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Active flow control (AFC) subscale experiments were conducted at the Lucas Wind Tunnel of the California

Institute of Technology. Tests were performed on a generic vertical tail model at low speeds. Fluidic oscillators were

used at the trailing edge of the main element (vertical stabilizer) to redirect the flow over the rudder and delay or

prevent flow separation. Side force increases in excess of 50% were achieved with a 2% momentum coefficient (Cμ)

input. The results indicated that a collective Cμ of about 1% could increase the side force by 30–50%. This result is

achieved by reducing the spanwise flow on the swept back wings that contributes to early flow separation near their

tips. These experiments provided the technical backdrop to test the full-scale Boeing 757 vertical tail model equipped

with a fluidic oscillator system at the National Full-scale Aerodynamics Complex 40-by 80-footWind Tunnel, NASA

AmesResearchCenter. TheCμ is shown tobe an important parameter for scaling a fluidic oscillatorAFC system from

subscale to full-scale wind tunnel tests. The results of these tests provided the required rationale to use a fluidic

oscillator AFC configuration for a follow-on flight test on the Boeing 757 ecoDemonstrator.

Nomenclature

Aact = normalized exit orifice area
Aref = projected area of wing
AR = aspect ratio
ao = thin airfoil theory lift slope, ∂CYn∕∂δR for 2D
b = span
CD = drag coefficient
CL = lift coefficient
Cm = pitching moment coefficient
CP = pressure coefficient, �P − P∞�∕��1∕2�ρ∞�U∞ cosΛ�2�
CQ = volumetric flow (incompressible) coefficient,

Q�ArefU∞�−1
CYn = normalized side force coefficient
Cμ = incompressible momentum coefficient,

2�nAact∕Aref��Ujet∕U∞�2
CΠ = power coefficient,Q�Pc − P∞�∕��1∕2�ρ∞U3

∞Aref�, with
Q � _m∕ρ∞

c = chord
hact = normalized exit orifice height
_m = mass flow rate
n = number of active fluidic oscillators
Pc = actuators’ plenum chamber static pressure
P∞ = static pressure of the freestream
Q = volumetric flow rate
Re = Reynolds number based on the mean aerodynamic chord
Sp = spacing between active actuators as a fraction of span, %
Ujet = oscillators incompressible speed, Q∕�nAact�
U∞ = freestream velocity
α = incidence angle, deg
β = sideslip angle, deg
δR = rudder deflection angle, deg
γ = specific heat ratio, 1.4
λ = lumped parameter
Λ = sweep back angle at the quarter chord line, deg
μ = pressure distribution changes attributed to active flow

control
ρ∞ = freestream density
τ = skin friction

I. Introduction

S TEADY blowing for active flow control (AFC) was traditionally
used to increasewing lift enabling larger flap deflections without

flow separation. Although the use of blowing was driven mostly by
the needs of naval aviation, the two popular mass-produced military
airplanes relying on it were not intended for ship operation. They
were the F-104 and the MiG 21 airplanes. Blowing was used to slow
down the landing speed of these airplanes. It did so on the F-104 by
taking air from the last stage of the compressor. The system required
momentum coefficients, Cμ, of approximately 8% for a reduction in
landing speed of approximately 30 mph [1].
The lift increment attained by blowing is supposed to encompass

two effects. Momentum is added to the boundary layer to overcome
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the frictional losses, thus enabling the flow to proceed along the
surface in spite of the adverse pressure gradient. The loss of
momentum in the boundary layer is due to viscosity, therefore
keeping the flow attached became synonymous to overcoming the
detrimental viscous effect. This suggests that added momentum will
improve the performance of thewing, increasing it to its inviscid limit
and until this is achieved,ΔCL ∝ Cμ. When the flow is attached and
the measured lift approximated the inviscid prediction, the
momentum added to the flow by blowing sufficed for separation
control. As themomentum coefficient became greater than its critical
value for reattachment, Cμ > Cμr, the lift increment became smaller,
ΔCL ∝ �Cμ�1∕2, due to a “jet-flap” effect or a concept that is
commonly referred to as “circulation control.” The name “jet-flap”
appeared because the thin jet departing the trailing edge (TE) of a
wing (at a large angle relative to the unperturbed free stream) was
initially modeled as a flap extension [2]. The jet curves and
approaches the free stream direction with increasing distance from
the TE, thus generating a pressure differential across the streamlines
marking its borders; hence an increase in jet deflection increases the
lift increment. The critical value of Cμr differentiating separation
control from circulation control varies between 2% < Cμr < 5%. It
depends on the specific application such as flap deflection, incidence,
thickness of the wing, its shape, sweep and aspect ratio (AR), as well
as the extent of the deflected flap and its curvature. When blowing
was applied from the shoulder of a highly deflected flap on a
symmetrical airfoil whose length was less than 30% of the chord,
Cμr became a function of flap deflection only. Its value was
approximately given by: Cμ ≈ 0.015 tan�δf� (where δf is the flap
deflection) provided that the angle of incidence isα � 0°. Circulation
control requires aCμ that is of the order of 10% although much larger
and somewhat smaller values are quoted in the literature [3].
The concept of sequential application of Cμ used for separation

