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Oscillating Wing Loadings with Trailing-Edge Strips

P. Gerontakos* and T. Lee'
McGill University, Montreal, Quebec H3A 2K6, Canada

The dynamic-load loops of an oscillating NACA 0012 airfoil, obtained from surface-pressure measurements,
fitted with small full-span trailing-edge strips, positioned on the lower (i.e., the Gurney flaps) and/or upper (the
inverted strips) surface at the wing trailing edge, of height of 1.6 and 3.2% of the airfoil chord were studied at
Re=1.07 x 10°. The results show that, similar to a static wing, the Gurney flap concept was also fairly generally
applicable, in terms of lift performance enhancement, to an oscillating airfoil, despite the large and small increases
in the peak negative pitching moment and maximum drag force, respectively, as well as a promoted dynamic stall.
The increase (decrease) in the nose-down pitching moment (dynamic-stall angle) can be alleviated by the use of
inverted strips at the price of a reduced maximum lift coefficient. The asymmetric strips were found to provide a
compromise in the dynamic aerodynamic performance between the regular and inverted Gurney flaps, including a
49-deg flap, of an oscillating airfoil. The present passive oscillating-wing C;-C4-C,, control can be valuable, because
it can be used as an experimental guideline for the active control of the dynamic stall and/or nose-down pitching

moment via a spanwise trailing-edge flap.
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= section pressure drag coefficient

section lift coefficient

maximum lift coefficient

lift-curve slope, dC, /da

section pitching-moment coefficient about i-chord
pressure coefficient, (p — poo)/ % pu?,

chord length without flap

oscillation frequency

flap or strip height

local static pressure

freestream static pressure

Reynolds number, cu, /v

time

freestream velocity

streamwise distance along the airfoil
transverse distance above the airfoil surface
angle of attack

dynamic-stall angle

angle of attack at leading-edge-vortex formation
moment-stall angle

angle of attack at onset of flow reattachment
static-stall angle

zero-lift angle of attack
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I. Introduction

HROUGH their influence on the Kutta condition, the camber
and geometry of the trailing edge of an airfoil can be used to ma-
nipulate the generation of lift and form drag, as well as the formation
of the wake. Various types of trailing-edge flow separation control
schemes have been studied by researchers elsewhere to maintain the
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high lift coefficient required, especially, for approach and landing
and takeoff. One extensively studied device is the Gurney flap.

The Gurney flap is a simple device located at the trailing edge of
the airfoil on the pressure side, perpendicular to the chord. It was
originally used on the inverted wings of racing cars to increase the
downforce and improve tire adherence for lateral traction required
during high-speed turns. The idea behind this trailing-edge modifi-
cation is to shift the location of the Kutta condition, thus enhancing
the lift generated by the lifting surface at a given angle of attack.
Liebeck! pioneered the experimental work of a Newman symmetric
airfoil with a Gurney flap of 1.25% of the wing chord and reported a
substantial increase in airfoil lift accompanied by a slight reduction
in drag. The observed increase in the airfoil circulation and thus the
lift is presumably associated with the downward turning of the flow
near the trailing edge. A number of studies were later conducted,?~!*
and they further substantiate that, as occurs with other trailing-edge
high-lift devices, the Gurney flap can significantly increase the lift,
the maximum lift coefficient, and the lift-curve slope with small
changes in the drag and the stalling incidence and that the optimum
Gurney flap height scales with the boundary-layer thickness at the
airfoil trailing edge. Also, the wake downstream of a Gurney flap
consists of a von Kérmén vortex sheet of alternately shed vortices. !
No coherent wake structure was observed with the Gurney flap ab-
sent. The vortex shedding increases the suction at the trailing edge
on the suction side of the airfoil; on the pressure side of the airfoil,
the Gurney flap decelerates the flow and thus increases the pressure.
The two changes result in a pressure difference acting across the
trailing edge of an airfoil, which generates an increase in loadings
and circulation over the whole of the airfoil. It is also observed that
the performance of an airfoil with a 45-deg trailing-edge flap, or
stripé is superior to the same airfoil with a similarly sized Gurney
flap.

In summary, the addition of a Gurney flap to a wing delays
boundary-layer separation and yields an increase in the maximum
lift coefficient. However, because of the drag and, especially, the
nose-down pitching moment penalty caused by the Gurney flap, it
would be desirable to conceal the flap during cruise in fixed-wing
aircraft applications. Nonetheless, the high lift coefficients produced
by a Gurney flap with minimum mechanical complexity and weight
penalty have always provided a potential alternative for the design
of mechanically simpler high-lift systems with no degradation in the
aircraft performance for approach and landing and takeoff. Further-
more, knowing that Gurney flaps, or small trailing-edge strips, of a
height comparable to the thickness of the boundary layer, could also
render an increase in the lift-to-drag ratio and nose-down pitching
moment, in addition to the substantially improved lift performance,
it would be interesting to investigate their effects on the passive
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control of the undesired, or detrimental, hysteresis observed in the
dynamic-load loops of an oscillating airfoil.

