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The structure of the boundary layer on the classical and wavy wings
at near-critical angles of attack at the Reynolds number Re = 140,000 is
studied with the use of oil-¦lm and infrared (IR) visualization. A bound-
ary layer with a speci¦c structure is demonstrated to form on the wing
with the wavy surface. This boundary layer is more stable to separation
from the wing surface. As a result, the wing with a wavy surface has a
greater critical angle of attack and a greater maximum lift coe©cient.
Improvement of aerodynamic characteristics of the wavy wing, as com-
pared with the classical wing, is con¦rmed by balance measurements.

1 INTRODUCTION

Researchers are now again interested in problems associated with the §ow around
wings of §ying vehicles at Reynolds number based on the wing chord below
500,000. The reason is more extensive applications of unmanned vehicles in
civil and military aeronautics. These problems include, for instance, long-time
patrolling and airborne prospecting of buildup territories or under conditions
potentially hazardous for the crew of manner vehicles. Unmanned vehicles allow
using a smaller takeo¨ weight of the §ying vehicle with the same functional load.
Reduction of the takeo¨ weight, however, decreases the Reynolds number based
on the wing chord [1], which often becomes lower than 500,000. The aerodynamic
characteristics of the vehicle are deteriorated because a vast separation region,
which is called the separation bubble, appears in the boundary layer on the wing
at angles of attack corresponding to the standard §ight regime of the vehicle.
The separation bubble increases the airfoil component of the wing drag and leads
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PROGRESS IN FLIGHT PHYSICS

Figure 1 Wavy wing: (a) research direction 1 ¡ simulation of a parafoil; and
(b) research direction 2 ¡ simulation of a whale£s ¦n

to §ow stall at a critical angle of attack lower than that at Reynolds numbers
above 500,000. Thus, the maximum lift force of the wing decreases. Moreover,
the separation bubble enhances the e¨ect of the hysteresis of the aerodynamic
characteristics of the wing, which means that the lift force of the wing after
reaching the supercritical angle of attack is recovered at a smaller angle of attack
than the value at which §ow stall occurred. The structure of the boundary layer
on a smooth wing at low Reynolds number has been studied in much detail, e. g.,
in [2�8]. There are also available software tools that allow calculating the two-
dimensional (2D) §ow around the airfoil that take into account the boundary
layer and Reynolds number e¨ects [9, 10].

It is also known that early turbulization of the boundary layer can allevi-
ate the adverse e¨ect of the separation bubble and increase the critical angle
of attack of the wing at low Reynolds numbers. This can be achieved with the
use of a tripping wire ahead of the wing [11], surface roughness [12], or vortex
generators [13, 14]. The problem is that the methods proposed in the abovemen-
tioned publications either are di©cult in implementation or lead to an increase
in drag at low angles of attack. Therefore, there is an ongoing search for optimal
shapes of vortex generators. Two seemingly similar recent types of investiga-
tions can be noted: wavy wing [15, 16] and wing with tubercles on the leading
edge [17�20].

These wing shapes, however, have di¨erent origins; correspondingly, the air-
foil modi¦cation shapes are also di¨erent. The ¦rst shape was obtained from the
analysis of [21, 22]; it has the wavy surface parameters illustrated in Fig. 1a and
resembles a parafoil as a whole. The second shape originated from simulating
a whale£s ¦n (Fig. 1b) [17]. The leading edge is usually shaped as a sine curve
with the maximum magnitude h = 2%�10%; further along the chord, the pro¦le
of this hump merges with the initial airfoil [19].

There is some disagreement in the wing modi¦cation notation in [15�20]. In
this paper, the following classi¦cation is used. A usual wing with no tubercles

