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SUMMARY

Leading-edge protuberances on the pectoral fin of humpback whales have been widely adopted to the designs of foils to
provide superior lifting characteristics in the post-stall regimes. The present work investigates the lift, drag and flow
characteristics of finite-span rectangular hydrofoils having different configurations of two protuberances over the leading
edge with NACA 634-021 as the base design section. The results obtained from CFD analyses are validated using lift and
drag measurements from experiments. The influence of using a transition-sensitive turbulence model on the results is
investigated. It is observed that, in general, a foil with smaller separation between protuberances has better post-stall lift
characteristics whereas that with protuberances at larger separation have better pre-stall characteristics. Depending on the
separation between them, streamwise vortices are generated from the leading-edge protuberances. The two protuberances
can restrict the zone of separation between them at high angles of attack. The influence of Reynolds number on the lifting

performance is also investigated.
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1. INTRODUCTION

The humpback whales are the most agile among their
species. Their excellent maneuverability has been
attributed to the tubercles over the leading edge of their
flippers (Fish and Battle, 1995). These tubercles are
hump-like modifications or protuberances which alter the
flow hydrodynamics around the whale flippers and work
as lift enhancement devices (Fish and Lauder, 2006;
Miklosovic et al., 2004). They help the flow to remain
attached up to a larger angle of attacks thus increasing the
stall angle (Fish et al., 2011).

Several research works have been done investigating
the effects of tubercles over the leading edge of foil
using numerical and experimental methods. A wind
tunnel experiment was done by (Miklosovic et al.,
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2004) showing a 40% delay in the stall angle with an
increase in post-stall lift.

A numerical study performed by (Cai et al., 2015) over
NACA 634-021 baseline foil and other two modified foils
with leading-edge protuberances having different
amplitudes reported an increase in post-stall lift. The
modified foil with smaller amplitude of protuberance
performs similar to the baseline foil, while lift increases in
the post-stall region for the modified foil with higher
amplitude protuberances. A number of studies have been
done on the effect of protuberance amplitude over lift
characteristics. An experimental study for airfoils with
uniformly distributed tubercles of different amplitudes
and wavelengths was presented by (Johari et al., 2007),
which suggested that wavelengths of the protuberances
play a minor role in the lift enhancement, while amplitude
had a more significant effect. A similar effect has been
found from many other numerical (Cai et al., 2015) and
experimental (Chen et al., 2012; Wei et al., 2019) works.
Experimental evidence has also been gathered to explain
the phenomenon including the presence of wall-normal
(transverse) vorticity in the flow at low Re = 800 (Favier
etal., 2012). Numerical investigations have attributed it to
a secondary flow mechanism that enhances momentum
transfer and reduces flow separation in the transitional
flow regime (Skillen et al., 2015); reorganization of
spanwise vorticity into streamwise and transverse
vorticity (Rostamzadeh et al., 2017); induced downwash
effect over tubercle peaks and upwash on tubercle troughs
(Van Nierop et al., 2008).

Considering the available literature on leading-edge
modified foils presented till now, the modifications
were restricted to uniformly distributed
humps/protuberances over the span of the foil.
However, in some published works, the distribution of
leading-edge protuberance is not uniform. A numerical
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study was performed by (Arai et al., 2010) having
protuberances on the leading edge separated at a distance
and found that it is as effective as that of continuous
protuberances. A numerical and experimental study done
by (Cai et al., 2018) on an airfoil having a single leading-
edge protuberance showed that it can generate streamwise
vortices like continuous protuberances. An experimental
and numerical study performed by (Srinivas et al., 2018)
over a rudder had found that the leading-edge tubercle
design similar to that of a humpback whale is able to
restrict the flow separation between two large
protuberances which led to better post-stall lift
characteristics as compared to continuous protuberances.

In the present study, the two prominent protuberances
mimicked from the first and fourth tubercles of the
humpback whale flipper are added over the leading edge
of a hydrofoil to obtain better post-stall lift. However, a
symmetric hydrofoil design about the mid-span is chosen,
and the distance between the protuberances is varied to
understand the influence on the flow patterns and lift-drag
characteristics at different angles of attack.