The phenomenon of dynamic stall and the accompanied high lift,
pitching, and torsional loadings on oscillating or constant-pitching
airfoils have been studied for many years, both as an important
practical problem and as a challenging fundamental one as well. Dy-
namic stall generally occurs on helicopter retreating blades, which
is a limiting factor for the high-speed performance of modern he-
licopters and on the rapidly pitched wings of supermaneuverable
aircraft. This unsteady lift-enhancing mechanism has also been em-
ployed by insects to generate the large lift forces needed. Numerous
experimental and computational investigations'>~1® have shown that
the unsteady flow can be separating or reattaching over a large por-
tion of the upper surface of the oscillating airfoil and that the pre-
dominant feature of the dynamic stall is the formation and rapid
convection over the upper surface of the airfoil of an energetic
leading-edge vortex (LEV), also referred to as the dynamic-stall
vortex, which induces a nonlinearly fluctuating pressure field and
produces large transient variations in forces and moments that are
fundamentally different from their steady-state counterparts. The
presence of a LEV leads to a delayed stall through the delay of large
separation effects to increased angles of attack and enables the rapid
generation of significant unsteady lift forces before any vorticity is
shed. Note that there is a penalty, though, when a large LEV de-
velops because there are large pressure gradients that result in large
drag forces as well as lift forces. After the LEV begins convecting
over the airfoil, there is a sudden decrease in pitching moment, and
once the LEV passes the airfoil trailing edge and moves into the
wake the flow progresses to a state of full separation over the upper
surface, and an abrupt loss of lift is incurred. Subsequently, if and
when the angle of attack becomes low enough during the pitch-down
motion, the flow will finally reattach again from the leading edge.
An excellent review on unsteady airfoils is given by McCroskey.!®

The objective of the present study was to investigate the effects of
small full-span trailing-edge strips on the dynamic-load C;-C;-C,,
loops, determined by an integration of the surface-pressure distribu-
tion, of an oscillating NACA 0012 airfoil. Eight different trailing-
edge strip configurations of two different heights, including a 49-deg
flap and two asymmetric strips, were tested. The small strips were
fitted normal to the local curvature on the lower and/or upper surface
at the trailing edge of the wing model. Surface-pressure distributions
of a static wing with and without the trailing-edge strips were also
obtained for comparison.

II. Experimental Methods and Apparatus

The experiment was conducted in the recently constructed
0.9 mx 1.2 m x 2.7 m low-speed, suction-type wind tunnel at
McGill University with a freestream turbulence intensity of 0.03%
at U, =35 m/s. A NACA 0012 airfoil, fabricated from solid alu-
minum, with a chord length ¢ of 15 cm and a span b of 37.5 cm,
was used as the test model. The origin of the coordinate was located
at the leading edge of the airfoil with x, y, and z in the stream-
wise, normal, and spanwise directions, respectively. The airfoil was
fitted with two 30-cm-diam endplates with sharp leading edges to
isolate the end effects. The gaps between the oscillating airfoil and
the stationary endplates were kept at less than 1 mm to minimize
the leakage of flow through the gaps. The two-dimensional unifor-
mity of the flow distribution over the airfoil model was checked by
traversing a 5-um normal hot-wire probe located at 10%c down-
stream from the leading edge of the airfoil and y =5 mm above the
airfoil. The nonuniformity was found to be £3% of the freestream
value. The effect of the trailing-edge strip size was investigated by
testing strip heights /# of 1.6 and 3.2% chord with a thickness of
0.25% chord. The trailing-edge strip was fitted normal to the local
curvature, on the lower [referred to as the Gurney flap (GF)] or up-
per [referred to as the inverted-trailing-edge strip (ITES)] surface at
the trailing edge of the wing model. Two asymmetric strips formed
by a combination of a 1.6%c ITES and a 3.2%c GF and a 3.2%c
ITES and a 1.6%c GF, hereafter are referred to as 1.6%c/3.2%c
and 3.2%c/1.6%c strips, respectively, as well as a 49-deg flap of
h/c=3%, were also tested. The flaps were attached to the trailing
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Fig. 1 Trailing-edge strip (TES) configuration. ITES denotes inverted
TES and GF Gurney flap.

edge by using double-sided Mylar adhesive film. The flap dimen-
sions are given in Fig. 1. The chord Reynolds number was fixed at
Re=1.07 x 10°.

