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SUMMARY

Biologists have associated the capability of the humpback whale to execute very sharp rolls and
loops under water with the presence of bumps on the leading edge of their flukes that work as a
stall-control system. Taking a lead from the humpback whale flukes, this paperreports on a
three-dimensional numerical study of sinusoidal leading edges on cambered airfoil profiles.The
authors computed the turbulent flow around the cambered airfoils at different angles of attack
with the open source solver OpenFOAM and an isotropic eddy viscosity model integrated to the
wall. The reported researchfocused on the effects of the modified leading edge in terms of lift-
to-drag performance.The research was primarily concerned with the elucidation of the fluid
flow mechanisms induced by the bumps and the impact of those mechanisms on airfoil
performance.

INTRODUCTION

Aerodynamicists, in academy and industry, continuously struggle to increase blade pressure rise and
loading in turbomachinery.However,the operating range of fans and compressors is constrained as
the rise of instabilities on the blade surface with the aerodynamic load inevitably results in
operational limits (see, for example[1]).Two main types of aerodynamic flow instability exist in
compressors: (i) ‘rotating stall’ (in which regions of reversed flow occur locally); and (i1) ‘surge’
(which is characterised by periodic backflow over the entire annulus involving violent oscillations
in the compression system).The first of these, ‘rotating stall’, is a mechanism by which the rotor
adapts to a reduction in flow rate, which results in circumferentially non-uniform flow patterns
rotating in the annulus.

In both compressors and fans, rotating stall is associated with efficiency loss,and noise and
vibrations.These aerodynamic flow instabilities place considerable mechanical stress on the rotors,
which can eventually lead to mechanical failure.In turbomachinery design and operation, stall
control is regarded as a key technology that facilitates the development of high-pressure fans and
compressors. Specifically the use of variable pitch motion blades[2], [3]has largely eliminated in-
service mechanical failures associated with parallel operation of low-speed fans. Although still in its
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infancy when compared to the turbomachinery community,the industrial fan one is now embracing
three-dimensional blade design [4].

Although the operating limits of both industrial fan and compressors have been substantially
increased through the application of established stall control methodologies, e.g. [5] and [6], the
continuing quest for improved aerodynamic performance drivesresearchers to look for new design
solutions. One possible source of inspiration comes from biomimetics,the examination of nature, its
models and processesto take inspiration from or to emulate in man-made designs.Evolution has
provided animaliaand plantae withmillennia to adapt, survive and develop. Today,researchers study
nature models and processes, and in so doing gain insight into the physics underpinning them.
Within the context of turbomachinery blade design, natural flyers and swimmers provide a wide
range of elegant aerodynamic solutions. Some of these solutionsare difficult, if not impossible to
replicate. Try to imagine the difficulties in building a mechanical bat, replicating its flexible wings,
with over 10 different mobile junctions necessary to reproduce its complex flapping[7]. However,
despite the difficulty inherent in the approach, the insight it provides is a source of inspiration.

Among the pioneering studies on biology-based concepts for hydrodynamics, Fish [8] analysed the
efficiency of swimming mammals highlighting the drag reduction mechanisms that developed
withthe evolutionary process. The same author in [9] described passive and active flow control
mechanisms in natural swimmers and their technological exploitability.Huaet al. [10]carried out a
biomimetic study on stall. The researchers conducted a numerical investigation to establish the
performance of a seagull wing specifically studying the impact of the wingsnatural
camber.Theypresented the advantages of a naturally cambering wing by comparing its lift-to-drag
ratio against a NACA four digit airfoil.

Despite the promise of nature-inspired solutions to turbomachinery stall control, the researches
reported in the literature present concepts that can not be exploited by industrial fan design
engineers. The route of evolution in maximising lift and minimising drag occurs over a range of
Reynolds numbers that are simply too low for turbomachinery applications.

In contrast with the above reservation with respect to Reynolds number, the humpback whale
(Megapteranovaeangliae) is one of the few animals that can provide information and inspiration for
turbomachinery design. This particular mammal is able to perform sharp rolls and loops under
water whilst hunting. Marine biologists attribute this capability to the peculiar shape of its flippers
(Figure 1), characterised by a wing-like aspect ratio and a wavy leading edge with typically ten or
eleven rounded tubercles. According to Fish and Battle[11], the inter-tubercle distance is constant
and the first tubercle is placed at about 30% of the span.Additionally the flippers profile has a cross-
section that is constant irrespective of the span-wise position, whilst the chord reduces moving
outward. Figure 2 illustrates a sketch of the flipper.

Figure 1: Humpback whale (left); detail of the whale pectoral fin or flipper with its tubercles (right)
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Researchers have associated tubercles with the same mechanism that is induced on the flow field by
aircraft strakes: the capability to keep the boundary layer attached over the wing an in so doing
maintaining lift at higheranglesof attack (AoA). The tubercles therefore act as a stall-control
system.

