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Influence of Finite Span and Sweep on Active Flow
Control Efficacy
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Active flow control efficacy was investigated by means of leading-edge and flap-shoulder zero mass-flux blowing
slots on a semispan wing model that was tested in unswept (standard) and swept configurations. On the standard
configuration, the stall commenced inboard; with sweep, the wing stalled initially near the tip. On both
configurations, the leading-edge perturbations increased the C; ,,, and the poststall lift, both with and without
deflected flaps. Without sweep, the effect of control was approximately uniform across the wing span, but remained
effective to high angles of attack near the tip; when sweep was introduced, a significant effect was noted inboard, but
this effect degraded along the span and produced virtually no meaningful lift enhancement near the tip, irrespective
of the tip configuration. In the former case, control strengthened the wing tip vortex; in the latter case, a simple semi-
empirical model, based on the trajectory or streamline of the evolving perturbation, served to explain the
observations. In the absence of sweep, control on finite-span flaps did not differ significantly from their nominally
two-dimensional counterpart. Control from the flap produced the expected lift enhancement and C; .«
improvements in the absence of sweep, but these improvements degraded with the introduction of sweep.

Nomenclature

AR = wing aspect ratio

Cp = model form-drag coefficient

(o) = model lift coefficient

(o = sectional lift coefficient

Cy = model moment coefficient

C, = sectional moment coefficient

C, = time-mean pressure coefficient

C, = slot momentum coefficient, /c(U;/ U,)?

c = model chord length

D = difference between baseline and controlled
coefficients

F* = reduced excitation frequency, fX/U,,

f = separation control excitation frequency

h = slot width

Ly = flap length, from slot to trailing edge

2 = rms pressure fluctuations in the wing plenum

q = freestream dynamic pressure

Re = Reynolds number based on chord length

K = wing semispan length, b/2

U,V,W = mean velocities in directions x, y, and z

U; = average peak jet slot blowing velocity

U, = phase velocity of the fundamental pressure
perturbation

Uy = freestream velocity
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X distance from perturbation to wing trailing edge

X, ¥,z = coordinates measured from model leading edge and
root (left-hand system)

o = angle of attack

o = static stall angle

8 = flap deflection angles (3;, §,, §,)

A = sweepback angle

Subscripts

i = inboard

fs = flap shoulder

le = leading edge

max = maximum value of a coefficient

n = normal to the leading edge

o = outboard

SW = conditions on the swept wing

t = tip, tangential to the leading edge

te = trailing edge

I. Introduction

HE capability and limitations of zero mass-flux active flow

control (AFC) are reasonably well understood in relatively
simple two-dimensional flows and on airfoils [1]. Thus, for high
aspect ratio unswept wings, first-order performance approximations
can be made directly. However, for low aspect ratio wings (for
example, on combat, unmanned, and microvehicles and control
surfaces), significant three-dimensional effects preclude direct
extensions of two-dimensional results. Currently very little is known
about the efficacy of AFC in conjunction with three-dimensional
effects, for example, near wing tips and flap edges, where the flow
becomes strongly three dimensional due to an abrupt change in the
spanwise geometry [2]. With the introduction of sweep, these tip and
edge flows become more complex and are prone to premature
separation [3,4].

The vortex systems existing on a wing at incipient stall play a
defining role in the mechanism of lift enhancement via control. An
unswept wing of constant chord (rectangular planform) is expected
to stall inboard where the loading is the greatest and, because of the
near two dimensionality of this flow, it is expected that stall will
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resemble that on its corresponding profile (airfoil), with all its
attendant characteristics. Two of the most common stalling
mechanisms are relatively gentle trailing-edge stall [5] and leading-
edge bubble bursting mechanisms that often manifests as a quasi-
periodic shedding of dynamic stall vortices [6-8]. Common
observations in the vicinity of stall are hysteresis, that is, the flow
state depends on whether « is increasing or decreasing, and bistable
flow states. As the wing tip is approached, the loading decreases as
expected, but the vortex roll up on rectangular planform wings with
square tips exhibits characteristics far removed from basic
assumptions of lifting line theory [9], even for high aspect ratio
configurations [10]. At conditions approaching stall, a principal
feature is the significant roll up of a main vortex and an aft secondary
counter-rotating vortex on the upper surface adjacent to the wing tip
[9-11]. Active separation control in the tip region of unswept
constant chord configurations has never been performed, most
probably because stall commences inboard, whereas the flow in the
tip region remains seemingly attached and is therefore considered
secondary from a control perspective. A detailed study of poststall
behavior [12] indicated that lift in the tip region continues to increase
in the presence of inboard stall, but this is accompanied by large local
pressure drag and nose-down pitching moments. Moreover,
hysteresis associated with inboard stall is dramatically reduced in
the tip region. This is most probably due to the relatively stable nature
of the tip vortex system.

With the introduction of sweep, a number of new factors become
relevant. In addition to the common inflectional and centrifugal
instabilities, leading-edge control may be affected by crossflow and
attachment line instability mechanisms [13]. At angles of attack
approaching stall, separation is expected to occur near the wing tips
for two reasons. Firstly, sweep increases outboard loading, thereby
promoting separation near the tip [14] and, second, the pressure
gradient normal to the flow direction drives the boundary layer
toward the tip, thereby producing a thicker boundary layer that is
more prone to separation [3]. It appears that no systematic study has
been undertaken of how these factors affect the efficacy of separation
control. Nevertheless, the effect of infinite sweep on control at the
flap shoulder was studied [15], and sweep transformations were
defined based on the flow and dimensions normal to the leading edge.
Apart from the upper surface reattachment zone, this resulted in a
reasonable congruence of the swept and unswept data sets. Similar
observations were made in the separated region produced by a hump
on the wall of a wind tunnel [16]. Nevertheless, the efficacy of control
in the presence of finite-span flaps on swept wings has not been
studied.

Significant attention has been given to control on thin delta wings
at high «, where flow separates at the leading edges and rolls up into
so-called leading-edge vortices that generate lift at low speeds.
Before stall, the axial flow in the leading-edge vortices has a
stabilizing influence [17-19]. However, when the swirling
momentum exceeds the axial momentum by approximately 30%
(swirl number~1.3), the vortex “‘breaks down,” that is, it becomes
highly diffuse and unsteady, and the swirling and longitudinal (or
axial) velocities reduce dramatically [20]. This well-known, but only
partially understood, phenomenon has been the subject of numerous
investigations [20] and the object of many control attempts [20-28].
The vast majority of studies indicated an optimum reduced frequency
in the approximate range 1 < F™ <2, based on the velocity and
largest dimension normal to the leading edge [22-28]. In an analogy
with two-dimensional shear layers, it appears that periodic excitation
introduces “instability driven large eddies that periodically transport
high-momentum fluid to the surface” [23] and increase the poststall
normal force on the wing. Nevertheless, the relationship of this
mechanism to vortex breakdown is unclear, with speculations
ranging from delay of the vortex breakdown [25] to vortex
enhancement [27] and reconstitution of the vortex [22].

