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Experimental Measurements of Dynamic Control
Surface Effectiveness

R. M. Rennie* and E. J. Jumper¥}
University of Notre Dame, Notre Dame, Indiana 46556

This article reports on a low Reynolds number experimental study of the unsteady lift characteristics
of an NACA 0009 airfoil pitched about its midchord, equipped with a 27% trailing-edge flap that could
be independently deflected. The airfoil normal force, obtained from integrated surface pressure mea-
surements, was captured during rapid, trailing-edge flap-only deflections; rapid, arbitrary, pitch-only
excursions; and combined rapid pitch and flap-deflection motions. The measured aerodynamic response
of the flapped airfoil to the various flap, airfoil, and airfoil -flap combination motions was compared to
theoretical and panel-code-computed aerodynamic-response predictions. These comparisons, and the re-
sults of flow visualization experiments, led to the observation that both the flap’s effectiveness and the
airfoil’s lift- curve slope were higher during their motion than their steady-state values, and essentially

matched their inviscid theoretical values.

Nomenclature
a, = flap coefficient, cos 'e — e\/1 — &
a, = flap coefficient,
TV1 ~ 2 + &) — e cos’'e
a; = flap coefficient,
cos 'e(l — 2¢) + V1 — €2 — o)
as = flap coefficient, 24/1 — ¢ + 2 cos” e,
inviscid value
b = airfoil semichord, ¢/2
C, = lift coefficient
C, = steady-state lift coefficient
Cror Cha = C, C, vs «a lifi—curve slope
Cropr Cus,y = Ci, C, vs g lift—curve slope

C, normal force coefficient

c = airfoil chord

e = distance from airfoil midchord to flap hinge,
nondimensionalized by b

Re = Reynolds number

s, o = nondimensional time, tV./b

t = time

V. = freestream velocity

o = angle of attack

O = trailing-edge flap deflection angle

- = nondimensional trailing-edge flap deflection
rate, $3:b/V..

Sre = nondimensional trailing-edge flap angular
acceleration, 8%:.b*/V2

T = flap effectiveness factor

&(s) = Wagner function, =(s + 2)/(s + 4)
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Superscript

* = dimensional quantities

1. Introduction

VER the last decade, there has been a renewed emphasis

on enhancing the maneuverability of fighter aircraft; this
enhancement was initially referred to as supermaneuverability.'
Supermaneuverability is associated with both increasing max-
imum C,, through possible exploitation of unsteady aerody-
namic phenomena like dynamic stall,” and improving aircraft
agility. Agility, as defined by Skow,’ refers to the ability to
quickly point an aircraft, control its trajectory and shorten its
transition time between maneuvers. While specific maneuvers
associated with agility might depend on high C, agility need
not imply high Cj; it is often the case that agility implies the
suppression of lift. Such suppression, for example, would be
required to rapidly point an aircraft fuselage (and thus the wing
angle of attack) while independently controlling or maintaining
the aircraft trajectory. In steady flow, independent control of
airfoil angle of attack and lift can be accomplished by con-
comitant trailing-edge flap deflections. Our specific research
has investigated the use of trailing-edge flaps to control lift
during dynamic pitch motions of the airfoil, where the lift his-
tories associated with angle-of-attack changes and flap deflec-
tions are sufficiently rapid that both must be treated as un-
steady.

The unsteady aerodynamic response for trailing-edge flap
motions has been investigated theoretically,*”” and to a more
limited extent, experimentally.®~'® Airfoil lift characteristics for
unsteady trailing-edge flap motions were first analyzed by
Theodorsen® for harmonically oscillating flaps. As in the case
of unsteady airfoil motions, Theodorsen’s results for oscillat-
ing trailing-edge flaps can be generalized to arbitrary flap mo-
tions using the method of Jones’ and others,’™® and can be
expressed as

s

C = alSTE + aZSTE + f (0481‘5 + a35T5)¢(S —o)ydo (1)

0

The term representing the circulatory lift caused by impulsive
start has been omitted from Eq. (1). Attempts to experimen-
tally validate Eq. (1) for arbitrary motions have been few. Ref-
erences 9 and 10 present recent experimental data on unsteady
flap motions, but treat small-amplitude oscillatory motions at
compressible flow speeds only. Of particular note, however, is
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the work of Drescher,® who used a 30-cm, G5-409 airfoil with
a 9-cm, simple-hinged, trailing-edge flap in a (1 X 0.728 m
test section) water tunnel (Re = 1 X 10°, and was able to
achieve nondimensional flap rates from 0.01 to 0.5. Drescher
studied a variety of flap motions, reporting on both sinusoidal
and ramp motions. Using 21 symmetrically placed surface
pressure taps, he was able to capture integrated lift histories,
which he compared to an arbitrary-flap-motion lift theory de-
veloped by Kiissner and Schwarz.’

