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Abstract An experimental investigation of airfoil aerodynamics control at a low
Reynolds number of 5 9 104 was conducted within the attack angle a of 0–90�

using a leading-edge protuberance technique. The essence of the technique is to
manipulate flow around the airfoil through the effect of a humpback whale-like
leading edge. Whereas the mean lift force, drag force, and lift-to-drag ratio were
measured using a 3-component force balance, the flow was mainly documented
using a particle image velocimetry (PIV). The sinusoidal protuberances effectively
suppressed the airfoil stall, although the corresponding aerodynamic performances
were impaired to some extent. Meanwhile, the control significantly improved the
airfoil aerodynamics in the post-stall a region, i.e., 16� \ a\ 70�, leading to a
maximum 25.0 and 39.2 % increase in lift coefficient and lift-to-drag ratio,
respectively, and maximum 20.0 % decrease in drag coefficient. The flow physics
behind the observations were discussed.
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1 Introduction

Aerodynamic of airfoils operated at a low chord Reynolds number, i.e.,
104 \ Rec \ 105, has recently gained an increasing importance within the appli-
cation fields of microair vehicles, small unmanned air vehicles, and small wind
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turbines. Nevertheless, the airfoils in this low Rec range are often subject to flow
separation and even stall, resulting in poor aerodynamic performances and
shortened fatigue lives. Therefore, effective control methods must be took to
address this. Recently, a so-called leading-edge protuberance technique, inspired
by the humpback whale flipper with rounded tubercles interspersed along its
leading edge, has been given more and more attention. Within the last decade,
many research works have been performed to investigate the effects of tubercles on
the airfoil aerodynamic and hydrodynamic and good performances have been
reported (Fish and Lauder 2006; Miklosovic et al. 2007; Johari et al. 2007;
Goruney and Rockwell 2009; van Nierop et al. 2008). Even so, the detailed
understanding of flow physics behind it is still very lacking, which may hinder the
technique to be applied in the future. To this end, this paper presents an experi-
mental study to investigate the nature of the modified airfoil aerodynamics by the
presence of protuberances at low Rec.

2 Experimental Details

Experiments were conducted in an open-loop wind tunnel with a test section of
0.5 9 0.5 9 2 m at Tsinghua University. The detailed setup was shown in Fig. 1.
Two rectangular aluminum full-span NACA634-021 airfoils, i.e., a wavy airfoil
with a sinusoidal leading edge (mimicking the cross-section to the flipper of a
humpback whale) and a baseline airfoil with smooth leading edge, were chosen to
be the test models. The mean CL, CD, and L/D were measured using a 3-component
force balance as a varied from 0� to 90�, and the detailed flow structure is docu-
mented using particle image velocimetry (PIV). Measurements were carried out at
a typical freestream velocity U1 = 7.5 m/s, corresponding to Rec of 5.0 9 104.

Baseline airfoil

Wavy airfoil

Fig. 1 Experimental setup
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3 Results and Discussion

3.1 Effect on Airfoil Aerodynamics

Figure 2 presents the dependences of the blockage-corrected mean CL, CD, and
lift-to-drag ratio (L/D) on a. Stall occurred at a = 13�, and then, CL displays
another maximum at a = 45�. Compared with the baseline airfoil, all aerodynamic
coefficients tend to be stable up to a = 3�. After that, as 3� \ a B 16�, CL and L/D
evidently decrease (Fig. 2a, c) while CD mildly increases (Fig. 2b); the flow for the
wavy airfoil case seems to not stall in the traditional sense of a rapid increase and
thereafter a significant decrease in CL, but CL gradually rises with a, indicating the
effectiveness of the passive control on inhibiting stall. The analogical phenomena
on impairing the stall as well as detrimental to airfoil aerodynamics at the same
time by leading-edge protuberances were also previously observed at the order of
Rec magnitude of 105 (Miklosovic et al. 2007; Johari et al. 2007). Moreover, the
wavy airfoil exhibits rather good aerodynamic characteristics even when a varies
from 16� to 70�, resulting in the maximum 25.0 and 39.2 % increase in CL and L/D,
respectively, and the maximum 20.0 % decrease in CD, indicated in Fig. 2a–c.

