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Abstract

An experimental study has been performed in
the ONERA F1 pressurized wind tunnel on a 1 m
chord supercritical airfoil equipped with a
spoiler and a flap in a two-dimensional flow.
Both spoiler and flap can be steadily deflected
simultaneously and one control surface can then
be driven with a harmonic motion, a white noise
motion, or a ramp motion for various rise times.
Steady and unsteady pressures, lift and moment
coefficients depend on Reynolds number, mean
steady deflection and frequency. The interaction
between the «control surfaces 1is examined.
Unsteady pressure time histories for ramp type
motions for wvarious rise times and initial
deflections are also given. Finally, some
comparisons are presented between a theoretical
method developed at ONERA and the experimental
data for a steady deflected spoiler.

I. Introduction

The development of Active Control
Technology has involved a special interest in
control surface unsteady aerodynamics. From the
computational point of view, the numerical codes
available for calculating unsteady aerodynamics
have for a long time been linear methods. An
important effort has been underway for about 10

years to develop more accurate codes. But most
of these methods remain inviscid ones, and
consequently, they are unable to calculate the

viscous effects on the flap characteristies or
the separated flow induced by a spoiler, even in
steady flows.

These facts prove the necessity of
evaluating the steady and unsteady performances
of spoilers and flaps from experimental data. A
common experimental study shared by ONERA, MBB
and DFVLR has been carried out with a two-
dimensional model equipped with a spoiler and a
flap. The goals of this collaboration were to
improve knowledge of the aerodynamic forces
induced by the steady or unsteady deflection of
spoilers and flaps, and to obtain accurate
measurements necessary to validate the
prediction codes that are being developed in
both countries.

II. Test facilities and model

The model (ACTTA Wing) was tested in the
ONERA low speed pressurized wind tunnel F1 in
Copyright © 1986 by ICAS and AIAA. All rights reserved.
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the Le Fauga test center. Figure 1 shows this
model between two walls erected in the test
section in order to assure 2D tests.

ACTTA Wing in F1 wind tunnel.

Figure 1

The ACTTA Wing (figure 2), manufactured by
MBB, is a rectangular supercritical wing of 2 m
span by 1 m chord. The three components are :

- the main box which can rotate around an
axis located at 27.5% of the chord for angle of
attack change ;

- the spoiler, 2 x 0.15 m, which can rotate
from 6sp = 0° to §sp 31° around the hinge line
located at 67% of the chord ;

- the flap, 2 x 0.125 m, which can move
from &6f -5° (upward) to &f +10° (downward)
around its hinge line located at around 87.5% of
the chord.

The model was
pressure tappings
lateral sections,
with the same

equipped with 115 static
along one middle and two
115 unsteady pressure pick-ups
chordwise distribution, 13



accelerometers and 4 strain gauge bridges. Angle
of attack was fixed manually, whereas spoiler
and flap were hydraulically actuated by a
feedback servosystem. Static pressure measure-
ments were processed by the F1 wind tunnel
acquisition unit. The ONERA Structures
Department was in charge of unsteady
measurements. The acquisition equipment used is
described in reference’.

The test program included, for each control
surface, the study of the following parameters
for a harmonic excitation

Pot 1 Pot 3

Hydraulic actuator
and servo-valve

Coupling

Spoiler hinge line :
x/c=67%
Spoiler tip : x/c =82 %
Section 3

5 pick ups

6 pressure tappings
™~Flap hinge line :
x/c=87.5%
Section 1

55 pick ups

55 pressure tappings

Pot, Pot,

™~

475

N I S I Y
= N +72 {:—‘4 +

| oty Section 2
55 pick ups
55 pressure tappings

———

v = accelerometer
Pot = potentiometer

Pot, Pot,

Figure 2. ACTTA Wing.

mean deflection,
oscillation amplitude,
reduced frequency,
Reynolds number.

Furthermore, the interaction between the
two control surfaces has been examined
(influence of a control surface static
deflection on the other control efficiency).
Finally, several white noise and "ramp"
excitations were vrealized. The test program
involved about 120 steady and 160 unsteady
configurations. All the tests were performed at
M 0.2. The main configurations were
systematically tested at a stagnation pressure
equal to 1 bar corresponding to a Reynolds
number of about 4 million, and at a stagnation
pressure equal to 4 bars corresponding to a
Reynolds number of about 16 million.

