
Volume 6 · Number 1+2 · 2014

125

The Effect of ‘Butterfly skin’ with Rough
Internal Surface on the Performances 

of an Oscillating Airfoil
Igor S. Kovalev

Science and Technology Laboratory, Kinneret College, Emek Hayarden, 15132, Israel. 
Email: kovis@ashdot-m.org.il

Received date: 3/19/2014; Accepted date: 7/22/2014

ABSTRACT
An experimental investigation was conducted of the effect of ‘butterfly skin’ (metallic
version of the butterfly scale) with rough internal surface on vibration and aerodynamic
performances of a two-dimensional, 100-mm chord, NACA-230 airfoil oscillating
through simulation of flare maneuver, in a 250 × 750 mm low-speed straight through a
wind tunnel. Attention was initially directed to this problem by observation of the rough
surfaces of butterfly wing scale as well as other studies indicating the vibration
suppression of flying butterfly and the better lift of these wings by wing appendages.
Results indicated that the ‘butterfly skin’ increased the lift force by a factor of 1.05, and
reduced both the duration of vibration by a factor of 1.13, and the frequency of an
oscillating airfoil by a factor of 1.5. The modification of the vibration effects on the
rotor blade model was due both to an increase in the added mass, which influences the
‘the butterfly skin’, and to a decrease of the internal air flow velocity by
aerodynamically rough surfaces of the air cavity. The total air mass which influences the
slender wing with the ‘butterfly skin’ was represented as the sum of air mass of three
geometrical figures: a circular cylinder around the wing and two right-angled
parallelepipeds within the air cavity. The “butterfly skin” can have constant clear
spacing of the air cavity or tapered air cavity. The interaction mechanism of a ‘butterfly
skin’ with a flow is also described.

Key Words: added mass; ‘butterfly skin’; flare maneuver; internal flow; lift; rotor blade;
rough internal surface; vibration.

1. INTRODUCTION
A progressive orientation in scientific work is to apply biological methods found in living organisms
in order to solve engineering problems. For example, Norberg R.A. [1] investigated the flight of
dragonflies. The studies showed that the pterostigma (a pigmented spot to the leading edge of insect
wing) on the one hand reduced the wing vibrations on the other hand raised the flight speed. The
pterostigma of insect wing functioned like the balance weights of a helicopter rotor blade. These
weights eliminated inertial dissimilarity between the blades and minimize vibration of the rotary
wings [2].

1.1. Scale Coverage of Lepidopterans and Hollow Wing Scale
Butterflies and moths both belong to the insect order Lepidoptera. These insects are usually called
Lepidopterans. The world “Lepidoptera” is derived from the Greek word meaning “scale wing”. The
surface of the wings of these insects is covered with millions of tiny movable appendages – scales
(Sm, S1st and S2nd (Fig. 1)). Each scale is attached to the wing membrane WM by short stalk St, which
fit into tubular socket So (Fig. 1b). The wing appendages and the wing are separated by scale wing
clearance. The butterfly scales are arranged in highly ordered rows in the same fashion as slate tiles
on a roof. In most butterflies there is one layer of these scales (Fig. 1a) or two distinct layers (Fig. 1b)
on insect wings. As rule, the scale coverage of the sub marginal area (wing tip) on butterfly wings is
mono-layered (Fig. 1a), and one of the basal area (wing root) of wings is multi-layered (Fig. 1b). The
wing surface which is covered with two layers of scales is only 5 percent of the wing surface which



is covered with one layer of scales. So, it is generally considered that on the one hand the scale
coverage of butterfly is mono layered; on the other hand the scale wing clearance is constant and
invariable in gliding flight. Moreover, studies showed that the more the number of layers of
butterfly scale coverage the large the magnitude of scale wing clearance is (hm > h1) (Fig. 1). The
moth scale coverage is more compound than the butterfly scale coverage. For example, the thickness
of the scale coverage on forewing of cabbage moth Barathra Brassicae L. (Fig. 1c) and the height
of the scale wing clearance are decreased in direction from the basal area to the sub marginal area,
and in direction from the costa (leading) edge to the trailing edge. In general, the scale wing
clearance of the ventral surface (lower wing surface) of the wing is large than clear spacing of the
dorsal surface (upper wing surface) (Fig. 1c) [3].

