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ABSTRACT 

AN EXPERII;)ENTJCL STUDY OF THE DYNAMIC FORCES ACTING 

ON FIXED AND VIBlli>TING TWO...DIME!'!SIONAL AEROFOILS 

by Edmond Szechenyi 

Office National d'Etudes et de Recherches Aerospatia:.es (ONERA) 
92320 Ch!tillon (France) 

An experimental study has been conducted to try to understand and classify 
the aerodynamic instabilities and random excitations occurring on two-dimensional 
aerofoils at non-zero incidence angles and subsonic flow speeds. Particular atten­
tion has been paid to stall flutter. In order to investigate separately the buf­
feting phenomenon and the risk of aeroelastic instability at high incidence, the 
random pressure field was measured on the clamped aerofoils, whilst the vibrating 
aerofoils yielded unsteady aerodynamic coefficients which reveal the possibility 
of instabilities on certain torsion modes. The maximum vibration reduced frequen­
cy was 0.45. The Mach number range was 0.3..0.95-Maximum incidence 14°. Shadowgraph 
flow visualizations were filmed at high speeds (1000 and 3000 frames/sec). Results 
show the flow conditions for random excitation (buffeting) and for two types of 
aerodynamic instabilities. One of these is stall flutter, while the other is a 
shock instability on the lower surface of the aerofoil. 

1 - INTRODUCTION 

Though the problem of aerofoil vibration at high angles of incidence hD.s 
been the subject of numerous studies C1J , it is frequently not quite clear 
whether these vibrations are due to an external excitation force resulting from 
turbulence, or else to the presence of an aeroelastic instability C2J • The pur­
pose of the study reported in this paper is to attempt to classify the problem 
by determining the types of aeroelastic instabilities and excitations that can 

exist on a two-dimensional aerofoil in subsonic flow. The well known two-degree­
of-freedom bending-torsion flutter is excluded from this discussion• 

Fluctuating_ aerodynamic forces can be classified into t1<o distinct groups 
those that are independent of the flow boundary conditions, which in the present 
case is the vibration of the aerofoil, and those that only exist by virtue of 
the vibrations they engender. Of course, these two types of forces can coexist. 

- Fluctuating aerodynamic forces independent of aerofoil vibration are generated 
by turbulence or other external source and represent external excitational forces. 

In practice these usually appear as broad-band random forces. The structural 
response to this excitation can be readily calculated once the input force spec­
trum and the structural admittance are known. 
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The particular and well known case of vortex . ;hedline by blunt oo .U.ecJ 
produces a very periodic aerodynamic lift [ 3 J • However this lift force is modi­
fied by vibrations of the body at or near the shedding frequency and thus this 
vortex shedding does not act as a simple excitutionul force. 

- Fluctuating aerodynamic forces engendered by aerofoil vibration" can have dif­
ferent forms 

a) if the flow field can be lil~ned to a one-degree-of-freedom vibratory 
system (e.g. vortex shedding without any oscillatory motion) the flow and vibra­
tion w{ll couple at (or near) the coincident frequency and can cause self-excited 
oscillations. 

b) when the flow field is not itself an independent vibratory system, its. 
oscillatory characteristics are entirely induced by the motion. The resulting 

unsteady forces will have either a damping or an excitational effect according 
to the phase angle bet;men the vibratory movement and the force• The exci tational 
case is equivalent to a negative damping and is a single-degree-of-freedom flutter. 
A good example of this is the galloping of telephone cables• 

2 - EXPERlMEN'fuL METHODS 

The tests were carried out in the S3~lA. ONERA wind tunnel (blow-down tunnel 
with a 0.78 m x 0.56 m working section) on a t;ro-dimensional symmetrical NACA 
63A015 aerofoil section. The tunnel walls parallel to the model were permeable 
(figure 1). 

NACA 53 A 015 
profile 

E: 
E: 
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~ 

~ 

560mm 

f'm""' walls 

\ 7 ~ 
I?Xcitational systems 

(see fig.2) 

Fig. 1 - Wind tunnel and model. 
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The model was ri~;-.i.d and mounted on torsional o;prings allo~;ing for an overall 
pitching motion at frequencies bet~;een 30 and 60Hz and amplitudes of up to Oo5 
degrees r•m•S• The vibratory motion >~as controlled by four electrodynamic shakers. 