In this paper, we are mainly concerned with
the influence of Reynolds number on control
surface efficiency, the comparison between
spoiler and flap characteristics, and the study
of the interaction between control surfaces
(spoiler and flap) in steady and unsteady
configurations. Examples of the ramp
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measurements are also given. Finally, we briefly
present the computer code developed at ONERA to
calculate the steady flow around an airfoil
equipped with a spoiler, and some comparisons
with experimental data are made.

III. Reynolds number effect

1) Steady configuration

Figure 3 shows the normal force evolution
versus spoiler deflection calculated from the
pressure integration for two Reynolds numbers (4
and 16 million) and for two flap angles. For
8f = 5°, at low spoiler deflections, the normal
force is greater at Re = 16 x 10% than at
Re = 4 x 10% This is due to a better flap
efficiency at high Reynolds numbers were viscous
effects are less important, as proved by figure
4, On the other hand, for high spoiler
deflections, the normal forces are lower at
Re = 16 x 10° than at Re = 4 x 10%, which shows

that the spoiler efficiency is greater in this
situation. The boundary layer thickness is lower
on the spoiler and in front of it, and this may
greater

induce a effective spoiler angle.

1ACN

5 10 15 20 N 5
&5 = Oc_)/ - sp
Figure 3. Airfoil with spoiler : steady
Reynolds effect.
Ac
1 N o =2°
7 Re=16 M
-0
JEPUECE: oo . N
’a?g’/" Re=4 M
‘r/o/
//./: o
5f‘
-5 o 5 10
Figure 4. Airfoil with flap : steady Reynolds
effect.



the conclusions on the Reynolds number
influence may be erroneous because of its
weakness and of the possible spoiler
deformations which can appear when the
stagnation pressure is increased.

However,

2) Unsteady configurations

Figure 5 shows the Reynolds number effect
on the spoiler efficiency. For small spoiler
deflections (8sp = 3°/5°), a noticeable evolu-
tion can be seen with a minimum for
Re = 13.5 x 10%. For the two main Reynolds
numbers tested (4.5 x 10° and 18 x 10%), we
obtain virtually the same results. Then, when
the spoiler deflection is increased (S8sp = 10°),
this influence can no longer be detected : the
reattachment point downstream of the spoiler is
too far in the wake to have an effect on the
unsteady 1lift. Finally, it must be noted that
practically no effect can be seen on the phases.

2- ‘A\A-—___.A/A
1 A o - dsp = 10°
¥ = 20
'4\+____"_~_+ +/ 559 3
45 9 13.5 18 Re (x 10°)
1 2 3 4 pilb)
“¢40)
180 4
1204 — o o o=
a a A p—
60- —
45 9 13.5 18 Re (x 10°)
Figure 5. Oscillating spoiler : influence of
Reynolds number on the 1ift coef-
ficient.

For the flap, as illustrated on figure 6,
the efficiency increases slowly with the
Reynolds number, but this effect is very weak.
This is in good agreement with steady
measurements.
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M=02 5f=10° 85p=0° k= 045

A Cn;

1- 0 e s
=
0.5~
0 + + + + ;
4 8 12 16 Re (x 10°)
gt
180~
1204
60 -
1 2 3 4 Pi(b)
—=p Q 2 = r
0 4 8 12 16 Re (x 10°)
Figure 6. Oscillating flap : influence of
Reynolds number on the 1lift coef-
ficient.
IV. Comparison between spoiler and
flap efficiencies
1) Influence of mean deflection
Figure 7 shows the wunsteady pressures

(first harmonic) measured on the airfoil for
several spoiler deflections. The curve of the
pressure distribution has a typical shape with
the pressure evolution strongly depending on the
mean deflection. The unsteady pressures
generated by the spoiler motion are maximum for
a spoiler angle of 5°, when the separated flow
zone, induced by the spoiler, reaches the
airfoil trailing edge. For a spoiler deflection
greater than 10°, the unsteady pressure level
remains quite constant. The phase evolution is
more regular with a diminution of the phase lag
with an increasing mean spoiler deflection.

The unsteady pressure distributions for the
flap (figure 8) reveal a continuous decrease of
the amplitudes and of the phase lag when the
flap deflection increases. This is due to the
occurrence of greater viscous effects, and more
particularly, to the appearance of trailing edge
separation which is obviously present at
§f = 10°.