The distinction between butterfly scale coverage and moth scale coverage is due both to the different
aerodynamics of the wing and to the different conditions of the flight. In nature, some butterflies use
the gliding flight4. For straight and level flights, air flows over all areas of butterfly wings at constant
airspeed and at constant glide angle. So, wing scale coverage is one or two – layered. In contrast, for
most moths the flight is flapping. The moth wings rapidly change the angle of attack. Moreover, the
sub marginal area of moth wings and the marginal area are traveled through the air at different angles
of attack and at different airspeeds. Therefore, the wing scale coverage is multi – layered, and more
complex than the butterfly scale coverage.

The microstructure of the hollow wing scale (Fig. 2a) [5] is a true miracle of nature. The scale of
this tape consist of lower LL and upper UL laminae (Fig. 2b). These laminae are separated by a hollow
region and are connected by trabeculae T. The structure of the lower lamina is undifferentiated; both
surfaces of the lamina are smooth. This lamina forms a long and flattened shape of the butterfly scale.
The upper lamina is a complex micro structure consisting of longitudinal ridges which are connected
by cross ribs CR, and together they frame co-called windows to the scale interior. Overlapping
lamellae L and micro ribs MR (spacing 150 nm), which are perpendicular to the lamellae and to the
flow of surrounding air 1, form the longitudinal ridges. The inverted V-profile of the longitudinal
ridges form the micro channels, which are disposed between the rough upper lamina and smooth lower
lamina.

The scale microstructure and scale coverage of butterflies are multifunctional. Laboratory and nature
examinations showed that the presence of the scales minimized the vibration of the flapping butterfly
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Figure 1. Scale wing clearance in different scale coverages of Lepidopterans. (a) Schema of
mono-layered butterfly scale coverage. Magnification – 1000 times (× 1000). (b) Schema of

multi-layered coverage (× 1000). (c) Structure of scale coverage on forewing of cabbage
moth Barathra Brassicae L. [3] h1 – hollow region of mono-layered butterfly scale coverage,

hm – hollow region of multi-layered coverage, Sm – scale of mono-layered butterfly scale
coverage, So – socket, St – stalk, S1st – scale of 1st layer, S2nd – scale of 2nd layer, 

WM – wing membrane.



Vanessa urticae L. [6], extended the movement capability of moth Tinea tapotialla T [7], and increased
the lift of fixed-wings of the nocturnal moth (Catoealer) [8]. In addition, among all present day insects,
butterflies and moths with scale coverage are the record holders of two titles: long distance travel
(butterfly Danaus plexippus L.) and flight speed (the flight speed of the moth Agrotis ipsilo was 113
km/h) [9]. This motivated the work presented in this paper.

In a patent application I have made suggestions to manufacture the butterfly scale [10].

1.2. Flare Maneuver of Helicopter
After loss of power due to engine failure, the helicopter has the capability of making an autorotation
landing. Near the ground the pilot must flare the helicopter. The flare maneuver requires that the
collective pitch angle be raised to increase the thrust and decelerate the helicopter2. However, rapidly
increasing the angle–of–attack of airfoil generates the periodic forces (aerodynamic and inertial) at the
root of the blade, which are transmitted to the helicopter airframe, producing a periodic vibratory
response. Excessive vibration of rotary wing can be detrimental to the structural integrity of aircraft or
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Figure 2. Fragments from hollow wing scales. (a) Electron micrograph of sub marginal area
(border) of hollow wing scale on the wing of Gonepteryxr hamni. Side view (×100000) [5].
General structure of hollow wing scale. Vertical cross-section (×150000). CR – cross rib; 

L – lamella; LL – lower lamina, MR – micro rib; T – trabecula; UL – upper lamina, 1 – flow of
surrounding air.



can constraint of the helicopter speed and maneuver capability. To avoid such failures, designers of
aircraft incorporate various devices into wing structure in order, on the one hand, to increase the
damping of rotor blade, on the other hand, to increase the lift of wing and to extend the maneuver
capability of the aircraft. Applying different friction dampers is effective device in suppressing
vibration of rotor blade.