In the present investigation, an attempt was made to systematically
study three-dimensional effects by designing and testing an active
flow control semispan model in unswept (standard) and swept
configurations. The model was equipped with a leading-edge slot and
three identical simple flaps with individual control slots. The model

could also incorporate arbitrary wing tip designs. The overall
strategy was to introduce successively larger three-dimensional
effects, starting with the relatively innocuous unswept configuration,
followed by individual flap deflections, the introduction of sweep,
and finally the introduction of sweep combined with flap deflections.
Control was introduced via zero mass-flux blowing slots at the
leading edge and flap shoulder. Surface pressure ports, integrated to
yield wing loads, were used to gauge the efficacy of control.

II. Experimental Setup and Testing
A. Semispan Model Description

Low-speed AFC experiments were performed on a rectangular
planform semispan NACA 0015 model (AR =4, s = 609.6 mm,
and ¢ = 304.8 mm). The model incorporated three identical simple
flaps of span, s, = 1/3s, hinged at 0.7¢ (Fig. 1a) and equipped with
leading-edge and flap-shoulder flow control slots joined to interior
plenums (Fig. 1b). The leading-edge slot (2 = 0.5 mm) was located
at x/c =0 and was oriented so as to produce a wall-jet-type
perturbation, nearly parallel to the surface. The flap slots (all
h=0.76 mm) were also configured to produce wall-jet-type
perturbations, parallel the upper surface corresponding to the
undeflected flap direction. The flaps were deflected in unison and
also deflected individually to assess the effects of three
dimensionality. The notation é§ = (§;,6,,d,) is used throughout to
indicate the particular configuration under consideration. Forcing
was supplied to the plenums via voice-coil-based actuators (Aero and
Thermally Engineered Actuator Modules designed and manufac-
tured by Kiedaisch et al. at the Illinois Institute of Technology). The
resultant zero mass-flux control slot velocities were calibrated using
a hot-wire anemometer for the frequency range 40 Hz < f <
400 Hz along the span of the wing. Uncertainty in the perturbation
amplitude was estimated at AC,, /C,, = 10%, based on the hot-wire
calibration uncertainty and the uncertainty associated with the
precise location of the hot wire within the jet “top-hat” region. The
C,, values cited in this paper are all based on the center-span
calibration location, y/s = 0.5. Appendix A provides additional
details relating to the slot calibration and its associated uncertainties.

The model was equipped with 165 static pressure ports arranged in
a perpendicular spanwise and chordwise grid (Fig. lc) with
additional rows of pressure ports on the flaps. A three-dimensional
interpolation scheme was employed to improve local surface
pressure estimates (see Appendix B), and the surface pressures were
integrated to estimate the aerodynamic loads. The model was also
equipped with unsteady pressure transducers; nine were mounted on
the wing upper surface and three were mounted within the wing
plenums to monitor control frequencies and amplitudes. Steady and
unsteady wing surface pressure data were acquired for angles of
attack —4 deg <« <33 deg and flap deflection angles of
0 deg < & <40 deg. The wing static pressures were measured
using a high-speed pressure scanner, and unsteady pressures were
measured by means of piezoresistive unsteady pressure transducers.
The main source of error in the pressure measurements was due to
precision, with C,, < £0.02, based on 95% confidence intervals.

The wing was tested in both a standard (unswept) configuration
(see Figs. la—Ic; photograph in Fig. 1d) and a swept configuration
(see Figs. 2a-2c; photograph in Fig. 2d), for which control
perturbations were supplied from both slots. Sweep was achieved by
means of a triangular wedge, also with a NACA 0015 profile, which
was also instrumented with pressure ports (Figs. 2a-2c).
Furthermore, various tip extensions were tested, namely, a “no tip
extension” and a square tip extension for the standard configuration
(Figs. 1a and 1b, respectively) and a no tip extension, a square tip,
and parallel tip extensions for the swept configuration (Figs. 2a—2c,
respectively). The wing tip extensions were not instrumented with
pressure ports. In the swept configuration, the flap deflection resulted
in a gap between the inboard edge of the inboard flap and the tunnel
wall (see photograph in Fig. 2d, in which all flaps are deflected to
20 deg). A removable fairing was employed to seal the gap, and its
effect on control effectiveness was also considered.
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Fig. 1 Schematics of the unswept (standard) semispan configuration: a) wing components and left-hand coordinate system with no tip extension,
b) locations of the control slots and the wing tip extension, ¢) locations of the pressure ports on the main element and flap, and d) a photograph of the
unswept semispan wing in the Basic Aerodynamics Research Tunnel (without the wing tip extension).

Because of limitations associated with the « traversing system,
data were acquired in the ranges of —4 deg < @ < 17 deg and
15 deg < @ < 33 deg. Inthelowerrange, data at even angles are for
increasing « and odd angles are for decreasing o, and vice versa in the
higher range. This convention was applied consistently throughout
this paper. The overlap of 2 deg between the two ranges, namely,
15 deg < o < 17 deg, facilitated a check on the repeatability and
consistency of all data. Unless otherwise specified, the tunnel was
always brought to the test conditions with the wing located at the
minimum «. Furthermore, it is noted that, due to physical limitations
of the setup, the angle @ = 33 deg was not exceeded.

B. Data Reduction

With the introduction of sweep, the pressure data were analyzed
with respect to the velocity component normal to the wing leading
edge (cf. Naveh etal. [15]). This facilitated a direct comparison of the
corresponding surface pressures for the standard and swept
configurations. Because the wing is cantilevered, the infinite sweep
relations are modified to account for the variable angle of attack, thus

A’ = arctan(tan A cos «) (1)

and hence the velocity component normal to the leading edge is
Uy, =Usxcos A 2)

Substituting this relation into the definition for the two-dimensional
pressure coefficient gives

Cpn = Cpan/cos? ' 3)

P

The AFC parameters were also modified to account for the
cantilevered and swept wing, thus

Cpn = Cpo/cos* A 4)

Ff =Ff,/cos A’ 5)

For convenience and brevity, the subscript z in Egs. (2-5) is dropped
in the following discussions, but is always implied for the swept
configuration. The definition of A’ in Eq. (1) requires a small
variationin f and U, atevery « to maintain constant C,, ,, and F;}", but
this did not prove to be practical. Therefore, these parameters are
always cited for « =0 deg, and it is understood that they are
overpredicted by the maximum values of 8 and 4%, respectively, at
o =33 deg.

C. Three-Dimensional Configurations and Strategy

In an attempt to introduce three-dimensional effects gradually, a
graded approach was adopted, and the study was divided into four
categories: 1) standard and swept configurations with leading-edge
control, with and without flap deflections; 2) combined control from
the leading edge and flap shoulder (discussed in Greenblatt [2]);
3) the deflection of individual flaps with control at the shoulder; and
4) sweep combined with flap-shoulder control. More details
regarding the configurations and section references can be found in
Table 1.