M=02 o =2°

F=10Hz &6f=0° Re=4M
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Figure 7. Oscillating spoiler : influence of

spoiler deflection.

M=02 a=2° 85,=0° Re=4M F=10Hz

5¢
4] & Q0

o 5O
34 x 10°

Figure 8. Oscillating flap
deflection.
A  comparison of the spoiler and flap
efficiencies can be seen on figure 9. This

efficiency is defined here as the unsteady 1lift
capability (modulus of the first harmonic). As
expected from the unsteady pressure distribution
curves, the unsteady forces (CN as well as CM)
present far less variations for the flap than
for the spoiler at "low" steady deflections, and
the phase lag is also generally much smaller for
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influence of flap

the flap. A spoiler allows us to obtain high
unsteady forces for small deflections and could
be quite realistic for applications because
small spoiler angles don't induce too severe a
drag penalty. However, such good efficiency is
obtained with quite large phase lags, the order
of which is about 80°-90°. Finally, it should be
noted that the results on the modulus are in
good agreement with steady results previously
seen (figures 3 and 4),.
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Figure 9. Comparison between spoiler and flap :
influence of mean deflection.

2) Influence of the reduced frequency

For the same efficiency level for both the
spoiler and the flap, figure 10 shows the
influence of the reduced frequency on the 1lift
coefficient. The flap unsteady 1lift increases
slightly at high reduced frequencies and the
spoiler efficiency strongly decreases with the
frequency. In the region of greatest efficiency
for each control surface (figure 11), the
results are quite different ; for the flap, the
1lift coefficient decreases significantly with
the frequency ;3 for the spoiler, the 1lift begins
to decrease but, from k . 0.5, it increases
regularly with the reduced frequency.
Consequently, the effect of frequency strongly
depends on the mean flow conditions.

M=0.2 Rec=16x 10°

ICps1 \Cp 8!
1 - 1
Flap Spoiler
§f=10° 83p=10°
O.SI 6sp=00 0-5‘6f=00
ok 05 Tk 0.5 1k
_golef® 90 |®{O—nu__

Figure 10. Comparison between spoiler and flap :
influence of reduced frequency.
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-
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Figure 11. Comparison between spoiler and flap :
influence of reduced frequency.

3) Aerodynamic interaction between control

surfaces

a) Spoiler efficiency versus flap deflection

Figure 12 shows the spoiler steady
efficiency curve for several flap deflections.
The efficiency 1is defined as the 1lift 1loss
capability given by the spoiler. The curve shape
is quite classical with a non linear =zone for
small spoiler deflections where the control
surface practically has no efficiency. This non
linear 2zone is reduced as the flap angle is
increased. For great spoiler deflections, the
normal force curve slope doesn't depend on the
flap deflection but the 1ift loss is obviously
greater for high flap angles because the spoiler
non linear zone is shorter. This phenomenon can
be explained by looking at the airfoil pressure
distribution (figures 13 and 14). For small
spoiler deflections, the flow which is separated
at the spoiler tip reattaches before the
trailing edge, and the spoiler is only a local
disturbance in the flow since no effect can be
seen on the 1lower surface or on the upper
surface in front of it (until Ssp = 3° on figure
13 and 8sp = 6° on figure 14). The spoiler
deflection effect can be felt elsewhere only
when the separated 2zone has reached the wake,
inducing then a completely new  pressure
distribution and consequently a significant 1lift
loss (from &sp = 7/8° when 8f = -5° and from
8sp = 4°/5° for 8f = 5°),

A acy

0 4 L L = . v o
4 Re=4M
6f=_50
q /5f=00
/6f=10°
- 05 8¢ =50

- 14

Figure 12. Influence of flap deflection on

spoiler efficiency.

For the unsteady case, the same analysis
can be done. For 8sp = 3° (figure 15), the
influence of the flap deflection on the unsteady
pressures is very important, with a pressure
level decreasing when the flap deflection

1247



decreases. On the other hand, for Ssp = 20° (fi-

gure 16), the unsteady pressures are exactly the
same for all the flap deflections, except on the

lower side phases. Consequently we will have a
constant unsteady 1lift capability which becomes
obvious when looking at the steady curve given

in figure 12.