2. GEOMETRY

A symmetrical hydrofoil (NACA 63:-021) is taken as the
baseline design having span (s = 200 mm) and chord
length (c = 100 mm). The protuberances over the leading
edge are defined geometrically using equation (1).

oo )

v 4 <251,

1)

A

X

Figure 1: Geometry of the hydrofoil with two leading
edge protuberances
The design of a leading-edge protuberance is shown in
Figure 1. 4 and X are the amplitude and wavelength of the
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protuberances. zi and z: are the initial and final z
coordinates respectively of the protuberances over the
leading edge.

A positioning study is performed in this work for the twin
protuberances considering six cases: d = 0, 5, 10, 15, 20
and 30 percent of span, where d is the distance of the
protuberance base from the centerline of the span as
shown in Figure 1.

3. INVESTIGATIONS

A comparative analysis of the lift and drag coefficients
and flow characteristics for the different hydrofoil designs
is done using CFD analyses. A validation study is
performed for a modified foil with two leading edge
protuberances using measurements of lift and drag from
experiments.

3.1 CFD ANALYSES

The Reynolds-averaged Navier-Stokes (RANS) solver
of STAR CCM+ is used with the SST k-w turbulence
model because it performs better for flows with adverse
pressure gradient (Menter et al., 2003). The governing
equations used for CFD simulations are as follows.
au;
—L=0
6xi

ok ok oU; 0 ok
p—+pUj — =5 —Ifﬂ*pkaﬂr— (,u+0'*u-|-)—
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In the above equations Ui represents the flow velocity in
i-direction, p-the density, k- turbulence kinetic energy, -
the rate of dissipation of the turbulence kinetic energy and
- the dynamic viscosity of the fluid.

Far Field

Pressure
Outlet

’ﬁydro oil

elocity—
Inlet

Figure 2: Computational domain and mesh.

As shown in Figure 2, a cylindrical computational
domain is used having polyhedral cells over the domain
and prism layers on the hydrofoil boundary for
capturing the boundary layer flow and separation. The
inlet and outlet boundary are set at distance of 5¢ and
13c, and the far-field radius is set at 5¢c. To capture the
velocity gradients two volumetric cylinders are placed
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at the leading and trailing edges of the hydrofoil for
local grid refinement. The total grid size of the
computational domain is around 2 million. The wall y+
value close to 1 is maintained near the foil boundary. A
grid dependency study is performed at 15° angle of
attack, where it has been found that the C_ and Cp
converge satisfactorily for the chosen grid resolution.

3.2 EXPERIMENTS

Measurements of lift and drag forces are conducted in the
towing tank of the Department of Ocean Engineering and
Naval Architecture at [T Kharagpur. The foil is connected
to the towing carriage using a structural mount (Figure 3).
The structural mount is equipped with an encoder, a
stepper motor, and a load cell. The stepper motor is used
to rotate the hydrofoil, and it is attached with an encoder
which gives feedback of the actual angle turned. To avoid
free surface effect the top surface of the hydrofoil is
immersed at a depth of 1.5¢ from the free surface. The
diameter of connecting rod is 8 mm and it is kept at 0.25
of chord length, therefore tip vortices doesn’t get effected
much by connecting rod. Force measurements averaged
over 20 sec are obtained using data acquisition system.
The required flow velocity of 2 m/s is obtained by moving
the hydrofoil connected to the structural mount and
carriage on rails installed along the length of the tank.

Base
plate

Structural
mount

Tank Encoder

o Load Cell

Connecting—
Rod
<+—Hydrofoil

Figure 3: Foil with structural mount and measurement
system attached to the carriage on the towing tank.

An assessment of precision uncertainty of the
experimental results is performed by taking five repeated
measurements of drag and lift values at o = 15 deg. The
calculated uncertainties using Students‘t’ distribution at
95% confidence interval are less than 2% for both drag
and lift coefficients.

