate model, which can be developed without sig-
nificant expense compared with the cost of acquiring 
data from the response surface. After the RBF sur-
rogate model was constructed, cross-validation was 
performed to examine the accuracy of the model. 
The basic idea of cross-validation was to leave out 
one sample point and then predict it using the model 
built by the remaining sample points. The difference 

between the exact value of the objective function at 
the given sample point (obtained by the CFD tool) 
and the approximate value of the objective function 
at the given sample point (predicted by the RBF sur-
rogate model) is then calculated. If the difference is 
small enough, the model is valid; otherwise, if the 
difference is large, the number of sampling points is 
increased and the CFD calculation for new samples 
is repeated. Figure 8 shows the cross-validation of 
these models that indicate the validity of interpola-
tion because the residual value of cross-validation 
is 0.966.

As shown in Figure 7, cutting the planes at dif-
ferent angles of attack represent regions where the 
observable target is predicted to be higher than other 
parts of the parameter domain. The L/D of the opti-
mum design was about 10, and L/D values at 9° and 
12° angles of attack were higher than others. At most 
angles of attack, the value of L/D was maximized if 
the values of X1 and X2 were in the lower part of 
their range. If X1 and X2 were zero, the shape of the 
hydrofoil would be its baseline form; therefore, the 
protuberances reduced the lift-to-drag ratio at differ-
ent angles of attack and variable values. However, 
some small regions require a deeper investigation.
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Figure 7. Cutting plane of design space based on response of the L/D ratio: [AoAs: 6°, 9°, 12°] (a), [AoAs: 15°, 18°, 21°] (b)
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The results of the 3D response surface of the RBF 
surrogate model for the input design parameters (X1, 
X2) are presented in Figure 9 for 9° and 12° angles 
of attack. The L/D in a small region can be substan-
tially increased due to the protuberances. A compar-
ison between 4 crests with large (4L) and medium 
(4M), and 3 crests with large (3L) and medium (3M) 
sinusoidal leading-edge amplitudes is presented in 
Figure 10, which shows the L/D values at different 
angles of attack (6°–24°). The values of the param-
eters of the under-studied modified hydrofoils are 
presented in Table 1.

 
 

0.0
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Figure 10. Comparison of L/D at different angles of attack

Table 1. Parameter values of the under-studied modified hy-
drofoils

Name X1 [m] X2 [m]
4L −0.02 0
4M −0.008 0
3L 0 −0.02
3M 0 −0.008

Based on the data interpolation of the surrogate 
model, the highest L/D ratio of 10.726 was obtained 
using X1 = −0.006 m and X2 = 0 and a 12° angle 
of attack. The sinusoidal leading-edge with 4 medi-
um-sized (4M) crests had a higher L/D ratio than the 
wavy edge with 3 crests at a low angle of attack. 
At a higher angle of attack, the L/D ratio plots con-
verged, and this ratio decreased until L/D of the 
baseline became lower than the modified hydrofoil 
(at a 24° AoA). As a result, the L/D of hydrofoils 
with protuberances on the leading-edge increased in 
the post-stall region. Another achievement is that the 
3M tubercled hydrofoil obtained higher L/D ratios at 
higher angles of attack. The improved performance 
of the 3M form of the modified hydrofoil indicates 
there is an optimum design for tubercled hydrofoils.

Conclusions

In this paper, a design study process was devel-
oped based on three fundamental disciplines. The 
free-form deformation (FFD) technique was first 
applied for CAD parametrization, i.e., geometry 
reconstruction discipline. The constructed geom-
etries were then introduced into the CFD solver as 
the second discipline to evaluate the lift-to-drag 
ratio (objective function). The last discipline includ-
ed a sweep design study and an RBF-based surro-
gate model that was applied for design exploration. 
This was done to identify an optimum design and 
sensitivity of the shape parameters in the lead-
ing-edge region. Inspired by humpback whale fins, 
i.e., NACA 634-02, the hydrodynamic performance 
of a foil with sinusoidal leading-edge protuberances 
was analyzed.

The presented optimization framework deter-
mined the control point positions to improve the 
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objective. The design parameters of the tubercled 
hydrofoil included the control point’s position of 
every crest and trough in the chord direction (X1 and 
X2). Different forms of the sinusoidal leading edge 
were constructed by varying X1 and X2. A compari-
son of the constructed geometries at different angles 
of attack indicated that there is an optimum design 
for tubercled hydrofoils. The highest L/D ratio was 
determined to be 10.726 when X1 = −0.006 m and 
X2 = 0 at a 12° angle of attack.
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