The rate of descent in autorotative flight may be slow. For example, the minimum rate of
autorotative descent of helicopter Mi-8 is only 5 m/s [11]. Real autorotation occurs at a higher rate of
descent. Typically, the rate is between 15 m/s – 25 m/s2.

Simulations of an angle-of-attack change of a helicopter blade in a wind tunnel have been conducted
on both two-dimensional airfoil [12] and on rotor [13]. N. Ham and M. Garelick [13] tested a helicopter
blade at Reynolds number of 344000; pitching rate of blade was varied between 2 and 20 radians per
second [13].

1.3 ‘Butterfly skin’
Experimentally investigations of the wing skin, called ‘butterfly skin’ (metallic version of the butterfly
scale) (Fig. 3a) showed that this skin, at a Reynolds number of 2 × 105 (the air speed of the wind tunnel
was 30 m/s), modified the aerodynamic effects and the vibration performance on the oscillating airfoil
(Fig. 3b and 3c) [14]. On the one hand, ‘butterfly skin’ increased the lift force by a factor of 1.15. On
the other hand, the wing skin reduced the damping coefficients of oscillating blade by a factor of 1.37.
The internal and external surfaces of “butterfly skin” were aerodynamically smooth [14]. Other studies
[7, 29, 30] also showed that the ‘butterfly skin’ with aerodynamically smooth surfaces increased the
duration of vibration.

However, excessive duration of airfoil vibration increases maintenance cost, passenger discomfort
and pilot fatigue. Consequently, to avoid the major problem, researchers have to develop a new design
of ‘butterfly skin’.

Studies of insect flight mechanics have elucidated some novel and unique phenomena. Hollow wing
scales of Lepidopterans (Fig. 2) do not exhibit the smooth section profile of scale associated with
modern skin, such as a shark skin [15], “riblets” skin [16] and ‘butterfly’ one [14]. Their section profiles
have corrugations; electron micrographs of these ridge corrugations show peak-to-peak amplitudes of
15 percent of the ridge height (Fig. 2b). This study researched the influence of the ‘butterfly skin’ with
rough internal surface on the virtual mass and damping coefficient of an oscillating airfoil. Previous
studies have not reported equivalent measurements at these aerodynamically low Reynolds numbers.
There is no the intention here to tailor a particular aircraft’s skin for these Reynolds number
applications, but rather to illustrate trends associated with ridge corrugations that occur in nature, and
then, to apply the aerodynamically rough surface into the ‘butterfly skin’ in order to eliminate the
problems of helicopter blades.

1.4. Damping Effect and Added Mass of Surrounding Air
The result of the rapidly changing angle-of-attack of a rotary wing is damped flapping motion of a blade [2].
Vibration performances and aerodynamic forces of an oscillating airfoil are described by added mass
and damped coefficients [17]. The motion of a solid blade in an air flow can be explained by a lamped
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Figure 3. (a) ‘Butterfly skin’ [14], (b) Damped oscillating of turbine blade with ‘butterfly skin’, 
(c) Damped oscillating of turbine blade with smooth skin. q – amplitude, t – time, 

ξ − damping ratio.



parameter model [18] as shown in Fig. 4a. In this model m stands for total mass of flapping blade, 
C – total damping, k – stiffness of blade, F – force, q – motion and G – ground. The differential equation
of motion for the above described model of blade can be written as [19]

                                                                  mq·· = Cq
.

+ kq = F                                                               (1)

m may be determined by:

                                                                       m = mb + ma,                                                                   (2)

where mb – solid blade mass; ma – added air mass. C may be determined by:

                                                                       C = Cb + Ca,                                                                   (3)

where Cb – damping of oscillating airfoil; Ca – added damping.
Damping is the process by which vibration steadily reduces its amplitude and duration. The rate

at which the vibration amplitude decays is controlled by the damping ratio ξ. The added damping
is the reduction of the vibration performance of oscillating blade by the vibration suppression
devices [20].

The added mass (the virtual mass) is a portion of the surrounding air that accelerated as though it
were rigidly attached to the structure [19]. In general the added mass is a function of the geometry,
structure, body weight, velocity, and the vibration amplitude.

