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Aerodynamic Loads on Airfoil with Trailing-Edge
Flap Pitching with Different Frequencies
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Unsteady aerodynamic loads on NACA 0012 airfoil with a trailing-edge flap were measured in wind tunnel and
calculated from a simple theoretical model. The airfoil model of 0.18 m chord length used in wind-tunnel test was
oscillating in pitch about an axis located at 35% chord length from the airfoil leading edge. The length of trailing-
edge flap was 22.6% of airfoil chord. The flap was also deflecting harmonically, but with frequency different from
airfoil pitching motion. The influence of phase delay between airfoil angle of incidence and flap deflection at the
beginning of the motion was considered. The theoretical method used for calculation of unsteady airfoil loads
is based on two-dimensional, inviscid, incompressible flow model at subsonic Mach numbers. The expressions
for unsteady aerodynamic loads calculations on the airfoil and on the flap were obtained in a closed form using
distribution of flow velocity potential along the airfoil chord and along the flap length. Lift and aerodynamic moment
measured in the wind tunnel were compared with results of calculations. The correlation between experimental
and theoretical results is adequate.

Nomenclature
a( )n , b( )n = polynomials coefficients in approximation

of the lift deficiency function
ab = distance of the airfoil aerodynamic centre

from the midchord
b = half airfoil chord, b = c/2
CD = drag coefficient
C f/(m) = lift/(moment) deficiency function
CL = lift coefficient
CM = pitching-moment coefficient
c = airfoil chord
cp = pressure coefficient
cδ = position of flap hinge relative to the midchord
f = frequency of airfoil oscillations
fδ = frequency of flap oscillations
H(s) = polynomial N th order in the numerator of lift

deficiency function approximation
h(t) = plunge translation of airfoil
K (s) = polynomial N th order in the denominator of lift

deficiency function approximation
k = reduced frequency, =(ωb)/U = (π f c)/U
L ( ) = airfoil lift
M = Mach number
Mh = flap hinge moment
M( ) = airfoil pitching moment
N = order of approximation of lift deficiency function
p = pressure
Q(s) = forcing function in flow state equation for

circulatory lift
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R = radius of helicopter rotor
Re = Reynolds number
r = distance of the blade section from the rotor axis
s = complex variable, = jω
T( ) = period of oscillations
t = time
U (t) = freestream velocity
W (t, x) = velocity of airfoil in the x coordinate
w(t, x) = flow velocity perpendicular to the airfoil surface
w( )i = Fourier series coefficients of velocity distribution

along the chord; i = 0, 1, 2, 3
x = distance along the chord from the leading edge
y( )(s) = state variable in differential equation for circulation

part of the flow
α(t) = airfoil angle of attack
α0 = mean airfoil angle of attack for harmonic motion
γ( )w = circulation in the wake
γ̄( )w = complex amplitude of assumed periodic wake
�p = pressure difference between upper and lower

airfoil surface
�t = time of angle phase lag
�α = amplitude of the airfoil angle of attack harmonic

oscillations
�δ = amplitude of the flap angle of deflection harmonic

oscillations
�� = difference of velocity potential � at the upper

and the lower airfoil surfaces
δ(t) = angle of flap deflection
δ0 = mean angle of flap deflection
ξ = coordinate along the wake
ρ = air density
� = flow velocity potential
φ = coefficients for flap velocity calculations
ϕ = phase shift between airfoil and flap deflections

 = helicopter rotor angular rate
ω( ) = angular frequency

Subscripts

d = flap, after correction for the length
h = flap hinge
0 = total airload
α = airfoil
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δ = flap
(.) = derivative with respect to time

I. Introduction

A CONCEPT of “smart structure” in aeronautics is aimed on
controlling various elements and systems of aircraft in a non-

classical, more advanced way. This concept has been extensively
investigated for prospective applications to helicopter rotor and ro-
tor blades1 from the beginning of the 1990s. Various methods of
varying shape of rotor blades are being explored, starting form con-
trolling in “a large scale” by changing the blade camber, adding the
trailing edge flap or leading edge slot,2 to controlling in “a small
scale” by varying the shape of the airfoil.3 Similar concepts of active
control of blades are also considered for application in wind-turbines
design.4

It seems that the most substantial results in application of smart
structures in helicopter rotors were achieved for the concept of ac-
tively controlled flaps mounted on the rotor blade trailing edge.5−8

Different tasks such as performance improvement, vibration sup-
pression, diminishing noise level, etc. are expected to be achieved
by proper controlling deflection of the trailing-edge flap. Although
in these research activities mainly harmonic oscillations of flap de-
flections are considered, it can be expected that a “smart driving
mechanism” will allow obtaining controlled, arbitrary, nonharmonic
motion of the trailing-edge flap, which in simulations proved to be
useful for improvement of rotor performance.9

Aerodynamic loads play an essential role in rotor aeroelastic be-
havior, and so their proper modeling is an important part of research
concerning the prospective application of a trailing-edge flap. Var-
ious theoretical approaches to calculate aerodynamic loads on an
airfoil with trailing-edge flap were developed,10 but it seems that
there are not many experimental and theoretical results for oscillat-
ing airfoils with oscillating trailing-edge flaps published in available
generally references.