III. Discussion of Results

Preliminary data were acquired at Re = 500, 000 and 10° for the
standard (unswept) configuration without flap deflections or wing tip
extensions, and these data sets were compared with other
investigations conducted at 1.8 x 10® < Re <2 x 10° and AR =
6.6 [10,11]. Despite the larger Reynolds numbers and aspect ratios,
the pressure distributions were similar inboard and outboard near the
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Fig. 2 Schematics of the swept semispan configuration: a) no wing tip extension, b) the square wing tip extension, c) the parallel wing tip extension, and
d) a photograph of the swept semispan wing in the Basic Aerodynamics Research Tunnel (without the wing tip extensions).

wing tip (see a comparison at « = 12 deg in Appendix B, Fig. B3).
The similarity of the inboard pressure distributions indicated
indirectly that boundary-layer transitions were similar in the different
investigations. It was speculated that the discontinuity created by the
open leading-edge slot downstream of the stagnation point
effectively tripped the boundary layer, but this was not verified by
direct boundary-layer measurements. The similarity of the pressure
distributions at the tip showing three distinct pressure peaks is
remarkable considering the different conditions of each experiment
(see Fig. B3a); the reason for these peaks is discussed in Sec. [I.A.3.
It was further shown in McAlister and Takahashi [10] that, provided
the wing tip is square, the flow in the tip region is effectively
Reynolds number independent. It appears that the sharp lower edge
of the square wing tip fixes the separation point independent of Re.
For round wing tips, this is certainly not the case, as shown in
McAlister and Takahashi [10].

A. Stall Mechanism and Leading-Edge Control

Baseline and controlled wing lift coefficient data are shown for
both standard and swept configurations (Fig. 3) with no wing tip
extension installed (cf. schematics in Figs. la and 2a). For both
configurations, aerodynamic coefficients were based on the
rectangular part of the planform only, that is, the pressure
measurements on the wedge-shaped insert were not included in the
sweep lift and drag calculations. In both instances, leading-edge
control was applied at F* =0.65 and C,, = 0.3%, although the
physical frequencies and jet amplitudes were different to account for
sweep [see Eqgs. (4) and (3)]. The choice of this reduced frequency
was based on a number of considerations. First, previous
investigations on a NACA 0015 airfoil with a similar leading-edge
slot [8,34] established an optimum F* ~ 0.6 that was Reynolds
number independent. Second, a similar observation was made on the
present model and is shown in Greenblatt [2]. Third, the physical
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Table 1 Details of the different configurations tested in the present study
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Cat.  (6;,6,,0,),deg  Control location ~ Wing configuration Tip configuration Section/ref.
1 (0,0,0) Leading edge Standard/swept No extension/with extension/parallel tip IILA.1, IILA.2, II.A.3, and III.LA.4
1 (20, 20, 20) Leading edge Standard/swept No extension/with extension/parallel tip HLA.S
1 (40, 40, 40) Leading edge Standard/swept No extension/with extension/parallel tip OLA.S
2 (20, 20, 0) Combined Standard No extension/with extension Greenblatt [2]
2 (20, 20, 20) Combined Standard No extension/with extension Greenblatt [2]
2 (40, 40, 40) Combined Standard No extension/with extension Greenblatt [2]
3 (20, 20, 0) Flap shoulder Standard/swept No extension 1I1.B.1
3 (20, 0, 0) Flap shoulder Standard/swept No extension 1II.B.1
3 (0, 20, 0) Flap shoulder Standard/swept No extension 1II.B.1
4 (20, 20, 20) Flap shoulder Swept No extension/with extension/parallel tip 1IL.B.2
4 (40, 40, 40) Flap shoulder Swept No extension/with extension/parallel tip 1IL.B.2

frequencies used here, namely <100 Hz, showed relatively small
spanwise distortion (see Appendix A).

The standard baseline configuration appears to stall ator ~ 18 deg
and exhibits significant poststall hysteresis (a bistable flow) that is
generated inboard (as will be discussed). The application of leading-
edge control effectively eliminates hysteresis, which is routinely
observed on two-dimensional (airfoil) configurations, and C; ., is
attained at o &~ 25 deg. The swept baseline configuration stalls
gently at @ > 20 deg and, in contrast, shows very little hysteresis. It
can be assumed that the axial flow component stabilizes the separated
vortical flow near the leading edge, much like axial flow stabilizes
leading edge and “trapped” vortices [17]. With the application of
control, the wing continuously generates lift with «, albeit at low
dC;/da, and appears to be still increasing at o =33 deg (the
maximum attainable with the present setup). For both configurations,
control increases Cj .« by approximately 0.23. Because of the
partially stalled nature of the flow, however, these poststall increases
are accompanied by large drag increases. It was noted that control
applied at prestall angles of attack had virtually no effect on the
surface pressures, consistent with airfoil data [1]. Henceforth, control
was not applied under conditions in which separation was not
present.

1. Comparison of Baseline Stall Mechanisms

A preliminary assessment of the spanwise stall mechanisms for
both configurations can be made by considering Figs. 4a and 4b,
respectively. For the standard configuration, incipient stall is evident
inboard, close to the tunnel wall, ate = 14 deg. However, the loss of
lift inboard, evident for & > 14 deg, is accompanied by an increase

in lift outboard, and this continues with increasing angle of attack
(Fig. 4a). The distortion of the load distribution near the tip of the
wing (y/s > 0.97) is due to the formation of vortex at the wing tip,
and these measurements are fully consistent with the data of other
investigations (e.g., [10,11]) at higher Reynolds numbers. Inboard
stall, accompanied by continued outboard lift increases, results in an
overall lift increase, and the perceived wing stall is at o ~ 18 deg
(Fig. 3a). This stall scenario is fully consistent with a previous
investigation of static and dynamic stall at Re > 2 x 10° and AR =
10 [12]. With sweep, significantly more lift is generated inboard, but
this is offset by the poor outboard lift generation (Fig. 4b). Between
a = 17 and 19 deg, changes to the lift are negligible near the tip, and
stall is observed at « ~ 21 deg. Thus, when compared with the
unswept case, the stall mechanism is reversed with the lift
continuously increasing inboard. When integrated over the span, this
manifests as the relatively gentle wing stall observed in Fig. 3.
More evidence of the stall mechanism is provided by the surface
pressure coefficient data shown for @ = 14 deg at selected spanwise
locations (y/s =0.17, 0.5, 0.83, and 0.99) in Figs. S5a-5d,
respectively. No interpolation was necessary at these y/s locations.
Inboard, the pressure distributions near the leading edge indicate a
transition bubble in both the swept and unswept cases; thus, it seems
that here sweep does not result in a different transition mechanism.
The pressure recovery associated with the standard configuration
indicates the onset of stall near the trailing edge, consistent with
NACA 0015 airfoil data [ 10], whereas that of the swept configuration
is consistent with attached flow. Further outboard, this situation
reverses (see Figs. 5b and 5S¢, and the inset in Fig. 5d showing the
trailing edge C,), and the swept trailing edge indicates the
commencement of trailing-edge stall outboard. Tip stall on swept
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Fig. 3 Wing lift and form-drag coefficients based on integrated pressures on the rectangular section of the model (see Fig. 1¢) (no wing tip extensions).
Control at F* = 0.65 and C,, = 0.3%.
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Fig. 4 Baseline span-load variations based on integrated chordwise pressures on the rectangular section of the model corresponding to Fig. 3 (no wing

tip extensions): a) standard configuration, and b) swept configuration.

