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ABSTRACT

In forward flight of helicopter, the flow past the blades remains
complex owing to 3-D and unsteadiness. One can try to model such a
flowfield by unsteady 2-D experiments. Most of the experimental and
theoretical studies undertaken on this topic have tackled the problem
by investigating aerofoils oscillating in pitch in steady flow, while
little attention has been paid to the simultanecus effect of oscil-
Lating velocity and oscillating incidence on stalled regions. The

aim of this paper 15 to present a new approach of the experimental
study of a stalled rotor blade by investigating the flowfield around
- an aerofoil performing linear oscillations in a uniform stream. In
particular, the case of an oscillation of oblique direction with
respect to the undisturbed flow involving simultaneously incidence

and velocity out of phase varijations is studied.

herodynamic forces and-skin friction measurements have shown that the
aerofoil experiences dynamic stall and dynamic reattachment, characterised
by strong unsteady effectsleading toan overshoot of the instantaneous lift
and drag. Favourable effects on the mean Lift coefficient have been pointed

out.
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NOTATIONS
A Amplitude of the oscillation
A(i) ; B(i) ; C(E) : see eq. 2
c chord of the profile
Ch coefficient of Fourier analysis as defined by eq. 1
] drag
f frequency of the oscillation
i unsteady aerofoil incidence
iss incidence of static stall

_(22“
k 2V oo : reduced frequency
L Lift
Re Vo =€ 't Reynolds number

v

t time
v unsteady velocity
Vo velocity of the undisturbed upstream
O steady aerofoil incidence
8 angle of the oblique direction of oscillation with V_
€ A

k
A -%% : reduced amplitude
v rotational frequency

skin friction _
¢ : phase of Fourier analysis as defined by eq. 1

Unit

Hz

rad,s™1
N.m—2
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I, INTRODUCTION

Unsteady flows over Lifting surfaces occur in a wide range of aerodynamic
problems encountered in nature (birds and insects flights) and in actual
technigue of turbomachines and helicopter rotors for instance, which have
received an upsurge of research activity in recent past years. Due

toe 3-p and unsteadiness, the flow past the rotor of a helicopter in
forward flight remains very complex. Relative to the individual blade
elements, the surrounding airstream changes periodically with Llarge
amplitude fluctuations of velocity magnitude and chordwise incidence.

It has been suggested D that the c¢rossflow velocity component

and the centrifugal effects due to blade rotation can be neglected as

far as unsteady stalling features are concerned. The basic features

of such an unsteady flow can fundamentally be studied through 2-D models
executing cyclic time dependent motion, i.e. the complex aerodynamic
behaviour of a blade section away from the tips can be modelled by the
simplified case of a 2-D aerofoil oscillating in pitch in an airstream of
sinusoidally varying velocity. Very few experimentalists have paid
attention to the effects of oscillating airstreams over pitching aero-
foils(a) 3 uhen most of the theoretical and experimental works .in the
field have been devoted to the case of an aesrofoil oscillating in pitch
around a mean incidence in a steady 2-D airstream. Special considerations
have been given to the so-called "dynamic stall" oaccurring when the aerofoil
operates at incidences higher than the static stall incidence.

A recent paper(4) summarizes some of the major investigations undertaken

on this topic.

A new approach to rotor blade stall analysis has been attempted at the
Institute of Fluid Mechanics of Marseille to model the unsteady eventscs)
oceurring on rotor blade in forward flight, by achieving other types
of time dependent motion. Harmonic motion of an aerofeoil at fixed incidence

oscillating in translation parallel (fore and aft motion}, normal (plunging

motion) or oblique to an undisturbed flow, are studied.
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The first kind of motion simulates the variations of velocity, the second one
the variations of incidences and thethird onethe variations out of phase of

both velocity and incidence.

The experiments performed in a subsonic wind tunnel are presented for
static incidences of the oscillating aerofoil {a NACA 0012) Llarger

than the incidence for maximum static Lift. The investigations have been
carried out by means of several measuring technigues suitable for unsteady
flow analysis : torsion dynamometers,pressure transducers and skin friction

gauges at the surface of the aerofoil.
The results show that in all cases of motion,dynamic stall and dynamic
reattachment contribute to a favorable effect of unsteadiness on the mean

Lift coefficient which increases as compared to the steady state one.