The experimental set-up (figure 2) >~as devised in such a 1·1ay as to allO\f 
for shado>Tgraph flo>~ visualizations on the aerofoil upper surface. The images 
>~ere recorded ;dth a 16 mm camera at a rateof 1000 or 3000 pictures per second. 

~----model 

torsional spring 
inertia arm -c::>.-+---

weight 

:;::fncidence 
variation 

shakers 
speed transducers 

sprmgs 

Fig. 2 - Test set~up. 

tunnel wall 

identical set ups af 
the both ends of the 
model 

The fluctuating lift and moment >~ere measured by means of pressure trans­
ducers placed at regular chordwise intervals in the same cross-sectional plane. 
The transducers used were of the semi-conductor gauge type (Kulite CQL-080-5) 

>lith natural membrane frequencies greater than 70 kHz. The lift and moment Here 
obtained by a real time summation of the respective components of the pressure 
measured by each transducer. This method for measuring fluctuating aerodynamic 
forces has a number of advanta~es over the more standard strain-gauge balance 
and in particular in that : (i) no errors are caused by end effects due to the 
tunnel wall~ (ii) fluctuating pressure distributions are obtained)(iii) there 
is no need for inertial force correction (for the case of the vibrating model) 
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(iv) the measurements are unaffected by any mechanical non-linearities inherent 
in the vibrating test set-up• This method is illustrated schematically in figure 
3. 

Fig. 3 - Unsteady moment measurement. 

output 
(fluctuating moment) 

Tests >~ere carried out >1i th a vie>~ to determining all the instabilities 
and fluctuating forces existing on this aerofoil at subsonic upstream flo>~ speeds. 
The angle of incidence was varied from 0° to 14°, the upstream flo1<-speed from 
Hach 0.3 to Hach 0.95 and the frequency of vibration from 30 to 60 Hz, The pit­
ching axis was at 37.5% of the chord. 

3 - EXPERIMENTAL RESULTS 

The experim_§>ntal results are presented under t>~o distinct headings : those 
obtained on the clamped aerofoil model and those given be the vibrating aerofoil. 
This division facilitates the distinction between unsteady lift and moment forces 
that are independent of aerofoil motion and those that are induced by this motion• 

3-1 - Clamped aerofoil section 

- The fluctuating lift and ms~nt are function of the angle of incidence and of 
the flo>~ speed. In figure 4 the overall r.m.s• fluctuating lift is plotted against 
these two parameters for a ;1ide frequency band (2 Hz to 2 kHz), At each angle of 
incidence there is a definite flow speed at >~hich the level of the fluctuating 
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forces changes radically - the greater the angle of incidence, the lo;;er this 
critical flow speed· 

The fluctuating forces that exist at zero incidence (figure 4) are due to 
bocmdary layer ·and wind tunnel noise effects which are not necessarily identical 
and in phase on the upper and lower surfaces and hence do not cancel out. 
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Fig. 4 - Fluctuating lift plotted against Mach number and angle of incidence. 

1.10 
M.072 

50 

Fig. 5 - Frequency spectra at speeds below and above the separation speed - i = 8 °, 
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The frequency distribution of the increase in fluctuating forces at the 
critical speed is shown on figure 5. The two spectra are for an angle of inci­
dence of 8° and flow speeds of l':ach 0.67 and 0.72 respectively. These two values 
are on either side of the critical speed. The rise in spectral density level is 
of almost an order of magnitude and greater at higher ( > 40 Hz) than at lo~<er 
frequencies. 

These results give reason to suppose that there is flow separation at the 
critical speeds since the turbulence behind a separating point produces large 
fluctuating forces. This hypothesis is confirmed by the flow visualization and 
by the fluctuating pressure distributions, as described belO~<• 

Cp (r.m.s) 
005 2Hz-2KHz Fig. 6 - Fluctuating pressure distribution on the upper surface. 
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- The distribution of fluctuatin. ressures. Figures 6 show typical pressure 
distributions upper-surface only at angles of incidence of 0°, 6° and 12° 
respectively. Pressure levels where Cp<0.03 (Cp =pressure level r.m.s./(1/21, V2)) 
show unseparated regions, while behind flo1< separation points this level is 
considerably higher. The peaks that can be seen on many of the curves are due to 
shock 1<aves 1<hich are never perfectly steady and can oscillate considerably, 
thus causing large local pressure fluctuations. The shock movement is over a 
large frequency band. and random in character. In the examples sho;m, separation 
al1<ays takes place behind the shock, though of course the pre~ence of a shock 
is not a prerequisite for flow separation. Similarly a shock can exist l<ithout 
separation behind i~as in figure 6b for Mach 0.7. 