wings is generally attributed to both the higher loading at the tip and
the thicker boundary layer that is driven outboard toward the tip by
the transverse pressure gradient. For the present configuration, both
mechanisms are active. In the former case, loading increases because

the lift coefficient measured parallel to the flow direction tends to
infinity as the chord length tends to zero. In the latter case, a strong
pressure gradient normal to the flow direction is present, as can be
inferred by comparing C, at x/c =0.7 and O in Figs. 5a and 5c,
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Fig. 5 Baseline pressure coefficient distributions at selected locations on the rectangular section of the model for the standard and swept configurations
(no wing tip extensions). Inset: corresponding trailing-edge pressure coefficients.
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which are both at the same distance downstream from the wing apex.
It is asserted here that this is the dominant mechanism as trailing-
edge separation, as inferred for the trailing edge C,, is observed as far
inboard as y/s = 0.3. Recall, however, that the spanwise distance
from the apex of the triangular wedge is not accounted for in this
coordinate system.

The relatively low pressure at the tip of the standard configuration
is also present for fully attached flow and is due to the vortex roll up,
which is partially completed on the wing tip itself (cf. Figs. 5d and
B3a). The structure of the tip vortex, and its response to control are
discussed in Sec. III.A.3. In contrast, there is a dramatic decrease in
lift toward the tip for the swept configuration (see Figs. 4b and 5d).
Here the vortex forms outboard of the wing, as observed by Spivey
[9], as the wing tip edge is swept inboard. This unfavorable result
emphasizes that the design of planform shapes such as this are often
motivated by factors other than aerodynamic performance.

2. Effect of Sweep on Leading-Edge Control

Figures 6a and 6b show spanwise pressure distributions for two
poststall angles of attack (¢ = 25 and 33 deg, respectively) for both
configurations. At the lower angle, control is effective across the
entire span for the standard configuration but, at the higher angle,
control is less effective inboard and only maintains some authority
outboard in the tip region (cf. Fig. 4a). With sweep, control is
ineffective near the tip, irrespective of . However, at high angles of
attack, control is particularly effective inboard with AC; ~ 1 near the
root of the wing. The pressure distributions inboard (y/s = 0.17) and
at the tip (y/s = 0.99) corresponding to these conditions for both
configurations are shown in Figs. 7a—7d and 8a—8d.

The largest improvements in performance are generally attained
when perturbations are introduced at, or close to, the separation line.
Thus, on sharp-edged delta wings this can be achieved by
introducing perturbations at the leading edge [22]. On the NACA
0015 tested here, this is clearly not the case, as separation commences
at the trailing edge (Figs. 5a-5c¢), then progresses upstream with
increasing o (Figs. 7a and 7b), and ultimately separates at the leading
edge (Figs. 8a and 8b), consistent with previous observations [§]. On
an equivalent unswept airfoil, control from an aft (x/c¢ = 0.75) slot
was found to be more effective at angles just beyond the static stall
angle [29]. However, the enhanced control ultimately promoted
separation at the leading edge. The combination of aft control over
the deflected flaps in conjunction with sweep is discussed fully in
Sec. IILB.

The swept-wing pressure distribution is significantly different
from the unswept case at @ = 25 deg and suggests the existence of
vortical flow present at the leading edge (Fig. 7a and 7b), similar to
that of a delta wing. Nevertheless, this is not a fully separated shear
layer such as those typically occurring on sharp-edged delta wings.
When control is applied, the inboard effect on the swept wing is
similar to the inboard effect on the unswept wing, that is, the leading-
edge suction peak is strengthened in both cases and so is the overall
pressure recovery, leading to enhanced lift. We can thus conclude
that the control mechanism is similar, and we shall exploit this
observation for the analysis presented in Sec. IIL.A.4. When the wing
enters into deep stall with leading-edge separation, as shown in
Figs. 8a and 8b (o = 33 deg), the effect of control is somewhat
different. In both instances, the suction peak is strengthened, but the
effect on the unswept wing is mainly local near the leading edge. In
contrast, for the swept wing a pressure recovery is reestablished, and
wing circulation is materially increased as can be inferred from the
lower surface pressures. This latter case appears to have much in
common with control of sharp-edged delta wings in which vortex
breakdown has occurred. As observed previously, control
regenerates the leading-edge flow, thereby significantly enhancing
lift [22]. There is no reason to believe that the vortex enhancement
mechanism at « = 25 deg (Fig. 7b) is any different from the vortex
regeneration mechanism observed at o = 33 deg (Fig. 8b). When
viewed from this perspective, it is evident that the present study may
aid in providing a link between unswept, swept, and delta wing
studies.

The effect of control on the tip flow is strikingly different. For the
unswept tip, the existing tip vortex is somewhat strengthened at low
a (Fig. 7¢) and significantly strengthened at higher o (Fig. &c),
corresponding to deep inboard stall. In contrast, virtually no effect is
observed on the wing tip with sweep atany « (Figs. 7d and 8d). These
vastly different effects are discussed fully in Secs. III.A.3 and IIL.A .4,
respectively.

The addition of a parallel tip (see schematic in Fig. 2c) has a
beneficial effect on the baseline lift (Fig. 9) and particularly the lift
generated in the vicinity of the wing tip (Figs. 10a and 10b). The
parallel tip increases the wing aspect ratio, and this results in a
general increase in lift noted across the entire wingspan. More
significantly, the parallel tip renders the original outboard pressure
ports further inboard, and this is reflected as significantly increased
lift near the tip. The parallel tip does not qualitatively change the
stalling mechanism, as stall still commences outboard while inboard
lift increases (not shown). Note, however, that the parallel tip was not
instrumented with pressure ports and, hence, the additional lift and

semispan mbdel
Re=500,000, ¢:=25 deg

—— baseline-no sweep
—e—control-no sweep
—— baseline-sweep

—— control-sweep

semispan model
Re=500,000, 0.=33 deg

—»— baseline-no sweep
—e—control-no sweep
,,,,,,,,,, . .... —e—baseline-sweep _

—a— control-sweep

a)

0.67 1.00

b)

Fig. 6 Lift coefficient distributions, showing the effect of leading-edge control, at two angles of attack for both the standard and swept configurations (no

wing tip extension). Control at C,, = 0.3% and F* = 0.65.
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Fig. 7 Baseline and controlled pressure coefficient distributions at selected locations on the rectangular section of the model for the standard and swept

configurations (¢ = 25 deg, no wing tip extension).

form drag was not estimated. Despite the enhanced baseline lift,
improvements to the control effectiveness, measured in terms of
AC, for each case considered individually, are negligible (Fig. 9). It
is further evident from Figs. 10a and 10b that the increment in C,
across the entire span resulting from control is virtually unchanged as
a result of the parallel tip. It can therefore be concluded that, in the
presence of sweep, the specific tip shape does not materially affect
active control in the tip region.