The main difficulty in the evaluation of methods for unsteady
loads calculation is the lack of experimental data within proper
ranges of aerofoil and flap motion degrees of freedom and Mach
number. It seems that up until now there were no such experimental
data published in generally available publications for aerofoil and
flap. It concerns especially the cases when the airfoil and the flap
perform different forms of motion. This paper is aimed at contribut-
ing to fill this gap. It is composed in the following way.

First a short overview of methods available for calculations of air-
loads on airfoil with trailing-edge flap is presented. Then the method
for the calculation of airloads on an airfoil with trailing-edge flap,
both performing arbitrary motion (first time presented in Ref. 11), is
briefly reviewed. This revision is necessary because of the improve-
ments of the method, developed since its first publication.12 In the
subsequent part of the paper, the methodology and the equipment
used in experimental measurements of unsteady loads on airfoil
with deflecting flap are described and sample results presented. The
influence of the phase shift between airfoil and flap movement at the
beginning of the tests is discussed. In the final section of the paper,
the comparison of experimental and theoretical results is presented.
Good correlation of experimental and theoretical results is obtained,
despite the simplicity of the theory. It proves the applicability of the
method to unsteady load calculations in simulation of helicopter
rotor-blade motion.

II. Overview of the Methods for Airfoil Unsteady
Airloads Calculations

Despite the latest achievements in computational fluid dynamics
(see for instance Refs. 13 and 14), the capability of solving a com-
plete set of unsteady equations modeling the flow around an aerofoil
with a trailing-edge flap both performing arbitrary, different motion
is still a challenging task. A way to avoid time-consuming CFD cal-
culations is to use simplified methods. This approach seems useful,
for instance, in performing simulations of aeroelastic behavior of he-
licopter rotor. In the most useful methods for calculation of unsteady
aerodynamic loads in aeroelastic simulations, the flow motion is de-

scribed in state variables by set ordinary differential equations. It
allows including such expressions directly into simulation codes for
helicopter flight dynamics, rotorcraft aeroelastic analysis, as well as
into codes of Floquet or eigenanalysis for stability evaluation, and
for calculating gains in control algorithms. Aerodynamic models in
state variables can account for arbitrary aerofoil motion and can cap-
ture history of the flow, which is inherent for unsteady aerodynamics
models.

A practical method for calculating unsteady aerodynamic loads
for application to helicopter rotor blade does not need to be too
general. Up until now the assumption of a two-dimensional flow
environment has been well justified. The limits of flow parameters
to be covered by prospective method can be estimated taking into
account average rotor data: 1) flap can be placed from 0.2R (due to
hub elements) to 0.95R (due to modern advanced tips); and 2) flow
velocity about in the cross section of rotor blade comes from shaft
rotation and can be estimated as 220 m/s and form forward flight
speed of helicopter, from which the highest value can be assumed
as 300 km/h = 84 m/s, which gives a total rotor tip speed of about
300 m/s, and Mach number about 0.9.

Reduced frequency based on rotor angular velocity can be esti-
mated as

k = (ωc)/(2U ) = (
c)/(2
r) = c/(2r) (1)

where r is the distance of the blade cross section from the shaft axis.
So the parameters of the flow considered in modeling of unsteady

airloads on helicopter rotor blade can be assumed as

k ∈ (0.04 ÷ 0.14), M ∈ (0.9 ÷ 0) (2)

In the past and also now rotorcraft methods for calculating aero-
dynamic loads are being developed somehow parallel to fixed-wing
methods, as a result of some peculiarities of rotor flow, especially
vortex shape. For modeling devices mounted on the blade, the meth-
ods from fixed wing are widely adopted.

The unsteady aerofoil aerodynamic methods have been usually
formulated in the frequency domain. This formulation is convenient
in investigating stability for one discrete frequency. It is not appro-
priate in rotary-wing case, as, because of periodic excitation, there
can be several frequencies at which instability can occur.

There were several overviews of methods for calculating unsteady
aerofoil loads (for instance, see Ref. 15), but it is difficult to find an
overview of methods specific for calculating unsteady aerodynamic
loads on an aerofoil with trailing-edge flap. The statement can be
found in some papers (for instance, see Ref. 16) that “extension of
the method to aerofoil with flap is obvious and the work is left to the
reader.” So it seems worth reviewing at least some papers in which
the trailing-edge flap/tab is considered.

