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ABSTRACT
The effect of leading-edge protuberances on the wake of a rotor hovering out of ground effect was examined using
performance and phase-resolved particle image velocimetry measurements. Protuberance amplitude and wavelength
were investigated using a set of baseline rectangular blades and four blade sets with various sinusoidal leading-edges.
For blade loading coefficients below 0.06, protuberances had minimal effect on rotor performance, but as the thrust
increased the modified blades began to incur an additional power requirement. The rotor wake was significantly
affected by protuberance amplitude. Specifically, increasing protuberance amplitude generated a more uniform inflow
distribution, as well as increased size, magnitude, and strength of the vorticity trailed into the wake sheet. Furthermore,
an examination of the spanwise distribution of circulation trailed into the wake sheets showed that the modified blades
produced a sinusoidal variation in both the positive and negative circulation distribution. As compared to the baseline
blade, the highest amplitude blades also increased the magnitude of the mean circulation (both positive and negative)
about which the sinusoidal oscillation occurred.

NOMENCLATURE

A Disk area, m2

Ab Blade area, m2

c Blade chord, m
CP Rotor power coefficient, = P/ρπΩ3R5

CP0 Rotor profile power coefficient, = P0/ρπΩ3R5

CPi Rotor Induced power coefficient, = κCPideal

CPideal Ideal power coefficient, = C3/2
T /
√

2
CT Rotor thrust coefficient, = T/ρπΩ2R4

CP/σ Power loading coefficient
CT/σ Blade loading coefficient
FM Figure of merit, = Pideal/Pmeasured
Nb Number of blades
R Radius of blade, m
r Radial distance, m
T Rotor thrust, N
u, v Velocities in the r and z directions, ms−1

vi Induced velocity, ms−1

Vtip Rotor tip speed, = ΩR, ms−1

z Distance from rotor plane, m
ζ Wake age, deg
θTW Twist rate, deg
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κ Induced power factor
λ Inflow ratio, = vi/Vtip
ρ Flow density, kgm−3

σ Rotor solidity, = Ab/A
σe Thrust-weighted rotor solidity, = 3

∫ 1
0 σ(r)r2dr

ψb Blade azimuth position, deg
Ω Rotational speed of the rotor, s−1

ω Vorticity, s−1

INTRODUCTION

The helicopter’s relatively low forward flight speed has led
to efforts to significantly increase its maximum speed. An
important consideration for a high-speed helicopter is the uti-
lization of a rotor system with high hovering efficiency and
forward flight efficiency. However, designing to maximize
the efficiency of one flight regime often requires degrading
the efficiency of the other. One such design consideration is
rotor blade twist. During hover, relatively high pitch angles
and lift coefficients are required. Under these high-lift con-
ditions the utilization of larger amounts of nose-down blade
twist reduces the induced power requirements by producing
a more uniform spanwise loading distribution (Ref. 1). How-
ever, on the advancing blade in high-speed cruise, lower blade
pitch angles and lift coefficients are required. At high forward
speeds, larger amounts of blade twist can result in reduced or
negative lift production near the blade tip and degraded over-
all performance. Therefore, the blade twist utilized for the fi-
nal rotor blade design is often significantly less than that what
is required to maximize hover efficiency. As a result, there
has been considerable interest in shape morphing or ”smart”
structures that alter the blade twist between hover and forward
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flight regimes. A comprehensive review of shape morphing
structure is provided by Barbarino et al. (Ref. 2). An alterna-
tive method for modifying the spanwise loading distribution
in a manner similar to blade twist is the utilization of leading-
edge protuberances.

The humpback whale (see Fig. 1), which features protuber-
ances on the leading-edge of its pectoral flippers, was the in-
spiration for this investigation. Despite its large size, it has a
small turning radius compared to other whale species (Ref. 4).
Miklosovic et al. (Ref. 3) compared a scalloped and smooth
(baseline) leading-edge flipper-like design and found a 40%
increase in stall angle of attack, 6% increase in lift coefficient,
and an increase in lift-to-drag ratio at pitch angles greater
than the stall point of the baseline flipper. Wind turbines
and tidal turbine blades have also used scalloped airfoil ge-
ometries to improve efficiency by mitigating blade stall ef-
fects in off-design conditions, such as gusty winds or slack
tides (Refs. 5–7). Furthermore, a computational analysis of
rotor blades with protuberances found that an increase in lift
production was achieved within the stall region of the baseline
blade, resulting in improved hovering efficiency (Ref. 8).