3. Control Mechanism on the Standard Configuration

The difficulty of developing a theoretical or computational model
for the observations reported here cannot be overstated. For purely
two-dimensional flows with well-defined turbulent inflow condi-
tions, unsteady computations using a variety of turbulence models
can, at best, only describe qualitative time-mean trends [30]. The
poor predictions are due to the inherent flow complexity, in which
turbulence coexists with so-called coherent structures that are
usually driven by at least one instability mechanism. Consequently,
there are no known models that can adequately calculate the effect of
leading parameters such as reduced frequency and perturbation
amplitude. For the unswept wing considered in this investigation, the
flow is laminar or transitional in the vicinity of the leading-edge slot
and also may be subjected to competing instability mechanisms due
to curvature at the leading-edge region. The addition of sweep would
further exacerbate existing difficulties due to the additional axial

velocity component and the transverse pressure gradient that drives
the boundary layer toward the tip.

A number of experimental investigations, motivated by rotorcraft
blade tip optimization and trailing vortex problems, combine to yield
a detailed representation of the vortex associated with a square wing
tip [9-12,31,32]. At conditions approaching stall (¢ = 12 deg), a
primary vortex rolls up on the upper surface adjacent to the tip, aft of
which a counter-rotating secondary vortex is observed [9]. This is
consistent with flow visualization [31], hot-wire measurements [32],
and laser Doppler anemometer measurements [10] and results in a
local increase in lift, represented by a pressure signature with three
peaks (see Figs. 5d and B3a, and [9-11]). However, the increased lift
is accompanied a pressure drag penalty, due to the low-pressure
peaks being aft of the profile maximum thickness point. The
continuation of this triple pressure peak into the poststall regime, as
seen in Figs. 7c and 8¢, indicates that the basic vortex structure does
not change when the wing stalls inboard.

It was noted that, at large poststall angles (o« = 33 deg, Fig. 6b),
control is more effective outboard toward the tip, in spite of the fact
that the perturbation momentum is 40% lower than that inboard (see
Fig. A2). Thus, the tendency of flow to attach near the wing tip may
be in some way related to the aforementioned vortical wing tip flow.
Toillustrate this, consider the structure of the poststall tip flowfield in
the presence of leading-edge perturbations, shown schematically in
Fig. 11 (adapted from the prestall schematic presented in Spivey [9]).
In the region remote form the tip, or in a two-dimensional flow,
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Fig. 8 Baseline and controlled pressure coefficient distributions at selected locations on the rectangular section of the model for the standard and swept

configurations (¢ = 33 deg, no wing tip extension).

separation is ameliorated by the control-driven quasi-two-dimen-
sional spanwise vortices that transport momentum across the shear
layer. Near the tip, momentum is transported by a combination of
spanwise control-driven vortices and the primary vortical flow at the
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Fig. 9 Wing lift coefficient on the swept configuration, showing the
effect of the parallel wing tip on the leading-edge control effectiveness
(control at F* = 0.65 and C,, = 0.3%).

wing tip. This is a plausible explanation of why control is more
effective near the tip at high angles of attack. The relatively smaller
effect near the tip at lower angles of attack (e.g., Fig. 6a) is because
the flow is only mildly stalled in this region.

4.  Sweep Relations Applied to Control

In considering control effectiveness on a swept airfoil that
approximated infinite span [15], it was noted that the performance
benefits were similar to the unswept case providing that the flow
normal to the wing was considered. In addition, based on the
observations in Sec. IIL.A.2, the inboard effect of control is similar
whether the wing is swept or not. Thus, the recirculating region that
results from leading-edge control, in a time-mean sense, can also be
expected to be present in the swept case. It should be expected,
however, that the velocity component tangential to the leading edge
(the axial velocity with respect to the vortex) has a stabilizing effect
on the vortex.

To try to understand the effect of control in the presence of sweep,
we assume that the control perturbations generated at the leading
edge are amplified and convected downstream normal to the leading
edge, much like their two-dimensional counterparts [33,34]. In the
presence of sweep, however, there is a component of velocity
tangential to the wing leading edge, namely,

Uy, =UysinA’ (6)

Therefore, the evolving perturbation will have a chordwise as well as
a spanwise component.
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(control at F* = 0.65 and C,, = 0.3%).

Empirical data on a NACA 0015 airfoil of the fundamental
perturbation (Fig. 12, Greenblatt et al. [33]) show that the phase
velocity can be quantified to first approximation by the relationship

Up/Us = k(x/c)" (M

where k and r are constants that depend upon the separation control
reduced frequency F* (see Fig. 12) and depend only weakly upon

the perturbation amplitude (cf. [33,34]). Thus, to a first
quasi-2-D leading-edge
vortices
wing tip

secondary ~

vortex
Fig. 11 Schematic of the tip vortex on a square-tipped wing in the
poststall regime, where two-dimensional separation control perturba-
tions are generated at the leading edge (adapted from the prestall
schematic presented in Spivey [9]).
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Fig. 12 Fundamental components of the phase velocity measured on a
NACA 0015 airfoil [33].

approximation, we assume that a similar relationship holds for
flow normal to the swept wing, namely,

U¢<n/Uoc.n = k(x/c)’

where k and r now depend on the reduced frequency F* defined
normal to the leading edge, F,' [see Eq. (5)].

From Egs. (2), (6), and (8), the speed of the perturbation can be
expressed as

®)

Up/Uy = VK (x/c) ¥ cos? A + sin*A’ )
and its trajectory or “‘streamline” angle can be expressed as
gy = ytan A'/k(x/c)" (10)

At F* = 1.11tis seen that perturbation speed is greater close to the
leading edge, but slows further downstream and even decreases
slightly. The effect of this on the analysis presented is discussed
next.

By using empirical airfoil data to determine constants k and r at the
control conditions F* = 0.6 and C,, = 0.1% (Fig. 12), trajectories
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Fig. 13 Semi-empirical prediction of the fundamental component of
the phase velocity on a swept NACA 0015 wing based on data from
Fig. 12 (F* = 0.65 and C,, = 0.1%). The hatched line indicates constant
Uy -

¢.n
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for different sweep angles were calculated (see Fig. 13). The figure
shows how the perturbation trajectories are swept across the span as a
result of the tangential velocity component. Thus, perturbations
introduced near the tip will be swept off the wing without producing
any meaningful change to the aerodynamic loads. Furthermore, as
the sweep angle increases, the tangential velocity component
increases, and the control effect in the tip region is expected to
diminish even more.

This description provides a basic explanation for the gradually
decreasing effect of control along the span and its total
ineffectiveness at the tip. It can be seen from Fig. 12 that, at
F* = 1.1, the approximation expressed in Eq. (7) breaks down at
x/c = 0.3. At larger x/c, the phase velocity tends toward a constant
value, typically around Uy/U,, = 0.5-0.6. Taking this into
account, by assuming constant U, ,, the perturbation trajectory is
increasingly deflected toward the tip. This scenario is indicated by
the hatched line, associated with the A’ =30 deg case shown in
Fig. 12, and illustrates that the assumption of Eq. (7) in fact
underestimates the deleterious effects of sweep on tip flow
separation control at higher F+.