The methods for calculating unsteady aerodynamic loads on an
aerofoil with a trailing-edge flap were developed in response to the
needs of current designs. The role of driving forces for the progress
in development of theoretical and computational methods can be
attributed (in chronological order) to augmentation of lift (steady
loads), preventing flutter of aileron (flap), investigating transonic
buzz, implementing systems for active flutter suppression, and now
to concept of smart structure technology.

The first papers dated to the 1930s and 1940s were devoted to
investigation of lift-augmenting systems, and steady airloads were
considered. The overview of the static airfoil data with lists of ref-
erences can be found in Refs. 17–19. In that time, the methods
for unsteady loads were developed mainly in the frequency domain
for investigating possibility of flutter-type instability of wings with
ailerons. The classical approach for calculation of unsteady air-
loads on an aerofoil with a trailing-edge flap for subsonic, incom-
pressible flow was developed by Theodorsen20 and next extended
by Theodorsen and Garrick21 to wing aileron-flap configuration.
Some papers from that period (e.g., Refs. 22 and 23) concern mainly
derivatives of aerodynamic loads vs flap deflection. The important
restrictions of the methods from that time in application to rotor-
craft concerned assumptions of constant flow velocity, no chordwise
motion, and the same motion of aerofoil and flap. The extension of
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these methods made by Greenberg16 takes into account the varying
freestream velocity, but not varying flap deflection.

In the 1950s a lot of effort was spent on unsteady, transonic air-
loads, because of the need for preventing transonic buzz.24,25 The
experimental works25 in NLR (The Netherlands) should be quoted
here.

In the 1960s and 1970s systems for active flutter suppression
evoked the need for accounting for arbitrary airfoil motion. The main
papers26,27 which appeared in that time were devoted to arbitrary flap
motion relative to the fixed aerofoil. The transformation to the time
domain applied for instance in Ref. 28 allows the releasing of the
method limitations to harmonic motion only.

Now the main need for considering arbitrary motion of an aerofoil
with a flap stems from rotorcraft activity caused by prospective
application of smart structures.

In rotorcraft applications at the beginning, usually the methods
used for calculations of unsteady airloads were extensions or adap-
tations of fixed-wing cases (see Refs. 29–31). The review of these
attempts is done in Ref. 32. These extensions did not include trailing-
edge flaps.

For arbitrary flap motion, the indicial function approach was de-
veloped and investigated in Refs. 33 and 34, and arbitrary motion
was included as empirically justified corrections. The extension of
the approach from Ref. 16 was developed in Ref. 35. In Ref. 36 pre-
viously developed state modeling using Theodorsen function was
applied. A heuristic application of the ONERA stall model was ap-
plied in Ref. 9.

III. Method for Calculation
of Aerodynamic Unsteady Loads

The method used in this study for comparison with experimental
data was developed in 1995 in Ref. 11. Since then, the method has
been improved.12 As the improved method has not been presented
in widely known journals, it is worthwhile to give description here,
which would allow implementation by other authors.

The method concerns a thin, low cambered aerofoil with a flap at
the trailing edge in inviscid, incompressible, two-dimensional flow
(Fig. 1). Both aerofoil and flap can perform arbitrary motions, and
so freestream velocity U (t), airfoil plunge translation h(t), aerofoil
angle of incidence α(t), and angle of flap deflection δ(t) can be
different functions of time. It is assumed that flow parameters do
not exceed values at which flow separation occurs.
The potential of velocity perturbation fulfills the Laplace equation

∇2� = 0 (3)

with the following boundary conditions: 1) on the aerofoil—a com-
ponent of a flow velocity perpendicular to the aerofoil matches that
of the aerofoil; 2)

w(x, t) = W (x, t) (4)

3) at infinity—the perturbation of velocity potential should vanish.
The pressure difference between upper and lower airfoil surfaces

is obtained from the linearized Bernoulli equation, using the velocity
potential:

�p = −ρ

[
∂

∂t
+ U (t)

∂

∂x

]
�� (5)

where �� is the difference of velocity potential � at the upper and
the lower airfoil surfaces �� = �|U − �|L .

Fig. 1 Model of thin aerofoil
with a trailing-edge flap per-
forming arbitrary motion.

Fig. 2 Velocity decomposition for calculation of aerodynamic loads.

Lift and moment on aerofoil and flap are calculated by integrating
the pressure distributions along the airfoil chord:

L0(t) =
∫ b

−b

(−�p) dx = ρ

∫ b

−b

[
∂��

∂t
+ U (t)

∂��

∂x

]
dx (6)

M0(t) = −
∫ b

−b

(−�p)x dx + abL0(t)

= −ρ

∫ b

−b

[
∂��

∂t
+ U (t)

∂��

∂x

]
x dx + abL(t) (7)

It is assumed that lift is positive upward. Moment is positive, when
the aerofoil rotates the leading edge upward. Moment is calculated
relative to the midchord, assuming that aerofoil aerodynamic center
is situated at a distance a from midchord.

