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SUMMARY

Unsteady viscous flow around a large-amplitude and high-frequency oscillating aerofoil is examined in this
paper by numerical simulation and experimental visualization. The numerical method is based on the
combination of a fourth-order Hermitian finite difference scheme for the stream function equation and a
classical second-order scheme to solve the vorticity transport equation. Experiments are carried out by a
traditional visualization method using solid tracers suspended in water. The comparison between numerical
and experimental results is found to be satisfactory. Time evolutions of the flow structure are presented for
Reynolds numbers of 3 x 10* and 10*. The influence of the amplitude and frequency of the oscillating motion
on the dynamic stall is analysed.

KEY WOrRDs Transient flows Oscillating aerofoil Dynamic stall Navier-Stokes equations Finite differences

INTRODUCTION

The flow around an oscillating aerofoil has been for a long time one of the main interests of those
concerned with unsteady separation and dynamic stall. If the angle of attack of an aerofoil
oscillates around the static stall angle, large hysteresis develops in the aerodynamic force and
moments. A great deal of research has been carried out on this phenomenon during the last
decade, mostly in the form of wind tunnel and water tunnel experiments. A description of the
mechanism of dynamic stall in the case of pitching aerofoil can be found in Ham' and Martin et
al.? The transient forces and moments are fundamentally different from their static counterparts
and cannot be reproduced when neglecting the unsteady motion. Theoretical works on the
subject fall into two main classes.

The first one is based on potential flow with or without boundary layer interaction. In such a
method some parameters have to be determined from experimental measurements. These
methods are highly empirical and are similar to identification methods. Ham' and Baudu et al.?
tried to model the main vortex-shedding process with potential vortices. However, these methods
are not complete in the sense that some assumptions have to be made on the separation point:
location, instant of appearance, incidence of the aerofoil. Unsteady boundary layer analysis gives
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some qualitative information on the dynamic stall delay and hysteresis but is not able to give
insight into the initial vortex formation and the start of the dynamic stall.

The second class is the numerical resolution of the full unsteady Navier—Stokes equations. The
inherent limitations of potential theory and boundary layer theory can be overcome by using the
Navier-Stokes equations. Unless special modelling is used, this approach is limited to laminar
and transitional flows. Metha* has studied the problem of a pitching oscillating NACA0012
aerofoil for Reynolds numbers up to 10*. Kinney and Cielak® and Wu and Sampath® have
considered the same problem but for lower Reynolds numbers. These calculations are generally
limited to low reduced frequency, low mean incidence and low oscillating amplitude.

Besides these theoretical and numerical investigations, some experimental visualizations were
achieved by Werlé and Gallon” and more recently by Ohmi and co-workers.®° Another
important experimental work on this subject was carried out by Carr et al.!® Their analysis of the
stall hysteresis, although not entirely quantitative, presents some of the most important pheno-
mena concerning the initiation of the dynamic stall and the effect of the main experimental
parameters.

The aim of this paper is to analyse with the help of both numerical simulation and experimental
visualization the unsteady separation around an oscillating aerofoil at high angle of attack, high
reduced frequency and high amplitude of oscillation. A comparison between the numerical results
and the experimental visualizations is reported and shows good agreement.

PHYSICAL EQUATIONS

Definition of the motion
Throughout this study the pitching motion of the aerofoil will be defined by the angle of attack
a=d+Ao- cos(2nf' f)

where 7 is the physical time and fis the frequency of the oscillation. The pitching axis is located
either at the half-chord or at a third-chord from the leading edge. The aerofoil is placed in an
incoming flow with uniform velocity U, at infinity.

We are interested in the the transient flow generated by the impulsively started translating and
oscillating motions of the aerofoil.