5. Effect of Varying Freestream Velocity

The attachment or separation of a shear layer to or from a vehicle
wing is generally accompanied by a change in vehicle speed. In the
former case, initiating active flow on a stalled wing will generally
increase lift, reduce drag, and thereby result in the acceleration of the
vehicle. In the latter case, for example, a sharp change in attack on a
controlled wing, with an accompanying increase in drag, will result
in a deceleration of the vehicle. Quasi-steady simulations of speed
changes were simulated in the wind tunnel by changing the tunnel
flow speed (U.,), corresponding to the range 10° < Re < 10°, for
standard and swept configurations at a large poststall angle of attack,
a = 33 deg. Control was applied at f =55 Hz and U, = 17 m/s
(47.6 Hz and 15 m/s for the swept case), to maintain the reduced
frequency within the range considered to be effective
(0.3 < F* <2.6), and the perturbation amplitude corresponded to
0.02% < C, < 2%. The physical frequencies and amplitudes are
cited here because the dimensionless frequency and momentum
coefficient are not constant and vary with 1/U,, and 1/UZ,
respectively.

Lift and moment coefficient data are shown for the standard
baseline and control cases, in which the flow speed, or Reynolds
number, is initially decreased from Re=10° to 10° and
subsequently increased to Re = 10° (Figs. 14a and 14b show
outboard, y/s=0.83, and overall wing lift and moment
coefficients). Two data points were acquired at each Re based on a
15 s average for each data point. The baseline data exhibit significant
hysteresis, in that the flow state is dependent on whether U, is
increasing or decreasing. Moreover, the flow is typified by bistable
flow states, that is, either partially attached or fully separated.
Switching between the states occurs either spontaneously, without
any apparent reason, or as a result of small changes in U,. The net
result is relatively large and spontaneous variations in aerodynamic
loads, which are highly undesirable. Despite the order of magnitude
variation in dimensionless conditions, particularly F*, control
eliminates the bistable characteristic and consequently also
eliminates hysteresis as a function of Re. These observations have
been made before in the context of constant U, but not for
conditions of varying U, as presented here. The form drag exhibited
similar behavior where L/D was typically between 1.3 and 2.

The identical exercise to that described was performed on the
swept configuration (Figs. 15a and 15b show inboard, y/s = 0.83,
and overall wing lift and moment coefficients). With the introduction
of sweep, the bistable flow associated with the changing velocity in
the baseline case is eliminated, and the coefficients are virtually
independent of the changing velocity. This difference between the
poststall baseline flows of the two configurations is consistent with
the C; vs o data shown in Figs. 3a and 3b. With control, the stable
character is maintained and lift is enhanced, particularly inboard
(Fig. 15a). In addition, despite the relatively large increases in C,, at
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Fig. 14 Effect of the changing freestream velocity on the baseline and
controlled standard model lift and moment coefficients: a) near the wing
tip, and b) of the wing. Control at a constant frequency of 55 Hz and
Up =17 m/s.

low velocities, the maximum inboard lift enhancement is achieved at
FT a 0.6; this is consistent with the performed unswept data as well
as the airfoil studies [1,8,34].

The favorable response of the flow to a range of reduced
frequencies, rather than to a single reduced frequency, was exploited
here by selecting the physical control frequency a priori to produce

12 | %::;‘—5—*——0—*-‘
B 4=

-<- Baseline -#- 47.6Hz LE control

o

1 -0.20
08
F'=2.6
1 -0.30
04
y/s=0.167 Crn
=33 deg F*=0.3
0 L L L . . -0.40

08 -+~ Baseline
F'=2.6
—#- 47.6Hz LE control
Open Symbols: Re decreasing 4 -0.15
Filled symbols: Re increasing
04 r

Cw

a=33deg

: : : : : -0.25
o Re 200000 400000 600,000 800,000 1,000,000

Fig. 15 Effect of the changing freestream velocity on the baseline and
controlled swept model lift and moment coefficients: a) inboard, and b) of
the wing. Control at a constant frequency of 47.6 Hz and Up = 15 m/s.
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Fig. 16 The effect of control from the leading edge in the presence of flap deflection: a) § = (20, 20,20 deg), and b) § = (40,40,40 deg).

0.3 < F* <2.6. Thus, providing that the minimum threshold
perturbation amplitude is exceeded, a fixed frequency can be used to
effect control for a range of Reynolds numbers varying
approximately by 1 order of magnitude.

The effectiveness of control near the unswept wing tip does not
diminish between « = 25 and 33 deg (cf. Figs. 6a and 6b). A similar
conclusion can be drawn with respect to inboard control on the swept
configuration, which in fact becomes more effective at higher . It is
therefore reasonable to assume that control effectiveness in the
standard configuration tip and swept inboard regions will be effective
to even higher angles of attack, although this could not be verified
due to limitations associated with the experimental setup.

The effectiveness of control near the tip, but not inboard, on the
standard configuration is mostly due to the enhancement of the tip
vortex strength. On the other hand, the effectiveness of control
inboard with sweep is presumed to be due to the generation and
stabilization of the leading-edge vortex by the tangential (vortex-
axial) flow. Nevertheless, based on the previous discussion, we
conclude that leading-edge active flow control at a single frequency
can, in principle, be employed for vehicle control at very high o and
at a range of speeds. One possible application may be to alleviate
buffet and hysteresis on tilt-wing aircraft during the critical transition
from vertical to horizontal flight as well as managing the so-called
barn door effect during hover [35,36]. The maximum lift observed in
Fig. 15 corresponds to the range 0.45 < F* < (.65, as defined for
the swept wing in Sec. IL.B. It is therefore concluded that sweep does
not have a meaningful effect on the optimum control frequency.

6. Leading-Edge Control with Flap Deflection

Data for §=(20,20,20 deg) and (40,40,40 deg) flap
deflections are presented in Figs. 16a and 16b, in which control is
supplied from the leading edge. For all leading-edge control data on
the swept wing, the gap between the inboard edge of the inboard flap
and the wind-tunnel wall was sealed. At a 20-deg flap deflection, the
flow over the flap appears to be partially attacheduptoa ~ 1 deg for
both the swept and unswept configurations; at a 40-deg flap
deflection, the flap is stalled throughout the range of « considered
here. Table 2 shows the changes to AC ., as aresult of the leading-
edge control combined with the flap deflection. In both the standard
and swept configurations, ACj .. diminished as a result of
increasing flap deflections, although clearly C; ... increases. Thus,
flap deflection has a mild deleterious effect on the leading-edge
control effectiveness. Nevertheless, in a similar fashion to the
symmetric wing case (no flap deflection), the majority of the lift
enhancement is in the vicinity of the wing root, whereas lift
enhancement near the tip is negligible (Figs. 17a and 17b) and the
chordwise pressure distributions are similar (not shown).