584



CONFIGURATION AERODYNAMICS, SONIC BOOM, AND AERODYNAMIC MODEL

and troughs on the surface is called the classical wing, and a wing with tubercles
and troughs is called the wavy wing. The papers [17�20] were aimed at ¦nding
advantages of the wavy wing over the classical wing, but the results were contra-
dictory. At Reynolds numbers of 505,000�520,000 and a ¦nite-span wing model
simulating the whale£s ¦n, the wavy ¦nd was found to be advantageous [18]: a
40 percent increase in the critical angle of attack, a 6 percent increase in the
maximum lift force, and a decrease in drag at supercritical angles of attack were
observed. Stein and Murray [23] performed the experiments for the angles of
attack 0◦ < α < 12◦ and the Reynolds number of 250,000, using a nominally 2D
wing with sinusoidal waviness of the leading edge, which had averaged waviness
parameters (with respect to those on the whale£s ¦n). They found the aerody-
namic characteristics of the wavy wing to be worse than those of the classical
wing. This deterioration was manifested both as a lower maximum lift force
and as a higher drag force. Subsequent studies [24] showed that, indeed, the
prestall characteristics of the wavy wing are better than those of the classical
wing at Re = 534,000�631,000 in tests of the whale£s ¦n model; vice versa, the
aerodynamic characteristics of the wavy wing at Re = 274, 000�277,000 in a 2D
§ow are worse than those of the smooth wing. Stanway [25] studied a §apping
wing of the same shape as that studied in [18] in the range of Reynolds numbers
from 44,000 to 120,000. Static measurements (without §apping) showed that the
whale£s ¦n model with a wavy leading edge exhibits a decrease in the maximum
lift force, except for the case with Re = 120,000.
Activities of Johari et al. [19] and Hansen et al. [20] were aimed at studying

the in§uence of the waviness parameters, in particular, the size and amplitude of
sinusoidal waviness of the leading edge, on the aerodynamic characteristics of the
airfoil. Testing the NACA 63-0021 airfoil at the Reynolds number Re = 183,000,
Johari et al. found that the best characteristics are provided by the airfoil with
the waviness amplitude f = 0.025 and with the wave length G = 0.25 (of the
chord). The critical angle of attack of the airfoil with such waviness parameters
was 4.4◦ smaller than that of the classical wing, while the maximum value of the
lift force was only 1% lower than that of the classical airfoil. The goal of [20]
was to determine the best relationship between the wave amplitude and length,
and also the ratio of the wave amplitude to the boundary layer thickness. The
best aerodynamic characteristics of the airfoil were obtained at f = 0.03 and
G = 0.11.
In previous authors£ publications [15, 16], the §ows around the classical and

wavy wings were compared at the Reynolds numbers Re = 120,000�170,000. The
waviness extended over the entire wing along the chord (see Fig. 1a). The ratios
of the waviness parameters were G = 0.13 and f = 0.01, which are lower than the
domain covered in [19, 20]. It was noted that the critical angle of attack of the
wavy wing was greater than that of the classical wing under conditions of low-
free-stream turbulence (ε = 0.04). When the models were placed into another
wind tunnel with the turbulence level of 0.7% for measuring their aerodynamic
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characteristics, this advantage, however, became much less signi¦cant and the
maximum lift force was approximately identical [15].
To ¦nd the reasons for the di¨erences in the aerodynamic characteristics of

the same wing model, the low-turbulence wind tunnel was equipped with its own
aerodynamic balance, and some tests were performed to study the in§uence of
turbulence on the characteristics of the classical wing at low Reynolds numbers.
These tests showed that the change in the turbulence level from 0.04% to 0.63%
increases the critical angle of attack of the wing from 7◦ to 11◦ and increases
the maximum lift force by 23% [26]. It was shown [27] that the aerodynamic
characteristics of the model can also be substantially a¨ected by the acoustic
¦eld of the wind tunnel.
The study performed in this work was aimed at comparing the aerodynamic

characteristics of the classical and wavy wings under conditions of a T-324 low-
turbulent wind tunnel (ε = 0.04%) and also at elucidating the boundary layer
structure and evolution of the separated §ow at near-critical angles of attack
of the classical and wavy wing. The use of an asymmetric airfoil allowed to
trace the in§uence of surface waviness on the boundary layer formed by di¨erent
pressure distributions over the wing chord.