The use of trailing-edge flaps as unsteady lift-control devices
has been investigated for the suppression of flutter' ~'* and for
gust alleviation."*'® Hugo and Jumper'’ reported on an incom-
pressible, unsteady lift-control study to cancel the effect of a
gust or contro} the lift on an airfoil caused by arbitrary, dy-
namic angle-of-attack changes. Linearized, unsteady-airfoil
theory for arbitrary flap motions was used to arrive at a lift-
control algorithm, which was successfully tested using an in-
viscid, unsteady panel code. Although the panel code was in-
viscid, it accounted for airfoil thickness, true flap deflection
(i.e., the boundary condition of no-flow through the flap sur-
face was used), and a deformable wake, so that the computed
lift results were nonlinear; in the numerical study, the linear-
ized lift-control algorithm appeared to successfully control lift
during angle-of-attack changes, as well as cancel (alleviate)
the lift caused by the convection of a relatively large vortical
gust past the airfoil.

The lift-control algorithm'” referred to earlier was investi-
gated experimentally in a series of low Reynolds number ex-
periments (Re = 2 X 10%). These studies were divided into
three parts: in the first part, the airfoil’s unsteady lift response
caused by flap motions only was investigated; in the second
part, the airfoil’s unsteady lift response caused by changes in
angle of attack about the midchord was investigated; and fi-
nally, a series of experiments was performed that combined
angle-of-attack changes with algorithm-prescribed flap mo-
tions in an attempt to control to zero lift. As will be argued,
these studies suggested that the airfoil’s unsteady lift response
to both flap and airfoil motions was well represented by un-
steady, inviscid theory while the flap or airfoil were in motion.
Once the motion ended the lift response decayed and could no
longer be described by inviscid theory.

II. Experimental Approach

A. Apparatus

Experimental data were collected in the University of Notre
Dame subsonic wind tunnel, which is an indraft configuration
that features 2 X 2 ft cross-sectional, interchangeable test sec-
tions. To prevent fan disturbances from propagating upstream
into the test section, a 6-ft-long constant area duct (2 X 2 ft
cross section), followed by a straw box was inserted between
the test section and the diffuser; with this configuration, the
maximum attainable test-section velocity was 45 ft/s. The
mean test-section turbulence level with this setup was less than
0.04%.

A test section consisting of a frame, airfoil, and motion con-
trol hardware was designed and constructed as shown sche-
matically in Fig. 1. The airfoil used in the study was an NACA
0009 profile of 8-in. chord with a 20% leading-edge flap and
a 27% trailing-edge flap, both of which were a simple-hinged
type. In all of the tests reported here, the leading-edge flap was
fixed at O-deg deflection. The airfoil was instrumented with 36
surface pressure taps, each of which was connected to a 2 ft
length of 0.05-in.-i.d. plastic pressure tubing. More complete
descriptions of the experimental apparatus are given in Refs.
18 and 19.

B. Data Acquisition

Pressure data were acquired using either a single pressure
transducer attached to a scanivalve for static experiments, or
multiple pressure transducers for dynamic experiments. The
pressure transducers used for both static and dynamic experi-
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Fig. 1 Drawing of test section showing major components.
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Fig. 2 Pressure tap locations. Circled taps were excluded from
dynamic experiments.

ments had a pressure range of =0.35 psig and a dynamic range
on the order of 50 kHz, well beyond the requirements of the
investigation. All 36 taps were used for static data; however,
because the data acquisition system'® could only acquire time
series for 14 unsteady pressure signals and one position signal
during a single dynamic experimental run, unsteady experi-
ments used 28 taps. A single, complete, 28-tap, experimental
data set required a minimum of two runs, one for each of two
14-tap sets. Up to 10 complete 28-tap data sets were acquired
for each dynamic experiment (i.e., 20 runs, 10 for the first 14-
tap set and 10 for the second 14-tap set), and these data sets
were ensemble-averaged prior to reduction. The same taps
were used for all experiments and are shown in Fig. 2, where
the circled taps in Fig. 2 were excluded for dynamic testing.
The use of 28 pressure taps on the airfoil for dynamic testing
is similar to the number used by other investigators.”****' The
position signal measurements were used for either the trailing-
edge flap deflection history or the airfoil angle-of-attack his-
tory.