2. EXPERIMENTAL FACILITIES

The tests were conducted in the IMFM low turbulence open circuit wind-
tunnel (test section of 0.5x71 x3m) .Upstreamof the nozzle seven high sotidity
screens reduce the free stream turbulence level to 0.2 %. The test saction
velocity, under steady flow conditions can be varied from 2.5 to 20 m/s.
The model §is a rectangular wing (span L =0.495mand chord ¢=08.3 m) with

a NACAOOD12 profile. The static stall angle of incidence is 12° and the
range of Reynolds number is 5.7 104‘5 R%ri 4 % 105.

The wing which spans the entire test section, is held vertically by two
inside masts passing througha gapon the bottomof the test section. These

masts are supported by a suspension gear fixed on a frame oscillating sinu-
sofdally in translation. The wing excepted, the experimental set up is located
on the outside of the test section. The direction of the translation can

be set parallel, normal or oblique to the stream of the wind tunnel.

The wing can move freely in the test section as its span (0.495 m) is
slightly smaller than the test section height (0.5 m). As the aspect ratio

of the wing is about 8, no steady correction of end effects was done. The
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static pressure along the wall of the test sectien is very nearly
equal to the outside atmospheric pressure, so that there is no flow
through the gap provided on the wall to support the instrumented

aerofoil.

The aerodynamic forces (Lift and drag) and the aerodynamic moment at
the quarter chord point of the aerofoil were measured by help of

torsjon dynamometers dynamically calibrated and described in ref, (5).

Local static pressures were measured at the surface of the aerofoil
by ten " lulite" pressure transducers (CQH125). Local skin friction
measurements were performed by means of nine hot~film gauges mounted
flush with the aerofoil surface. The unsteady values of the skin friction
were non-dimensionalized by the correlated steady values so that no
gquantitative calibration was required to evaluate the unsteadiness,
assuming that the steady flow calibration was still valid in periodic
flow ; the movement freauency (<5 Hz) is low compared to the high
frequency response of the

gauge (= 10°% Hz).

Aerofoil at high aengle of incidence

As shown on the figure [1],

the measurements of forces,

pitching moment, static pres-

sure and skin friction were

digitized and stored by a 800~
channel data acquisition system
(Intertechnic DIDAC 800D . The

Synchro

DIGITAL DATA ACQUISITION time history of the quantity G
DIDAC 800
R e e —— - to be measured was performed at
Data in 1 . :

1 — ! 200 different phases of a single
] Analog-digital L clock L :
; converier i period and stored on 20 cycles of
1 ! . .
| Magnetic core storage } oscillations. The data were then
] 1}

I I ! . . .
E 200 zég 300 égo ; harmonically analysed in N Fourier
{ | Channels | Channels | Channels | Channzls 1 . . . .
: T T — ] : harmonics in the foltowing form :
R Draowt i n

G/GS =Co +L Cncos(nuwt+ d,) (&3]
n=1

(:jﬁ}(:) Tapepunci where Gg is the static value and Cg

the time averaged value of G/Gg over

NN e Computer a period.
Paper tape N

~
-
S

Fioure 1. Block disgram of data acquisition.
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The test conditions are listed in the following table and are relative

to the three kinds of unsteady motion

Adrstream velocity (m/s)
Aerofoil incidence (deg)
Oacillsting amplitude (m)
Oscillating frequency (Hz)
Reynolds number/chord
Reduced amplitude
Reduced frequency
Ratioe = Afk = 2 (4 /¢

4, RESULTS

4.1. Fore and aft

Table 1

From to Notations

2.5 20 Vs

— 25° 25° i

0 017 A

0 5 7

5-7x 104 1x 108 Re,

1} i-20 A

0 1-60 k

0 1-13 €

motion i This oscillation has been extensively

studied at the INMFM and the following results are described in details in

Ref. (6). Such a kind of motion, figure [2], leads to a relative velocity

of the model given by the eguation v/v, = 1 + A coswt. The incidence is

constant along the period and equal to 0 -

TRANSLATORY UNSTEADY MOTIONS OF AIRFOIL
N 2D STEADY FLOW

Aw
Az o
Ve

bl K= Lu

2V

[.FORE AND AFT MOTION

neidence: & =~ =cte

Yeeody s VaVe (142 eos wt)

Figure 2.

Incidence: iz wcg+Arcta (X eosat)
Vateehy t VaVe V 14+ Ak et

Incidence: i =« ~ Are ig. Acos. il sing
» T+ cos wi cosd

Veleeity s V=V, Vile2acosat s 6+r\zccs“wt}



The results concerning the time averaged overall forces and moment deduced
from the torsion dynamometers measurements have clearly demonstrated that
the unsteady effects are weak at incidences below the angle of static
stall g5 but get rapidly significant when A and k increase for

N . (6)
incidence above igg .