Among hydrodynamics studies, van Nieropet al. [12] analytically investigated the mechanism
which the presence of the tubercle induced on a two-dimensional model.They modelled the
tubercles as leading edge bumps and reached two primary conclusions. First, that increasing the
amplitude of the bumps flattens the lift curve. Second, that the stall-delay effect was insensitive to
the bump distribution’s wavelength.Johariet al. [13]measured lift, drag and pitching moment on a
NACA 634-021 profile with a modified sinusoidal leading edge at Reynolds number of183,000 over
a range of 650 < 30 deg. They investigated the effect at different amplitudes of the sinusoid ranging
from 2.5% to 12% of the chord. They observed increased drag and decreased lift for AoA smaller
than the corresponding baseline stall AoA. However, at angle larger than the corresponding baseline
stall AoA they observedincreased lift of about 50% of the corresponding baseline profile’s lift. This
increase in lift was achieved with almost no increase in drag. The research of Johariet al. [13]
indicates thatthe sinusoid’s wavelength is not an influential parameter on aerofoil performance. In
contrast, the sinusoid’s amplitude has a distinct and positive effect on lift performance.

Pedro and Kobayashi[14] performed a numerical stall delay study on the‘real geometry’of
humpback whale flippers. Theyconcluded that the improved aerodynamic performance associated
with the “wavy” leading edgeof the flipper was due to the presence of
streamwisevorticesoriginating from the tubercles. This phenomenon was exploited by
WhalePower[15]who patented humpback whale tubercled technology and applied it to ceiling fan
design.
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Figure 2: Sketch of a humpback whale pectoral fin [11]

This paperreports the results of a numerical investigation into the effects of a sinusoidal leading
edge fitted to NACAO0015 and NACA4415 profiles, with the aim of studying the combined effects
of a sinusoidal leading edge and camber. The purpose of the research was to provide insight into the
physical flow mechanisms associated with a sinusoidal leading edge.

NUMERICAL METHOD

The authors carried out the present analysis using OpenFOAM, an unstructured open-source code
intended for the simulation of turbulent flows[16]and based on thefinite volume method. They
solved the incompressible Navier-Stokes equationswith the RANS approach using the Launder-
Sharma low-Reynolds numberk-£ model [17] and simpleFOAM solver. They performed simulations
in a steady mode, using a second order QUICK divergence scheme. The authors used a GAMG
linear solver for the SIMPLE sub-set and smoothSolver for all the other equations witha tolerance
set to 10*for all the computed quantities.They carried out simulations in parallel mode on
MATRIX cluster at the CASPUR HPC facility (Rome).

The authors considered two different NACA four-digit profiles, i.e. the NACAO0015 symmetric
airfoil and the NACA4415 airfoil, respectively, as the un-cambered and the cambered baseline
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geometries. They used theseprofilesto create airfoils with straight leading edge as well as sinusoid
leading edge.Table 1 summarises the geometry of the studiedtest-cases.The sinusoid’s amplitude
was equal to 2.5% of the chord length to be self-consistent with the open literature. The authors did
not study the effect of wavelength as both van Nieroper al.[12] and Johariet al. [13]studies
concludedthat thewavelength did not influence the aerofoil performance.

The authors discretised the computational domain,Figure 3,with approximately 2.5
millionhexahedral cells in order to keep y'=~1.0 on the airfoil surface.They carried out a grid
sensitivity assessment on three two dimensional meshes solving the flow around NACAO0015 profile
at different AoA. The three meshes comprised approximately 8,000, 30,000 and 60,000 cells
respectively. According to the computed lift coefficients, the intermediate mesh was sufficiently
dense toachieve grid convergence. Subsequently, the authors extruded the domain in a span-wise
direction with 80 cells. They defined the computational domain’s extension downstream from the
trailing edge, based onexperience with previous unsteady RANS computations, to ensure the wake’s
free flapping.Table 2 illustrates the set of boundary conditions.