A specially designed four-bar linkage and flywheel oscillation
mechanism, capable of oscillating the airfoil sinusoidally at various
amplitudes and frequencies, was used in the present experiment.
The mean angle of attack was varied by changing the relative angle
between the rotating shaft and the rocker-shaft connector. The os-
cillation amplitude was varied by attaching the coupler at specific
radial locations on the flywheel. A range of oscillation frequencies
f(=0.05 to 8.5 Hz) was obtained using a timing belt and pulley
system attached to a variable-speed dc motor. The oscillation fre-
quency was measured to an accuracy of £0.02 Hz. The airfoil pitch
axis was located at the i—chord location. The instantaneous angle
of attack o (t) (=11 deg+ 5 deg sin wt, where w =2x f is the cir-
cular frequency, f is the oscillation frequency, and ¢ is the time)
of the airfoil and the phase reference signal T = wt were recorded
by using a potentiometer (TRW type DP 801) with an accuracy of
+0.1 deg. The airfoil was oscillated through the static-stall angle
ass = 12.5 deg with a reduced frequency « (= wc/2u,) of 0.05 and
0.1. Also, in the following discussion, the suffix  is used to indicate
pitch-up when « is increasing and d is used to indicate pitch-down
when « is decreasing.

The surface-pressure distributions were obtained from 61 0.35-
mm-diam pressure taps, in conjunction with seven fast-response
miniature pressure transducers (Type YQCH-250-1), distributed
over the upper and lower surfaces along the midspan section of the
wing model. The orifices were staggered 1.5 mm apart in the span-
wise direction to avoid the wake effect from an upstream orifice
on orifices further downstream. The pressure signals were phase-
locked ensemble averaged over 100 cycles of oscillation and were
integrated numerically to compute the unsteady aerodynamic loads
and pitching moments. The dynamic range of the pressure trans-
ducer was on the order of 10 kHz. The transducer signals were
low-pass filtered (250 Hz) and amplified with a multichannel AA
Lab model G3006 pressure measurement system. The effects of the
18-cm-long and 0.75-mm i.d. plastic tubing, separating the sur-
face tap and the pressure transducer, on the unsteady pressure sig-
nals were examined by comparing the transducer output level and
the phase with a controlled acoustic sound source. The effect of
the length of the plastic tubing was a simple time constant de-
lay on all pressure signals with frequency above 2.95 Hz, which
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rendered a limited reduced frequency « of 0.126 at u., = 11 m/s or
Re=1.07 x 10° in the present experiment. Details of this method
can be found in the work of Lee and Basu'® and Rennie and Jumper.?°
For a static wing all surface pressures were scanned electronically
through a 48-port scanivalve system. An uncertainty analysis gives
a typical total uncertainty of £0.013 in C,.

III. Results and Discussion

To facilitate the investigation of the trailing-edge strips on the
dynamic-load loops of an oscillating wing, the variation of the
C;-C4-C,, values of a static wing with and without trailing-edge
strips was reexamined first and served as a reference for the un-
steady airfoil results.

A. Static Wing

Figure 2a shows that for a static baseline wing a maximum lift co-
efficient C; max 0f 0.877 with a linear lift-curve slope C, (= dC;/dw)
of 0.0753 was obtained at a static-stall angle oy =12.5 deg. The
stalling mechanism was of a sharp leading-edge stall type and was
precipitated by bubble bursting. The existence of a laminar separa-
tion bubble was confirmed from the plateaus in the surface-pressure
coefficient C, distributions (up to o =12.5) in the leading-edge
region of the airfoil (Figs. 3a-3c). For «>12.5 deg, the boundary
layer completely separated from the leading edge and rendered a flat
surface-pressure distribution (Fig. 3c). The nose-up pitching mo-
ment increased with low-to-moderate «; at o, the pitching moment
experienced a sharp fall from positive to negative values with a peak
negative pitching-moment coefficient Cy, pea 0f —0.0366 (Fig. 2c).
A sharp rise in the drag coefficient C, at o was also observed
(Fig. 2b). The drag polar presented in Fig. 2d also indicates that the
baseline airfoil displayed a classical drag bucket with a rapid rise in
lift-to-drag ratio (L/D) at C; =0.15 (¢ =2 deg) and was followed
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by a relatively flat L/D curve for low-to-moderate lift. At high C;,
the magnitude of L/D decreased with C; and fell dramatically to
values comparable to the low-C; values for « > . A maximum
lift-to-drag (C;/C, or L/D) ratio of 22.9 was observed at « = 6 deg
or C; =0.52.