2 EXPERIMENTAL TECHNIQUES

2.1 Wing Models

In these experiments, a wing model with the Z 15-25 airfoil was used (Fig. 2).
A typical feature of this airfoil is the fact that the maximum de§ection of the
upper arc is located at 15% along the chord, while the maximum de§ection
of the lower arc is located at 25% (see Fig. 2) along the chord. The study
of this airfoil with the XFOIL program showed that its characteristics at the
near-stall positive angles of attack are close to the characteristics of a symmet-
ric airfoil with the maximum thickness at 15% along the chord; at negative

Figure 2 Airfoil
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Figure 3 Geometric parameters of wing models: (Á) plan view of the classical wing;
(b) plan view of the wavy wing; and (Ó) cross-sectional view of the wavy wing at 15%
along the chord. Wing chord c = 195 mm; wing span L = 700 mm; and aspect ratio
λ = 3.5

angles of attack, its characteristics are close to the characteristics of a sym-
metric airfoil with the maximum thickness at 25% along the chord. Thus,
the characteristics of this airfoil at near-stall angles of attack illustrate two
symmetric airfoils with di¨erent locations of the maximum thickness along the
chord.
Two models (classical and wavy) with this airfoil shape and with the aspect

ratio λ = 3.5 were fabricated. The waviness parameters are shown in Fig. 3.

2.2 Oil-Film Visualization

The oil-¦lm visualization was performed with a mixture of kerosene with addition
of oil and luminescent powder. During the experiment, the model was amounted
at a necessary angle of attack, the mixture for visualization was applied, and
the wind tunnel was actuated. The model was in the §ow for 10�15 min. The
exposure time was chosen so that the layer of the visualization mixture did not
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trickle down when the §ow was switched o¨. After that, the model was taken
out from the wind tunnel and was placed into a dark room. An ultraviolet lamp
was switched on, and the luminescent powder remaining on the surface started
to glow. The §ow visualization pattern on the wing surface was photographed
with a Canon EOS 400 digital camera.

2.3 Infrared Visualization

Infrared visualization patterns in the boundary layer are the temperature ¦elds
along the axis of symmetry of the classical and wavy wings. The study was
performed with a TKVr-IFP SVIT IR imager.

The following technique was used to measure the temperature ¦eld on the
wing surface (Fig. 4):

(1) the wind tunnel was started and operated during a time necessary for §ow
velocity stabilization;

(2) the objective of the IR camera was closed with a cover, and the wing sur-
face was illuminated with a source of IR radiation, which was a powerful
incandescent lamp with a metallic de§ector. It should be noted that the IR
imager objective should be closed; otherwise, its calibration is upset, and
the accuracy of temperature measurements becomes lower; and

Figure 4 Scheme of IR measurements
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(3) after an exposure time of 1�2 min, the lamp was switched o¨, the IR imager
objective was opened, and a sequence of IR images was recorded with a
frequency of 25 Hz and duration of 2�5 min. Each measurement includes
the domain captured by the objective and divided into 130 × 130 cells,
which corresponds to the number of pixels of the photosensitive matrix of
the IR imager. The IR imager allows obtaining the temperature ¦eld of a
chosen area or dependences of temperature on the streamwise or spanwise
coordinate in a certain section.

Thus, each §ow regime contains a set of thermograms. A thermogram with
the surface temperature varying from 20 to 24 ◦C within ±0.2 ◦C was chosen
from this set. Thus, the blue color in all thermograms presented below corre-
sponds to the lower limit of the model surface temperature (20 ± 0.2 ◦C), and
the red color refers to the upper limit (24± 0.2 ◦C). Infrared visualization sup-
plements the oil-¦lm visualization results and also allows §ow visualization on
the windward side of the wing, where the use of oil-¦lm visualization is problem-
atic. The method of §ow visualization with an IR imager was previously tested
in [28].

2.4 Balance Measurements

In addition to visualization, the aerodynamic characteristics of these wings were
measured by a balance [29]. The error of measurements was smaller than 1.5%
of the measured value for the lift force and smaller than 2% of the measured
value for the drag force.