Table 1: Details of the investigated cases

Airfoil profiles NACAO0015 and NACA4415
Leading edge lines Straight and sinusoidal
Mean normalised chord length c=1.0

Sinusoid amplitude of the leading edge | 2.5% of ¢

Wavelength of the sinusoid 0.25¢

Computational domain 1.3¢ upstream of the blade leading edge

9.3¢ downstream of the blade trailing edge
0.5¢ in spanwise direction (i.e. two sinusoids)
2.0c in pitchwise directions

Reynolds number 183,000

Table 2: Boundary conditions

Inlet Steady velocity profile (velocity magnitude =1.0 and different AoA)
Turbulence intensity = 1.5%
v1/V=30

Outlet Convective boundary conditions

Blade No-slip conditions

Pitch- andspan-wise Periodicity

directions

To provide a reference solution, the authors computed the airfoils’aerodynamic performance using a
quasithree-dimensional viscous analysis based on XFOIL, a public domain programfor subsonic
isolated airfoils[18].
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Figure 3: Computational domain and grid

RESULTS

Lift and drag performance

Figure 4 and 5 illustrate the variation of lift and drag coefficients withthe AoA. These
figuresshowthe results of the three-dimensional simulations plotted against the benchmark XFOIL
predictions limited to blades with a straight leading edge. In this case,numerical results provide a
good prediction of both coefficients.For the symmetric NACAOO1L5 the discrepancy is almost
negligible, while for NACA4415, the authors concluded that the observed 5% discrepancy could be
associated with the impactof grid distortion around the blade as well as the virtualblade interaction
due to pitchwise periodicity.
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Figure 4: Lift coefficient vs AoA. WHALEO0015 and WHALE4415 identify the sinusoidal leading edge blades

The authors used the prediction of both coefficients for the straight leading edge profiles as a
reference for the accuracy of the sinusoidal leading edge airfoils (here labelled as WHALEO0O15 and
WHALEA4415 following the corresponding NACAxx15 straight leading edge airfoils).
Computations for the WHALExx15 airfoils return similarities and discrepancies. In particular,
when considering the pre-stall behaviour of WHALEOO15, the lift coefficient is lower than the
corresponding NACAOQO15 airfoil. In contrast after stall (that occurs around an AoA of 15 degrees
for the NACA profile), the lift coefficient increases significantly. At 21 degrees it is about 20%
higher and at 24 degrees the pay-off reaches a peak of 40%. For WHALEQO15 the drag coefficient
difference with respect to NACAO0015 is not significant. This observation is self consistent with the
results of Johariet al.[13].
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Figure 5:Drag coefficient vs AoA. WHALEO0O015 and WHALE4415 identify the sinusoidal leading edge blades

Similar figures apply to the aerodynamics of the cambered WHALE4415 airfoil as compared to the
straight leading edge geometry. Looking at the pre-stall behaviour, in contrast to the symmetric
airfoil pair, the use of leading edge bumps immediately results in a small increase in lift coefficient
over theAoA range from a = 10 to 20 deg. This small gain in lift is maintained up to the stall
incipience, which occurred at 23 degrees. Across and post-stall, the leading edge bumps beneficially
influence the lift evolution. First, the airfoil features an early recovery in aerodynamic work
capability and then the lift coefficient starts increasing with a steepest slope and a 30% gain.

The evolution of the drag coefficient with the AoA, Figure 5, confirmed the influence of the leading
edge geometry over the stall limit. The authors speculate that such an influence results from the
control of boundary layer flow separation at the aft of the airfoil. The drag coefficient in the
presence of the bumps does not differ from the NACA4415 baseline airfoil, and it appears to reduce
in the post-stall range.

Inner workings of leading edge bumps

Table 3 compares the lift-to-drag ratio coefficient at a different AoA. As expected,in view of the
analysis of the normalised aerodynamic forces, WHALEOOI5 airfoil at stall incipience features a
significant gain with respect to the straight profile that remains more or less constant after stall. In
contrast when compared with the cambered WHALE4415 airfoil, we only find a gain in the post-
stall operating region.

We now analyse the effects of the bumps on the velocity and vorticity fields. Figure 6 shows a
qualitative view of the recirculation zone at three selected AoAs for WHALE4415 (10 deg, 21 deg
and 24 deg).It is evident that separation occurs at the trailing edge at spanwise positions
corresponding to the sinusoid’s trough; whereas, at spanwise sections corresponding to the sinusoid
peak, the flow remain attached even at an AoA of 24 degrees, which is the minimum lift condition
after stall. In order to provide further insight into the recirculating region, Figure 7 compares the
WHALE4415 streamwise velocity distribution at x/c= 0.95 and Z = 0.5 and Z = 1.0 (leading edge
trough and peak) against the same profile for NACA4415.
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Table 3: Lift-to-drag coefficient at selected AoA for the airfoils under investigation.(*)

Airfoil 21degrees 24degrees
NACAO0015-OF 3.25% 3.20*
WHALEO015-OF 4.35 4.21
NACA4415-OF 11.01 3.94
WHALE4415-OF 10.40 4.29
NACAO0015-XFoil 3.28 3.14
NACA4415-XFoil 10.83 3.90

oo @

Figure 6: WHALE4415 recirculation zone at various AoA, from left

(*)Values are interpolated.