The C, distributions presented in Fig. 3a also show that with the
addition of Gurney flaps (of /¢ = 1.6 and 3.2%) the increased suc-
tion was evident everywhere on the upper surface while the lower
surface experienced increased pressure. This resulted in a substan-
tial increased lift coefficient with the GF, compared with the baseline
configuration, as reported by researchers elsewhere. However, much
of the lift increment was derived from a general increase in load-
ing over the entire airfoil and a higher leading-edge suction peak
(including the increase in the laminar-separation-bubble induced
suction pressure; for example, see Fig. 3a), in addition to the ob-
served increase in the aft loading of the airfoil. The increase in lift
and pressure difference was most significant with a large GF and
less profound with a small GF. The C, distributions also indicate
that at low incidences the Gurney flaps provided protection against a
trailing-edge separation by reducing the pressure recovery demands
(an effect comparable to the increase in dumping velocity caused
by a conventional slotted flap?!), which explains the longer linear
portion in C;-« curve (as shown in Fig. 2a). Above this incidence
the Gurney flap promoted a localized suction pressure peak in the
leading-edge region, pushing the boundary layer closer to separa-
tion and promoting the stalling mechanism. The stalling mechanism
was, however, found to be similar to that of a baseline wing. The
pressure distributions are incomplete (only covering up to 80% of
the airfoil chord) because it is difficult to provide pressure tapping
to the trailing-edge region of the 15-cm-chord airfoil model tested.
The present static-wing results therefore somewhat underestimate
the lift on the airfoil with flap. However, for an oscillating airfoil
the aforementioned deficiency became less important because the
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Fig. 2 Effect of trailing-edge strips on static-wing airloads.
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Table 1 Variation of critical static aerodynamic performance with trailing-edge strip

Flap Conﬁguration Uss, deg Cl,max Cly @Q, deg Cm,peak L/Dax O‘L/Dmaxa Oms, degb L/Dotssc
Baseline wing 12.5 0.877 0.0753 0 —0.0366 229 6 12.5 12.9
1.6%c GF 12.0 1.036 0.0848 —1.70 —0.0616 25.8 4 12.0 11.4
3.2%c GF 11.5 1.100 0.0815 -—-3.33 —-0.0779 41.5 0 11.5 9.4
49-deg flap 11.5 1.067 0.0820 —-2.32 —0.0644 32.5 2 11.5 13.7
1.6%c ITES 12.5 0.878 0.0813 1.60 —0.0376 224 7 12.5 13.6
1.6%c ITES + 3.2%c GF 11.0 1.031 0.0816 —1.82 —-0.0799 29.0 1 11.0 16.4
%o /pmax = airfoil incidence with L/Dyyax .- s = moment stall angle. °L/Dgss = L/D at org.
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Fig. 3 Effect of trailing-edge strips on static-wing surface-pressure distributions.

unsteady boundary-layer flow and thus the dynamic lift is domi-
nated by the formation, convection, and shedding of an energetic
LEV formed in the leading-edge region of the airfoil.

Furthermore, comparison with the baseline wing shows that the
lift curve was shifted upward and to the left with the Gurney flap
(Fig. 2a). Consequently, the Gurney flap caused the angle of attack
for zero lift oy to become increasingly more negative, suggesting
that it served to increase the effective camber of the airfoil. The o
was decreased further as a larger GF was utilized. The addition of
the Gurney flap, though, produced a significant lift increment in a
linear fashion until stall for the symmetric airfoil, compared with
the baseline configuration. The increase in lift obtained with the GF,
however, came at the price of increasing drag (Fig. 2b) and nega-
tive pitching moments (Fig. 2¢), which became more pronounced
with increasing flap height. The results also show that with the flap
the L/D curves were much wider in appearance compared with the
baseline wing and were of higher value in L/Dy,,x (Fig. 2d). The
variation of the critical static aerodynamic performance with and
without the flaps is summarized in Table 1.

The present measurements also indicate that a 49-deg flap also
produced significant improvements in the airfoil performance. The

pressure gradient over the wing upper surface was, however, milder
than the 3.2%c GF (up to o < a), but was superior to the smaller
1.6%c GF. Also, similar to the C;, a4s and L/D increment induced by
the smaller GF tested, the 49-deg flap also served as a compromise in
the alleviation of the undesirable increase in the nose-down pitching
moment and C,; between the 3.2%c and 1.6%c flaps. Note also
the rather gradual and unusual bubble disruption, especially the
large fluctuations in C, in the leading-edge region of the airfoil, at
o =12 deg (Fig. 3b) of a 49-deg flap, compared to both the baseline
and flapped wings. Detailed flowfield measurements are needed to
explain the observed phenomenon.