C. Dynamic Response of Plastic Pressure Tubing

An important consideration in the method used to measure
dynamic airfoil surface pressures was the effect that the 30 in.
(2 ft inside the airfoil plus 6 in. of added slack) of 0.05-in.-
1.d. plastic pressure tubing (connecting the surface taps to the
pressure transducers) had on the unsteady pressure signals.
This effect was investigated in an independent experiment sim-
ilar to that of Ref. 22. An unsteady pressure signal consisting
of 50-Hz bandwidth pseudorandom noise was created by me-
chanically driving a speaker diaphragm through large excur-
sions using a signal generator. The speaker formed one end of
a cylindrical pressure vessel; in the opposite end were two
small, closely spaced holes. A pressure transducer (transducer
A) was mounted into one of the holes, and the other hole was
connected to a second transducer (transducer B) through one
of the 30-in. plastic tubes. The time-domain output of each
transducer was Fourier transformed, and the transfer function
of the pressure tubing was computed. For a complete descrip-
tion of the technique, the reader is referred to Ref. 19. The
transfer function for each tap showed that the pressure tubing
had little effect on the amplitude of unsteady pressure signals
up to a frequency of approximately 25 Hz, and that the phase
lag caused by the tubing varied linearly with frequency up to
around 40 Hz. This linear variation of phase lag with fre-
quency demonstrated that the effect of the pressure tubing was
a simple constant time delay on all pressure signals with fre-
quency components below 25 Hz. This time delay was mea-
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sured to be 5 ms (millisecond), and was removed from the
pressure signals by correcting the time histories for all pressure
data.

D. Data Reduction

For dynamic experiments, the pressure signals (and one po-
sition signal) were sampled in a serial fashion so that, de-
pending on the motion rates involved, the airfoil or flap could
move up to a maximum of 0.5 deg (for the maximum rates
used) between the start and finish of a complete data scan. The
5-ms delay-corrected data were therefore adjusted to a com-
mon instant in time by linearly interpolating the signals closest
to the time of interest. The chord-normal aerodynamic coeffi-
cient C, was then calculated by numerically integrating the
measured pressure distribution about the airfoil contour:

C, = f# C,d (’—‘) 2)
C

For experiments involving motion of the flap, the chord-nor-
mal coefficient of the flap was adjusted to the chord-normal
direction of the main airfoil section:

Copp = é C,d (x"“"> co8 8y — % C,d <m> sin &qp
' flap ¢ flap c

(3)

The pressure at the airfoil trailing edge was estimated by av-
eraging the two pressures measured at the two taps closest to
the airfoil trailing edge on the upper and lower surfaces of the
airfoil. For experiments involving motion of the flap only, the
airfoil was fixed at 0-deg angle of attack, so that the airfoil lift
coefficient was identical to the airfoil normal force coefficient
(C, = C,). For experiments involving pitch motions of the air-
foil, the maximum airfoil angle of attack was 7 deg. Rather
than converting C, measurements to C,, all data were reported
as C,. The static, wind-tunnel wall blockage correction to the
lift coefficient for a 10-deg flap deflection was calculated, fol-
lowing the procedure outlined in Ref. 23 to be less than 4%.
Blockage corrections were neglected, since it was expected
that the unsteady blockage would be even lower than this static
value.

The error associated with the integrated C, data can be di-
vided into random error and systematic error. For a typical
ensemble-averaged data set the standard deviation in C, was
measured to be 0.007. An attempt was made to minimize sys-
tematic errors by calibrating the pressure transducers prior
to each series of runs. The variation in transducer calibra-
tion—curve slope between calibrations was never found to be
more than 0.2%. However, the variation in the transducer
calibration—curve intercept values was an order of magnitude
larger, and it was found that this error of the intercept values
introduced a small error into the pressures measured for each
tap, that was essentially constant over the time duration of an
experimental run. These pressure (or C,) errors enclosed a fi-
nite area in the airfoil C, distribution so that, when the C,
distribution was integrated to determine C,, the small errors
introduced by the transducer—calibration intercept errors re-
sulted in a constant offset in the C, at each measurement time.
This offset was removed from the C, data by subtracting (i.e.,
taring) the C, measured at zero angle of attack and zero flap
deflection from the C, values measured during the subsequent
motion. The technique employed for the removal of the effect
of the transducer intercept errors from the individual C, mea-
surements is discussed later.