3.2 Modified Stall Flow

To uncover the flow physics behind, two typical attack angle cases within stall and
post-stall regions, i.e., a = 13� and 40�, were selected for the following analysis.
Figure 3a shows the contours of time-mean vorticity in x–y plane out of 500 PIV
images at a = 13�. The images for wavy airfoil cases were individually captured
through the neighboring trough and peak location, which are near the airfoil mid-
span. Clearly, flow separates at about 1/3c from the leading edge of the baseline
airfoil. Once the wavy airfoil is introduced, flow in the trough-plane separates a
little earlier while flow in the peak-plane adheres to the suction surface longer; the
separated flow in the trough-plane reattaches to the suction surface and then moves
toward the trailing edge for a while before leaving the surface again, resulting in

Fig. 2 Airfoil aerodynamics with and without control
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much stronger separation than the baseline airfoil. Moreover, the typical averaged
vorticity contours in y–z plane at x/c = 0.35 (Fig. 4a) indicate that a pair of
counter-rotating vortices are generated near each protuberance configuration,
whose generation and subsequent mixing within neighboring valley region (Fish
and Lauder 2006; Miklosovic et al. 2007; Johari et al. 2007; Goruney and
Rockwell 2009; van Nierop et al. 2008) may partially account for more attached
flow in the peak-plane as well as early separated and thereafter reattached flow in
the trough-plane.

From another point of view, the typical profiles of mean streamwise velocity U
�

above suction side at a = 13� (Fig. 5a) show that the laminar flow separation
occurs near x/c = 0.1 for the baseline case. In contrast, the separation takes place
earlier for the trough case, and the reversed flow due to laminar separation suc-
cessively weakens from x/c = 0.1 to 0.2 and quickly disappears between x/c = 0.2
and 0.3, suggesting that the flow transits and then reattaches to the airfoil surface
again within the two x/c ranges, respectively. The reversed flow appears again near
x/c = 0.4, implying that the reattached turbulent boundary layer separates as
x [ 0.4c. The boundary thickness is about 0.12c at x/c = 0.3 and suddenly jumps
to more than two times in magnitude (0.25c) at x/c = 0.4, which seemingly states

Fig. 3 Contours of mean streamwise vorticity: a a = 13�; b a = 40�
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the thickened turbulent boundary layer due to the generation of streamwise vor-
tices may be responsible for the detachment of turbulent flow in the trough-plane,
consistent with the statements of Lissaman (1983). For the peak case, the occur-
rence of reversed flow moves backward to a location between x/c = 0.1 and
x/c = 0.2, corresponding to a postponed laminar separation. Interestingly, such
laminar separation in the peak-plane seems to be a little stronger than the baseline
case near trailing edge, and the spanwise mixing of streamwise vortices at some
distance behind airfoil leading edge may account for the extension of flow sepa-
ration area.

Recalling that the aerodynamics of the wavy airfoil becomes worse in contrast
to the baseline airfoil in the stall region (Fig. 2a–c, 3� \ a B 16�), it implies that
the enhanced separation originated from the complicated flow modification in the
trough-plane might be responsible for the worse airfoil performance. This may
further change the variation of CL with a, leading to the impairment of airfoil stall.

Fig. 4 Contours of mean lateral vorticity: a a = 13�; b a = 40�
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3.3 Modified Post-stall Flow

For the typical post-stall case at a = 40�, the flow in the trough-plane tends to
separate from the leading edge a little more seriously than the baseline case.
Oppositely, the flow in the peak-plane still attaches to the suction side for a rather
long distance (Fig. 3b), originated from the more generated vortex strengths in the
peak-plane (Fig. 4b) to resist the negative pressure gradient and thus more
attached flow than the baseline case, which may play a critical role in the
improvements for the post-stall airfoil aerodynamics. Correspondingly, compared
with the baseline airfoil case, the typical U

�
-profile (Fig. 5b) displays that the

reversed flow pattern in the trough-plane does not change very much, while it is
evidently impaired for the peak case. These results quantitatively point out that the
impairment of flow separation and thus improvement of airfoil aerodynamics in
post-stall originate from the effect of streamwise vortices induced by leading-edge
protuberances.

Fig. 5 Mean streamwise velocity profiles of boundary layer: a a = 13�; b a = 40�
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4 Conclusions

The effects of sinusoidal leading-edge protuberances on two-dimensional full-span
airfoil aerodynamics were experimentally investigated at low Rec of 5.0 9 104: (1)
the airfoil stall was effectively inhibited while the post-stall airfoil aerodynamics
was significantly improved in terms of CL, CD, and L/D. (2) In contrast with the
baseline airfoil, the original stalled flow over trough section is subject to a series of
complicated processes due to the protuberances-induced streamwise vortices,
including laminar separation, laminar/turbulence transition, turbulent reattach-
ment, and turbulent boundary layer detachment, leading to lessened lift as well as
airfoil aerodynamics and an effective impairment in stall. (3) The post-stall airfoil
performances were mainly manipulated by the flow over peak sections of protu-
berances, which remained attached well within a wide post-stall a range due to
much stronger streamwise vortices, attributing to greatly enhanced momentum
transfer and the corresponding significantly improved airfoil aerodynamics.
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