Finally, the effects of inverted TES, including a 1.6%c/3.2%c
asymmetric strip, on the critical aerodynamic performance were
also examined. As expected, for a 1.6%c ITES, a decreased suction
on the upper surface and pressure on the lower surface (in contrast
to the GF), implying an upward turning of the flow, together with
a significantly lowered leading-edge suction peak, which rendered
a decreased lift performance, were observed. The ITES-induced
negative camber effects shifted the lift curve vertically downward
and led to an increased, or a positive, ¢y as well as a favorable nose-
up pitching moment. There was areduction in C, up to the stall angle
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Fig. 4 Effect of trailing-edge strips on the dynamic load-loops for a(f) =11 deg + 5 deg sin wt at x =0.05.

compared to a baseline wing. It is hypothesized that, in contrast
to a GF, for a symmetric wing equipped with a small ITES the
upward deflected stronger flow from the lower surface entrained and
energized the weaker flow from the upper surface in the immediate
wake downstream of the airfoil. The apparent consequence of this
momentum transfer was, therefore, that the boundary-layer flow
over the aft portion of the upper, suction surface was much less
languid than the wing with and without a Gurney flap, thus reducing
the wake width and drag. The stalling mechanism, though, remained
unchanged (Fig. 3c). Furthermore, as a result of the lowered lift and
drag coefficients, the L/D curve was found to be comparable to the
wing without flap. On the other hand, the addition of a 1.6%c/3.2%c
asymmetric strip was, in general, found to provide a compromise
between a 3.2%c GF and a 1.6%c ITES.

B. Oscillating Wing

The phase-locked ensemble-averaged dynamic-load loops and
surface-pressure distributions of a NACA 0012 airfoil oscillated
with a(#) =11 deg+5 deg sinwt at x =0.05 with and without
trailing-edge strips are presented in Figs. 4-7. Also shown in Fig. 4
are the static baseline wing data. The results show that for an airfoil
oscillated beyond o the unsteady boundary layer and stall events
became more complicated, compared to its static counterparts. A
large hysteresis in the dynamic-load loops, caused by the asymme-
try between the flow separation and reattachment, is clearly seen
(Fig. 4). The prior-to-stall flow condition was characterized by the
presence and the upward spread of the flow reversal'® (characterized
by a thin layer at the bottom of the thickened turbulent boundary

layer) and the subsequent formation, growth, and rapid downstream
convection of an energetic LEV (Fig. 5), in contrast to the upstream
propagation of the turbulent trailing-edge flow separation and the
subsequent bubble bursting occurred on a static wing (as indicated
in Fig. 3). The presence of a leading-edge laminar separation bub-
ble and the formation (at o, &~ 13.69 deg), growth, and spillage (at
o, ~15.15 deg) of a LEV on an oscillating baseline airfoil can be
clearly identified from the plateau and the substantial rise and drop
in the C, distributions shown in Fig. 5. For an oscillating base-
line airfoil, a 41.4% increase in C; . = 1.24 at a dynamic stall
angle gy =15.15 deg (Fig. 4a), compared to C; . =0.877 and
o = 12.5 deg of a static baseline wing, mainly attributed to the
boundary-layer improvement effects and, to a lesser extent, to the
LEV transient effects (in contrast to the high-Reynolds-number re-
sults of Ericsson and Reding'®), was observed. The dynamic lift
stall, as a result of LEV spillage or detachment, was followed by a
sudden collapse of lift (Fig. 4a) and was preceded by an abrupt drop
in pitching moment as the LEV convected over the airfoil (Fig. 4c).
The flow remained fully separated from the upper surface of the
wing during the stall (Fig. 5). The poststall condition was charac-
terized by a rather constant C; (of a magnitude much lower than a
static wing) for the most part of the pitch-down motion, followed
by a rapid lift recovery as soon as the flow reattachment began (at
oy~ 11.4 deg; Fig. 5) and its return to the unstalled flow values. A
detailed analysis of the various unsteady boundary-layer and stall
events over an oscillating NACAQ0012 airfoil is given by Lee and
Gerontakos."®

The observed increase in the dynamic lift for an oscillating
baseline wing was also accompanied by a substantial increase in
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nose-down pitching moment (Fig. 4c) and drag force (not shown);
a peak value of C,, peak = —0.0982 and C; max =0.295, compared
to —0.0366 and C,  =0.15 of a static wing at «; a 168 and 97%
times increase in —C,, peak and Cy, respectively. The sharp rise in
the negative C,, values and the associated negative damping are
of particular importance because it results in increased helicopter
rotor-blade control loads. On the other hand, in the case of highly
maneuverable aircraft, advantage could be made of the increased
dynamic lift if the LEV is allowed to form but is delayed in its
detachment and shedding from the airfoil suction surface, thereby
delaying dynamic stall. Moreover, an L/D,,,,x of 26 (4.44) was ob-
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Fig. 5 Pressure distribution shows the presence of a laminar separa-
tion bubble and the behavior of a LEV on an oscillating baseline airfoil.
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served during pitch-down at oy, =6.13 deg (ags = 15.15 deg) for
an oscillating baseline wing, compared to L/Dy,,x =23 (12.9) at
o =6 deg (ay) of a static baseline wing. A dynamic moment stall
(corresponding to the angle of attack at which the pitching-moment
coefficient started to decrease sharply) at or,,s = 14.08 deg, compared
to a static oy = 12.5 deg = oy, was also observed.