Alternatively, the rotor blade can be modeled as a simple cantilever beam (blade) [2, 21], as shown
in Fig. 4b. In this scheme q stands for beam deflection and l – length of beam. The force F of the
flapping elastic blade can be calculated by simple beam bending theory.

                                                                       F = 3 EIxq/l3,                                                                   (4)

where E is Young’s modulus; Ix is the second moment of the cross section area.

1.5. Effect of Internal Fluid Flow
The influences of internal fluid flow on the vibration properties of structures, such as natural frequency,
damping and stability, have been studied for over 60 years [22]. Experimental studies showed that, on
the one hand, small flow velocity induces damping in all modes of the cantilever pipes conveying fluid,
indicating that the system is stable, on the other hand, at sufficiently high flow velocity, the system
becomes unstable [23].

The focus of the present paper is to simulate the angle-of-attack raise of a rotor blade model
through flare maneuver and to research the influence of a ‘butterfly skin’ with rough internal surface
on vibration and aerodynamic performances of oscillating airfoil. The experimental results are
presented first.
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Figure 4. (a) Lumped parameter model for solid blade, (b) Scheme of the cantilever beam
subjected to an end force in small deformation.



2. MATERIAL AND EXPERIMENTAL METHODS
2.1. Wind-tunnel
The aerodynamic properties of rotor blades were tested in the Zaporozhye Machine-Building Design
Bureau low speed straight through wind-tunnel (Fig. 5). Air was driven from the high pressure storage
HPS through the valve Va into the wide chamber WC (diameter of 10000 mm) where its velocity was
low. The screen S of wire gauze helped to equalize the velocity, across the cross-section of the chamber.
The honeycomb H ensured that there was no large-scale swirling around in the channel, but that the air
traveled along it in straight lines. The irregularity of wind of the wide chamber was swamped by the
large space. Thus the uniform increase in velocity that occurred when the air passed through the much
narrower nozzle N (250 mm × 750 mm in size) was attained. The contraction section of the nozzle was
designed using a matched pair of cubic curves. Thus, the wind in the working section was uniform and
laminar. The air speed of the wind tunnel was 30 m/s. One typical Reynolds based on chord length on
this wind speed was 200000.

Test section winds were measured using a Pitot-static tube connected to a Datametric Barocel
Electronic Manometer. Pressure differences down to 0.0001 in H2O could then be measured. Turbulent
velocity data and mean speed were also measured by using a constant temperature hot-wire
anemometer. The temperature of the air was maintained at 20°C.

2.2. Airfoils
Two different airfoils were used. The skin of the first airfoil was imitated from the hollow wing scale
(Fig. 2b). This skin, called ‘butterfly skin’ was 333 times life size (the thickness was 1 mm) (Fig. 6).
‘Butterfly skin’ was composed of two layers. The upper metal wall UW and the lower metal wall LW
were separated by an air cavity (0.4 – 0.7 mm in clear spacing). Both sides of the upper wall were
covered with a large number of spanwise grooves. The depth of each groove was 0.5 mm. The ridges Ri
(spacing 1 mm) with an inverted V-profile were formed between grooves. The grooves of the external
surface were provided with lines of perforations (each opening was 0.4 mm × 0.4 mm in size).

The inverted V-profile of the ridges formed the channels, which were disposed between the
upper metal wall and lower wall. The lower metal wall was similar to a thin sheet. The internal
surfaces of recess were covered with a large number of micro corrugations, which were
perpendicular to the ridges Ri, and to the flow of surrounding air 1. The depth of each corrugation
was 0.05 mm.

The second airfoil was geometrically similar to the first wing (the airfoil was NACA 230; the
chord of the wings was 100 mm and the length was 250 mm). It was the principal concern of this
study to qualitatively determine the effect of ‘butterfly skin’ with rough internal surface on
vibration and aerodynamic performance of an oscillating airfoil. Therefore, the skin of the second
rotor blade was mono-layered, smooth and airproof. The design of the skin is traditional for modern
rotor blade. These properties of the first airfoil were compared with that of the second airfoil.
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Figure 5. Scheme of the straight through wind-tunnel. H – honeycomb flow straightened;
HPS – high pressure storage; N – nozzle; RBM – rotor blade model; S – screen; 

Va – valve; WC – wide chamber.