III. Results

A. Flap Static Lift Measurements

Measurement of the static C, vs 8z curve was performed
using a scanivalve to sample all 36 pressure taps on the airfoil.
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Fig. 3 Static C, vs 8.

Because only a single pressure transducer was used, every
pressure measurement had exactly the same intercept error.
The static C, values, therefore, did not require a tare adjust-
ment, since the integrated effect [i.e., Eq. (2)] of the pressure
measurement intercept errors canceled. The coefficient C, is
plotted as a function of & in Fig. 3. Although not shown
here, the integrated C, vs &+ data were also compared to the
C, vs & from a force balance for an NACA 0009, 27% trail-
ing-edge-flapped wing; these force-balance-derived C, data
matched, within experimental error, the results of Fig. 3. The
wing used in the force balance measurements was mounted
between two wall plates that were displaced 2 in. from the
wind-tunnel floor and roof, and projected 1 ft in front of the
wing. The static C, vs 8 curve is approximately linear for
flap deflections in the range of *10 deg; however, Fig. 3
shows a noticeable decline in the effectiveness of the flap for
positive flap deflections above ~8 deg. This reduction in flap
effectiveness at positive deflections was probably caused by a
slight offset in the flap hinge location, resulting in imperfect
aerodynamic blending of the flap with the main airfoil section
at positive flap deflections. A linear least-squares fit to the C,
vs O curve for flap deflections in the range —10 deg = 65
= 8 deg gave a slope (C,,.) of 0.054/deg; the corresponding
slope from steady airfoil theory is 0.0691/deg. A C, vs 8¢
curve using the 28 pressure taps used in the unsteady experi-
ments essentially duplicated the 36-tap curve shown in Fig. 3.
Note that, although these results were obtained at low Reyn-
olds number, the flap lift—curve slope of 0.054/deg is consis-
tent with experimental values measured at high Reynolds num-
ber for the same airfoil and flap configuration.”

B. Flap Dynamic Lift Measurements

Dynamic flap—ramp motions, in the form of a constant-an-
gular-rate ramp to the maximum flap deflection, were per-
formed at angular rates ranging from 25 to 300 deg/s. These
rates, at a tunnel velocity of 45 ft/s (Re = 2 X 10°), corre-
sponded to nondimensional ramp rates 8y of 0.003-0.039. For
all flap—ramp experiments, the airfoil was maintained at 0-deg
angle of attack throughout the run, and the flap was started
from an initial deflection of O deg.

The measured unsteady lift and flap deflection histories for
a typical flap—ramp experiment, for which the tunnel velocity
was 45 ft/s, the flap rotation rate was 200 deg/s, and the final
flap deflection angle was 10 deg, are shown in Fig. 4; this
tunnel velocity and flap rotation rate corresponded to a non-
dimensional rate 8y of 0.026. At this flap-deflection rate, and
using a 300 scan/s data acquisition rate, it was possible to
acquire 15 complete scans of the 28-tap pressure distribution
on the airfoil while the flap was in the process of moving from
0 to 10 deg. As discussed earlier in Sec. IL.B, the experimental
unsteady lift history shown in Fig. 4 is the average of 10 com-
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Fig. 4 Comparison of experimental unsteady lift history with in-
viscid models for 8, = 0.023.

posite lift histories, compiled from 20 flap—ramp runs (10 for
each of two sets of 14 pressure taps). As seen in Fig. 4, noise
is present on the experimental lift history; this noise, and the
random error associated with the measurement, is character-
ized by the error bar that denotes the precision interval (92%
confidence) for the finite number of 10 lift measurements made
at each instant in time. It should be noted that the experimental
C, history in Fig. 4 was adjusted (tared) to zero at the starting
time when the flap was at a steady 0-deg deflection. This tare
was subtracted from all subsequent values of C, in the data
set. Except for the subtracted tare, the data in Fig. 4 is pre-
sented as is, that is, no postprocessing routines were used to
smooth the data.

C. Comparison of Experimental Unsteady Lift Histories
with Computed Predictions

Experimental results were compared to unsteady airfoil the-
ory [Eq. (1)] and to the results from the unsteady panel code'’
referred to earlier. The unsteady panel code was based on a
Smith and Hess® method, and extended to the unsteady case
using the Basu and Hancock™ implementation of the unsteady
Kutta condition. The wake was modeled using discrete, point
vortices, which were allowed to convect at the local flow ve-
locity; the code thus featured a deforming wake. This code has
been shown to closely mimic unsteady airfoil theory for very
thin airfoils at rates exceeding those used in our experiments.
Thus, as mentioned previously, the code accounted for thick-
ness, true flap deflection, and a deformable wake, without re-
sorting to linearization; the code did not, however, account for
viscosity.