Figure 4a also shows that, similar to the case of a static wing,
the addition of a GF increased the effective camber and shifted the
dynamic-lift curve vertically upward and that there was a consis-
tent improvement in lift throughout the entire oscillation cycle. A
13 and 26% increase in C; max, compared to an oscillating baseline
wing, was observed for the small and large flaps, respectively. The
increase in the dynamic C; ,,x Was, however, accompanied by an
earlier dynamic lift stalling (as a result of the promotion of the LEV
formation and spillage) and at the price of an increased —C,, peax (43
and 64% for h/c = 1.6 and 3.2%, respectively). For the 3.2%c GF, a
nose-down pitching moment was exhibited over almost the entire os-
cillation cycle; the 1.6%c GF, however, produced a less severe nose-
down pitching moment. The LEV was found to form and detach at
appy = 13.0deg (11.63 deg) and ays = 14.87 deg (13.95 deg) for the
1.6%c (3.2%c) GF, respectively, compared to o gy = 13.69 deg and
ogs = 15.15 deg of a baseline wing. Only a moderate 11% (15%) in-
crease in Cy max, compared to a baseline wing, was observed for the
two flaps tested. The presence of a GF also led to an increased Cy,
(during the first stage of the pitch-up motion or before the formation
of the LEV) as a result of a strengthened attached boundary-layer
flow and a delayed onset of flow reversal (because of the increase
in the suction pressure, as shown in Fig. 6, and the subsequent less-
ening of the severity of the adverse d p/dx), compared to a baseline
wing, during the pitch-up motion.

The evolution of the C), distributions of an oscillating airfoil with
GF and ITES at selected o, =9.45, 12.55, and 15.06 deg (dur-
ing pitch-up) and o, =9.37 deg (during pitch-down) is displayed
in Fig. 6. Figure 6a shows that for the attached flow during the
initial stages of pitch-up (i.e., at o, =9.45 deg), the 3.2%c GF

-3

0.0 0.2 0.4 0.6 0.8
¢) x/c

|
0.0 0.2 0.4 0.6 0.8
d) x/c

Fig. 6 Effect of trailing-edge strips on oscillating-wing surface-pressure distributions.
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Table 2 Variation of critical dynamic aerodynamic performance with trailing-edge strip