4. VALIDATION STUDY

The CFD results were validated using experimental
measurements of lift and drag coefficients at Re = 2 x 10°.
Figure 4 shows that experimental results at different
angles of attack are in good agreement with CFD results.
The calculated lift coefficient in post stall angles is slightly
higher than the experimental results which may be due to
the limitation of RANS model for largely separated flows
(Menter et al., 2003). The differences may also arise due
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to the interaction of the hydrofoil tip vortices with the free
surface in the experiments at higher angles of attack.
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Figure 4: Lift and Drag coefficients for the hydrofoil
with two protuberances (Experiments and CFD).

A verification of the CFD results has been performed
following the methods presented in (Stern et al. 1999),
where the uncertainty due to grid size is calculated using
generalized Richardson extrapolation. Three different
successively refined grids are generated using a grid
refinement factor of V2. The force coefficients for the
different grids- (coarse (un) = 0.7 million, medium (urm) =
2 million, fine (urn) = 4 million) are used for the
convergence study. The convergence ratio (R) as defined
in eq. 5 is calculated for the lift coefficient.

R = Ur2h~Urh (5)

Urh—Un

For the present case, R is less than 1, indicating mesh
convergence in the fluid domain. The error of the fine grid
(en), order of accuracy (p) and correction factor (Cg) are
calculated as 0.41% of upn, 3.53 and 2.398 respectively.
The grid uncertainty (Ug), estimated error of the fine grid
(en), and correction solution (U) are evaluated as:

g, = Cg&,(p) ~5.995 x 103 = 0.59% of Urzn

Since, U=0.611, the generalized Richardson extrapolation
can used to estimate the uncertainty for the medium grid
solution as 0.5% of u,, which is acceptable. Further, due
to lower computational time and reasonably good
agreement with the experimental results, the same has
been used for the entire numerical study.
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5. RESULTS AND DISCUSSIONS

The lift and drag coefficients of the six hydrofoil designs
with two protuberances at varied spacing are compared
with the base NACA 63,-021 foil using CFD analyses.
Comparative flow analyses at different angles of attack are
presented to understand the underlying flow physics
involved for the different configurations.

5.1 EFFECT OF PROTUBERANCE SPACING

The lift, drag, and flow characteristics like velocity,
vortices and pressure distribution of the foils at Re = 2 x
10° are presented in this section. The C., Cp and C./Cp
comparison at different angles of attack are shown in
Figure 5. The lift coefficient of all the modified foils are
found to be very similar to that of the base foil until o= 10
deg. After o> 10 deg, the lift for all modified foils is lower
than the base foil which has a much higher maximum lift
coefficient. However, in the post-stall regime (a0 > 20 deg)
all the modified foils provide higher lift than that of the
base foil except for the foil with the highest spaced
protuberances (d= 30% of s). The foil designs with
protuberances show much milder stall characteristics
compared to the unmodified base foil.

For the modified foil designs, the lift coefficient is found
to increase as d increases in the pre-stall region. In the
post-stall region, the lift coefficient is maximum when d
is minimum. Also, all the foils have similar drag
coefficients till a = 10 deg, after which the values differ
depending on the angle of attack. From the C./Cp curve it
can be seen that closer protuberance performs better in the
post-stall region, while foils with protuberances at larger
distance perform better in the pre-stall region.
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Figure 5: (a) Lift coefficient and (b) Drag coefficient (c)
Lift/Drag ratio for foils with two protuberances having
different positions (CFD results).

The lift and drag characteristics are mainly dependent on
the surface flow patterns which govern the pressure
distribution and stall angles for the individual designs.
Considering the foils with protuberances, the increase in
lift characteristics compared to the base foil is restricted to
the high angles of attack (o > 22.5 deg), which is in the
post-stall regime of the base foil. Therefore, a detailed
flow analysis involving vorticity, pressure distribution and
velocity contours is presented at a = 25 deg to understand
the relative performance of all the foil designs.

It is well established that leading edge protuberances can
help in generating streamwise vortices on airfoils. The
modified foils in the present study show distinct vorticity
development from the two protuberances at the leading
edge, which is not observed in the base foil. These vortices
re-energize the boundary layer by transferring the
momentum due to which the flow separation over the
modified foils is reduced at high angles of attack.
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Figure 6: Plots of positive Q-criterion over a resampled
volume around the hydrofoil designs at o =25 deg to
show dominance of rotation rate tensor.
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In the present study, the Q-criterion is used for vortex
visualisation over the hydrofoil designs.