The mean Lift-steady Lift ratio C, as defined by G/Gs and obtained for the
test conditions of Table 1 has been synthetized by the following empirical

formula :

Co = 1+ AGH ¥ k% [1 - BC k() C¢E)q, (2)

where : if i <i__ AG) = 0.782 (?ima s a=4; BG) =0.2; Cle) =5
58

.i

[ AG) =4 40,6 =) ;a=1,
SS
3
if i> 9, | B(i) = 0.558 + 0.432 | 2.17 - ggLa ;
37
| C(e) = 0.422 - 055¢.

As an example, figure [3] shows for i = 20°, the experimental values of (,

versus k for several values of =.

35
pash Lines repre-
30 sent equation {(2).
The gathering of
2.5 data obtained at
C, fixed € and k for
° o several V_, and w
2-0 - vt = OEB_ @
shows that the para-
'8 meter k keeps a
universal character
10 at least in the
0 6 18 range 5.710"<Re,<4.10°.

Fioure 3. Variation with k of O, = (averaged lift I)/(steady Lift L,) ¢ = 20°; 0-715%x 108
< Re, < 4105 ~——, equation (1). Experiments, € values: @, 1-13; @, 0-79; ©, 0-33; B, 0-39;
@, 0:27; O, 0-19.
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The unsteady effects produced by the fore and aft motion of the wing
induce an overshoot of the mean Lift coefficient. This Lift coefficient
gain is however coupled with a drag and moment coefficients increase

(These results are given in ref. 6). At angles of attack above i__, the

85
dynamic data indicate averaged wake width and nose-down moments larger

than the steady ones, as X increases from 0 to 0.74.

The increase of the mean Lift compared to the static value is confirmed
by pressure measurements performed on the model. The mean Lift calculated
by integration of the mean pressure coefficient plot on the figure [4&]
for 1 = 20° , A = 0.744 and k = 0,657 would be about 2.1 times higher
than the mean Lift given by the static pressure coefficient data plot on

the same figure.

¢ -?ﬁ, This vatue is in good
pe Cpte ;

agreement with the
result of tersion

dynamometer.

A
5 \
/ \\\ . The results concerning
A ~—— i
. —

Avm—— b

l

&

™~ | visualijzation and ins-

&
: A
\A_.-"A\A /r (6)
tantaneous measurements
N e xic
A

0 02 04 e 1l have shown that aerofoil
l I in fore and aft motion
3\0_{’0b__0 O —0 ?j:;,a o : was experiencing both
’///e ,  dynamic stall and dyna-
i
-1 Y '  mic reattachment.
A / - - - - -
. ”,z° Dynamic stall is initiated
Ne—o—mo—2"

by a large bubble which

: bursts giving rise to

-2 I vortex shedding charac~

FiaUune 4. Distribution of averaged C‘;,_, and steady C,, pressure coefcisnt.
£220% A = 017m; f = 2-5Hzy Afe = 0-565; € = 11135 Re, = 0-Tlex 105 .
A = 0-744: k = 0-657. Upper surface: O, steady; @, average value. Lower from the leading edge to

surface: A, steady; A, sveragz value. the trailing edge. This

terised by a vortex rolling

vortex shedding process induces instantaneous Lift and drag overshoots and
maximumdivingmoment.The dynamic reattachment which occurs progressively from
the leading edge may be observed at very high incidence (20°) for a short part

of the period when the aerofoil is moving forward in accelerated motion.
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4.2. Plunging motion ; The static angle of attack is set

at a, and the aerofoil is put in oscillation in a direction normal to
the undisturbed upstream, as shown on figure 2. The instantaneous

incidence and velocity are given by :

e
I

o + Arc tg (Acoswt)

Vg /1 + A2cos? wt

=
n

In the case of small values of A, the above equation can be linearised

as follows :
i=o +lcosut + 02 (3)
V=V, +00% (4)

The unsteady effects induced by the variations of {1 have already been
studied (see ref (7) for instance) from experiments realised in wind
tunnel on pitching aerofoits; The results show the existence of hysteresis
loops appearing on Lift and moment when the incidence is varying
periodically from low values to values sufficiently high to generate

dynamic stall,

It is interesting to compare the results obtained in pitching motion

to those obtained in plunging motion as the variation of incidence and
velocity are given by the same equations (3) and (4) in both cases.