- NTROO O O

Figure 13. Steady pressure distributions versus
spoiler deflection for 5° flap angle.

14 5f=—5% Re=4M
15 20 30
— — [l 1
e ==, /- 2710
\\\Yv?r’ﬂr =

0j1i2l345\6 x/c

Figure 14, Steady pressure distributions versus

spoiler
angle.

deflection for =5° flap
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b) Flap efficiency versus spoiler deflection

For steady configurations, figure 17 shows
that the spoiler mean deflection influences the
flap efficiency only for 8sp = 5°, i.e. when the
flow behind the spoiler is not fully separated.

A 1CN o = 20 a
._630 = 00
P dsp = 50

"
T bsp = 10°
P

/:/./ 6Sp = 200
s W,

For greater spoiler deflections,

spoiler angle may be. This

the flap moves
in a separated flow but the curves C

(8sp) and
CM (8sp) become more linear and the 1lift and
moment curve shapes are the same whatever the

efficiency

is,

however, lower than in the case without spoiler

erected.

For the oscillating flap (figure

18),

the

unsteady pressure remains quite constant from

Ssp =

10° except on the flap itself. Otherwise,

it is not obvious that unsteady pressures must
be the same when pure harmonic and white noise

excitations are
separated flow

performed on
region. A

large

flap
loss

in a

of

efficiency as well as a mean phase shift of
about 20° appears when the spoiler deflection is

increased from 0° to 10°.

taken into account if active

This point has to be
controls

are

_ rO 0 50 100 ;} applied to flaps ¢ the gain and phase margins of
.,,r/’/’l such controls must be large enough to be stable
in all configurations.
Cm V. Ramp type excitation of spoiler and flap
25% Pi=1b
0.05 Because  spoilers behave nonlinearly,
0 o especially for small deflections, additional
— 5 0 5 10° X : . <
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:QEEEEEEE?:::::::: conditions. Consequently, ramp-like motions
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Figure 17. Influence of .spoiler deflection on have also been used for spoiler and flap
the flap efficiency. excitation. The parameters examined were the
|Vl=0.2 (X=20 f=20HZ Pi=1b
AICD“ Upper surface 8 = 0° A o)
2+ I - 604
181 } ~801 5 o0m
0
164 o - 100 +10°H
v 10°WN
141 e b 20° WN i
- | A
1.2} o] %Y —140} ly
- a¥gg o+ F¥ ¥
L T RURCINIRR
1f L L —1860] oY e =
v v [ 50 1
. M Lot |°°°o°°°[ lx/c
0.8+, AT — 180 L X2 A I
’l' v 20 v . ° ° 60 80 100
0.64:°, oo J -2004 L% ,.°
o . el
04 o, emtt s _220) 4t ¢
., \ ; o®e fee N v l b . °
0.2 tre L — 2404
x/c I
+ + + + + - 260
0 20 30 60 80 o>

Figure 18. Oscillating flap : influence of
spoiler deflection.
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starting deflection 85, its maximum value Opax
and the deflection rate 8. The relation between
the time corner points was

(t1-to, to=t1, t3=t2) = (1, 2, 1).

Figure 19 shows some selected pressure time
histories measured on the airfoil for a spoiler
ramp motion. The pressure response is nonlinear
only on the rear part of the spoiler and behind
it, i.e., where separated flows can occur during
the spoiler motion. These nonlinearities are
larger when the deflection starts from 8, = 0°
and they increase with the deflection rate. On
the rear part of the spoiler, the pressure at
the starting phase gives opposite values
compared to static ones. Behind the spoiler, the
pressures start also with small opposite values
but they turn suddenly into a large overshoot.
This behaviour can also be seen below the
spoiler for fast motions.

o e AL R
HUC& rJoa Vo.esL UOJL VJ

0,075

0.775 ''0.875 0.99

8sp =07/ 18°

5 =240%s
T N
t 1 t
I \J ’\~¢/— ‘\—Jf’
X/C = 0.1 05 0.9
Figure 19. Time history pressure distribution

for a spoiler ramp movement.

This adverse behaviour can be seen on the
lift and moment coefficients (figure 20.a). The
nonlinear effect is more important on the moment
coefficient because the nonlinearities mainly
appear on the rear part of the airfoil upper
surface. A response lag can also be seen for

5=5m15°

both coefficients. At last, the adverse effect
is smaller when the erection starts with
positive spoiler deflections (figure 20.b) or
when the deflection rate is getting smaller. In
this case, the response lag also decreases.