B. Control from the Flap Shoulder
1. Finite Flap Length

The effect of control in the presence of a finite flap span was
assessed by comparing control on individually deflected flaps with
control over the entire wingspan, § = (20, 20,20 deg). The specific
flap deflections considered were inboard and outboard flaps
simultaneously,  § =(20,20,0 deg); the inboard flap,
8 =1(20,0,0 deg); and the outboard flap, &= (0,20,0 deg)
(Figs. 18a—18h). Tip-flap deflection alone was not considered here.
In the figures depicting the span-load variation (C, vs y/s), data set
pairs depict the baseline and control cases, respectively; in all cases,
the wing tip extension was not installed (cf. Fig. la). All of the
controlled flows were subjected to the same control perturbation
frequencies and amplitudes along the span to facilitate an objective
comparison between the various cases. Itis evident from the data that
control is effective across the span of each deflected flap. This can
clearly be seen by comparing the C, near the flap edge and the
adjacent undeflected flaps for the baseline and control cases y/s =
0.33 and/or 0.67 in Figs. 18c—18h. This has a significant effect on the
flap trailing vortex properties as discussed in detail in [37,38].

The aforementioned successively shorter flap-span deflections
produce a successively narrower spanwise separated zone. The effect
of this on control effectiveness is shown in Fig. 19a, in which the
local inboard (y/s = 0.167) C, is plotted as a function of «. Atangles
of attack less than 4 deg, the lift enhancement is greatest when all of
the flaps are deflected, and the effectiveness diminishes with a
successively narrower separated region. However, for angles greater
than approximately 6 deg the differences in lift enhancement are
small and, at «,,,, there is a small but measurable switch over, with
the shorter flap span producing more lift enhancement locally. This is
believed to be due to the enhancement of the flap-edge vortices, in a
direct analogy with the wing tip enhancement described in
Sec. III.A.3. Similar observations are made with respect to the
outboard flap lift (y/s = 0.5, Fig. 19b), with the exception that
control is clearly more effective on the deflected outboard flap
6 =1(0,20,0 deg) at angles of attack exceeding approximately
12 deg.

Table 2 Changes in the maximum lift coefficient (AC} ,,,,y)
resulting from a combination of leading-edge control and flap

deflections
;58,5 6,), deg Standard Swept Tip configuration
0,0, 0) ~0.24 >0.23 No extension
(20, 20, 20) ~0.12 ~0.20 No extension
(40, 40, 40) ~0.10 ~0.13 No extension
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Fig. 17 Spanwise load variation for leading-edge control in the presence of flap deflection: a) § = (20, 20,20 deg), and b) § = (40,40,40 deg).

A further effect of the narrower spanwise separated zone concerns
the control effectiveness along the flap span. In Figs. 20a and 20b, the
differences at the flap edges are compared with those at the center
span of the flap. At low angles of attack (o < 2 deg), the effect of
control is comparable between the flap centerline and edges;
however, higher C; is generated at the outboard edge of the outboard
flap for larger angles of attack. Inboard, the differences are small with
perhaps a slightly larger lift enhancement near the wing/tunnel-wall
junction (Fig. 20b).

2. Flap-Shoulder Control with Sweep

Data for control from the flap shoulder are shown for both the
standard and swept configurations in Figs. 21-23. For all data
presented, the flaps are deflected in unison, that is, either § =
(20,20,20 deg)or(40,40,40 deg).Theincremental changesto C;
and Cy ., associated with the standard configuration at a 20-deg flap
deflection are not matched by those of the swept configuration
(Fig. 21a). At angles of attack greater than those at which the flap
stalls (o > 1 deg), the baseline pressure coefficient distributions on
the flap show slightly better recovery when sweep is introduced (e.g.,
Figs. 22b and 22c¢). This suggests that the flow on the baseline swept
configuration is less separated than that on the standard
configuration. The reason for this is not clear, but it may be due to
a stabilized vortical flow, resulting from the tangential velocity
component at the flap shoulder and positioned over the flap. The
pressure coefficients are based on the normal U, ,,, and the apparent
enhanced attachment does not translate to higher lift. Much like in the
case of leading-edge control, flap-shoulder control appears to be
more effective inboard for the swept configuration, whereas control
effects near the tip are negligible; this is evident from the span-load
variations (Figs. 23a). Unlike the case of leading-edge control, flap-
shoulder control on the swept configuration does not produce larger
increments inboard. As noted, without sweep the effect of control is
approximately uniform across the span (Fig. 23a) and, inboard, its
effect is approximately double that of the swept configuration. At
present there is no clear explanation why sweep has such a
deleterious effect on flap-shoulder control.

At the large 40-deg flap deflection, the control amplitude is not
large enough to significantly control the flap flow for either the
standard or swept configurations. Nevertheless, the standard
configuration is once again more receptive to control, with a
relatively small but uniform lift enhancement across the span. When
sweep is introduced, almost no effect is detectable at y/s > 0.3.
Similar results to this were observed with individual flap deflections,
such as those presented in Sec. IIL.B.1 (not shown). It can therefore be
concluded that flap-shoulder control on low aspect ratio wings with

substantial sweep (i.e., A > 30 deg) will not produce significant
performance increments.

Figures 24a and 24b simultaneously consider the effect of the wing
tip extension and the gap between the inboard edge of the inboard
flap and the wind-tunnel wall on the baseline flow. In the first case,
the flap-edge/wind-tunnel-wall gap is left open and the wing is
equipped with a square tip; in the second case, this gap is sealed and
no tip extension is present. The distance between the inboard and tip,
and hence their negligible effect on one another, allows these effects
to be studied simultaneously. For both baseline cases, the flap stalls at
o~ 1 deg, butthe case with the gap flow produced slightly more lift.
The gap assists in promoting the attachment of the flow to the flap,
and this can be seen by the larger inboard lift (Fig. 24b). With control,
the lift is slightly higher, but the difference between this and the
baseline case is smaller than the baseline vs control difference
associated with the sealed inboard flap. The lift near the tip drops
dramatically irrespective of the whether there is a tip extension or not.
However, inclusion of the tip does result in slightly higher lift in that
region, and the control effectiveness is also marginally better.

IV. Conclusions

The efficacy of separation control on a semispan wing was
investigated by means of leading-edge and flap-shoulder zero mass-
flux blowing slots. Without sweep, baseline stall initiated inboard
but, with sweep, stall initiated near the tip. In all instances, leading-
edge perturbations were effective for increasing C ., and poststall
lift. Without sweep, the effect of control was approximately uniform
across the wing span, but greater control authority was maintained
near the tip at high «. With the introduction of sweep, a significant
effect was noted inboard, but this effect degraded along the span and
produced virtually no meaningful lift enhancement near the tip,
irrespective of the tip configuration. These basic trends were
maintained in the presence of flap deflections of 20 and 40 deg. In the
absence of sweep, control on finite-span flaps did not differ
significantly from their two-dimensional counterparts.