Both the unsteady airfoil theory and the panel code results
shown in Fig. 4 (second and third curves, respectively), were
computed using the measured flap-motion history for the ex-
periment. Two observations can be made from Fig. 4. The first
is that the output of the unsteady panel code compares well to
that of the linearized unsteady airfoil theory; although the
panel code asymptotes to a slightly higher value of steady-
state lift than the unsteady airfoil theory, this higher asymptotic
value is a well-known effect of airfoil thickness. The second
observation is that the experimental result matches the predic-
tions of both inviscid models during the initial part of the run
when the flap is in motion. but diverges from the theoretical
predictions later in the run, after the flap has stopped moving
and the lift builds to its steady-state value. The failure of the
theory to predict the asymptotic experimental value of the
steady-state lift is not surprising, since both Eq. (1) and the

panel code are inviscid models. The good agreement between
the inviscid models and the experimental results when the flap
is in motion, although inferred from Drescher’s® earlier work,
is still an unexpected result, because, as shown in Fig. 3, there
is an appreciable lowering of the static lift—curve slope, a vis-
cous effect, over the range of flap deflection in the dynamic
flap-motion experiment.

The close match between the experimental and inviscid
model predictions during flap motion can be seen more clearly
by comparing the detailed pressure histories of the experiment
to those predicted using the unsteady panel code at correspond-
ing instants during the motion. As was the case for removing
the tare from the integrated C, data, the individual pressure
data was tared using the following approach. The tare for each
transducer was defined as the difference between the experi-
mentally measured C, when the flap was not moving (at 0-deg
flap deflection just prior to the start of the flap motion) and
the C, computed using a steady version of the panel code at
the same tap location. Like the tare value used to adjust the
C, history, these C, tares were calculated once using data at
the start of the experiment when the flap was at a nominal
steady deflection of 0 deg. For the experimental data of Fig.
4, a comparison of the experimentally measured C, distribution
and the panel-code computed C, distribution for 0-deg flap
deflection is given in Fig. 5a. The experimental pressure dis-
tributions for the entire experiment were then corrected by
subtracting these constant C, tares from the uncorrected C,
distributions at each subsequent measurement time. Note that,
by choosing the panel code C, distribution to be the true dis-
tribution at 0-deg flap deflection, the corrected C, distribution
was made to exactly match the panel code C, distribution at
the start of the experiment when the flap deflection was 0 deg.
The behavior of the subsequent corrected C, distributions with
respect to this first distribution is, however, a representation of
the dynamic behavior of the experimental data.

At the experimental scan rate of 300 data scans/s, a complete
pressure distribution was acquired every 3.33 ms so that, dur-
ing the 200 deg/s flap ramp to 10 deg, 15 complete pressure
distributions were acquired while the flap was in motion. A
comparison of 10 of these in-motion experimental pressure
distributions (with tared C,) to the predictions of the unsteady
panel code is given in Figs. Sb—5k. These comparisons show
that, prior to the onset of deceleration at approximately 8 deg,
the computed, inviscid C, distribution is nearly identical to the
measured C, distribution over the entire surface of the airfoil.
Even after the motion begins deceleration, but prior to the
cessation of motion, the comparison between computed and
measured C, distributions is still quite good as can be seen by
examining Figs. 5i—5k. Figure Sk compares the distributions
just as the flap deflection reached 10 deg at the end of the
motion. If the agreement was good only in the region of the
deflecting flap, one might conclude that noncirculatory effects
produced local pressures similar to inviscid theory; however,
good agreement of the pressure distributions over the entire
airfoil can only be attained if both noncirculatory and circu-
latory effects are consistent between the experiment and the
inviscid panel-code prediction. Plot 1 in Fig. 5 shows a com-
parison of the measured and computed airfoil pressure distri-
butions approximately 35 clearing times (V.t/c = 35) after the
flap motion ended and the airfoil attained its near steady-state
pressure distribution; at this point the distributions are in poor
agreement over the entire airfoil surface. This poor agreement
between experiment and the inviscid prediction for the static
flap deflection is consistent with the measured static C, given
in Fig. 3 for 6. = 10 deg.