Governing equations

All the variables are made dimensionless with respect to the half-chord c¢/2 of the aerofoil and
the uniform velocity of the flow at infinity, U,,. The main non-dimensional parameters of the flow
are:

Reynolds number Re =Ujc/v
reduced frequency f  =dnu w
mean incidence a

Amplitude of the oscillation Aa
reduced time t =2U,f/c.
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In an inertial frame of reference Oxy translating with the aerofoil (see Figure 1), the Navier—
Stokes equations in vorticity function w, and streamfunction ¥, formulation are

Re (0
7"(—6-“}+V-(w.vo)=v2w., (1
VZ‘P—':(DI, (2)

where w,k=V x V,, V,=k x V¥,, V, is the velocity and k is the unit vector orthogonal to the Oxy
plane.

Let Oxy be a frame of reference which rotates with the aerofoil. Let Q be the angular velocity, V
be the relative velocity in Oxy and w be the relative vorticity. Then

Vi=V+Qxr, o, =w+2Q.
The relative stream function W is defined by
¥, =¥ +Qr?/2.

The vorticity transport equation (1) becomes

Re( dQ dw 2
_ —_— —_— . = 3
2(2dz+6t+v (wV)) Ve 3)

and the streamfunction ¥ satisfies
V¥ =w. 4)

Ay

Figure 1. Sketch of the configuration
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The boundary conditions for the streamfunction ¥ are
V¥ =0 on the aerofoil,
V¥ —i+Qkxr when r’=x2+y*>o0.

The initial conditions are those of an impulsively started motion.
The calculations are actually done in the rotating frame Oxy, using the functions ¥, and w, in
order to avoid large values of ¥ when r— oo, The Navier-Stokes equations then read:

Re (0w, 0 0 Qr? 0 0 Qr? 5
S L e (W~ V- o W, —— | { =
2 {8t +6y|:w'0x<‘l" 2 )] 6x[w'0y( 2 Vier, ©)

quJl = w]. (6)

TRANSFORMED EQUATIONS

The domain outside the aerofoil in the rotating plane z=x+iy is mapped by a conformal
mapping onto the exterior of a circular cylinder, which in turn is mapped by the exponential
mapping onto a semi-infinite strip [0, oo[ x [0, 2] in a plane {=¢& +in:

2
exp(rl)+y

where o defines the location of the pitch axis and ¢ defines the thickness of the aerofoil. The line
¢=0 in the computational plane represents the aerofoil wall.
Let h%(£, n) be the conformal mapping modulus. In the (&, n)-plane the Navier-Stokes equa-

tions are
Re{ ,0m; 0 0 Qr? 0 0 Qr? 2
2 {h 3:’*%[("'?3?(?'—7 TaE Ya\ 2 ) [T Ve @

Vg’"\Pl=h2wl, (8)

z=exp(nl)+y+

g,

where VZ, stands for 0*/0&2 + 6% /on*.

Boundary conditions

On the surface of the aerofoil the no-slip condition is the only available physical condition:

v, _ 9o (Qrz)
om on\ 2 /)
on ¢=0 ©)
¥ _o (ar
ot e\ 2 /)
In view of the fourth-order compact scheme which will be used to solve the Poisson equation of

the streamfunction, numerical boundary conditions for ¥ and its second derivative on the wall
are needed. These conditions are derived from (9), which allows us to set ¥ =0 on the wall, and
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from the Poisson equation written on the surface of the aerofoil:

( 02V, _ i Qr?
m* P\ 2 )
o*Yy, 'Y
=0¢ — 1= p2p, -t
on ¢ < Tz h*w, Frs (10)
Qr?
\ \P] =——2—‘

At infinity the computational domain has to be limited in the ¢-direction. So, at a sufficiently
long distance £, of the aerofoil, the flow is assumed to be irrotational almost everywhere, except
in a downstream area where open boundary conditions have to be set in order to enable the wake
to flow through this artificial boundary. In a previous paper by Ta Phuoc and Bouard!! such a
condition has been established: the viscous effects are assumed to be negligible compared with the
convective one, which requires the vanishing of the total derivative of the vorticity o; on £=¢:

Re | ,0m; 0 0 Qr? 0 0 Qr? _
sEsal el lea () e w

A similar form has been used by Lugt and Haussling!® in which the real velocity is replaced by the
uniform velocity at infinity.
In order to get a complete set of boundary conditions, it will be assumed that at £, the

following relation holds:
al1o Qr?
o (w22 Y =0, 12
aé[h@f(“" 2 ﬂ 0 -

This relation means that the normal derivative of the inertial tangential velocity is assumed to

vanish at é=¢_. In the part of the outer boundary outside the wake the values of the

streamfunction ¥, and its derivatives will be deduced from the assumption of irrotational flow.
In all the computations this downstream area is defined by

—n/6 <0< /6.

NUMERICAL METHOD

The numerical algorithm is a combination of two schemes: a fourth-order compact scheme for the
resolution of the Poisson equation and a second-order scheme for the resolution of the vorticity
transport equation. It was proposed by Ta Phuoc, Daube and co-workers***!3-1# and has proved
to be efficient for a large class of incompressible viscous flows.

Outline of the fourth-order compact scheme

Following Hirsh,!® the fourth-order accuracy is achieved by ‘compact’ relations relating the
values of a function and its derivatives on a three-point stencil. In counterpart, it is necessary to
introduce the second derivatives of ¥ as supplementary unknowns. This scheme is based upon
the following relations.
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Let Ax be the constant spatial discretization step and let f;, /1, f7 be the values of the function f
and its derivatives at node i. The following tridiagonal relations hold:

Fims H AT 1= Ui~ i)+ OB, (13

Ji-1+10f7 f,+1——A—2 Sis1—2fi+fim ) +0(AXY). (14)

The knowledge of ¥, and its second derivatives from relation (10) on the boundaries enables us to
use these relations.

The combination of the Poisson equation (8) and the relation (14) yields a linear system which
is solved by means of an ADI algorithm for elliptic equations.'® The two half-steps of the kth
iteration of the ADI procedure are given below.

First half-step

[P\ N G

i & )"* (62‘1’1 )"* (62‘I’I>"* :|
b SANIEEIA o +‘P - +10{ —-) + =0. 16
( Lij+1 Lij-1 [( 6"2 1 anz i anz -1 ( )

Second half-step

R AN *v
VO SRR (agzl). = —h,w 7-J+l+(anl). S il (17)
ij ij

12 62\1" k+1 aZ\P k+1 aZ\P k+1
o (PEL 2R kel [( ‘> +10< ') +<—-‘> ]:0. 18
Aéz( | PR Iij Li-aj 552 .y acz i 653 Ay ( )

The coefficients 4,, and A, are optimum convergence parameters and were proposed by
Wachspress.'®

Once the values of the streamfunction ¥, are known, the values of its first derivatives are
calculated through the use of the relation (13) together with boundary conditions (9). These
calculations involve only the resolution of tridiagonal systems.

Vorticity transport equation

A second-order-accurate scheme has been chosen to solve this equation. This choice is
motivated by the difficulties which arise when trying to use a fourth-order compact scheme as in
the case of the Poisson equation of the streamfunction. In fact no physical boundary conditions
are available for the vorticity and a fortiori for its first and second derivatives. Moreover, it is
possible with a second-order scheme to use the conservative form of the transport equation. The
time-marching procedure is a classical Peaceman—Racheford one. Each time step is split into two
half-steps. Integration in the #-direction is performed during the first half-step and integration in
the ¢-direction during the second half-step. Let n and n+ 1 be superscripts denoting the values of
variables at time nAt and (n+ 1)At respectively. Using centred differences, the two half-steps are
written as below.
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First half-step

Reﬁgwi._,._‘_wﬁfu—Zwﬂf‘*’wﬂf_l +&(vnw;l*)ij+1_(Unw?*)ij—l
Ar An? 4 Ay
h;; O 20+ Re(Wa, . — oM
=Rez;w;'ij+ Tiv1y Aél;j+wl‘_lj _4_e(u wl)1+11Aé(u wl)l 11' (19)