3 EXPERIMENTAL RESULTS

The results of aerodynamic characteristics measurements in Fig. 5 are present.
As the §ow pattern is symmetric with respect to the axis of symmetry of the
wing, Figs. 6�15 show the results of visualization (left column) and its interpre-
tation (right column). Di¨erent schemes are used for IR visualization: the wing
aligned at an appropriate angle to the free stream is shown, with thermographs
of some part of the leeward and windward sides of the wing are given above and
below.
Let ¦rst consider the structure of the boundary layer in the case with the

maximum airfoil thickness at 15% along the chord. This corresponds to positive
angles of attack of these wing models. At the angle of attack equal to 5◦, an
attached §ow is observed both for the classical wing and for the wavy wing,
with formation of a vast separation bubble on the classical wing (see Fig. 6a)
and local bubbles along the lines of the troughs on the wavy wing (see Fig. 6b).
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Figure 5 Dependence Ïf the lift (a) and the drag (b) coe©cients on the angle of
attack (1 ¡ increasing and 2 ¡ decreasing). Filled signs refer to classical wings and
black to wavy wings

Figure 6 Oil-¦lm visualization on the leeward side of the classical (a) and wavy (b)
wings and its interpretation; angle of attack α = 5◦ (CL = 0.30; CD = 0.05): 1 ¡
laminar boundary layer; 2 ¡ separation bubble; and 3 ¡ turbulent boundary layer
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Figure 7 Infrared visualization on the classical (left column) and wavy (right column)
wings at the angles of attack α = 5◦ (a) and 10◦ (b).

Infrared visualization on the classical wing (see Fig. 7a, left column) con¦rms the
formation of a separation bubble on the leeward side of the wing and a laminar
§ow without separation on the windward side. For the wavy wing (see Fig. 7a,
right column), separation bubbles are formed both on the windward and leeward
sides of the wing.
Already at the angle of attack equal to 8◦, however, §ow stall from the leading

edge occurs on the classical wing. This is manifested as termination of increase
in the drag force. Oil-¦lm visualization demonstrates the presence of a vast
separation region (see Fig. 8).
In the IR visualization patterns (see Fig. 7b, left column), §ow stall is seen as a

smoother decrease in temperature downstream from the separation line, because
heat transfer in the separation region is less intense than in the boundary layer
of the attached §ow.
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Figure 8 Oil-¦lm visualization on the leeward side of the classical wing and its
interpretation; angle of attack α = 8◦ (CL = 0.40; CD = 0.12): 1 ¡ laminar boundary
layer; 2 ¡ stagnant region; and 3 ¡ reverse §ow

Figure 9 Oil-¦lm visualization on the leeward side of the wavy wing and its inter-
pretation; angle of attack α = 13◦ (CL = 0.68; CD = 0.15): 1 ¡ laminar boundary
layer; 2 ¡ separation bubbles; and 3 ¡ turbulent boundary layer

As is seen from the oil-¦lm visualization pattern, the attached §ow regime
persists on the wavy wing up to the angle of attack of 13◦ (see Fig. 9). The
lift coe©cient for the wavy wing reaches 0.68, which is 1.55 times higher than
that for the classical wing. Infrared visualization allows to conclude that the
laminar�turbulent transition on the leeward side of the wing occurs at 10%�25%
along the chord, both along the line of troughs and along the line of tubercles;
after that, the growth of a turbulent boundary layer with minor nonuniformities
in the spanwise direction is observed (see Fig. 7b, right column). A region with
an increased thickness of the boundary layer along the line of troughs is identi¦ed
on the windward side of the wing at the angle of attack equal to 10◦. It is not
possible to argue de¦nitely whether there are exist separation bubbles or not,
because a decrease in temperature typical for separation bubbles is not observed
behind these regions.

Flow stall on the wavy wing progresses more slowly than on the classical wing.
It is seen from oil-¦lm visualization results that the boundary layer separation
and reverse §ow are observed in the central part of the wing, while the boundary
layer at the wingspan tip remains attached (see Fig. 10).
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Figure 10 Oil-¦lm visualization on the leeward side of the wavy wing and its in-
terpretation; angle of attack α = 15◦ (CL = 0.61; CD = 0.2): 1 ¡ laminar boundary
layer; 2 ¡ separation bubbles; 3 ¡ turbulent boundary layer; 4 ¡ stagnant region;
and 5 ¡ reverse §ow

The case with the maximum wing thickness at 25% along the chord cor-
responds to negative angles of attack. At the angle of attack equal to −5◦,
an attached §ow with formation of separation bubbles in accordance with the
same scenario as in the case with the maximum thickness at 15% along the
chord is observed both on the classical and wavy wings. Infrared visualization,
however, allows some speci¦c features for the wavy wing to be identi¦ed (see
Fig. 11a).