Total unsteady loads (both lift and moment) are calculated as the
sums of contributions from the aerofoil and the flap:

Total lift:

L0 = Lα + Lδ (8)

Total moment:

M0 = Mα + Mδ (9)

Flap hinge moment:

Mh = Mδ(a = cδ) (10)

The velocities on the airfoil (without flap motion) and on the
flap itself are considered separately (Fig. 2). In this method the
distribution of loads between the aerofoil and the flap is based on a
velocity criterion. This is the main difference between this approach
and the previous works, mainly based on spatial decomposition.

The aerodynamic loads described next as “aerofoil” result from
velocities along the total aerofoil, that is, the full chord length (flap
included). The flap loads stem from variation of velocity caused by
the flap motion relative to the aerofoil. As a the result of this ap-
proach, the same general expressions for calculating contributions
to loads from the aerofoil and from the flap are obtained.

The airfoil bound circulation is calculated as the sum Fourier se-
ries along the chord, for which the Fourier components of airfoil
velocities w( ) along the chord should be taken. For airfoil loads the
velocity without flap should be taken into calculations. For calcu-
lating flap airloads, the flap velocities relative to the aerofoil should
be modified according to the formulas:

φ = arccos(cδ/b) (11)

wd0 = φwδ0 + 0.5wδ1 sin(φ) (12)

wd1 = 2wδ0 sin(φ) + wδ1[φ + 0.5 sin(2φ)] (13)

wd2 = wδ0 sin(2φ) + 0.5wδ1

[
sin(φ) + (

1
3

)
sin(3φ)

]
(14)

wd3 = (
2
3

)
wδ0 sin(3φ) + 0.5wδ1[sin(2φ) + 0.5 sin(4φ)] (15)

Including coefficients of the Fourier series of velocity potential
into Eqs. (6) and (7), the general form of expressions for aerody-
namic loads are obtained for aerofoil and flap, that is,
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Lift:

L ( )(t) = L ( )C + L ( )N (16)

L ( )C (t) = 2πρQ( )(t)C f (t, γ( )w) (17)

L ( )N (t) = πρb2

[
ẇ( )0 −

(
1

2

)
ẇ( )2

]
(18)

Q( )(t) = U (t)

[
w( )0 +

(
1

2

)
w( )1

]
(19)

C( ) f [t, γ( )w] =
∫ ∞

b

γ( )w

(√
ζ + b

ζ − b
− 1

)
dζ

+ 1

U (t)

∂

∂t

∫ ∞

b

γ( )w

(
ζ −

√
ζ 2 − b2

)
dζ (20)

Moment:

M( )(t) = M( )N (t) + M( )C (t) (21)

M( )C (t) = −ρ

2
C( )m(t, γ( )w) + (0.5b + a)L ( )C (t) (22)

M( )N (t) = −
(

1

8

)
πρb2{4U [w( )1 + w( )2] + b[ẇ( )1 − ẇ( )3]

+ 4b[ẇ( )0 − 0.5ẇ( )2]} + (0.5b + a)L ( )N (t) (23)

C( )m[t, γ( )w] = U (t)

∫ ∞

b

γ( )w

(
ς −

√
ς2 − b2

)(√
ς + b

ς − b
− 1

)
dς

+ 1

2

∂

∂t

[∫ ∞

b

γ( )w

(
ς −

√
ς2 − b2

)2
dς

+ 2b

∫ ∞

b

γ( )w

(
ς −

√
ς2 − b2

)
dς

]
(24)

To make use of expressions (17) and (22), the wake shape should
be assumed. For a general wake shape the moment deficiency func-
tion Cm(t, γw) accounting for the influence of the wake on aerofoil
aerodynamic moment does not vanish.

The method presented allows calculation of loads for arbitrary
motion, not only in pitch but also in heaving and lead-lad directions.
These cases need assumption of the wake shape. In this paper the
“Theodorsen’s,” that is, harmonic wake, was assumed20 for airfoil
and flab because this case was investigated experimentally.

For periodic motion of the aerofoil and the flap, the periodic time
dependence of the wake shape is assumed in the form:

γ( )w = γ̄( )w exp�ω( )(t − ζ/U )� (25)

It can be shown that, if there is no assumed wake distortion, the
moment deficiency function Cm[t, γ( )w] is half of the lift deficiency
C f [t, γ( )w] function, as usually in the case of a harmonic aerofoil
motion. In the frequency domain, lift deficiency function can be
approximated as the fraction of polynomials:

C( ) f (s) = H( )(s)

K( )(s)
=

(∑N
n = 0

a( )nsn
)(∑N

n = 0
b( )nsn

) (26)