Previous studies suggest that protuberances improve an air-
foils post-stall performance using a mechanism similar to vor-
tex generators. Pedro and Kobayashi (Ref. 9) performed a
computational study on an idealized model humpback whale
flipper that showed the formation of streamwise vortices from
the protuberances. They also found that the protuberances al-
tered the vorticity distribution along the span of the model and
increased the downstream vorticity. Experimental work per-
formed by Hansen et al. (Ref. 10) and Hansen (Ref. 11) found
that the strength of the vortices trailed from the protuberances
was directly proportional to the angle of attack of the blade.
Using passive vortex generators placed at an airfoil’s leading-
edge to model protuberances, Mai et al. (Ref. 12) found that
the flow stayed attached at higher pitch angles but was only
slightly influenced at lower angles. The vortex generators
also reduced the magnitude of the nose-down pitching mo-
ment that occurred during dynamic stall. Therefore, protuber-
ances could be beneficial in delaying the onset of steady and
dynamic stall conditions.

Basic lifting line theory states that the bound circulation along
a wing is directly related to the circulation trailed into the
wake (Ref. 13). Therefore, the vortices trailed from the pro-
tuberances would be expected to affect the loading distribu-
tion along a rotor blade. Since protuberances have a small
effect at low pitch angles (i.e., the advancing blade in forward
flight) and a large effect at higher pitch angles (i.e., hovering
flight), leading-edge protuberances would have the greatest
effect on the distribution of bound circulation at high lift con-
ditions. With proper understanding and design, protuberances
may have the potential to passively modify the loading distri-
bution along a rotor blade in a manner similar to blade twist.

The primary focus of previous studies on protuberances has
been as a means of delaying the onset of stall (Refs. 3–10,
10–12, 14–22); however, there is a dearth of information on
how protuberance amplitude and frequency affect the forma-

Table 1: Summary of rotor characteristics and test conditions.

Number of Blades, Nb 2

Blade Radius, R 0.408 m (16 in)

Mean Chord, c 44.45 mm (1.75 in)

Thickness to Chord Ratio, t/c 15%

Rotational Frequency, Ω 35 Hz (2,100 RPM)

Blade Loading Coefficient, CT/σ 0.12

Rotor Tip Speed, Vtip 89.1 ms−1 (292 ft s−1)

Tip Mach Number, Mtip 0.27

Tip Reynolds Number, Retip 280,000

tion and strength of the streamwise vortices, and the effect
these vortices have on the loading distribution of a rotor sys-
tem. With this in mind, the goal of the present work was to
examine the performance, wake structure, and trailed circula-
tion generated by a rotor with protuberances.

DESCRIPTION OF THE EXPERIMENT

The experiment was conducted using a teetering two-bladed
rotor system. Five sets of untwisted blades were tested, each
with a radius of 0.408 m (16 in), mean chord of 44.45 mm
(1.75 in), and NACA 0015 airfoil throughout. Flow field mea-
surements were performed with each rotor configuration oper-
ating out of ground effect. A blade loading coefficient (CT/σ )
of 0.12 was selected to emphasize the effect the protuberances
had on the rotor wake (discussed in detail in the Performance
Measurements Section). The specific rotor characteristics and
test conditions are outlined in Table 1.