The p-direction being the ‘tangential’ one, the boundary conditions which are used for the
vorticity are derived from the periodicity condition

o(0,8) = 0(2,8) V¢
Second half-step

Rek_ijw,.+ 1 w?.t },- - 20’?; '+ (z)}"f :_, ie_(u”wi” 1)i+ 1 Waof* 1)i— 1j
At " A2 4 A&
— Reﬁw{'* + (D}?;+ 20);‘: + (l);':_ 1 Bf (v"w?*)ij+ 1 (U”(D?*)U_ 1 (20)
At An? 4 An ’
where

d Qr? 2 Qr?
* 6r1< ) ) 0 a:(ly' 2 )

On the aerofoil the so-called Woods condition is used:

6
2h*(0, n)ex0, 1) + h* (AL, mg (AL, 1) = Az [¥(AL, 1) —'¥(0,m)] + O(AL?).

At infinity, for points outside the downstream area defined earlier, the flow is assumed to be
irrotational, i.e. w(¢,,,n) = 0, while in the downstream area the relation (11) is used.

EXPERIMENTAL ARRANGEMENTS

The visualization experiments were conducted in a vertical tank with a square cross-section
(90 x 90 x 180 cm?). The tracers are thin macromolecular particles called Rilsan. The advantage of
using these particles lies in the fact that less problems arise for the orientation of reflection than
with aluminium particles. The representative size of a particle is between 80 and 200 um. The
motion of the tracers is visualized by a sheet of intense arc light which illuminates the median
vertical cross-section of the tank. The aerofoil translates vertically in the tank and its speed is
controlled by a hydraulic driving device which is connected to a variable resistance dash pot. The
camera is fixed to a carriage which translates at the aerofoil speed. Thus the visualizations are
made in the inertial frame translating with the aerofoil. An electric winding device enables
photographs to be made at regular time intervals. The pitch oscillation is generated by a
connecting rod mechanism via which the rotation of a pulley, coupled with the translation of the
carriage, is transformed into the desired motion. The angular displacement is a sinusoidal
function of time.

RESULTS AND DISCUSSION

The aerofoil which has been considered is a NACA0012 aerofoil pitching around an axis located
at a third-chord from the leading edge. The calculations have been achieved for two values of the
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Reynolds number, Re = 3 x 10% and 10*. A systematic study of the influence of the different
parameters of the oscillating motion on the dynamic stall development is given. All calculations
are compared with experimental visualizations.

Throughout this section t* will denote the dimensionless time normalized with respect to the
chord of the aerofoil instead of the half-chord. The frequency f* has the same definition as ‘f”

REYNOLDS = 3000 ALPHA = 30 DALPHA = -7 REYNOLDS = 3000 ALPHA = 30 DALPHA = -7
ANGLE = 23.342590 t* = 0.50 ANGLE = 24.336868

t* = 0.25

RETNOLDS = 3000 RLPHR = 30 DALPHAR = -7 REYNOLDS = 3000 ALPHA = 30 DALPHA = -7
t* = 0.75 ANGLE = 25.885498 tx = 1.0 ANGLE = 27.B836868

REYNOLDS = 3000 ALPHR = 30 DALPHA = -7 REYNOLDS = 3000 ALPHAR = 30 DALPHA = -7
tk = 1,25 ANGLE = 29.999985 t* = 1.50 ANGLE = 32.163101

Figure 2(a)
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given earlier.