Flap configuration K ods, deg  Ci max Cla Cupeak  ms,deg  Cimax L/Dmax  dor, deg? L/Das® oy, deg®
Baseline wing 0.05 15.15 1.24  0.0662 —0.0982 14.08 0.295 26.0 114 4.44 13.69
0.1 15.85 140 0.0701 —0.1181 14.76 0.355 23.6 8.9 4.14 14.08
1.6%c GF 0.05 14.87 1.40 0.0810 —0.1401 13.56 0.328 29.6 10.3 4.60 13.00
0.1 15.71 1.49  0.0830 —0.1524 14.20 0.375 26.1 8.6 4.10 13.14
3.2%c GF 0.05 13.95 1.56 0.0844 —0.1611 12.40 0.339 27.5 10.6 4.80 11.63
0.1 15.32 1.72  0.0886 —0.1883 13.42 0.419 27.1 8.8 4.29 12.40
49-deg flap 0.05 14.55 148 0.0819 —0.1533 13.14 0.348 23.3 10.6 4.57 12.57
0.1 15.60 1.67 0.0874 —0.1711 14.08 0.413 23.0 8.5 4.18 13.28
1.6%c ITES 0.05 1532 1.17  0.0887 —0.0935 14.08 0.290 22.7 10.6 4.12 13.82
0.1 15.92 1.34  0.0925 —0.1149 14.96 0.340 259 8.9 4.11 14.20
3.2%¢ ITES 0.05 1554 120 0.0993 —0.0962 1466 0299 416 10.0 4.19 14.32
0.1 16.00 1.31  0.0963 —0.1190 15.32 0.341 343 8.2 3.89 14.76
1.6%c ITES 0.05 14.55 1.54 0.0981 —0.1528 13.14 0.352 28.6 10.3 4.58 12.55
+3.2%c GF 0.1 15.60 1.58 0.0927 —0.1548 14.08 0.390 27.9 8.5 4.19 13.14
3.2%c ITES 0.05 15.15 1.32 0.1006 —0.1275 13.95 0.320 253 10.3 4.23 13.28
+ 1.6%c GF 0.1 15.89 144 0.1001 —0.1497 14.55 0.374 26.4 8.4 3.93 14.07
Inverted 49-deg flap 0.05  15.24 1.21  0.0966 —0.0992 14.08 0.296 24.8 10.9 4.37 13.95
0.1 15.97 1.32  0.0941 —0.1155 14.96 0.340 24.5 8.8 3.94 14.55
%o, = angle of attack at the onset of flow reattachment.
bL/DdS =L/D at ags.
Cargy = angle of attack at the initiation of a LEV.
provided a significant chordwise pressure increase, compared to 01rF 19 25 77005
a baseline wing (denoted by open circle symbols). The increase in
the leading-edge suction pressure, including the suction pressure
induced by a strengthened laminar separation bubble, was particu- 1018
larly obvious. On the other hand, the majority of the C,, increment 008 17F 170 S
provided by the 1.6%c and 49-deg (not shown) flaps was found to be & 8 Z <&
. . . . . 3 S 1025
mainly attributed to an increased pressure difference in the aft por-
tion of the airfoil. The promotion in LEV formation for the 3.2%c¢ A 1is
GF (ar gy = 11.63 deg compared to oy = 13.69 deg of a base- ' ’ 1035
line wing) is evident at o, = 12.55 deg (> «s) given the substantial
increase in C,, especially in the frontal portion of the airfoil, com-
pared to the baseline wing. The LEV detachment or spillage from an ol ppl— v e Jgus
oscillating wing with a 3.2%c GF is apparent in Fig. 6¢. Figure 6d o2 3 4 5 67 8 9 10
. . . Flap Configuartion
shows that immediately after the onset of flow reattachment during a)
pitch-down the C), variation was similar to those described in Fig. 6a 0.4 60 16
but had smaller magnitudes.
The variation of the critical dynamic aerodynamic performance 115
with the Gurney flaps is summarized in Table 2 and Fig. 7. Itis clearly 03F 450
seen that the critical values relating to loads increased with the flap 14
height and those relating to incidences were promoted, except for ] £ z
oo A slightly delayed onset of flow reattachment was observed for a S oozt 40 % 438
flapped oscillating airfoil, compared to a baseline airfoil. The larger
flap (h/c =3.2%), however, led to an increased degree of asym- 12
metry, or hysteresis, in the dynamic-load loops (caused mainly by 01 130
the large increase in lift during upstroke), compared to the baseline 1
wing. Figures 4a—4d also indicate that the 49-deg flap provided a C;- L e
C,,-C4 (C4 not shown) performance (i.e., ots, Cr maxs Cias —Cn,peaks T 3 4 s 6 7 8 9 100 -1
and C,) in between those of the 1.6%c and 3.2%c GF cases, a phe- b) Flap Configuration

nomenon similar to that observed for a static-wing equipped with a
49-deg flap (Sec. IIL.A).

The effects of inverted strips (of 4#/c=3.2 and 1.6%) on the
dynamic-load loops at ¥ =0.05 were also examined. As expected,
the negative C,, was reduced on the upper surface and increased
on the lower surface (in contrast to the regular GF) as shown in
Fig. 6. The C), distributions at low-to-moderate « also display a
lowered leading-edge suction peak and a delayed laminar separation
bubble (Fig. 6a), compared to a baseline wing with and without GF.
At o, =12.55 deg (Fig. 6b), the behavior of the C, distribution,
especially the leading-edge suction pressure magnitude, was similar
to that of a baseline wing but was of lower value, suggesting that
the onset of flow reversal was basically unaffected though it reached
the leading-edge region later, compared to a baseline wing as well
as the wing with GF, thus leading to an increased C,, (Fig. 4a).
In the meantime, the formation (at oy gy = 13.82 and 14.32 deg for
the 1.6%c and 3.2%c ITES, respectively) and detachment of a LEV
was delayed (Figs. 6¢c and 6d), which resulted in a delayed dynamic
stall with a lowered C; 1, (Table 2). Note that the effective negative

Fig. 7 Variation of critical dynamic aerodynamic performance with
trailing-edge strip. Flap configurations: @, baseline airfoil; @, 3.2%c¢
Gurney flap; @, 1.6%c Gurney flap; @, 49-deg flap; ®, 1.6 %c ITES;
®, 3.2%c ITES; @, inverted 49-deg flap; ®, 3.2%c ITES and 1.6%c¢
Gurney flap; and @, 1.6%c ITES and 3.2%c Gurney flap.

camber induced by the inverted flaps also led to an alleviated nose-
down pitching-moment tendency. The airfoil incidence at which
the flow reattachment began remained virtually the same, compared
with the GF case, though at lower C,, magnitudes than the baseline
wing (Fig. 6d).