Blade Design

Performance and flow field measurements were performed
on four sets of blades with various sinusoidal leading-edges,
as well as a baseline set of rectangular blades, as shown in
Fig. 2. The amplitude and wavelength of the protuberances
were selected based on prior experimental work by Johari et
al. (Ref. 14). A schematic of protuberance dimensions are
illustrated in Fig. 3. Sinusoidal amplitude, A, was measured
from the mean chord line (i.e., the leading-edge of the baseline
blade) to protuberance peak as a percentage of chord length,
c. Wavelength, λ , was measured from peak to peak as a per-
centage of chord length. Amplitude effects were investigated
using three amplitudes (A = 0.025c, 0.05c, and 0.12c) with
a constant wavelength λ = 0.50c. Wavelength effects were
examined by varying wavelength (λ = 0.25c and 0.50c) and
holding amplitude constant (A = 0.05c). Table 2 shows the
specific amplitudes and wavelengths examined, as well as the
naming conventions used in the current work. Each blade was
designed to maintain a constant mean chord length along the
entire span of the blade, which yielded a thrust-weighted so-
lidity (σe = 3

∫ 1
0 σr2dr) of 0.0694 for each rotor.
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Fig. 1: Photograph of a Humpback whale’s pectoral flippers with leading-edge protuberances (Ref. 3).

Baseline

A = 0.025c  λ = 0.50c

A = 0.05c  λ = 0.50c

A = 0.05c  λ = 0.25c

A = 0.12c  λ = 0.50c

Fig. 2: Photograph of baseline and modified blades.

Performance Measurements

Performance sweeps were performed using a combination
multi-axis load and torque cell. Tares were obtained by ro-
tating the hub without the rotor blades attached, and these
tares were removed from the performance sweeps. Perfor-
mance sweeps for each blade set were obtained for collective
pitches ranging from -2◦ to 18◦. The accuracy of the cell was
CT/σ =±6.3×10−5 and CP/σ =±4.0×10−6, respectively.

Table 2: Summary of geometric parameters for the baseline
and modified blades.

Blade Designation Amplitude, A Wavelength, λ

Baseline 0 N/A

A025 0.025c 0.5c

A05 0.05c 0.5c

A05 HF 0.05c 0.25c

A12 0.12c 0.5c

Flow Field Measurements

Flow field measurements were performed using two-
component particle image velocimetry (PIV). The configura-
tion of the laser and camera is shown in Fig. 4. A thin light
sheet was produced by firing the laser beam through a con-
vex and spherical lens. The imaging axis of the camera was
aligned orthogonal to the plane of the light sheet and focused
on the desired region of interest (ROI). The camera and laser
were digitally synchronized such that the laser pulses strad-
dled the camera images.

Seeding Vaporizing a mineral oil in a high pressure head ex-
changer and mixing it with cooler ambient air produced the
seed particles for the PIV measurements. Particle tracking er-
rors were minimized by using seed particles approximately
0.22 µm in diameter (Ref. 23).

Phase-Resolved Flow Measurements One 29 mega-pixel
CCD camera (6,600-by-4,400 pixel) and a dual-head Nd:YAG
laser were used for the current flow field measurements. The
laser was capable of emitting 532 nm light at 380 mJ/pulse
when operated at a frequency less than or equal to 10 Hz in
frame-straddling mode. The imaging system was synchro-
nized with the rotational frequency of the rotor, since the
rotor’s rotational frequency (35 Hz) exceeded the maximum
imaging rate of the camera (1.8 Hz). PIV images were only
acquired at sub-integer multiples of the rotor frequency (i.e.,
one image approximately every 35 rotor revolutions).

PIV Imaging PIV measurements were conducted in a region
encompassing a majority of the blade (approximately 370-by-
250 mm, or 0.91-by-0.61 R), as shown in Fig. 5. The high-
resolution camera was able to maintain the necessary resolu-
tion to resolve the small-scale vortical structures. Measure-
ments were taken at blade azimuth increments of 3◦ from 0◦
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Fig. 3: Schematic showing protuberance amplitude and wavelength.

Fig. 4: Schematic showing the two-bladed rotor and the ex-
perimental setup with the laser and camera used for PIV.

Fig. 5: Definition of the coordinate system and the region of
interest used for the flow field measurements.

to 15◦ to examine the initial evolution of the trailed wake. Ad-
ditional measurements were also taken from 0◦ to 150◦ in 30◦

increments. At each blade azimuth position, 300 image pairs
were acquired using a pulse separation time of 18 µs.