D. Flap Ramps at Other Rates

The inviscid-like dynamic behavior of the moving flap was
also observed in the data from flap—ramp experiments at non-
dimensional rates ranging from approximately 0.01 to 0.039
(the highest rate tested). As the nondimensional flap—ramp rate



RENNIE AND JUMPER

-10 ¢
<5 ¢
8 8 oo
s Experiment (Offset) o5l = Experiment
0. =~ Unsteady Panel Code ’ - Unsteady Panel Code
1.0 - 1.0 o -
0.0 0.2 0.4 0.8 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
a) xic 9 e
-10 ¢ -1.0
-0.5 05
8 oo & oo
: Experiment
o——e Experiment os§
0.5 PR Unsteady Panel Code ~=  Unsteady Panel Code
1.0 . . . a ’ 10 ¥ v y
00 02 04 06 08 1.0 g6 02 04 06 08 10
b) X hj xc
-10p -1.0
-0.8 -0.5
§ oo 8§ oo
sl = Experiment osf =~ Experiment
’ ~—= Unsteady Panel Code = Unsteady Panel Code
1.0 - . . : , 10 . . - a s
0.0 0.2 0.4 0.6 0.8 1.0 0.0 Q.2 04 0.6 08 10
c} x/c i) x/c
-1.0
-0.5
& 8 oo
o5 =~ Experiment 05 § *— Experiment
—— Unsteady Panel Code == Unsteady Panel Code
1.0 - - 1.0 .
0.0 0.2 04 0.6 08 1.0 0.0 0.2 04 0.6 0.8 1.0
d) xc 1] x/c
-1.0
-0.5
& & oo
. o~ ~o Experiment
05§ o —* Experiment osf T~
—— Unsteady Panel Code Unsteady Panel Code
- - ’ 1.0 . .
90 oz o4 06 o8 10 00 02 04 06 08 10
e) e k) x/'c
-1.5
-1.0 -1.0
-0.5 -0.5
8
8§ oo 0.0
05 § o — Experiment 05 lf*—= Experiment
—— Unsteady Panel Code —— Unsteady Panel Code
1, a . ’ 1.0 . . o . ’
' 00.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0
f) x/c )} x/c

Fig. 5 Comparisen of experimental C, distributions with unsteady panel code: a) C, offset (8, = 0 deg); b) ¢ = 0.108 s, 6y = 1.25 deg;
)t = 0.115 s, S = 2.67 deg; d) t = 0.118 5, 8y = 3.43 deg; €) ¢ = 0.122 s, 8 = 4.19 deg; ) ¢ = 0.128 s, & = 5.75 deg; g) ¢t = 0.132
s, 8 = 6.45 deg; h) t = 0.135 5, 8y = 7.12 deg; ) £ = 0.142 5, 1 = 8.53 deg; j) ¢ = 0.145 5, 8y = 9.08 deg; k) ¢ = 0.158 5, &1 = 10.0
deg; and 1) £ = 0.658 s, 6y = 10.0 deg.
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decreased below 0.01, the lift response of the airfoil fell pro-
gressively below the inviscid predictions, until significant dif-
ferences between experimental data and inviscid theory were
observed at a nondimensional rate of 0.003. For the data in
Fig. 4, a flap ramp from 0 to 10 deg, the inviscid-matching,
higher effectiveness was sustained up to approximately 8 deg
of flap defiection, the point where the ramp deceleration began.
In other runs, for which the flap was ramped from 0 to 15 deg,
the higher flap effectiveness was maintained to angles above
10 deg.

This inviscid-like performance during flap motion at non-
dimensional rates greater than 0.01 and reversion to steady,
viscous performance once the flap decelerates and stops, ap-
pears to be consistent with the experiments of Drescher.® Close
examination of Drescher’s data reveals that his theoretical lift
curves and pressure distributions, computed using inviscid un-
steady airfoil theory, appear to match his experimental inte-
grated pressure-lift curves through at least 10 deg of flap de-
flection at a nondimensional rate of 0.014 (e.g., see Fig. 33 of
Ref. 8), and through at least 15 deg of flap deflection at a
nondimensional rate of 0.048 (e.g., see Fig. 10 of Ref. 8). The
Re for Drescher’s experiment was 9 X 10°, almost five times
higher than the results reported here (although still far less than
full-scale Re).

E. Angle-of-Attack Ramps

The previous observations of increased dynamic flap effec-
tiveness led us to investigate whether angle-of-attack ramps
would demonstrate a similar increase in lift—curve slope. An-
gle-of-attack ramp experiments were performed over a range
in ramp angular rates of from 25 to 200 deg/s which, at the
tunnel velocity of 45 ft/s, corresponded to nondimensional
rates (ba/V.) of from 0.003 to 0.026. The ramps were started
from an initial angle of attack of 0 deg, and were of the same
general form as the flap ramps.