For a corect comparison, the virtual mass experienced in plunging motion
can be neglected as it is the case in pitching motion. This assumption

is valid as long as A and k remain low.

Figure. [5] presents for A = 0.177 and k = 0.156 the loop of hysteresis
obtained on Lift coefficient in plunging motion (full Line) and in
pitching motion (dash Line). In Doth cases k is equal to 0.15, the mean

angle of incidence is 15° and the magnitude of incidence oscillation is
Ai o= 10°.
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Figure 5

LIFT VARIATIONS WITH INCIDENCE
IN PITCHING AND PLUNGING MOTIONS

—— PLUNGING MOTION 5
k=015; =, :15°5 Ai=¥ 10° 1Re, =2.4.10

(7)
——--PITCHING MOTION

° PP -]
k=0.15 5 = =15°3 Ay=F10"; Re = 2.3.10

eeeee STEADY FLOW

T | | ¢
C 5 10 15 20 25

Reynolds number are
different : 2.410° for
plunging motion and
2.530% in

motion. It can be seen

pitching

that for these low
values of A and k the
variations of Lift rela-
tive to the two different
motions are in good
agreement. The Lift has
been measured by torsion
dynamometer for the pre-
sent experiments and by
integration of a wall
pressure distribution
for pitching motion(?).
The variation of steady
Lift with incidence has
also been represented on
the figure by a dotted
Line in order to appre-
ciate the unsteady effects.
As it has already been
observed in pitching
motion, the visualisations
performed in plunging
motion show clearly that
the boundary layer remains
attached at incidence as

high as 20°. Moreover,

when the incidence is decreasing, it can be observed that the flow is

separated at very low incidence (6°) as indicated by the low value of the

Lift on figure [5].

Figure [6] shows the drag variation with incidence obtained in plunging

motion by torsion dynamometer measurements. In the region of low angles
of incidence the unsteady drag is close to the steady values and exhibits

"two Loops of hysteresis. It has not been possible to compare plunging to
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pitching drag measurements because, to our knowledge, no direct drag
measurements in this last case are available in the Literature.
Concerning the moment coefficient, the comparison has been realised

_as is shown on figure [7].

In the region of high angles of attack, a Large loop of hyteresis in
drag and two loops in moment are pointed out. It can be seen that the
maximum of drag (fig. [6]) corresponds to the maximum of Lift{(fig.f5D).
When the moment stall occurs (fig. [7]), i = 15°) the drag increases
sharply (i = 15°). It is interesting to note that the Lift stall beings
later (i = 23°), These events corroborate the well-knoun vortex shedding
phenomenology given in the literature and concerning dynamic stall on

pitching aerofoils.

DRAG VARIATION WITH INCIDENCE -
IN PLUNGING MOTION

Ch

07—
0.6 l— —— PLUNGING MOTIGN
0.5 k=015, =, =15 8;=10° Figure 6
s
0.4 promesna Rac:: 2. 4 -ID
3 [ Y]

0 cese STEADY FLOW

0.2}

0.1 b

0.0 gosed | i

0.5 10 5 20 25

PITCHING COEFFICIENT VARIATION WITH INCIDENCE
IN PLUNGING AND PITCHING MOTION

°M6‘l° 15 20 25

2 I

— PLUNGING MOTION
4 k= 0155 =,5159 ; 4 =*10°
s Re=2418° -
.oy . :

8 ——— PITCHING MOTION Figure 7
10 Yoo k=0I5;=0=15% 4; =¥ 10°

12 i Re = 2.5.103

14] WY oese STEADY FLOW

16§ O\ )

18— W

20| .. it
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4.3, Oblique motion

As exemplified on the diagram of figure[2] the static angle of attack o
can be set up anywhere between -25° and 25° ; the aerofoil is then put
in oscillating translation along the X5 oscillation axis. The angle §
between the XG axis and the airstream direction can be adjusted from 0°

to 90° ; when § = 0° or 90° the aerofoil oscillates respectively in fore

and aft motion or in plunging motion.

The incidence i between the resultant velocity V and the chord is

given by :

A coswt .
T+cos wt cosé sind (5

iz~ with i = Arct
% o 0 9

The velocity V 1is given as follows :

V=V, /1+ (2 Acoss+) cos wt + AZcos? wt (6)

Figure 8
L L L A e e
A=0744 ; k= 0,657 '

S50, large amplitude variations

out of phase of both velocity

and incidence can be cbhtained

(the maximum velocity coinci-

ding with the minimum incidence).