Re =3x103

The characteristics of the flow past an oscillating aerofoil are mainly determined by the relative
magnitude of the oscillating motion with respect to the translation rate of the incoming flow. This

REYNOLDS = 3000 ALPHA = 30 DALPHA = -7 REYNOLDS = 3000 ALPHA - 30 DALPHA = -7

t* = 1.75 ANGLE = 34.)1yy7) t*¥ =2.0 ANGLE = 35.663101

AREYNOLDS = 3000 ALPHA = 3o 0RALPHA = -7 REYNOLDS = 3000 ALPHA = 30 DRLPHA = -7

t* = 2,25 ANGLE = 36.657379 t* = 2.50 ANGLE = 37.000000

AEYNOLDS = 3000 ALPHA = 30 DALPHA = -7 AEYNOLDS = 3000 RLPHA = 30 DALPHA = -7
t* = 2,75 ANGLE = 36.657394 t* = 3.0 ANGLE = 35.663132

Figure 2(b)
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effect can be characterized by the reduced frequency f* and the amplitude Aa. For Re = 3 x 103
we will focus on the effects of these two parameters on the flow generation and on the onset and
development of the leading edge and trailing edge vortices.

Influence of the reduced frequency f*. Three values of the reduced frequency are considered
here: f* = 01, 0-5 and 1. The mean value @ of the oscillating angle « is set to 30° which

AEYNOLDS = 3000 ALPHA = 30 DALPHR = -7 REYNOLDS = 3000 ALPHA = 30 DALPHA = -1
tx = 3.50 ANGLE = 34.114S17 t* = 3.25 ANGLE = 32.163147

REYNOLOS = 3000 RLPHR = 3 DALPHR = -7 REYNOLDS = 3000 RLPHR = 30 ORLPHA = -7

t* = 3.75 ANGLE = 30.00003! ANGLE = 27.836899

REYNOLDS = 3000 RLPHA = 30 DALPHA = -7  RETNOLDS = 3000 ALPHA = 30 DALPHA = -7

e* = 4.25 ANGLE = 25.885529 t* = 4.50 ANGLE = 24.336899

Figure 2(c)
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corresponds to a deep static stall. The amplitude of the angular oscillation is 7° and the initial
angle of incidence is 23°.

f* = 01. This reduced frequency is the lowest value which will be considered in this study. It
corresponds to a low ratio between the translational velocity of the flow and the rotational

RETNOLOS = 3000 ALPHA = 30 OALPHA = -7 REYNOLDS = 3000 ALPHAR = 30 ORLPHR = -7

t* = 5,0 ANGLE = 23.000000

t*x = 4,75 ANGLE = 23.34262|

DALPHR = -7  REYNOLDS =« 3000 ALPHR = 30 DALPHR = -7
ANGLE = 24.336838

REYNOLDS = 3000 ALPHA = 30
t* = 5,25 ANGLE = 23.342575 t* = §5.50

(d)
RETNOLOS = 3000 RLPHA = 30 DALPHA = -7 REYNOLOS = 3000 ALPHA = 30 DALPHA = -7
t* = 5,75 ANGLE = 25.885452 tx = 6.0 ANGLE = 27.836807

Figure 2. Time evolution of the flow structure; Re = 3000, f* = 01, = 30° Ao = —-7°, &, = 072324
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Figure 3(a)
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Figure 3(b)
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Lud 1= 525 Lo

Figure 3. Time evolution of the flow structure; Re = 3000, f* = 01, « = 30°, Aa = — 7", ot = 23

velocity of the aerofoil. The numerical solution was computed on an 81 x 101 grid and with a time
step equal to 1072 The time evolution of the flow structure is reported in Figures 2(a)-2(d).
Comparison between these results and the experimental visualizations (Figures 3(a)-3(d)) shows
good agreement. For t* < 1 a small separation bubble can be observed on the upper surface in
the vicinity of the leading edge. This phenomenon is seen in both calculations and visualizations.
The appearance of secondary vortices takes place at about t* = 1-5 in the experiments and at
about ¢* = 1-75 in the calcuiations. The vortices seem slightly more developed in the visual-
izations than in the calculations. These discrepancies are mainly due to the grid which was used.
However, it must be emphasized that all vortices seen in the visualizations are also reproduced by
the numerical simulation.