At the angle of attack α = −5◦, the separation bubbles on the windward side
are smaller and are located further upstream than in the case with α = −5◦,
and the turbulent §ow region behind these separation bubbles is also smaller.
Along the tubercles, apparently, the boundary layer has a laminar structure and
a greater thickness, which forms an increased temperature region, as compared
to the trough area. The laminar boundary layer along the tubercle line on the
windward side is also more extended. The temperature peak along the tubercle
is located at 20% along the chord at α = 5◦ (see Fig. 7a, right column) and at
50% along the chord at α = −5◦ (see Fig. 11a, right column).
At the angle of attack α = −10◦, the attached §ow regime is observed both

on the classical and wavy wings (see Fig. 11b). Among speci¦c features, a delay
of the laminar�turbulent transition on the wavy wing along the tubercle line can
be noted.

The transition along the line of troughs is characterized by a drastic decrease
in surface temperature behind the separation bubble (blue area along the line
of troughs). This fact agrees with the results of oil-¦lm visualization. There is
no separation of the §ow along the line of tubercles, as is seen from the oil-¦lm
patterns; thus, the local red area along the tubercle in the case considered can
testify to the presence of a thick laminar boundary layer. The boundary layer
becomes turbulized downstream of the point at 50% along the chord, and the
surface temperature decreases. Beginning from 60% along the chord, however, it
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Figure 11 Infrared visualization on the classical (left column) and wavy (right col-
umn) wings at the angles of attack α = −5◦ (a) and −10◦ (b).

increases again, owing to the increase in thickness of the boundary layer, which
is now turbulent.

The attached §ow on the classical wing persists in this case up to the angle
of attack of −17◦. The separation bubble is also observed, and the front and
rear boundaries of the separation bubble are obviously curved in accordance with
local angles of attack for the ¦nite-span wing (see Fig. 12).

The maximum lift coe©cient reaches 1.03 at the angle of attack equal to 17◦,
followed by §ow stall from the leading edge. Oil-¦lm visualization shows that the
§ow structure changes from the attached §ow to the stall §ow, with formation
of a vase reverse §ow region (see Fig. 13). As the angle of attack is reduced, the
stall §ow regime is observed to the angle of 12◦; in this case, the drag force is
only 10% lower than the value at the angle of attack equal to 18◦, and the lift
coe©cient stays around Cy = −0.6, which is also typical for §ow stall. Thus,
there is a vast area of the hysteresis of the aerodynamic characteristics for the
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Figure 12 Oil-¦lm visualization on the leeward side of the wavy wing and its inter-
pretation; angle of attack α = −14◦ (CL = −0.93; CD = 0.15): 1 ¡ laminar boundary
layer; 2 ¡ separation bubbles; and 3 ¡ turbulent boundary layer

Figure 13 Oil-¦lm visualization on the leeward side of the wavy wing and its inter-
pretation; angle of attack α = −14◦, reduction of the angle of attack (CL = −0.56;
CD = 0.21): 1 ¡ laminar boundary layer; 2 ¡ stagnant region; and 3 ¡ reverse §ow

classical wing. This fact is illustrated by two visualization patterns obtained at
the angle of attack equal to 14◦ in the subcritical (see Fig. 12) and supercritical
(see Fig. 13) §ow regimes.

For the wavy wing, the lift coe©cient CL decreases as the angle of attack of
17◦ is reached. The domain of separation bubbles in this case is smaller than
that for the classical wing (see Fig. 14), and the maximum lift coe©cient of
the wing is the same as for the classical wing. Flow stall on the wavy wing
occurs more slowly than on the smooth wing. Gradual development of boundary
separation is observed, beginning from the wing center (see Fig. 15). Another
speci¦c feature of §ow stall on the wavy wing is intermittency of the §ow on the
interface between the separated and attached §ow regions, which is manifested in
the emergence of model vibrations. A detailed study of this phenomenon requires
additional investigations. The averaged values of the aerodynamic coe©cients
show that there is no hysteresis of the aerodynamic characteristics of the wavy
wing. The decrease in the lift force after its peak value is less pronounced than
on the classical wing.
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Figure 14 Oil-¦lm visualization on the leeward side of the wavy wing and its inter-
pretation; angle of attack α = −14◦ (CL = −1.00; CD = 0.14): 1 ¡ laminar boundary
layer; 2 ¡ separation bubbles; and 3 ¡ turbulent boundary layer