For a flap ramp motion (figure 21), no
adverse effect appears, but a slight overshoot
is still present.

VI. Comparison between steady computations

and experiment

A computer code based on strong viscous-
inviscid interaction has been developed at the
ONERA Theoretical Aerodynamics Branch by J.C. Le
Balleur2. Its ability to take into account
strong viscous effects and consequently,
separated flows has led to the development of a
spoiler application3. The main characteristics
of the code are :

- a strong coupling method in direct or
semi-inverse mode is assured between the
inviscid flow, calculated from the full
potential equation written in a conservative
form, and the viscous region calculated from
integral equations of a defect formulation ;

- the spoiler is modelled by changing the
boundary conditions on the airfoil like in small
perturbation techniques : the slope at the wall
is increased by the spoiler deflection in the
spoiler region, and a Jjump equal to the spoiler
height is imposed to the displacement thickness
at the spoiler tip.

This code has been used for some
configurations tested in the F1 wind tunnel.
Figure 22 shows good agreement between computed
and measured pressures for 5sp =z 0°/10° for the
2 extreme Reynolds numbers tested. On figure 23,
the evolution of the integrated coefficients
(1ift and moment) versus spoiler deflection for
§f = -59/0°/5°/10° is plotted. The agreement
between computed and experimental results is
generally good. The region of no .efficiency for
small spoiler angles 1is well predicted and its

§=57,15°
5=80%s

\
MY

+

\
)
§=160% 3 )
2

/]
'!'5'0 100

t=n/512 (s)

150 200 250'\50 100 150 200 250

t=n/512 (s}

Figure 20. Time histories of normalised - in-
erements of spoiler deflection AS,
1ift AC; and pitch moment ACp.
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Figure 21. Time histories for pressure dis-
tribution and normalised integrated
coefficients for a flap ramp

movement.

evolution with the flap angle, too. However, in
the linear region, the spoiler efficiency is

overestimated by the computations. Figure 24
~shows a comparison between computed and
“experimental drag evolution versus spoiler

angle . The code which calculates the pressure
and skin friction drags also predicts quite well
the experimental airfoil drag as measured in the

wake.
A—Kp

Calculation

e + Experiment

S c
0 —— - X/C
A o.N\/}ﬁ
M= 0. *
13, 6f=52?§ Re = 16 x 106
- 14 ’ 5sp=0.10 d

ST

0 t -
05 2 71
M5?=0§83 Re =16 x 10°
- 14 Ssp =10
Figure 22. Airfoil with spoiler § comparison

calculation-experiment ;
Reynolds number.

influence of
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Figure 23. Airfoil with spoiler and flap ;
comparison calculation-experiment ;
1ift and moment evolutions.
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Lo
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Figure 24. Airfoil with spoiler ; comparison
calculation-experiment ; influence of
spoiler deflection on the drag coef-
ficient.

VII. Conclusions

The tests performed on the ACTTA Wing in
the ONERA F1 wind tunnel have made it possible
to collect numerous and accurate data concerning
the steady and unsteady flows around an airfoil
equipped with a spoiler and a flap. The results
presented here have shown that the Reynolds
number effect is very weak for this
supercritical airfoil, and, for the unsteady
configurations, noticeable only when separated
zone fluctuations can be observed on the airfoil
(small spoiler angles or/and great flap
angles). The examination of spoiler and flap



performances proves that, for this model, the
spoiler efficiency can be higher than that of

the flap, but with a significant phase lag
penalty for the spoiler. It has also been
observed that the steady and unsteady

performances of spoiler and flap evolve rapidly
with their mean static angle when the spoiler
angle is small. Because of this important
interaction, a great care must be taken in the
control design. However, one can hope that these
effects are smaller in realistic three-~
dimensional flowsk4. Finally, ramp measurements
have confirmed the much more nonlinear behaviour
of the spoilers already observed for harmonic
oscillations. Furthermore, they have shown the
overshoot phenomena which are specific to these
transient movements.

Computational results obtained with a two-
dimensional viscous code using a strong coupling
technique developed at ONERA have proven the

ability of this code to describe the very
complex flow appearing when a spoiler is
erected.
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