The new state variable is assumed in the form:

y( )(s) = Q( )(s)/K( )(s) (27)

and included into Eq. (26). Next the inverse Laplace transformation
of Eq. (26) is performed, and the differential equation of N th order
for the state variable Eq. (27) is obtained in the form

dN y( )

dt N
+

N − 1∑
n = 1

b( )n
dn y( )

dtn
+ b( )0 y( ) = Q( )(t) (28)

Table 1 Coefficients of approximation of lift deficiency function

n 3 2 1 0

an 0.50465 0.4414 0.07566 0.00189
bn 1.0 0.6475 0.08512 0.00189

Having solved Eq. (28), the circulatory part of the lift is calculated
as

L ( )C (t) = 2πρb

{
a( )N U (t)

[
w( )0 +

(
1

2

)
w( )1

]

+
N − 1∑
n = 0

[a( )n − aN bn]y(n)

( )

}
(29)

Equations (25–29) are used for airfoil and flap separately because
of assumed velocity separation, so that in these expressions indices
are α and δ.

It was assumed that airfoil and flap generate the same shape of
the wake. It was checked by simulations that within the limits of
parameters under consideration Eqs. (1) and (2) the approximation
Eq. (26) of the lift deficiency function by the third-order polynomi-
als is adequate. The coefficients of these polynomials are given in
Table 1.

The comparison of the results obtained by the method described
with experimental data is given in the following parts of this paper.
The further method investigation and development might concern
better approximation of the wake shape [Eq. (25)] and different
wake shapes for the flap and the airfoil, adjusting lift-curve slope to
the real values.

The method captures also the plunge motion of the airfoil, but as
a result of a lack of experimental data this case is not validated.

IV. Measurement Equipment for Wind-Tunnel
Tests of Airfoil with Flap

A. Experimental Equipment
In this part of the paper, the methodology for unsteady load mea-

surement and the equipment is described. The experimental tests
were performed in a trisonic N-3 wind tunnel in the Institute of Avi-
ation (IoA) Warsaw, Poland.37 The N-3 tunnel is a blowdown type
with partial recirculation of the flow. It can operate in subsonic, tran-
sonic, and supersonic flow regimes at Mach numbers M = 0.2–1.2,
1.5, and 2.3. The closed test section (cross section 0.6 m × 0.6 m,
length 1.58 m) can have perforated top and bottom walls for tests at
subsonic and transonic flow velocities and solid walls at supersonic.
Each side wall of the test section is equipped with two double win-
dows of 0.25 m diam. During the airfoil tests, two of these windows
are replaced by support of the model. The support of the model is
controlled by computer, which allows changes of airfoil incidence
angle within the range of 20 deg with 0.01-deg step. Static and total
pressure of the undisturbed flow are measured by two independent
sets of Solatron and Sonix transducers, having the range of measure-
ment 1.3 and 2.6 bars and accuracy of 0.02% full scale. The time
duration of the tests depends on wind-tunnel operating regime and
is up to 15 min at subsonic speeds, up to 5 min at transonic speeds,
and up to 3 min at supersonic speeds.

B. Airfoil Model
The model of NACA 0012 airfoil, used in this study, was made

of steel. The dimensions of the model are shown in Fig. 3 and are
given in Table 2, and in Fig. 4 the photo of the model is presented.
The cavity made in the upper side of the model provides the space
necessary to mount three miniature pressure scanners ESP 16HD
(Pressure System). During the tests, the cavity is covered by a plate.

The ESP 16HD pressure scanner contains an array of 16 silicon
piezoresistive pressure sensors, which can be multiplexed at rates
up to 20.000 Hz. The accuracy of the pressure sensors is ±0.05%
full scale (FS = 10 psid for two scanners and 5 psid for one scanner).

The 48 measurement orifices of 0.4 mm diam are distributed in
the middle of the model span, along the chord on the upper and
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Table 2 Model dimensions

Names
Geometric quantities and values

Airfoil type NACA 0012
Airfoil chord (with flap) 0.18 m
Flap length 0.04069 m

(26,15%c)
Distance of airfoil axis of rotation from airfoil leading edge 0.35c
Distance of flap hinge from the airfoil leading edge 0.8c
Radius of flap leading edge 0.00469 m

Gap between flap and airfoil (minimum) 0.0005 m
Model span (the width of wind-tunnel cross section) 0.6 m

Fig. 3 Main dimensions of the airfoil model with trailing-edge flap.

Fig. 4 Model of NACA 0012 airfoil with pressure sensors scanners.

Fig. 5 Mounting of the model in wind-tunnel test section.

lower surfaces of the airfoil and the flap. The orifices are connected
to the pressure scanners by the elastic pipes all of the same length
100 mm.

C. Driving System
The flap is mounted to the main part of the model by four hinges.

The flap is driven by a shaft placed on the hinge axis. The hinges
allow flap rotation in the range of ±90 deg, but within this study the
flap deflection was ±15 deg. In Fig. 5 the mounting of the model
in the wind tunnel is shown, and in Fig. 6 the model during tests of
simulated icing conditions is presented.