The experimental airfoil C, data were plotted against the
prediction of unsteady airfoil theory in a manner similar to
that for the dynamic flap ramp in Fig. 4. As in the case of the
flap ramps, the airfoil C, curves matched the inviscid theoret-
ical prediction during the angle-of-attack ramps up to at least
7 deg, breaking away once the pitch motion ceased.”" As for
the flap—ramp cases, this characteristic suggests that the lift—
curve slope C,, for the airfoil is essentially equal to the theo-
retical inviscid value during the time the airfoil is pitching
(upward or downward from « = 0 deg).

F. Implications of Inviscid Dynamic Behavior on Unsteady
Lift-Control Algorithm

The original purpose for these studies was to evaluate the
extent to which unsteady airfoil theory could be employed in
an algorithm designed to determine the trailing-edge flap mo-
tion required to control the unsteady lift on a pitching airfoil.
In practice, all unsteady lift-control situations can be expected
to have periods during which the trailing-edge flap moves at
high nondimensional rates interspersed with periods during
which the flap is either moving at low rates or is stationary.
Thus, a control algorithm based solely on unsteady airfoil the-
ory as given in Eq. (1) would not be appropriate. On the other
hand, it is possible to identify the term in Eq. (1) that accounts
for the discrepancy between the predictions and the experi-
ment, once the motion has ceased.

It has been shown previously'’ that Eq. (1) converges to a
value of steady-state lift determined by the coefficient a,; thus,
as time approaches infinity, Eq. (1) reduces to the following:

Cp. = aibe 4)

Equation (4) shows that the coefficient a, is directly related to
24
r

as = 17Cm = C, /8 3)

where 7 is an empirical correction for the effect of viscosity.
Referring to Fig. 3, the steady value of a, should be 0.054/
deg. If a, in Eq. (1) is changed from its theoretical, inviscid
value of 0.0691/deg to the steady-state value of 0.054/deg and
held constant over the entire experiment, only the asymptotic
behavior of the data is matched, as can be seen by the fourth
(lowest) curve in Fig. 4. Therefore, it can be concluded that
the coefficient a, has varied over the course of the experiment.

It can be shown using indicial methods®”*** that the ap-
propriate form of Eq. (1) that allows for changes in a, (either
abrupt or otherwise) is given by

C[ = alsTE + [IQSTE -+ J
do

0

[‘—i(a“—‘%ﬁ) n a3STE] &s — o) do

(6)

the difference between Eq. (6) and Eq. (1) being the inclusion
of a, inside the derivative with respect to nondimensional time.
It is possible to essentially duplicate the experimental curve in
Fig. 4 by using Eq. (6) with a, equal to 0.0691/deg while the
flap is in motion and decreasing to 0.054/deg over a few clear-
ing times once the motion ceases. The ability to predict the
experimental behavior in this way suggests that viscous effects,
not accounted for in Eq. (1), can be handled by appropriate
modifications in flap effectiveness through changes of a,, in
Eq. (6).

G. Physical Rationale for Motion-Enhanced Flap Effectiveness

The fact that in steady flow. the lift, or pressure distribution
(Fig. 51), is deficient compared to the theoretical results can
be attributed to viscous effects,™ that is, the flow is never fully
conforming to the airfoil in the trailing-edge region because
of the boundary-layer and/or partially separated flow. These
conditions lead to finite, momentum-deficit wakes and a non-
rigorous enforcement of the Kutta condition. This relaxed
Kutta condition affects the pressure distribution around the en-
tire airfoil, leading to a reduction in lift below that predicted
by inviscid theory. In an attempt to observe whether the flap
motion affected the trailing-edge flow pattern in our experi-
ments, flow visualization studies were performed around the
trailing edge of the airfoil during both static and dynamic flap
deflections. Figures 6a and 6b show kerosene smoke flow vi-
sualization” around the flap at a deflection of 10 deg, when
the flap is fixed at 10 deg (Fig. 6a) and when the flap is dy-
namically passing through 10 deg (during a ramp to 15 deg)
at a nondimensional rate of 0.02 (Fig. 6b). The comparisons
show that the flow is more conforming to the surface of the
flap in the dynamic case. Also, the wake is narrower in the
dynamic case and the upper (outer) streamlines (streaklines)
are curved downward in the dynamic case. These findings are
in accordance with those of Drescher,® who noted a persistence

b)

Fig. 6 Visualization of flow around trailing-edge flap (deflection
= 10 deg): a) static and b) dynamic.
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of the attached flow state during similar dynamic flap—ramp
flow visualization experiments.