- Limits for large fluctuating forces. According to the above discussion the 
limits of incidence and flow speed at the appearance of large fluctuating pres­
sures are in fact the flow separation limits. They are fairly easy to distinguic.h 
in the present case, and given in figure 7 1<here the critical speed is plotted 
against the angle of incidence. 

These results obtained on the 
clamped model lead to the conclusion 
that the external flow excitation 
of a two-dimensional aerofoil only 
exists in the presence of flow sepa­
ration. This is the phenomenon 
1<hich is often described as buffe­
ting. 

3-2 Vibrating aerofoil 

In any event the vibrational 
motion produces surface pressures 

at the frequency of vibration. These 
induced forces can be either exci­
tational (instability) or damping, 
depending on their phase relation 
with the movement. 

08 Mach 
rCJndom excitation -0-o----__ 

.. 0~ 
negl1g1ble unsteady forces ""' 
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Under conditions where flmv Fig. 7 - Limits of large r-andom pressure fluctuations. 
separation produces large unsteady 
pressures, the vibratory motion in 
no way modifies the broad-band 
random forces. The periodic forces at the frequency of vibration merely add to 
the existing spectrum. Figure 8 illustrates this with spectra measured on fixed and 
vibrating aerofoi~s under the same flol< separated conditions. 

Tests results on the clrunped aerofoil shm;ed that there ;rere no flo·• 
periodicities that would be able to couple 1<ith a vibratory motion. This is 
confirmed by tests on the vibrating model where no instabilities of this type 
were encountered. However two forms of instability ;rere found >~here the aero­
dynamic forces were induced by the motion• These were stall flutters and an 
instability due to the synchronized movement of a shock J<ave on the lower surface. 

-Stall flutter. At angles of incidence greater than 6°, torsional instabilities 
were found over certain flow speed r"nges. Figure 9 sho«s the modulus ~nd phase 
of the fluctuating aerodynamic coefficient of moment (<V~t-8 " "''"''J:/(± ("V 4 Q Sl) , 
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where ~ is the vibrational amplitude, S the aerofoil surface area, c. the 
chord length) as a function of flm; speed for different angles of incidence -and 
the same frequency of vibration of 34Hz ( reduced frequency <V,~ = 0,082 for 
11ach 1 ) • 
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Fig. 8 - Typical moment spectra. Influence of vib1ations 
on the separated flow pressure field. 
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The ~base reference chosen is such that the aerofoil is unstable when 
.:::.. '-P £... 360°. 180° 

On the figure one can see that the speed range for instabilities widens 
while the absolute stability speed limit diminish with increasing angles of 
incidence. 

- Lower surface shock instability. Figure 9 also reveals at certain angles of 
incidence the presence of a second region of instability at flow speeds exceeding 
Mach 0.8. From flow visualization films, the source of the Llstabili ty was 
found to be a shock motion on the lower surface, whose phase lag was sufficient 
to act as a "negative damping". 

Typical lower surface pressure distributions (modulus and phase) in fi­
gure 10 show this clearly. 

4 - CONCLUSIONS 
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Fig. 10 - Fluctuating pressure distribution on the 
lower surface at i = 8° and Mach 0.9. 
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The vibrations of two-dimensional aerofoils subjected to unsteady lift 
or moment forces can haVe various causes. They may be due to stall-flutter 
or chock wave instabilities (auto-excitation) or else be the result of excita­
tion by the large random pressure field in the turbulent zone of a separated 
flow region. 
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Figure 7 showed the flow speed and incidence angle limits for large 
random aerodynamic forces. The same type of diagram can be drawn for the 
limits of stall flutter. These two limiting curves are compared in figure 11 
and it can be seen tl~t they are fairly close. For the aerofoil used in the 

present tests, a region of instability or auto-excitation will be reached 
before random excitation ; hm·;ever this need not be the case for other aerofoil 
shapes, though both limiting curves will always e:x±st. 
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Fig. 11 - Comparison between the limiting conditions 
for stall flutter and far random excitation. 
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One may conclude that the vibrations that often limit the performance 
of a wing or blade are not always due to the same aerodynamic phenomenon : 
moreover there are cases, in particular for swept wings, where the three­
dimensional flow effects may be the source of excitational forces which are 
non-existent in a two-dimensional test. 
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