: 10deg, 21deg and 24deg

0.3

normalised distance from the blade

= =

= = < ¥

— (% [ (¥
T T LI L R B |

=

=3

>3
T

NACA4415

WHALE4415-peak
WHALE4415-trough

0

L
02

0.4

U

0.6

Figure 7: Streamwise velocity profiles at 95% of the blade for a=21deg. NACA4415(red) and WHALE4415 (see sketch)

Figure 8 also presents the effect of the bumps on the velocity field at different distances from the

blade suction surface.
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Figure 8: Velocity profiles at 90% of the chord in three different lines at 5%, 10% and 15% of chord distance from the
blade surface (see sketch)
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Figure 9: WHALE4415 streamwise component of vorticity iso-surfaces; from left 10deg, 21deg and 24deg; first row
wW==0.5; second row w==x1.0
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©,

Figure 10: Vorticity profiles at 90% of the chord in three different lines at 5%, 10% and 15% of chord distance from
the blade surface (see sketch)

The authors computed all the three componentsof velocity vector at x/c=0.90. The leading edge
geometry clearly affects them and results in a sinusoidal pattern in phase with it. The only exception
is in the spanwise component that is half a wavelength off-phase as a consequence of the stretch
which the bumps induced on the velocity field.

The conspicuous vorticity field, Figure 9, first presents iso-surfaces of a streamwise component at
three different AoAs which are pertinent topre-stall, stall incipience and post-stall. The presence of
the bumps generates elongated flow structures,even at an AoA=10degrees.The re-circulating flow
twists these structures when stall occurs at an AoA=21degrees and appear stretched when the lift is
at its minimum, at an AoA=24degrees.

Figure 10shows vorticity profiles at different distances from the wall taken at x/c=0.90.Apart from
the expected attenuation of the vorticity magnitude moving away from the blade, stream and
pitchwise components are shifted half a wavelength with respect to the leading edge’s sinusoidal
shape.The spanwise component, on the contrary, features a more complex behaviour:
atdistanced=0.05, a nearly doubling of the frequency characterises the profile, which is diffused at
d=0.10. This observation indicates indirect evidence of the non-uniform velocity defect at the
WHALE4415 blade’s trailing edge.

To give additional insight into the flow topology, Figure 11 presents the enstrophy isosurfaces at
pre- and post-stall AoA.At 10 degrees the leading edge geometry deforms the enstrophy field
resulting in a mirroring effect as the sinusoid’s peak in the leading edge corresponds to the
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enstrophy trough at the trailing edge. In contrast at an AoA=24degrees, the enstrophy field reflects
the combined effect of both the leading edge geometry and the flow separation regions, resulting in
a horseshoe-shaped structure.

Figure 11: WHALE4415 enstrophy isosurfaces: 10deg (top) and 24deg (bottom) coloured with pressure

CONCLUSIONS

This paper presented a three-dimensional numerical study on theimpact of sinusoidal leading edges
on cambered airfoil profiles. The study provides insight into the influence of the leading edge
geometry at different operating conditions spanning from pre- to post-stall.

The authors carried out the numerical study with OpenFOAM using a RANS &-& Launder Sharma
low-Reynolds closure model.

The authors assesseda modified sinusoidal-shaped leading edge in terms of lift and drag
performance. The assessment of the modified geometry on a cambered airfoil entailed the
comparison of aerodynamic performance against the same aerofoil geometry without a sinusoidal-
shaped leading, as well as with an un-cambered airfoil.

The evolution of the lift coefficient associated with introduction of a sinusoidal-shaped leading edge
modified aerofoil performance during stall, with an early recovering in the aerodynamic work
capability and a 30% gain in lift after stall for the WHALE4415 airfoil.

The leading edge’s geometry directly impacted on the aerofoilvelocity and vorticity fields. This
infers that the stabilising effect on the blade’s suction side corresponds to the leading
edgesinusoid’s peak, as separation on the suction side occurs only at the trailing edge in spanwise
cross-sections which correspondto leading edge troughs.
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NOMENCLATURE

Latin
AoA angle of attack
c chord
d distance from the suction side surface (see inserts in Figure 9 or Figure 10)
C lift coefficient
Cp drag coefficient
k turbulent kinetic energy
RANS Reynolds-averaged Navier Stokes
Re Reynolds number
U, VvV, W stream, pitch and spanwise components of the velocity field
X,Y,Z stream, pitch and spanwise directions
Z normalised spanwise coordinate; Z = z/A
Greek
a angle of attack
£ stream, pitch and spanwise directions
n= %J- a)zd Q enstrophy

Q
A sinusoid leading edge wavelength
Vr turbulent viscosity
w vorticity
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Biomimesis, leading edge bumps, lift control, OpenFOAM.
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