The special arrangement rapidly raised the angle–of–attack of the airfoils from 0 to 20 degree about
their longitudinal axis in the wind tunnel. The pitching rate of the two blades was 20 degrees/sec. Two
different airfoils were subjected to the same flow at identical angles of attack.

2.3. Instrumentation
The vibratory response apparatus consisted of a small piezoelectric accelerometer (model Kistler
8704B100), an oscilloscope O (model Hawlett-Packard), and a multichannel recorder Re (model
Philips) (Fig. 7). The forces on the airfoils were measured using a force balance. The balance was
designed for a measurement range between 0.1 mm and 10 mm amplitude of flapping motion of tip
edge. The calibration accuracy and the resolution at low speeds was ± 0.1 mm amplitude. The
suspension of the balance was the beam spring BS (Fig. 7). The width of the beam spring was 30
mm and the thickness was 5 mm. Four strain gauges SG (Fig. 7) (gauge type CEA-13-125 UW-120)
were mounted on both sides of the beam spring. Each force sensing element was attached to the
longitudinal axis of the balance suspension. Two orthogonally pairs of the transducers were wired
in full bridge configuration. The sensitivity of the transducer to an excitation of 10 V was 700 NV–1

and 740 NV–1. The load sensitivity of the balance was adjusted by an exchangeable beam spring.
Each airfoil was fixed to the force balance suspension so that the transducer channel measured the
forces Fz normal to the rotor blade model RBM (Fig. 7). These forces were then used for further
processing.

Igor S. Kovalev 131

Volume 6 · Number 1+2 · 2014

Figure 6. A vertical cross-section of the ‘butterfly skin’. LW – lower wall; Ri – ridge; 
UW – upper wall; 1 – flow of surrounding air.

Figure 7. Fastening the strain gauges on the beam spring. BS – beam spring; 
O – oscilloscope; RBM – rotor blade model; Re – recorder; SG – strain gauges; 

1 – flow of surrounding air.



3. RESULTS AND DISCUSSION
3.1. Unsteady Aerodynamic Loading
Rapidly increasing the angle–of–attack of airfoil in the flow triggered flapping motion, as was
previously stated. The following sequence of unsteady environment events in both the first airfoil and
the second airfoil was observed at high rates of angle–of–attack change: initially an overshoot of
loading; then a decrease of the aerodynamic loading; and finally, a steady aerodynamic environment of
the airfoils. As shown in Fig. 8, an aerodynamic influence on the airfoils in unsteady conditions was far
more powerful than in static conditions. The character of the unsteady aerodynamic loading on the
airfoil compares well with one on an airfoil for high rates of angle–of-attack change [2].

Experimental tests with metal scale models of insect wings revealed that for small deflections,
corrugated beams, which were loaded as cantilevers would behave as was predicted by simple beam
bending theory [24]. As shown in Fig. 7, the rotor blade models are not beams of regular cross section.
It was assumed that these blades in flow would behave like cantilevered beams of regular cross section
(the width of the beams was 25 mm, the thickness was 10 mm, the length was 525 mm, Young’s
modulus was 2.2 × 1011 Pa and the second moment of cross section area was 2.1 × 10–9 m4), which were
loaded by air force F.

Using the expression 4, we find that on the one hand the ‘butterfly skin’ with rough internal surface
of the rotor blade model increases the aerodynamic loading F by a factor of 1.05. The increase of a lift
on the airfoil with the skin was consistent with results from other studies [14]. On the other hand,
aerodynamic influence on the rotor blade model with the ‘butterfly skin’ was less lasting than on the
model with the smooth skin.