f*=05. This reduced frequency corresponds to a large ratio between the rotational and
translational motions. The visualizations (Figures 4(a) and 4(b)) were achieved in the same
experimental conditions as in the previous case. The numerical simulations were performed on
the same grid but with a time step equal to 5 x 1073 instead of 1072
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Figure 4(a)
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(k) 1"= 2.7% (1) "= 3.00

(bl

Figure 4. Time evolution of the flow structure; Re = 3000, f* = 05, a = 30°, Aa = ~7°, oy = 23
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Two distinct vortex systems are shed from the leading and trailing edges. They are parallel to
each other with opposite rotation. The separation zone on the upper surface is larger and more
irregular than that for f* = 0-1. The trailing vortices, which are generated alternately on the
upper and the lower surfaces, have a larger intensity. The frequency of these vortex sheddings is
the same as the oscillation frequency. At the leading edge a vortex appears only on the upper
surface. This vortex grows, moves downwards along the extrados and combines eventually with

AETNOLOS = 3000 ALPHR = 30 DALPHA = -7 REYNOLOS = 3000 ALPHA = 30 ORLPHR = -7

t* = 0,25 ANGLE = 29.999985 t* = 0.50 ANGLE =  37.000000

RETNOLDS = 3000 ALPHA = 3g DALPHA = -7 REYNOLDS = 3000 ALPHA = 30 DALPHA = -7

t* = Q.75 ANGLE = 30,000031 tx = 1.0 ANGLE = 23.000000

RETNDLDS = 3000 ALPHA = 30 DRLPHA = -7 REYNOLDS = 300D ALPHA = 30 DALPHA = -7

t* =1.25 ANGLE = 29.999939 t* = 1.50 ANGLE = 37,000000

Figure 5(a)
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the trailing edge vortex, giving the two vortex sheddings in the wake. These phenomena can be
seen in both experimental (Figures 4(a) and 4(b)) and computational(Figures 5(a) and 5(b)) results.

f* = 1-0. In this case the velocity of the aerofoil edges is about three times that of the incoming
flow. The flow structures observed in this case are similar to those obtained for f* = 0-5 but are
much more irregular. Vortices appear alternately on the upper and the lower parts of the leading

-7 REYNOLDS = 3000 ALPHR = 0 BALPHA = -7
23.000000

REYNDLDS = 3000 ALPHR = 30 DALPHA =
e = 1.75 ANGLE = 30.000076 tx = 2.0 ANGLE =

RAEYNOLDS = 3000 ALPHA = 30 DALPHA = -7 REYNOLDS = 3000 ALPHA = 30 DALPHA = -7
ek = 2,25 ANGLE = 29.999893 t* =250 ANGLE = 37.000000

L)

-7 REYNOLOS » 3000 ALPHA = 30 DALPHR = -7

RETYNOLDS = 3000 ALPHA = 30 ORLPHR =
ANGLE = 23.000000

tk = 2.75 ANGLE » 30.000183 t* = 3.0

Figure 5. Time evolution of the flow structure; Re = 3000, f* = 0-5, a = 30°, Au = —7°, £, = 072324
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Figure 6(a)
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(b) th) 1'= 2.75 (1) "= 3.00

Figure 6. Time evolution of the flow structure; Re = 3000, f* = 10, x = 30°, Aa = —7°, ag = 23
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edge. As in the case f * = 0-5 the vortex shedding has the same frequency as the oscillaton motion
of the aerofoil.

Experimental visualizations are presented in Figures 6(a) and &(b), which numerical results are
reported in Figures 7(a) and 7(b). Some discrepancies can be seen, in particular for t* > 3. The
flow structure becomes irregular and the tridimensional effects are no longer negligible.