Based on this investigation and previous studies, it was concluded
that control authority on the unswept wing was enhanced near the
wing tip due to a combination of spanwise control-driven vortices
and the primary wing tip vortex. Both of these served to transfer
momentum to the upper surface, particularly at high poststall angles
of attack. This also sufficed to explain similar observations that were
made when control was applied on finite-span flaps at high angles of
attack. Despite the different stalling mechanisms, it was noted that
the qualitative effect of control on the inboard pressure distributions
was similar, with or without sweep at moderate poststall angles. This
observation was used, in conjunction with empirical data from
previous investigations, to develop a simple model based on the
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trajectory or streamline of the perturbation. The empirical model
served to explain the poor performance of separation control near the
wing tip in the presence of sweep, irrespective of the tip
configuration. The deep stall case, with leading-edge separation, had
much in common with control of sharp-edged delta wings in which
vortex breakdown has occurred. Here perturbations regenerated a
vortical flow at the leading edge, thereby significantly enhancing lift.
It was thus asserted that the present investigation provides a link
between unswept, swept, and delta wing studies.

From an applications perspective, a case can be made for applying
leading-edge control to wings with moderate sweep and/or a high
aspect ratio. However, flap-shoulder control on a swept wing should
not be expected to produce effects comparable to those on unswept
configurations. Further work should aim at studying the effect of slot
location, frequency, and amplitude. Perhaps internally mounted
actuators, such as those used in Greenblatt et al. [39], can ameliorate
the degradation presently associated with perturbation two
dimensionality. Although it appears that the optimum reduced
frequency is not materially affected by sweep, this should be studied
for different sweep angles and reduced frequencies.

Appendix A: Slot Calibrations

Both leading-edge and flap-shoulder slot calibrations were
performed using a hot-wire anemometer in the top-hat region of the
zero mass-flux jets for the frequency range 40 Hz < f < 400 Hz.
The peak slot blowing velocities were averaged for several hundred
cycles, and these were correlated with the unsteady pressure
transducer data within the plenums. Both slots were calibrated at
eight spanwise locations, for both the standard and swept
configurations. Figure Al shows averaged peak velocities as a
function of rms pressure fluctuations in the plenum for the flap-
shoulder slot at midsemispan (y/s = 0.5). Because of the geometric
similarity of the plenum and slot configurations (see Greenblatt [2]),
similar trends were observed for all of the cases and some
representative examples are shown here. The uncertainty intervals
are indicated in the figure, namely, AU;/U; = £5% corresponding
to C,/C, =+£10%, and are based on the hot-wire calibration
uncertainty and the uncertainty associated with the precise location
of the hot wire within the jet top-hat region. It is evident that a linear
approximation U; o p’, shown on the graph, is adequate to represent
the slot perturbations, and this was used for all of the data presented in
the body of this paper.

Figure A2 shows the averaged peak slot velocity variation along
the span for different frequencies, where the peak jet velocity data are
normalized with respect to the maximum value along the span, which

invariably occurs close to the actuator, near the wind-tunnel wall. Itis
seen that the perturbation amplitude decreases with the distance from
the actuator, and the decrease becomes more acute with the
increasing frequency. Thus, increasing the frequency clearly has a
deleterious effect on the perturbation two dimensionality. The means
by which this problem was minimized is discussed next.

It was ascertained in a previous detailed investigation [34] that the
most effective reduced frequencies for the NACA 0015 lift
enhancement were in the range of 0.4 < F* < 0.6 for both leading-

| | |
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Fig. A1 Average peak blowing velocities as a function of rms pressure
fluctuations in the plenum for the flap-shoulder slot at midsemispan
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Fig. A2 Average peak blowing velocities from the leading-edge slot
along the span of the wing for different frequencies. Selected uncertainty
intervals AU;/U; = £5% are indicated.
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edge and flap-shoulder control. To maximize slot flow two
dimensionality and simultaneously attain effective reduced control
frequencies, F* = 0.6 and F™ = 0.4 were predominantly employed
atthe leading edge and flap shoulder, corresponding to frequencies of
less than 100 Hz. Frequencies lower by a factor of 1/cos A" were
used for the swept case to account for the lower leading-edge normal
velocity [see Eq. (5)]. This approach ensured effective active flow
control frequencies and adequate perturbation two dimensionality at
both slots for both the standard and swept configurations.

Appendix B: Pressure Interpolation and Wing Loads
I. Pressure Interpolation Method

The model is equipped with 165 static pressure ports arranged in a
perpendicular spanwise and chordwise grid. The spanwise ports are
located at the chordwise locations x/¢ = 5/100, 3/10, 77/100, and
1, and are grouped more closely near the tip. The chordwise ports are
located at spanwise locations y/s =1/6, 1/2, 5/6, and 99/100
around the perimeter of the wing and are grouped more closely near
the leading edge.

To estimate the wing span loading more accurately, a three-
dimensional interpolation method was employed to determine the
chordwise pressures at each of the spanwise locations. Figure B1
shows the locations of pressure ports for which the filled symbols
represent the measured pressures and the open symbols represent the
interpolated pressures. The interpolation at point (2,2) is performed
using the equation of a plane through measured pressures at (1,1),
(1,2), and (2,1), namely,

ane gp2e (13 (4@ (15 @& vep2)
1@ 220 (230 240 (25) ®
BnNe @20 @B3©° B4)0 (35 @
(41)® 420 (430 “4©° (45) ®
(61)® (52)® (53 @ (54)® (55) ®
A

Fig. B1 Schematic illustrating the pressure interpolation method.
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When the interpolated points are arranged in rectangular grid as
shown, Eq. (B1) reduces to

Cpra=Cppi = Cp1y + Cpi (B2)
Similarly, the planes are fitted to pressures at points (4, 1), (5, 1), and
(5, 2) to obtain those at (4, 2), and (3, 2) is determined by direct
interpolation. An identical procedure to that already described is
performed using the pressures at (1, 5)—(5, 5) to obtain those at (2, 4)—
(4, 4). Finally, pressures at (2, 3)-(4, 3) are obtained by direct
interpolation.

II. Wing Pressures and Span-Load Variation

Baseline C; vs « data at two Reynolds numbers, without flap
deflections and employing the interpolation method already
described, are shown in Fig. B2a, and the wing spanwise loading
is shown in Fig. B2b. Data acquired at even angles are for o
increasing and at odd angles are for « decreasing. The differences
between Re = 500, 000 and 10° are minor for two reasons: first, the
leading-edge slot effectively trips the boundary layer and, second,
the sharp square wing tip fixes separation on the lower side of the
wing independent of Re (see Sec. II.A). Based on the integrated
wing loads, stall appears to occur in the vicinity of @ = 16 deg.
However, the spanwise pressures indicate that separation initially
occurs inboard at @ = 14 deg. The distortion of the load distribution
near the tip of the wing (y/s > 0.97) is due to the formation of the tip
vortex (see Sec. III.A), and these data are consistent with those of
other investigations [9,10] at higher Reynolds numbers and aspect
ratios (Figs. B3a-B3d). Note that the majority of the pressure data
points shown in Figs. B3b and B3d were obtained using the
interpolation scheme described in the previous subsection. It is thus
evident that the flap slots do not have a noticeable effect on the details
of the tip vortex roll up or span loading.
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