& Figure [8] represents the

0 1 } ] l 1.} 1 P i I neriodic variations of V and

R

i°~ Qo —-lo

i wversus wt, for two values
-1 of 0= 20° and 6°, in the
following conditions : § = 17°
1 A= 0.744 ; k = 0.66. As an

—1 examble, it can be seen that

50—

Vo= 3,57 mys
401 A=017m
T 5§ =17°

for a = 20°, i can reach very
o

30

high instantaneous values

ranging from 57° to 12.8° around
a mean incidence of 26.5°. In
this case, the magnitude of the

velocity variation AV is large
too : v ~ 0.74,

v




Figures |97 and [1J show the evolutions of instantanecus Lift and
drag for Vo, = 3.5 m/s ; 8 = 17° ; A = 0.744 ; k = 0.657 , when
Oy = 20°, Quasi steady variations of Lift and drag (LQS and DQS>

which should be obtained when the aerofoil behaviour remains guasi-

steady are also shown on the figures in order to underline truly

unsteady effects.

— L/L -
8- a o Te= 20° _
Rey, =0,71.10° <N 5 =17° |
6l A =0744 / . ]
L =0657 4 \ -
4 b . % _
- < AN 267 ]
2t ,p/ \\»\ .
-f*w—-—o—‘e" P s
G | [ ! ] | ] I i ] ' | |
3 AL S T U R SR T A (e

G Co =186 ; ‘

2.3 :o\‘\5' C: =143 ¢: =090 .v',/O/—D
VN C2=025 &;=179 A
VN, Ca=002 03=18269 i/
2L \\’ 0\ £,=001 9,= 183,58 /o 186
\\ \0\ o’,’
Y !

15[ Y a o | h

\ o o /134
A S ""o""‘""'"&?‘—“—--;" ——————————

‘\ \tl.__o_/ ,’
. \ , i
\\ /,
\\\ ,/1’

0S| o L/lgy i

"""" Los/la, ™.~ wt®

90 180 270
Figure 9

equation of G/GS,(Equ. 1

LQS and DQS (dotted
Lines) have been calcu-
Lated from the steady
values of L and D (see
ref.(6))when ¥ and 1 are
varying with time accor~
ding to equations (5)and (6).
For incidences above 25°
(which is the experimental
limit for the measurement of
L in ref.(6)),it has been
assumed that the stalled
aerofoil has a steady
aerodynamic behaviour
similar to a flat plate set
at incidence 1 in an air-

stream of speed V. L, D’LQS

Dﬂs have been normalised by~
R
the steady Lift and drag
(L and D ) measured
oo o
= 20° and V, = 3.57 m/s.

The time histories of L and D

at o
G

represented on figures [9]
and {i0l by dash lines
correspond to the Fourier 4
harmonic analysis of experi-

mental results according to

The instantaneous L[ift L (figure [2]} which

remains above the steady Lift Lao over the whole pericd exhibits significant

increases. Its time averaged value (g = 1.868) is also greater than the
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quasi steady one (1.34). An overshoot of the instantaneous drag D is

readily observable on figure [1QG] where D is equal to the steady bao

for wt = 240°,

Wp———r— 77T T T T T 1
g D/Pas S Xo=20° _
- Rege=071.10° / 5 =17 "
6. A =0744 d 2 o
-~k =0657 / \ -]
41 P o -
prm: o/ \ 2,71 -1
- )
2k _ - \g_‘_‘ e
H—a—2? L i PSP
o) AR N TR N SN TR NS AN NSO SO Y
3 I | j I l I | 1 1 0 i
~— D/Dao Coz163
250 ceeen Des/Dao Ci=06] $»=-5552 -
C,= 003 $2=-8963
l‘;\’ o-—-gf°"‘o\ C3= 0,05 Pz 48,46 /,.ﬁ
2r \\ °\ C4= 0.04 @4:— 6'62 ’fl /.
A -] 7 °
1.63 kY N\ i ,/
13- \\ ' \"\. ,,'I ,/ T
‘\\ a\o\ ,’e/
1 .:’_.Qé _______ k L ?.‘:-e-—-.ﬂ.’_; e ——— -
05} 4
e g wt®
0 i | 1 | | { ] { | ] 1
90 180 270
Figure 10

and LQS/Lao

and DQS/Dao) are

Both L/Lao (or
D/Dao
decreasing as velocity
decreases, but it is worth
noting that the L/i.Oto and
D/Duo curves are phase Lagged
and have a nonsymmetrical
behaviour for G<wt < 180°
and for 180° < wt < 360°.