The interrogation windows used for cross-correlation had di-
mensions of 32-by-32 pixels with a 75% overlap. The inter-
rogation window size and shape was optimized to the local
seeding density and flow field gradients using an adaptive grid
method (Ref. 24). The adaptive method increased the spatial
resolution while maintaining measurement accuracy. A local
median filter was applied to the processed PIV data that re-
moved vectors of greater than two standard deviations of the
5-by-5 neighboring vectors. Images containing more than 5%
removed vectors were excluded from any further analysis.

RESULTS AND DISCUSSION

Performance Analysis

The blade loading coefficient, CT/σ , versus power loading
coefficient, CP/σ , for each rotor configuration operating out

of ground effect is shown in Fig. 6. Examining Fig. 6,
the baseline and modified blades were found to have simi-
lar power requirements for CT/σ ≤ 0.06. As the blade load-
ing coefficient was increased above 0.06, the modified blades
began to incur an additional power penalty that was directly
related to the protuberance amplitude. Comparing the power
polar for the lowest and highest amplitude blades (see Fig. 6),
the lowest amplitude blade begins to incur a power penalty
at a CT/σ approximately twice that of the highest amplitude
blade. It is interesting to note that, while rotor performance
was significantly affected by protuberance amplitude, changes
in wavelength had a minimal effect. For additional perfor-
mance analysis, see Cully et al. (Ref. 25).

For the subsequent flow field measurements the rotor was op-
erated at a constant CT/σ = 0.12. While most hovering rotors
operate at blade loading coefficients around 0.08, the operat-
ing blade loading coefficient for the current work was selected
such that all but the lowest amplitude blade had incurred a
power penalty.

Time-Averaged Flow Field Measurements

Figure 7 shows contours of the ”time-averaged” axial veloc-
ity for each rotor configuration, normalized by the blade tip
speed, as well as the corresponding velocity vectors along
various radial cuts through the rotor wake. Because the cur-
rent measurements were phase-resolved, a time history could
not be obtained. Therefore, the time-averaged flow field was
generated by averaging each instantaneous realization at each
blade azimuth position, ψb. To avoid biasing the average, only
equally-spaced increments blade azimuth angles were used,
i.e., 0◦ ≤ ψb ≤ 180◦ in 30◦ increments.

As shown in Fig. 7, each blade set produced a well-defined
slipstream boundary, which separated the high-velocity flow
inside the rotor wake from the quiescent flow outside the
wake. As expected, the axial velocity distribution in the wake
of the rotor with the baseline blades was biased towards the
tip, with the highest velocities outboard and the lowest ve-
locities inboard; see Fig. 7a. While the baseline and A025
(i.e., the lowest amplitude) blades produced relatively similar
flow fields, the higher amplitude (i.e., A05, A05HF, and A12)
blades increased the uniformity of the velocity distribution;
see Fig. 7. Specifically, as protuberance amplitude increased
the velocity distribution became more uniform.

From blade element momentum theory (BEMT) the power re-
quirements should decrease as the velocity through the rotor
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Fig. 6: Blade loading coefficient versus measured power loading coefficient for each rotor configuration (Ref. 25).

(i.e., the inflow) becomes more uniform (Ref. 1). However,
the A012 blade produced the most uniform velocity distribu-
tion of the blades tested, and had the largest power require-
ments (see Fig. 6). Therefore, the power penalty associated
with the modified blades would be expected to stem from a
transient flow feature. One such flow feature could be the
streamwise vorticies trailed from the protuberances.

Instantaneous Flow Field Measurements

Figure 8 shows representative contours of normalized instan-
taneous vorticity (ωc/ΩR) and the corresponding velocity
vectors for each rotor configuration at a blade azimuth po-
sition of ψb = 6◦. To limit image congestion, only every 10th
vector is displayed. Previous work has shown that the wake
sheets trailed from a rotor blade consisted of counter-rotating
vortex pairs (Refs. 26–28), often called Taylor–Görtler (T–G)
vortices (Ref. 29). The T–G vortex pairs can be identified
by the red (positive) and blue (negative) vorticity contours in
Fig. 8, whereas the tip vortices appear as the larger regions of
concentrated positive vorticity.