Driving system (Fig. 7) excites independently oscillations of the
airfoil and the flap. It consists of the two crank-shaft assemblies,
driven by dc motors (with the range of rotations from 0 up to
6000 rpm) connected by reduction gears (1:10). During the tests, the
driving system replaces the side covers (windows) of the test section.

Fig. 6 Model of the airfoil in N-3 wind tunnel.

Fig. 7 Driving system of airfoil and flap.

The frequencies of oscillations of the airfoil and of the flap are
changed by changing the motor rpm. The driving system allows the
obtaining of the frequency of the airfoil oscillations in continuous
way from 0 to 10 Hz (so, for M = 0.4 the reduced frequency k can
vary from k = 0 to 0.042) and frequency of the flap oscillation from
0 to 12 Hz. The amplitudes of the airfoil and flap oscillations might
be changed by changing the place on the flywheels, where the cranks
are fixed. Instantaneous values of the airfoil angle of attack and the
angle of the flap deflection are measured by two rotation sensors
ROC 412 (Heidenhain) with max instrumental error ±0.1 deg.

D. Data-Acquisition Procedure
The data acquisition and processing was done in the subsequent

steps. The system collected and registered values of pressure at 48
points distributed on the model surface along its chord during 10
periods of airfoil oscillations for each model and flow settings (M ,
α0, δ0, �α, �δ, f , f f ). During one period, about 25 measurements
at each of the 48 points, in regular time intervals, were done. By
interpolating these values, the variation of pressure in time at each
measurement point was obtained. Basing on the results obtained dur-
ing 10 periods of airfoil oscillations, the average pressure variations
in time at each measurement point were determined. The lift CL and
moment CM coefficients in any time were calculated by integrating
pressure distributions along the chord.
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Fig. 8 Comparison of static-pressure distributions on NACA 0012 air-
foil measured in various wind tunnels.

Fig. 9 Comparison of NACA 0012 airfoil of static lift coefficient vs
angle of attack measured in various wind tunnels.

V. Unsteady Wind-Tunnel Tests of Airfoil with Flap
A. Comparison of Static and Dynamic Test Results

To confirm the quality and reliability of experimental tests in the
Institute of Aviation wind tunnel, the comparison was done of static
and dynamic results of NACA 012 airfoil tests with results obtained
in other wind tunnels. In Fig. 8 the comparison is shown of static
chordwise pressure distributions obtained in IoA,37 Aeronautical
Research and Tests Institute, Czech Republic,38 National Aeronau-
tical Establishment, Canada39 for M = 0.5 and α = 5 deg. The static
lift coefficients vs angle of attack measured in the same institutions
are shown in Fig. 9.

In Fig. 10 the comparison of NACA 0012 lift coefficient vs angle
of attack for dynamic conditions measured in IoA and U.S. Army Air
Mobility R&D Laboratory, Moffett Field, California (U.S.AAM&D
L)39 wind tunnel is presented. The airfoil performed the harmonic
pitching motion, Eq. (30):

α(t) = α0 + �α sin(ωt) (30)

with α0 = 15 deg and �α = 10 deg.
This comparison is a qualitative type as a result of the differences

in test conditions. But it is clear that the testing methodology applied
in the Institute of Aviation captures the main features of unsteady
phenomena.

Despite the differences in test conditions (Reynolds number,
angle of attack) the correlation of the results obtained in Insti-

Table 3 Test conditions for unsteady airloads measurements

Measurement
Parameter Value errors

Mach number M 0.4, 0.6 0.005

Reynolds number Re 1.63 106 (M = 0.4) ——

2.35 106 (M = 0.6)
Mean airfoil angle −4–15 0.15

of attack α0, deg
Mean angle of flap 0 0.15

deflection δ0, deg
Nominal amplitude of the ±5 0.25

airfoil oscillations �α, dega

Nominal amplitude of the ±5, ±10, ±15 0.25
flap oscillations �δ, dega

Frequency of the airfoil 5 0.1
oscillations f , Hz

Reduced frequency k 0.021 (M = 0.4) ——
0,014 (M = 0.6)

Frequency of the flap 10 0.1
oscillations fδ , Hz

aBecause of torsional deflections of the model mounting during oscillations, the real
amplitudes of the airfoil and flap oscillations were a little greater than nominal and
equal �α ≈ ±6 deg, �δ ≈ ±5.4 deg, ±11.3 deg, and ±18.4 deg.

Fig. 10 Comparison of lift coefficient vs angle of attack for dy-
namic conditions. NACA 0012 airfoil oscillating in pitch α= 15 deg +
10 deg sin(ωt).

tute of Aviation with the results from other wind tunnels is good,
which justifies the reliability of the data obtained for the unsteady
case.