The Q-criterion is directly derived from the velocity
gradient tensor 5ui/5x, which can be broken into two
]

parts such that
Sui/ax,- =S5+0Q (6)

Here S’ is the symmetrical part of velocity gradient tensor
known as strain rate tensor defined as-
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Sl (o)

The antisymmetric part denoted as Q is known as the
rotation rate or vorticity tensor defined by-

=) - ()

However, Q is defined as the second invariant of the
velocity gradient tensor.

o =1 (InIl* = Jisi*) 9

The positive value of Q indicates a flow field dominated
by vorticity, while a negative value indicates the
dominance of strain rate or viscous stress. In the present
case, the positive value of Q is shown in Figure 6 to
understand the vorticity development over the suction
surface of the hydrofoils. For the modified designs, two
symmetric vortical zones are formed due to the chordwise
vortices shed downstream from the two protuberances.
The zone between them has higher viscous stress and
hence Q is negative in that domain. The chordwise
vortices gradually diffuse downstream of the trailing edge.
Also, strong tip vortices are observed from all the
hydrofoils, which merge with the streamwise vortices
from the protuberances for the design with maximum
spacing.

For the modified foils, the streamlines on either side of the
protuberances converge causing a streamwise vorticity,
which is stronger for closely spaced protuberances. These
vortices result in low pressure on the suction surface of
modified foils which cause lift enhancement in the post-
stall regime. The pressure contours over the foil surface at
a =25 deg is shown in Figure 7. The lower pressure on the
surface of modified foils leads to an increase in lift up to
20%. For modified foils, the low-pressure zones are
created from both ends of span to the trough of the
respective protuberances which results in flow attachment
in that region. Therefore, as the distance between the
protuberances increases, the extent of low-pressure zone
decreases because of which lift decreases in the post-stall.
This is evident from the similarity of the lift coefficient
curve between the base foil and the design with largest
spaced protuberances (d= 30% of s). On the other hand,
for the smallest spacing case (d= 0% of s), the low-
pressure zone starts to get weaker towards both the ends
of the span. For all the modified foils, a favourable
pressure gradient is generated from the troughs of the
protuberances towards the trailing edge causing flow
attachment at high angles of attack.
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Figure 7: Pressure coefficient over the base foil and
modified foil designs at o =25 deg

The modified foils can also restrict the separation zone
due to the streamwise vortices generated from the
protuberances as shown in Figure 8, where a volumetric
plot of the reversed velocity indicating flow separation
and re-circulation over the suction surface side at the high
angle of attack, o =25 deg. Especially for the designs with
intermediate protuberance spacings with respect to d= 5,
10 and 15 % of s, the chordwise vortices from the two
protuberances interact strongly at this angle resulting in
greater control of the post-stall separation domain. This is
a characteristic feature for the foil with two leading edge
protuberances which is proposed in this work, as a
simplified bio-mimicry of the humpback whale flipper.
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Figure 8: Plots of reversed velocity contours indicating
flow separation and re-circulation over the hydrofoils at
o=25deg

52 INVESTIGATIONS USING TRANSITION
MODEL IN CFD

The Reynolds number corresponding to the investigations
is 2 x 10° for which transitional flow regimes may exist
over certain zones over the foil designs. Hence, CFD
calculations were also done using the y-Rey transition
model and a comparison of the foil forces are presented
with the results using the k-o SST turbulence model.

The used transition model is a correlation-based model in
which the value of intermittency (y) depends on the
transition momentum thickness Reynolds number (Reg)
through a correlation defined in the free stream. The
variable Regy is defined by a value of wall distance which
is used to transport the free stream value to the boundary
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layer. The turbulence viscosity ratio plays a vital role in
the transition model study- a smaller value leads to higher
turbulence decay, while a higher value causes excessive
diffusion. It is observed that the inlet turbulence intensity
reduces to 50% when it reaches the leading edge of the
foil. To avoid this turbulent Kkinetic energy sources are
used in the fluid domain as mentioned flow separation
over the suction surface of the foils in (Bhattacharyya et
al., 2015). The turbulence kinetic energy source term is
specified as in equation (10).