Comparing the wake sheets trailed from the A05 and A12
blades to the baseline and A025 blades, the wake sheet pro-
duced by the higher amplitude blades were significantly more
intense; see Fig. 8. Specifically, the vortical structures in the
sheets of the higher amplitude blades were of similar size and
magnitude to that of the tip vortex. Furthermore, the tip vor-
tices trailed from the larger amplitude blades was also less
coherent, and persisted for less than one rotor revolution af-
ter interacting with the wake sheet. It is interesting to note
that the most prominent vortices in the wake sheet produced
by the modified blades were trailed outboard of r/R ≈ 0.70,
as shown in Fig. 8. Because power scales with the cube of

radial position, the creation of relatively large vortical struc-
tures outboard on the blade would be expected to significantly
effect the power requirements.

Milluzzo and Leishman (Ref. 27) showed that the addition
of twist to a rotor blade significantly increased the vorticity
trailed into the wake sheet, which was most likely caused by
modifications to the spanwise distribution of bound circula-
tion. With this in mind, the increased vorticity trailed from the
blades with leading-edge protuberances suggests a potential
modification to the spanwise distribution of bound circulation
along the blades. Because the intensity of the wake sheets
was directly related to the protuberance size, the blade with
the largest amplitude would be expected to have the greatest
effect on the distribution of bound circulation.

Wake Sheet Circulation

To further examine the effect leading-edge protuberances had
on the rotor wake, it was necessary to quantify the circulation
trailed into the wake sheet. One method for determining the
circulation of a flow feature is through the evaluation of a line
integral around a path enclosing the flow feature. For conve-
nience, a square or rectangular grid is often utilized because
it easily coincides with the PIV grid. However, the vortices
in the wake sheet vary in size and shape, and are too closely
spaced to define a path that encloses only the desired vorti-
cal element. Therefore, the current work used an area integral
of voricity to calculate the circulation (Ref. 13). The vortic-
ity was calculated using a 3-point central difference scheme,
and the vortices were identified using a vorticity threshhold-
ing method. Specifically, the algorithm identified all points
above the given vorticity threshold, and grouped the points
into distinct vortices.
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(a) Baseline Blade (b) A=0.025c λ=0.50c

(c) A=0.05c λ=0.50c (d) A=0.05c λ=0.25c

(e) A=0.12c λ=0.50c

Fig. 7: Time-averaged contours of axial velocity normalized by the rotor tip speed for each blade geometry (Ref. 25).
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(a) Baseline Blade (b) A=0.025c λ=0.50c

(c) A=0.05c λ=0.50c (d) A=0.05c λ=0.25c

(e) A=0.12c λ=0.50c

Fig. 8: Instantaneous contours of normalized vorticty, with the reference blade at ψb = 6◦. (Ref. 25).
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The aperiodic nature of a rotor wake has been well docu-
mented and studied in detail (Refs. 30–33). Methods for col-
locating dominant flow structures (such as the tip vortices)
to determine the average characteristics have been developed
(Refs. 33–39). However, in the case of the wake sheet, which
contains a broad spatial distribution of vorticity, such colloca-
tion techniques cannot be so easily applied. Therefore, aver-
age characteristics for the wake sheet, as in the manner that
has been developed for tip vortices are difficult to acquire.

While the phase-averaged characteristics for a specific vorti-
cal element in the wake sheet cannot be determined, it was
possible to determine the phase-averaged characteristics for
all vortical elements at a specific radial location. Applying
the previously described threshholding method to each flow
field realization at a fixed wake age, it was possible to identify
the size and position of each vortical element (both positive
and negative vorticity) contained in the wake sheet. For each
radial location, only realizations containing vortical elements
were averaged. Therefore, the number of images used to ob-
tain the average could vary with radial location. This process
was repeated for each wake age, and for both signs of vorticity
contained in the sheet.