3.2. Damping Coefficients
The parameters of flapping airfoil were determined by using the Hamilton’s method [25]. Amplitude of
cosinusoidal oscillation of airfoil q may be described by:

                                                                                                                                
(5)

where q0 is peak magnitude of the initial condition, ξ is the damping ratio, fn is the undamped natural
frequency, and t is time. The damping ratio ξ may be determined by:

                                                                                                                                   (6)

The logarithmic decrement of δ were obtained by:

                                                                                                                                         (7)

where n is the cycle number, q is the peak magnitude of this cycle. As shown in Fig. 8, the analysis of
the oscillogram shows that the damping ratio of the rotor blade with the ‘butterfly skin’ was ξ = 0.086,
and one of the rotor blade with the smooth skin was ξ = 0.079; the logarithmic decrement of the first
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Figure 8. Damped oscillating of airfoil through simulation of flare. (a) Rotor blade model 
with ‘butterfly skin’, (b) Rotor blade model with smooth skin. fd – damped natural 

frequency of rotor blade model, ξ − damping ratio.



rotor blade was δ = 0.54, and one of the second rotor blade was δ = 0.5. The calculation ξ and δ of the
rotor blade with the ‘butterfly skin’ was based on peak magnitudes of amplitudes q0 and q4; the
calculation ξ and δ of the rotor blade with the smooth skin was based on peak magnitudes of amplitudes
q0 and q5 (Fig. 8). We thus see that the ‘butterfly skin’ with rough internal surface increases the damping
ratio ξ of the flapping rotor blade model by a factor of 1.09, and as a consequence reduces the duration
of vibration by a factor of 1.13.

Total damping of flapping rotor blade model C has two parameters (expression 3). There is damping
of oscillating airfoil Cb, and there is also added damping Ca. Since in this experiment the airfoil with
‘butterfly skin’ and the airfoil with the smooth skin were subjected to the flow at identical damping of
oscillating airfoil Cb, it follows that the increase of the total damping and of the damping ratio ξ of
airfoil with the ‘butterfly skin’ was a result of an increase of the added damping Ca.

3.3. The Concept of the Flow and ‘Butterfly skin’ Interaction
Camron C. Land showed the interaction mechanism of a double wall structure of a turbine blade with
a cooling fluid [26]. Wilkinson developed the interaction mechanism of a perforated wall with a
turbulent viscous sub layer [27]. I developed the interaction mechanism of a ‘butterfly skin’ with a flow
on a basis of Wilkinson’s mechanism and of Land’s mechanism. Fig. 9 shows a schematically drawing
of what can be assumed to happen.

In Fig. 9 I plotted a local flow pattern in (Y-Z-X) plane around a cross-section of the ‘butterfly skin’.
The rapidly raised angle–of-attack of the rotor blade model produces a region of high pressure of air HP
on the upper wall surface facing the mean flow 1 (Fig. 9). In this region, air is released downward
perpendicularly through the holes of the perforated wall into the region of low pressure LP of the air
cavity. The aspiration of the flow 2 in the recess produces both a pressure increase in the cavity and the
air transfer 3. The inverted V – profile of the ridges forms the miniaturized channels between the upper
and lower walls. These channels as well as the ridges determine a direction of internal flow 3 (Fig. 9).
Corrugations of the cavity perpendicular to the direction of air transfer 3. The region of high pressure of
air HP on the upper wall surface forces internal flow 3 through aerodynamically rough surfaces of the
air cavity. The result of the air transfer 3 in the recess with rough internal surfaces is the dissipation of
energy of internal air flow 3. As a consequence, the velocity of air travel is slowed down. Based on the
work of Gregory and Païdoussis [23], it has been concluded that small velocity of internal air flow
increases the damping [23] of the rotor blade model with, and reduces the duration of airfoil vibration.
In other words, the damped oscillating of airfoil with ‘butterfly skin’ is less lasting than oscillating of
airfoil with smooth skin. On the other hand, air flows faster into the recess with smooth internal surfaces
[14] than into the recess with rough internal surfaces. High flow velocity of the air travel reduces the
damping [23] of the structure conveying air, and increases the duration of airfoil vibration [14].
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Figure 9. The influence of the flows on the surface configurations of ‘butterfly skin’. 
1 – mean flow; 2 – aspiration of air; 3 – internal flow, air transfer; 

HP – high pressure; LP – low pressure.