3
Ksource = —

2>< Tlrequiredz _Tlexistingz Yoo (10)
Here, Ksource 1S the turbulence source strength, U, is the
flow velocity at the inlet, Tlrequed iS the turbulence
intensity required, and Tleyisting iS the turbulence intensity
existing in the domain. The source term helps to maintain
the turbulence intensity in the domain of interest, which
can later be terminated by a switch function in front of the
foil to avoid additional turbulence in the boundary layer.
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Figure 9: (a) Lift coefficient and (b) Drag coefficient for
a foil with protuberances (d = 5% of c): Comparison of
results using turbulence and transition models in CFD

The comparison plot of force coefficients using transition
and standard turbulence models for a modified foil (d=5%
of s) is shown in Figure 9. In general, the lift and drag
coefficients are very similar between the two models.
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However, at angles of attack higher than 12.5 deg, higher
lift coefficients are predicted using the transition model.
To investigate this outcome, the chordwise pressure
distributions at o =25° over the crest and trough of the
modified foil obtained using the k-o SST model and the
v-Rey transition model are compared in Figure 10.

O y-Reg Transition Model
O k-0 SST Model

-4 T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

X/C

(@)
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-1.04 O y-Reg Transition Model

a O k-0 SST Model

-1.5 T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

X/C
(b)
Figure 10: Pressure coefficients over two sections for
a=25° of the modified foil (d= 5% of s): (a) trough, and
(b) crest

In Figure 10, x/c = -0.5 denotes the leading edge and x/c
= 0.5 denotes the trailing edge of the foils. The pressure
coefficient is given by equation 11.

Cn = P~ Poo
p- 2
%poovoo (11)

Wherecp, p, pw, P and V. are the pressure
coefficient, static pressure on the hydrofoil, stagnation
pressure in the far-field, free-stream fluid density and far-
field velocity of the fluid respectively.

For the modified foil with two protuberances, it is observed
that the peak suction pressure amplitude is considerably
higher along the trough as compared to the crest section.
The negative pressure coefficient near the leading edge
obtained using the transition model is higher than that using
the k- SST model. As the flow becomes turbulent towards
the trailing edge, the two models predict similar pressure
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values. Since the pressure difference between the two
surfaces of the foil is higher near the leading edge, a greater
lift coefficient is obtained using the transition model at high
angles of attack.

5.3 REYNOLDS NUMBER EFFECT ON FOIL
COEFFICIENTS

The comparison of lift and drag coefficients at three
different Reynolds numbers (2 x 10°, 5 x 10° and 9 x 10%)
for the base foil (Fg) and the modified foil (Fam=s00fs)) IS
shown in Figure 11.
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Figure 11: (a) Lift coefficient, and (b) Drag coefficient
for the base foil and a modified foil at three Reynolds
numbers

The lift coefficient is found to increase significantly for
both the foils for a > 10°, especially at Re= 9x10°. The
stall characteristics are however very much similar for all
the Reynolds numbers. The drag coefficient does not
change much for modified foil but for base foil it increases
with Reynolds number at high angles of attack. For all the
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cases, the base foil has a considerably higher maximum
lift coefficient, and the modified foil provides better post-
stall lift at o > 22.5°.

6. CONCLUSIONS

The lift and drag characteristics of a hydrofoil having
NACA 63;-021 section and aspect ratio of 2 with two
protuberances over the leading edge are investigated. The
chordwise vortices generated by each protuberance
interact to reduce the flow separation at high angles of
attack, depending on the separation between them. The
modified foils have lower maximum lift coefficient and
higher lift in the post-stall region compared to the base
foil. The pre-stall and post-stall lift characteristics can be
altered by suitably designing the separation between the
protuberances. In the selected range of Reynolds number
(2 x 10° > Re < 9 x 109), the increase of post-stall lift
coefficient for the hydrofoil with two protuberances is in
the range of 14-39% of that of the unmodified base design
with NACA 63,-021 profile. The modified foil with two
leading edge protuberances can hence be suitably tailored
for high angle of attack applications.
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