Figure 9 shows the phase-averaged radial distribution of cir-
culation trailed into the wake sheet for each blade at a wake
age, ζ , of 6◦. It is interesting to note that while both positive
and negative vorticity (i.e., T-G vortices) were trialed into the
wake sheet of the baseline blade, the negative vorticity was
approximately three times stronger than the positive inboard
of r/R = 0.8; see Fig. 9a. However, outboard of r/R = 0.8
the positive vorticity was stronger than the negative. Further-
more, spanwise distribution of both the positive and negative
circulation trailed from the baseline blade remained relatively
constant before reaching a peak and decreasing to zero, as
shown in Fig. 9a. However, the radial position of the peak
circulation was dependent on the sign of the circulation. Fig-
ure 9a shows that the negative circulation reached a peak at
approximately r/R = 0.8 while the peak positive circulation
occurred at approximately r/R = 0.95.

Compared to the baseline blade, the modified blades were
found to significantly alter the circulation trailed into the wake
sheet; see Fig. 9. Specifically, the modified blades produced
a sinusoidal variation in the spanwise distribution of both the
positive and negative circulation. The sinusoidal nature of the
trailed circulation resulted in local circulation that was greater
than or less than that of the baseline blade, as shown in Fig. 9.
Examining Fig. 9, the amplitude of the sinusoidal variation of
trailed circulation was directly related to protuberance ampli-
tude, with the A12 blade trailing the strongest circulation. As
compared to the baseline blade, the A05 and A12 blades also
increased the magnitude of the mean circulation (both positive
and negative) about which the sinusoidal oscillation occurred;
see Fig. 9. Furthermore, the radial position at which the peak
negative circulation occurred was also affected by the protu-
berances, with the negative circulation peaking at r/R ≈ 0.9
as compared to r/R≈ 0.8 for the baseline blade.

CONCLUSIONS

To better understand the affect of leading-edge protuberances,
performance and phase-resolved particle image velocitmetry
measurements were conducted on a rotor operating out of
ground effect. Protuberance amplitude and wavelength were
examined using four sets of blades with various sinusoidal
leading-edges, as well as a baseline set of rectangular blades.
Emphasis was placed on characterizing the initial structure
of the wake, as well as the circulation trailed into the wake
sheet. From this work, the following conclusions have been
obtained:

1. Protuberances were found to have a minimal effect on ro-
tor performance for CT/σ ≤ 0.06. However, increasing
rotor thrust requested in the modified blades requiring
significantly more power than the baseline. The addi-
tional power requirements of the modified blades were
directly related to protuberance amplitude. Whereas,
wavelength was found to have minimal effect, with the
higher and lower frequency blades having similar power
requirements at all thrust conditions.

2. The time-averaged flow fields showed that protuberance
amplitude affected the spanwise distribution of axial ve-
locity (i.e., the inflow distribution). Specifically, increas-
ing protuberance amplitude generated a more uniform in-
flow distribution. However, the average flow field was
minimally affected by changes in protuberance wave-
length.

3. The instantaneous flow fields showed that protuberance
amplitude significantly affected the size and magnitude
of the vorticity trailed into the wake sheet. The higher
amplitude blades were found to produce significantly
more intense wake sheets, with vortical elements of sim-
ilar size and magnitude to that of the primary tip vortex.
Furthermore, the tip vortices trailed from the higher am-
plitude blades were less coherent, persisting for less than
one rotor revolution.

4. Protuberances were found to have a significant effect
on the spanwise distribution of circulation trailed into
the wake sheets. Specifically, a sinusoidal variation in
both the positive and negative circulation distribution oc-
curred for each of the modified blades. As compared to
the baseline blade, the blades with the largest amplitude
increased the magnitude of the mean circulation (both
positive and negative) about which the sinusoidal oscil-
lation occurred.

The current work has shown that protuberances are capable
of significantly altering the wake trailed from a hovering ro-
tor. Therefore, with proper design and optimization, protuber-
ances could potentially be used to generate a desired loading
distribution.
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(b) A=0.025c λ=0.50c
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(c) A=0.05c λ=0.50c
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(d) A=0.05c λ=0.25c
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(e) A=0.12c λ=0.50c

Fig. 9: Phase-averaged plot of the spanwise distribution of trailed circulation contained in the wake sheet of each blade when
the reference blade was at ψb = 6◦.
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