3.4. Added Air Mass of Oscillation Airfoil
The analysis of damped oscillating of airfoil through simulation of flare (Fig. 8) shows that the
‘butterfly skin’ reduces the damped natural frequency fd of the airfoil by a factor of 1.5. The natural
frequency f may be approximated as follow:

                                                                                                                                         (8)

Where k is the stiffness of blade, m is the total mass of flapping of the rotor blade model (expression 2).
The stiffness was 2.9 × 104 Н/м for the two models; the total mass was 1000 g for the two models. Since
the airfoil with the ‘butterfly skin’ and the airfoil with the smooth skin were subjected to the flow at
identical blade mass mb and stiffness of blade k, it follows that the reduction of the natural frequency
of the airfoil with the ‘butterfly skin’ f was a result of an increase of the added air mass ma which
influences the airfoil and is set in motion together with the oscillating wing. Using the expressions for
the frequency f (expression 8) and the total mass m (expression 2), we find that the ‘butterfly skin’
increases the air mass which influences the airfoil by a factor of 1.2.

A comparison of the interaction mechanisms of the two wings shows that the rotor blade with the
‘butterfly skin’ interacts with mean flow 1, enter flow 2, and internal flow 3 (Fig. 9). On the other hand
the smooth and airproof skin interacts only with mean flow. We thus see that the structure of ‘butterfly
skin’ increases the volume of the added air which influences the skin and is set in motion together with
the oscillation blade.

3.5. Air Mass Which Influences the Slender Wing
Inviscid flow theory shows that the virtual mass of a slender wing accelerated normal to its chord is
equal to the mass of air in an imaginary circular cylinder around the wing with the chord as its diameter
(Fig. 10a) [28]. A wing section with smooth skin thus has a virtual air mass of circular cylinder ma′ per
unit span equal to

                                                                                                                                         (9)

where ch is uniform-chord wing (ch = constant), and ρ is the mass density of air. The virtual mass of
the slender wing with smooth skin is given by

                                                                                                            (10)

Where R is the length of the wing. The total air mass which influences the slender wing with ‘butterfly
skin’ may be represented as the sum of air mass of geometrical figures: a circular cylinder (imaginary
figure), and two right – angled parallelepipeds (reality figures) (Fig. 10b). The wing section thus has
an air mass mt′ per unit span equal to

                                                                                                        (11)

where mp′ – virtual mass of right – angled parallelepiped per unit span, h – clear spacing of the air
cavity (h = constant).

The total air mass which influences the slender wing with ‘butterfly skin’ then is

                                             (12)

Expression 12 shows that the increase of the total air mass can be obtained, within limits, by
increasing the clear layer spacing, but this increases the structural weight of the rotor blade. hfbr –
forward clear spacing on bottom of blade root, hfbt – forward clear spacing on bottom of blade tip, hftr –
forward clear spacing on top of blade root, hftt – forward clear spacing on top of blade tip, hrbr – rear
clear spacing on bottom of blade root, hrbt – rear clear spacing on bottom of blade tip, hrtr – rear clear
spacing on top of blade root, hrtt – rear clear spacing on top of blade tip.

By analogy with the scale coverage of Lepidopterans, the structure of the ‘butterfly skin’ can be
classified as two types: one with constant clear spacing of the air cavity (Fig. 11a) and the other with
variable clear spacing (Fig. 11a and 11b). The first type of skin is imitated from the butterfly scale
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Figure 10. Air masses of different airfoils. (a) A slender wing with smooth skin, 
(b) A slender wing with ‘butterfly skin’. ch – airfoil chord, R – airfoil length, ma – added air
mass of circular cylinder, mp – added air mass of right – angled parallelepiped, h – clear

spacing of the air cavity, TW – slender wing, 1 – flow of surrounding air.