Figure 15 Oil-¦lm visualization on the leeward side of the wavy wing and its inter-
pretation; angle of attack α = −18◦ (CL = −0.8; CD = 0.22): 1 ¡ laminar boundary
layer; 2 ¡ separation bubbles; 3 ¡ turbulent boundary layer; 4 ¡ stagnation region;
and 5 ¡ reverse §ow

Figure 16 Infrared visualization on the classical wing in the supercritical §ow
regime (a) and on the wavy wing (b) at the angle of attack α = −15 .◦
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The results of IR visualization (Fig. 16) on the classical wing con¦rm the
fact of a separated §ow on the leeward side of the wing and an attached laminar
§ow on the windward side. The temperature distribution over the wing span is
uniform. For the wavy wing, the temperature distribution over the wing space on
the windward side is not uniform, but one cannot argue whether it is associated
with local separation or with a greater thickness of the attached boundary layer
in the trough, because no laminar�turbulent transition region with a clearly
expressed decrease in temperature is observed.

4 CONCLUDING REMARKS

A comprehensive study of the §ow around the wing of a small-scale §ying vehicle
with the aspect ratio λ = 3.5 is performed. The aerodynamic characteristics of
the classical wing and of the wing with a wavy surface are obtained for Reynolds
number ranging from 1.2 to 1.4 · 105 typical for this class of §ying vehicles. In
addition, the surface §ow patterns at some characteristic angles of attack are
obtained by the method of oil-¦lm visualization.

The measured results con¦rm the adverse e¨ect of a large separation bubble
on the classical wing on its aerodynamic characteristics. For the classical wing,
the shift of the maximum airfoil thickness downstream from 15% to 25% leads
to a 1.5-fold increase in the critical angle of attack, but a vast region of the
hysteresis of the aerodynamic characteristics appear in this case.

The proposed method of wing modi¦cation by making the wing surface wavy
allows signi¦cant improvement of the aerodynamic characteristics of the wings
of small-scale §ying vehicles. For airfoils with the maximum thickness at 15%
along the chord, surface waviness allows the critical angle of attack and the
maximum lift force to be increased by a factor of 1.7 and 1.55, respectively. For
airfoils with the maximum thickness at 25% along the chord, the increase in the
critical angle of attack is insigni¦cant, and the maximum lift force remains at
the same level. In this case, however, surface waviness eliminates the hysteresis
of the aerodynamic characteristics. Flow stall from the leading edge on the wavy
wing is smoother than on the classical wing, and §ow intermittency between the
separated and attached regimes is observed on some part of the wing surface,
which leads to characteristic vibrations of the wing. These vibrations can serve
as a signal of approaching critical §ow regimes for automatic control systems of
the §ying vehicle.

A comparison of the results of this work with the data of [19, 20] con¦rms
that the waviness parameters for wings operating at Reynolds numbers below
Re < 200,000 should be G < 0.15c and f < 0.015c (see Fig. 3); in this case, both
the maximum critical angles of attack and the maximum lift force are greater
than the corresponding values for the classical wing.
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Infrared visualization shows that separation bubbles on the windward side
of the wavy wing persist up to 5◦�10◦ and lead to turbulization of the bound-
ary layer on some part of the windward side of the wing, whereas a spanwise-
uniform laminar boundary layer is observed on the classical wing in these §ow
regimes. On the other hand, the separation babbles on windward side of wavy
wing does not increase the wavy wing drag coe©cient at the angle of attack
about 5◦ as compared with classical wing. So, the numbers of small separation
bubbles on wavy wing add less drag than large separation bubble on classical
wing.

Further activities in this aspect would involve optimization of wing waviness
parameters. The goal of this optimization is, on the one hand, to retain the useful
e¨ects, such as the increase in the critical angle of attack and the maximum lift
force, and, on the other hand, to reduce the drag force of the wavy wing in the
range of subcritical angles of attack to a level lower than that on the classical
wing.
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