REYNOLDS = 3000 ALPHA = 30 DALPHA = -7 REYNDLDS = 3000 ALPHA = 30 DALPHA = -7
ANGLE = 37.000000 t* = 0.50

t* = 0.25

ANGLE =« 23.000000

RETYNOLDS = 3000 ALPHAR = 30 OALPHA = -7 REYNOLDS = 3000 ALPHA = 30 DALPHAR = -7

1 t* = Q.75 ANGLE = 37,000000 t* = 1.0 ANGLE = 23.000000

REYNOLOS = 3000 ALPHA = PHA = -
MEYNOLDS = 3000 ALPHA = 30 DALPHA = -7 30 OALPH 7

7.000000 t* = 1,50 ANGLE = 23.000000
e = 1.25 ANGLE = 37.0

Figure 7(a)
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REYNOLDS = 3000 ALPHR = 30 DALPHA = -7 REYNOLDS = 3000 ALPHA = 30 DALPHA = -7

tx = 1.75 ANGLE = 37_900000 t* = 2.0 ANGLE = 23.800000

REYNOLDS = 3000 ALPHA = 30 DALPHA = -7 RETYNOLDS = 3000 ALPHA = 30 DRALPHA = -7
tx = 2.25 ANGLE = 37.000000 ex = 2.50 ANGLE = 23.000000

Figure 7. Time evolution of the flow structure; Re = 3000, f* = 1-0, a = 30°, Ax = —7°, £, = 0:72324

The calculations were carried out on an 81 x 121 grid and the time step was taken equal to
1073, These numerical and experimental analyses of the influence of the reduced frequency
demonstrate that the vortex shedding frequency in the wake is the largest value between the
natural frequency for the flow around an aerofoil with fixed incidence and the frequency of the
oscillating motion.

Figure 8 gives an example of the drag (CX), lift (CY) and moment (CM) coefficients and shows
the importance of hysteresis effects when dynamic deep stall cases are considered.

Influence of the amplitude of the oscillation. Two values of the amplitude and of the mean angle
of attack will be considered here. It appears that the angular amplitude generally has a small
influence on the formation and development of the vortex shedding. For a given frequency similar
types of stall can be observed whatever the angular amplitude. A detailed analysis of these
phenomena is reported in Ohmi.’

Re = 104

For this Reynolds number the reduced frequency f * is always equal to 0-5. The mean value of
the angle of attack was chosen to be 30° and the angular amplitude 7°. These low values allow us
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NACA12 81*101 R=9.7 F=1.0 REYNOLDS=3000 NACAI2 81*101 R=9.7 F=1.0 REYNOLDS=3000
ALPHA=30 DALPHA=-7 ALPHA=30 DALPHA=-7
CX ANG CY ANG
4 4 \
3 3 Y
NGLI } // | NGLI
VoL, AR It
R 2 \“,’ll // ‘/“\\ / ‘u"\ P~
h ~ . LAVAY
1 1 ““\ / \\ ’/ \‘\_/dY
N\ \J
0 : 0
-1 -1
) -2
5 R RN 5 2.% ¢x
0 1 2 3 4 5 6 0 1 2 3 4 5 6

NACAIZ 81+101 R=9.7 F=1.0 REYNGLDS=3000
ALPHA=30 DALPHA=-7

CM ANG

2.% g%

0 ] 2 3 4 5 6

Figure 8. Evolution with time of the drag CX, lift CY and moment CM coefficients

to use a moderate number of nodes in the computations: a grid with 81 x 121 nodes and a time
step equal to 103 were used. Comparison between numerical results (Figure 9(a)}-9(c)) and
experimental visualizations (Figures 10(a) and 10(b)) shows good agreement for t* up to 4.
However, it may be noticed that the vortices are slightly more developed in the experiments than
in the numerical simulation.

CONCLUSIONS

Numerical and experimental results presented in this paper demonstrate that a numerical
resolution of the unsteady Navier—Stokes equations is able to describe in a correct manner the
flow generated by a simultaneously translating and pitching aerofoil. Analysis of the influence of
the different parameters shows the following:

1. The Reynolds numbers considered in this paper do not have a major effect on the flow
structure around the oscillating acrofoil but influence rather the phase lag and the hysteresis
character of the wake.