B. Conditions of the Unsteady Tests of Airfoil with Flap
In Table 3 the test conditions are given for the experimental in-

vestigation of unsteady aerodynamic loads on the pitching airfoil
NACA 0012 with oscillating flap.

C. Sample Test Results
The main objective of the wind-tunnel tests was to develop mea-

surement methodology and obtain the first set of data for comparison
with the various computational methods. But the analysis of the data
show some new features of the aerodynamic loads not investigated
before.

The aerodynamic coefficients obtained during wind-tunnel tests
results are sensitive to the phase shift between airfoil and flap oscil-
lations. Because of different frequencies of airfoil and flap oscilla-
tions, the phase shift, related to the period of the flap oscillation Tδ

between airfoil and flap motion, was defined (in degrees) as

ϕ = 360 deg(�t/Tδ) = 360 deg�t fδ (31)

where �t is a time of phase lag between airfoil and flap oscillations
shown in Fig. 11 (for α0 = 0 deg and δ0 = 0 deg).
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Fig. 11 Definition of the phase shift between airfoil and flap
oscillations.

Fig. 12 Lift vs angle of attack at ϕ= 148 deg and α0 = 4 deg.

To estimate the influence of the phase shift on CL and CM , 20
repetitions of measurements were performed for the airfoil oscilla-
tions with the mean angle α0 = 4 deg, amplitude �α = 6 deg, flap
mean amplitude δ0 = 0 deg, amplitude �δ = 5.4 deg, and various
phase shift angles. In Figs. 12–14 the lift coefficients as functions
of angle of attack, for static case, oscillating airfoil only, and si-
multaneously oscillating airfoil and flap with phase shifts ϕ = 148,
298, and 357 deg are shown. Below these, the variation of the angle
of attack α and flap deflection δ vs time t during the one period of
the airfoil oscillation are shown. The points corresponding to the
extreme values of δ = f (t) are marked by successive numbers: �1 ,�2 , . . . , �5 . The same points are marked on the plot of lift coefficients.
It is clear that lift coefficient functions of angle of attack obtained
for simultaneously oscillating airfoil and flap have the shape of dual
loop. The shapes of these loops depend on the angle of the phase
shift. It may also be noticed that the width of lift coefficient loops is
smallest (for instance, see Fig. 13) when extreme values of α = f (t)
coincide with the extreme values δ = f (t), that is, when the maxi-
mum or the minimum of the airfoil angle of attack occurs in the same
time moment as the maximum or minimum of the flap deflection. It
takes place for the phase shift angles ϕ ≈ 90 and 270 deg.

The phase shift between airfoil and flap oscillations significantly
influences the maximum value of lift coefficient. When the airfoil
angle of attack and angle of flap deflection increase simultaneously,
the maximum lift coefficient is greater than for the pitching airfoil
and nondeflecting flap. This dynamic case occurs for the phase shift
ϕ ≈ 0–50 deg and ϕ ≈ 270–360 deg (Fig. 15). For these values of the
phase shift, the highest lift coefficient value is about 1.25, comparing

Fig. 13 Lift vs angle of attack at ϕ= 298 deg and α0 = 4 deg.

Fig. 14 Lift vs angle of attack at ϕ= 357 deg and α0 = 4 deg.

Fig. 15 Lift vs angle of attack at ϕ= 343 deg and α0 = 10 deg.
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to the value 1.13 when the flap is not deflecting. For the phase-
shift values in the range ϕ ≈ 100–220 deg when the airfoil angle of
attack and the angle of flap deflection simultaneously decrease, the
maximum lift coefficient (Fig. 16) diminishes to 1.05.

From analysis of other results (not shown here), it can be con-
cluded that when for given values of phase shift the maximum lift co-
efficient increases the value of critical airfoil angle of attack slightly
diminishes (for about 0.5 deg). When for given shift values the max-

Fig. 16 Lift vs angle of attack at ϕ= 177 deg and α0 = 10 deg.

Fig. 17 Pitching moment vs angle of attack at ϕ= 177 deg and
α0 = 10 deg.

Fig. 18 Pitching moment vs angle of attack at ϕ= 343 deg and
α0 = 10 deg.

imum lift coefficient diminishes, the value of critical airfoil angle
of attack increases a little (for about 0.2 deg).

Pitching-moment coefficient vs angle of attack α, obtained in
condition of oscillating airfoil and flap, has also the form of dual
loops. The shape of these loops and their intersection point change
(Figs. 17 and 18), depending on the value of the phase shift angle ϕ.

VI. Comparison of Test Results with the Theory
A. Reconstruction of Airfoil and Flap Motion

In calculations of airloads, the parameters of airfoil and the flap
motion are needed as input values. During the tests, the airfoil angles
of attack and the flap deflections were stored in the memory in 37
discrete time moments. But there was no registration of rates and
angular accelerations needed by the theory. The harmonic formulas
for airfoil and flap motion were assumed in the form:

α = α0 + �α sin(ωαt + ϕα), δ = δ0 + �δ sin(ωδt + ϕδ) (32)

The frequencies of the airfoil and the flap motion were known.
The “real” motion of the model was reconstructed in two ways.