Figure 11. Different air cavities of ‘butterfly skin’ on parallel plan form blade 
(a) Rotor blade with constant clear spacing of air cavity, (b) Blade root with variable air

cavity of ‘butterfly skin’, (c) Blade tip with variable air cavity of ‘butterfly skin’.



coverage (Fig. 1a). This skin is attached to the wing surface of the aircraft which operates at constant
airspeed and constant angle of attack (for example: wing of a glider). The second type of skin is
imitated from the moth scale coverage (Fig. 1c). This skin is attached to the surface of the helicopter
rotor blade which operates at different airspeeds and at different angles-of-attack. The height of the air
cavity is decreased in direction from the blade root to the blade tip (hftr > hftt, hrtr > hrtt, hfbr > hfbt, hrbr >
hrbt), and in direction from the leading edge to the trailing edge (hftr > hrtr, hftt > hrtt, hfbr > hrbr, hfbt > hrbt);
the clear spacing of the scale coverage which is attached to the lower blade surface more than one of
the upper blade surface (hfbr > hftr, hrbr > hrtr, hfbr > hftt, hrbt > hrtt).

4. CONCLUSIONS
It thus seems that the oscillating airfoil with the ‘butterfly skin’ has, at a Reynolds number of 330000,
the obvious advantages of lift force and reduction both of vibration duration, and frequency of an
oscillation airfoil by comparison with a traditional rotor blade. The modification of the vibration
effects on the model is due to an increase in the virtual air mass, which influences the ‘butterfly skin’
and to a decrease of the internal air flow velocity. The ‘butterfly skin’ can have constant clear spacing
of the air cavity or tapered air cavity. The interaction mechanism of a ‘butterfly skin’ with a flow is
also described. The total air mass which influences the slender wing with the ’butterfly skin’ is
represented as the sum of air mass of three geometrical figures: a circular cylinder around the wing
and two right-angled parallelepipeds within the air cavity. Analytical study shows that increasing the
clear spacing of the air cavity would tend to increase the total air mass even more. However, a
parametric study of an air cavity was not within the scope of this experiment. A full explanation must
await more detailed studies. But it does not seem unreasonable to suggest the possibility of some
optimal cavity geometry and rough internal surface to further augment the lift force and to reduce the
vibration of airfoil.
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List of symbols
Roman symbols

BS beam spring
C total damping
Ca added damping
Cb damping of oscillating airfoil
CR cross rib
ch airfoil chord
D depth of groove
E Yong’s modulus
F lift force
Fz force, which normal to the rotor blade model
f natural frequency of rotor blade model
fd damped natural frequency of rotor blade model
fn undamped natural frequency of rotor blade model
G ground
H honeycomb flow straightened
HP high pressure
HPS high pressure storage
h clear spacing of the air cavity
hm hollow region of multi-layered coverage
hfbr forward clear spacing on bottom of blade root
hfbt forward clear spacing on bottom of blade tip
hftr forward clear spacing on top of blade root
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hftt forward clear spacing on top of blade tip
hrbr rear clear spacing on bottom of blade root
hrbt rear clear spacing on bottom of blade tip
hrtr rear clear spacing on top of blade root
hrtt rear clear spacing on top of blade tip
h1 hollow region of mono-layered butterfly scale coverage
Ix second moment of cross section area
k stiffness of blade
L lamella
LL lower lamina
LP low pressure
LW lower wall
l length of beam
MR micro rib
m total mass of flapping rotor blade model
ma added air mass/added air mass of circular cylinder
mb oscillating blade mass
mp added air mass of right – angled parallelepiped
mt total air mass of slender wing with ‘butterfly skin’
ma′ virtual mass of circular cylinder per unit span
mp′ virtual mass of right – angled parallelepiped per unit span
mt′ total air mass of slender wing with ‘butterfly skin’ per unit span
N nozzle
O oscilloscope
R airfoil length
RBM rotor blade model
Re recorder
Ri ridges
q amplitude of flapping motion of tip edge/motion
q0 peak magnitude of the initial condition
S screen
SG strain gauges
Sm of mono-layered butterfly scale coverage scale
So socket
Sp spacing
St stalk
S1st scale of 1st layer
S2nd scale of 2nd layer
T trabecula
Th thickness of ‘butterfly skin’
TW slender wing
t time
UL upper lamina
UW upper wall
Va valve
WC wide chamber
WM wing membrane

Greek symbols
ξ damping ratio
δ logarithmic decrement

Indiannumber symbols
1 mean flow/flow of surrounding air
2 aspiration of air/enter flow
3 internal flow/air transfer.
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