That such flap-surface flow conformity leads to increased
effectiveness has been experimentally verified for steady flows.
As reported in Ref. 30, Arnold showed that the theoretical
inviscid flap effectiveness was achieved when sufficient suc-
tion was applied at the flap to just prevent separation of the
boundary layer. It has been shown that airfoil dynamic pitch
motions can suppress separation,”” and that airfoil motion in
some cases can be directly compared with suction.” Thus, the
fact that separation has been seen to be suppressed over the
flap when the flap is in motion is not wholly unexpected. These
visualization experiments are consistent with the comparisons
of Fig. 5, and tend to support the modifications to a, in Eq.
(6).

IV. Lift-Control Results

As a demonstration of the significance of rate-dependent flap
effectiveness on an unsteady lift-control algorithm based on
unsteady airfoil theory, experimental lift-control results are
presented here in which the trailing-edge flap control motion
was computed using Eq. (6) with the flap effectiveness fixed
alternatively at the inviscid value (a, = 0.0691/deg), at the
static value (a, = 0.054/deg) for the entire experiment, and
transitioning during the experiment from the inviscid value to
the static value at the cessation of flap motion.

For the experimental unsteady lift-control results shown
here, an attempt was made to use the trailing-edge flap to can-
cel (control to zero lift) the lift associated with a pitch-up
motion of the airfoil about its midchord from 0- to 7-deg angle
of attack at a nondimensional pitch rate (ab/V.) of 0.01. The
first curve in Fig. 7 shows the airfoil’s experimental lift history
in the absence of any control. Curve 2 shows the airfoil’s
experimental lift history with the trailing-edge flap driven as
prescribed by the lift-control algorithm in which the flap ef-
fectiveness was kept constant and equal to the inviscid value
(i.e., a, = 0.0691/deg). Curve 3 shows the airfoil’s lift history
with the flap schedule determined assuming that the effective-
ness was constant and equal to the measured steady value (a,
= 0.054/deg). The final curve, curve 4, gives the lift history
with the flap motion determined assuming that the effective-
ness was equal to the inviscid value while the flap was in
motion, and equal to the measured steady value after the mo-
tion stopped. Referring to Fig. 3, it should be noted that the
slight nonlinearity in the flap lift—curve slope for negative de-
flection angles greater than —10 deg has been taken into ac-
count in the final lift-control experiment; this accounts for the
fact that the final curve asymptotes to a steady C, of zero,
while the curve for which a, was kept constant at 0.054/deg
asymptotes to a steady C, slightly greater than zero. For curve
4, a smooth cosine function was used to transition from the
higher to the lower effectiveness between the times of 0.23—

0.7 ¢
1
06 |
05 f ——— 1. No Control
0.4 ~-—=— 2. Control, a4=0.0691/deg
----- 3. Control, a4=0.054/deg
c 0.3 —-—- 4. Control, a4 Transitions
O
0.2 .2
0.1 /=.=/” -
0.0 ~—f : o — eI
\\\ = 4
0.1 } N
_0.2 2 ' L A 2 ']
00 01 02 03 04 05 0.6
Time (s)

Fig. 7 Lift control of angle-of-attack ramp to 7 deg.

0.3 s (3.5 airfoil clearing times). Figure 7 shows that the lift
is controlled reasonably well using the inviscid effectiveness
as long as the flap is in motion, while use of the measured,
steady effectiveness results in a flap motion that overcontrols
the lift (i.e., actually produces negative lift) during the motion.
The best control of the lift is obtained when the flap effec-
tiveness is transitioned from the higher to the lower effective-
ness after the motion is completed (curve 4).

V. Conclusions

The flap effectiveness was found to be higher during motion
than in the steady case. Results obtained showed that a tran-
sition in flap effectiveness was required to control the motion-
induced lift to zero. The flow visualization studies clearly
indicate that the motion enhancement of effectiveness is as-
sociated with viscous phenomena. Based on our low Reynolds
number experiments, it is inappropriate to conclude that sim-
ilar phenomena are present for full-scale systems; however,
lift—curve slopes for high Reynolds number airfoils and flaps
in steady flow are close to those reported here. Because of the
control ramifications to full-scale aircraft, it seems imperative
that similar experiments should be performed at higher Reyn-
olds number.
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