In the first method the functions α(t) and δ(t) were plotted for
the “nominal” values of parameters. Then by trials and errors the
values of phase shift and amplitude were adjusted for the best fitting
of the experimental and calculated points.

In the second method the values of angles of attack and flap
deflections from experimental data were used for calculating the
rates and the angular accelerations by numerical differentiating with
respect to time.

B. Theory vs Experiment
In Figs. 19–27 comparisons of the results of calculation with

the wind-tunnel tests are presented for various phase-shift angles

Fig. 19 Comparison of calculations with the wind-tunnel tests at small
airfoil angles and ϕ= 59 deg.
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Fig. 20 Comparison of calculations with the wind-tunnel tests at small
airfoil angles and ϕ= 122 deg.

between flap and airfoil motions and the methods of reconstruction
of airfoil motion. In each group of plots, the data (solid line) and the
results of calculations using the first (dashed lines) and the second
(dotted lines) method of reconstruction of airfoil/flap motion are
shown. For a clearer view of the differences, the experimental points
are not given in comparison with calculations.

Within the first group of plots (Figs. 19–21), the airfoil and
flap performed a small angle motion α0 = 0 deg, �α = 6 deg,
δ0 = 0.5 deg, �δ = 5.5 deg well within the assumptions of the the-
ory. The correlation of theoretical results with experimental data
is excellent. The theory captures the loop shapes changes with the
variations of phase shift. The importance of proper accounting for
airfoil/tab motion is also visible.

The second group of plots (Figs. 22–24), which concerns the mod-
erate angles α0 = 5 deg, �α = 5.5 deg, δ0 = 0.5 deg, �δ = 5 deg,
shows good qualitative agreement with experimental data and good
moment correlation.

The third group (Figs. 25–27) concerns the range of high air-
foil angles of attack, α0 = 11 deg, �α = 5.5 deg, δ0 = 0.5 deg,
�δ = 4.75 deg, within the dynamic-stall region. The method cap-
tures the changes of loads with the variation of airfoil/flap mo-
tion, but the correlation is not adequate. It is somehow a pre-
dictable effect because this case lays outside the assumptions of the
theory.

Within this research there were no special attempts to adjust the
model used in calculation to experimental data. There is still a
possibility of improving correlation of the theoretical method with
the test results using better description of the airfoil wake, taking
into account the influence of Mach number and using the real static
airfoil data.

Fig. 21 Comparison of calculations with the wind-tunnel tests at small
airfoil angles and ϕ= 239 deg.

Fig. 22 Comparison of calculations with the wind-tunnel tests at mod-
erate airfoil angles and ϕ= 148 deg.
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Fig. 23 Comparison of calculations with the wind-tunnel tests at mod-
erate airfoil angles and ϕ= 206 deg.

Fig. 24 Comparison of calculations with the wind-tunnel tests at mod-
erate airfoil angles and ϕ= 298 deg.

Fig. 25 Comparison of calculations with the wind-tunnel tests at high
airfoil angles and ϕ= 84 deg.

Fig. 26 Comparison of calculations with the wind-tunnel tests at high
airfoil angles and ϕ= 177 deg.
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Fig. 27 Comparison of calculations with the wind-tunnel tests at high
airfoil angles and ϕ= 343 deg.

VII. Conclusions
The results of the experimental measurements and calculations of

aerodynamic loads on the pitching NACA 0012 airfoil with deflect-
ing trailing edge flap are presented. The airfoil and the flap perform
harmonic motion but with different frequencies. The phase shift of
airfoil and flap at the beginning of the motion is also implemented.

The plots of lift and moment vs angle of attack obtained in the
test conditions have a form of dual loops. The shapes of these loops
depend on the phase-shift angle between airfoil and flap motion. The
tests revealed significant influence of the phase shift between airfoil
and flap oscillations on the lift and pitching-moment coefficients.

Flap oscillations (with pitching airfoil) cause an increase of max-
imum lift coefficient, when the angle of attack of the airfoil and flap
deflection increase simultaneously; for values of phase-shift angles
ϕ ≈ 0–50 deg and ϕ ≈ 270–360 deg, the increase of lift coefficient
was about 0.12 compared to unsteady airfoil with no flap deflection.
When the airfoil angle of attack and angle of flap deflection decrease
simultaneously, the maximum lift coefficient diminishes for about
0.08 for the phase-shift angles ϕ ≈ 100–220 deg.

The wind-tunnel results were compared with numerical calcu-
lation using the simple theoretical method of calculating unsteady
aerodynamic loads on airfoil with deflecting flap for arbitrary airfoil
and flap deflections. The correlation is adequate.
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