The C;-C,,-C, loops (Figs. 4a and 4c; C, not shown) also indicate
that, in contrast to the GF, the asymmetry in hysteresis was reduced
with increasing ITES height, attributing to the decrease in lift dur-
ing pitch-up and the largely unaffected lift performance during the
pitch-down flow process. Note that the oscillating wing experienced
no effect of the presence of the inverted flaps during downstroke (be-
cause the flaps were located inside of a completely separated flow
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Fig. 8 Typical variation of dynamic-load loops with reduced fre-
quency.

from the upper surface of the airfoil), and, therefore, resulted in a
small variation in C,; and C,,, especially for the inverted 1.6%c and
49-deg flaps, during the poststall flow conditions. A substantial re-
duction in the negative C,, values throughout the entire oscillation
was observed, compared to the regular Gurney flaps. Similar to the
Gurney flaps, the values of ags, Cj maxs Cio» and —C,, peax increased
with the height of the ITES (Table 2). The C,; max values were lower
than the wing with Gurney flaps and were found to decrease slightly
with decreasing ITES flap height. No significant variation in L/Dy,«
existed for an oscillating wing with and without flaps except for the
3.2%c ITES case, which gave a large increase in L/Dy,,. The 3.2%c
ITES also produced the highest values of «gs, Cjy, and /Dy, With
low values in Cj max, Ca,max> and —C,,; peax among the eight flap con-
figurations tested (Table 2 and Fig. 7).

The possibility of the control of both the detrimental hysteresis in
lift and the accompanied nose-down pitching moment, as well as the
desirable increase in ays, C;.max, and Cy, of an unsteady airfoil via
regular GF or ITES can be also reflected from the application of the
asymmetric strips. The 3.2%c/1.6%c asymmetric strip provided a
compromise, in terms of s, Cr maxs —Con,peaks ANd Cy max (Figs. 4b,
4d, and 7 and Table 2) and C,, and o gy behavior (Fig. 6), between
a3.2%c ITES and a 1.6%c GF, while the lift-curve slope remained
about the same as a 3.2%c ITES and L/D,,,, was near the value of
the 1.6%c GF. Similar to the 3.2%c/1.6%c strip configuration, the
1.6%c/3.2%c configuration also provided an improvement, or com-
promise, between a 1.6%c ITES and a 3.2%c GF. The 1.6%c/3.2%c
asymmetric strip, however, promoted the dynamic lift stalling with
a larger increase in Cj max, compared to the 3.2%c/1.6%c strip, at
the price of a further increase in the drag and —C,, peax. Also, for

an inverted 49-deg flap, the overall aerodynamic performance was
found to be in between those of the 1.6%c and 3.2%c ITES cases. In
summary, the addition of passive Gurney flaps or ITES to an oscil-
lating wing should provide another look into the control of rotorcraft
retreating-blade dynamic stall and also the blade-vortex interaction
via the upward and downward deflections of a movable trailing-edge
flap.

Finally, the effects of reduced frequency on the dynamic-load
loops with and without flaps were also investigated for « = 0.1 and
are summarized in Fig. 8. The dynamic-stall events were found to
occur at successively later times as k was increased, that is, the for-
mation and rearward convection of the LEV was delayed to higher
o with increasing « (Table 2). The increase in ags and C; . Was,
however, more obvious at higher « (Fig. 8a), and the continuous
drop in C; observed during the poststall condition became less sig-
nificant. The improvement in ogs, C; max, and Cj, was found to be
accompanied by an increase in —C,, peax (Fig. 8b) and Cy max- The
reattachment process was, however, further delayed with increasing
k. Table 2 shows that a systematical increase in the critical values
of a5, Cr maxs —Cm,peak> Xms> and Cy max (however not in Cy,,) of an
oscillating wing with and without flaps at k =0.1 was observed,
compared to k =0.05.

IV. Conclusions

The dynamic-load loops of an oscillating NACA 0012 airfoil
with and without small trailing-edge flaps were characterized at
Re=1.07 x 10°. The flapped static-wing configurations were also
included for comparison. The results show that on the basis of the
eight flap configurations tested it appears that, similar to a static
wing, the Gurney flap concept (including the 49-deg flap) was
also fairly generally applicable for an oscillating airfoil in terms
of Cjmax> Cla, and lift increment except for the large (small) in-
crease in —C,, peak (Cy,max) accompanied by a promoted dynamic
stall. The increase (decrease) in the nose-down C,, (ctgs) could be al-
leviated by the use of inverted strips at the price of a reduced C; max.
The asymmetric strips were found to provide a compromise in the
dynamic aerodynamic performance and the detrimental hysteresis
between the regular and inverted Gurney flaps. Both the static- and
dynamic-stall mechanisms were basically unchanged compared to a
baseline airfoil. The present passive dynamic stall and pitching mo-
ment control can be valuable because they can be used as an exper-
imental guideline for the active control of the dynamic stall and/or
nose-down pitching moment via the use of a spanwise trailing-edge
flap. Detailed knowledge of the flowfield (performed at much higher
Reynolds numbers), including the loadings in the trailing-edge re-
gion, however, is needed so as to better quantify the findings reported
here.
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