2. The flow at f* = (-1 is characterized by the upper surface flow generated during the two
phases of increasing and decreasing incidence. The increase in incidence gives rise to an
accelerated formation of secondary vortices which hastens the displacement and shedding of
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leading edge vortices. The reduction of incidence produces trailing edge vortices which
prevent the expansion of the viscous interaction area.

3. The flow at f* = 0-5 presents a rather stable vortex-shedding system at both leading and
trailing edges. The leading edge throws out co-rotative vortices in a regular manner,
probably because the rolling-up caused by the ascent of the leading edge is of the same
dynamic scale as the natural growth of leading edge bubbles. The main interest of the flow

RETNOLOS = 10000 ALPHA = 30 DALPHA = -7 RETYNOI DS = 10000 AIPHA = 30 DALPHA - -7

t* = Q.25 ANGLE = 29.99998S t*x = 0.50 ANGLE = 37.000000

RETNOLODS = 10000 ALPHA = 30 DALPHA = -7 REYNGLDS = 10000 ALPHA = 30 DALPHA = -7

t* = 0,75 ANGLE = 30.00003) t* = 1.0 ANGLE = 23.000000

HETNDI DS = 10000 HILPHR = 30 DALPHR = -7 REYNOLDS = 10000 ALPHA = 30 DALPHA = -7

e* = 1.25 ANGLE = 29.999939 t* = 1.50 ANGLE = 37.000000

Figure %a)
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4.

REYNBLDS = 10000 ALPHA = 30 DALPHRA = -7
t* = 1.75 ANGLE = 30.000076 tk = 2.0

O. DAUBE ET AL.

features remains still in the upper surface flow, but one recognizes trailing edge vortices
rolling up alternately into the upper surface and lower surface flows.

The main characteristic of the flow at f* = 1-0 is a strong rolling-up towards the upper
surface flow which encloses completely the leading edge bubbles. The bubbles are then
unable to grow normally with periodic supply of vorticity and instead form a single vortex

REYNDLDS = 10000 ALPHA = 30 DALPHR = -7
ANGLE = 23.000000

AETNOLDS = 10000 ALPHA = 30 DALPHA =

-7 REYNOLDS = 1000 ALPHA = 30 DALPHA = -1

ANGLE = 29.999893 ANGLE =« 37.000000

tx = 2,25 ¢k = 2.50

RETNOI DS = 10000 ALPHA = 30 DALPHA =

-7 REYNOLOS = 10000 ALPHA = 30 OALPHA =

ANGLE « 23.000000
= 30.000183 t* = 3.0
te = 2,75 ANGLE

Figure 9(b)
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cell which goes through gradual growth inside the enclosure. The strong rolling-up also
causes a prominent flow reversal process which initiates from the leading edge and travels
downstream.

5. The mean incidence and the angular amplitude of the oscillation do not have a definitive
effect on the qualitative behaviour of the unsteady separation as long as the former remains
clearly in excess of the static stall incidence. Nor is the maximal incidence a major factor

RETNOLDS = 1D00D ALPHR = 30 DALPHA = -7 REYNOLDS = 10000 ALPHA = 30

DALPHA = -7
t* = 3.25 ANGLE = 29.999756 t* = 3,50 ANGLE =  37.000000

RETYNOLDS = 10000 ALPHA = 30 DALPHA = -7 RETMN NS = 10000 ALPHAR = o DALPHA = -7

t* = 3,75 ANGLE = 30.000168 tk = 4.0 ANGLE = 23.000000

REYNOI NS = 10000 ALPHA = 3 OALPHR = -7

ANGLE = 29.99977!
t* = 4.25

Figure 9. Time evolution of the flow structure; Re = 10000, f* = 0'5, a = 30°, Ax = ~7°, &, =072324
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(a) v'= 05§ () "=

Figure 10(a)
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Figure 10. Time evolution of the flow structure; Re = 10000, /* = 0-5, « = 30°, Ax = —7°, oy = 23

here. Needless to say, some quantitative estimates such as force coeflicients and vorticity

cannot be reached through visualizations and need some support from the numerical
computations.
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