The unsteady aerodynamic load
90°

decreasing velocity than at

is higher at wt = for

wt = 270° when velocity is

increasing ; nevertheless,

for both phases 90° and 270°
V and i have the same value
VW=V, ,i=qa0=20°).

bata of L/LQS and D/DQS
plotted versus wt on tops
of fig.[2]1 and [10] clearty
demonstrate the significant
deviation from the expected

quasi-steady behaviour. Indeed

the time-averaged value is of about 2.7 for (ift and drag, and when wt = 18G°

(which is the maximum incidence) strongest unsteady effects appear ; L and

D are then respectively equal to 7 LQS

and 8 DQ

5"

Moreover, it has been possible to plot on figure [11] the time history of

skin friction T/TS from x/c =

gauges

12-14

0.04 to x/c =0.8, deduced from hot film

measurements on the upper side of the aerofoil for ao = 20° ;



6§=17° ;n = 0.744 and k = 0.657. It can be seen from these waveforms
that when fluctuations of incidence and velocity out of phase are
realised simultaneously, a rolling vortex phenomenon also appears

(as in the "fore and aft" and "plunging" motions) near the leading
edge (x/c = 0.12) and develops along the aerofoil upper surface. This
strong vortex is convected douwnstream with a speed of propagation of
about .45 V_ and can explain the overshoot of Lift drag and pitching

moment .

5 90 180 270 360
. ‘-m./\/\-\__ W
0 , N =00
Y Xp=Y
Ts
251
201 0,12
10 ’
15, _r”“"‘\(‘x\ﬂ \\/,N 0,20
i | \\\w\_,/“\\awﬂfwnﬂ;J
5
S:fﬂkwﬂ\h /M\/dk/,_a30
9 T — T
5 ,
S50 .
21 - .. 0.60
2 7 0.6
§ — ————1.070
5 0,80

@o=20° 5=17°, Rey, =0,71.10%, A=0744 , k=0,657

Figure 11
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5. CONCLUSIONS

The aim of this set of experimental programmes was to get insight into
combtex 3-D unsteady flows over advancing or retreating helicopter
blade sections. The basic features of such unsteady flows have heen
pointed out and investigated through two-dimensional models for aero-
foils performing various linear oscillations in a uniform airstream.
Three kinds of cyclic time dependent motions have been studied in order
to simulate simultanecusly or separately the variations of incidence

and velocity :

. if velocity fluctuations only are concerned (fore and aft motions)

unsteady effects are weak as the incidence remains below the angle of
static stall. Above the angle of static stall, the effects of unsteadiness
are very strong and depend on frequency and amplitude of velocity fluc~
tuations. The mean Lift overshoot which could be given by an empirical
formula, results from a dynamic stall and reattachment process giving
rise to a vortex shedding. The vortex rolling on the upper surface aerofoil
also induces a large mean drag and nose down pitching moment. The dynamic
reattachment which occurs progressively from the leading edge can be
observed at very high incidence for a short part of the period when the

aerofoil 1is going forward in accelerated motion.

. as to the incidence fluctuations (plunging motion) the strongest

effects are also obtained for high incidences and for magnitude of
incidence oscillations large enough to generate the dynamic stall. In
this case the results show the existence of hyteresis loops on Llift, drag
and moment. The major findings consist in the comparison of the lift and
moment Loops obtained in plunging motion with those already observed for
pitching aerofoils. Unsteady features (on Lift moment, pressure and skin
friction) are closely similar in both cases. Moreover, all the events of
the dynamic stall phenomenology of Lift and moment, well known for an
aerofoil rotating around its quarter chord point, are well corroborated
by the present results when the aerofoil oscillates linearly in plunging

motion.
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. when large amplitude fluctuations of both velocity and incidence

are simulated (oblique motion) all the unsteady features previocusly

mentioned for the simple linear oscillations can be observed and
investigated. More particularly, the overshoot of instantaneous lift

.and drag observed in the present results c¢learly demonstrate the

significant deviation from steady behaviour of the aerofoil. It is hoped

that in the future the third kind of motion, which gives a faithful
configuration of real rotor blade flows (when neglecting centrifugal

effects), will lead to a better understanding of the nature of unsteady

effects resulting from velocity fluctuations and those specific of incidence.
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