control that is followed by circulation control was not seriously
questioned to date, although there were indications that should have
raised a red flag [1]. Early experiments of blowing through variable
slot widths indicated that narrower slots were generating higher lift
than wider ones. This suggests that a givenCμ is more effectivewhen
it is accompanied by smaller quantity of fluid injected at a greater
speed into the stream. Recent experiments [4,5] of blowing and
suction from the surface of a blunt elliptical airfoil concurred with
that notion providing a new insight into the mechanics of separation
control at low values of Cμ. At higher Cμ, blowing generates lift that
surpasses the lift generated by suction. It usually occurs when the jet
emanating from a two-dimensional slot exceeds the free stream
velocity by a factor of three. Around that threshold, a narrow, high-
speed jet flowing over the upper surface entrains ambient fluid
bending the streamlines toward the surface. In this case, the jet
momentum dominates the flow rather than its mass flow rate,
enabling one to model its effect by a distributed sink (a line sink in
two-dimensional flow). The generation of lift by jet entrainment was
demonstrated in 1964 [6]. It indicates that the flow around a flat plate
aligned with the stream and a jet emanating tangentially in the
midchord of its upper surface curves the streamlines over the upper
surface, thus generating circulation and lift. The increase in
circulation due to jet entrainment [6] results in a lift increment
proportional to

������
Cμ

p
. This model leads one to conclude that there is

no inviscid limit to the lift generated by a wing that uses blowing at
incompressible speeds, provided that ample momentum is available
for the necessary jet entrainment. Jet entrainment alters the pressure
distribution on the surface of a body, thus enabling flow reattachment
even under the most adverse conditions [7].
Because jet entrainment is effectively a viscous phenomenon, the

classical approach of separating the equations of motion into inviscid
and viscous ones no longer applies. In the traditional solution
approach, the lift and moment depend on a single lumped parameter,
λ. This parameter is defined by the wing contours and its incidence
angle,α (i.e.,CL � CL�λ� andCm � Cm�λ�). The drag is obtained by
using the boundary-layer equations that require an inviscid pressure
field to be provided as an input. Thus, CD � CD�λ; τ�, where τ
represents the skin friction integrated around the wing’s outer mold
line. The introduction of AFC, expressed by a lumped parameter, μ,

changes the pressure distribution over the wing as observed above. It
also changes the skin friction because a wall-jet or a fluidic oscillator
does not interact with a solid surface in the same manner as the free
stream does. Hence, CL � CL�λ; μ; τ�, Cm � Cm�λ; μ; τ�, and
CD � CD�λ; μ; τ�. Consequently, the introduction of AFC changes
the design space and requires a change in the design procedure.
Experiments have shown that:

dCL � ∂CL

∂λ
dλ� ∂CL

∂μ
dμ� ∂CL

∂τ
dτ (1)

dCm � ∂Cm

∂λ
dλ� ∂Cm

∂μ
dμ� ∂Cm

∂τ
dτ (2)

Thus, the location of the neutral point on a wing where
dCm∕dCL � 0 requires that:

dCm

dCL

� ∂Cm

∂λ
∂λ
∂CL

� ∂Cm

∂μ
∂μ
∂CL

� ∂Cm

∂τ
∂τ
∂CL

(3)

This equationmay entirely change the relationship between awing
and an empennage as it may potentially enable an airplane to remain
trimmed over a larger range of lift coefficients by counteracting the
effects of incidence with the help of AFC. The deflection of a control
surface may be replaced by AFC during some parts of the flight
envelope, provided that the reaction time of AFC is sufficiently fast.
Thus AFC enables the approach speed of a conventional airplane to
be lowered by increasing its lift, alleviates atmospheric turbulence
effects, enhances the effectiveness of control surfaces, and perhaps
replaces some control surfaces if used differentially on onewing only.
Onemay now askwhether it is possible to enhance the entrainment

capability of a jet. The fluidic oscillator actuation [8–10] provides a
plausible answer. Although this paper focuses on the practical
question of lift enhancement (or side force enhancement for the
vertical tail application), we shall briefly discuss the mechanism of
entrainment because it may lead to more effective use of actuators.
When two parallel streams of greatly disparate velocities merge, the
discontinuity in their velocities at the interface is smoothed by
viscosity, creating an inflected velocity profile that is well
represented by a hyperbolic tangent [i.e., �u −U1�∕�U2−
U1� � �1 − tanh y�, where y is a distance measured across the flow
froma locationwhere thevelocity is equal to the arithmetic average of
the two streams]. Themost important characteristic of such a velocity
profile is the existence of the inflection point that makes it highly
sensitive to an inviscid instability described by Kelvin and
Helmholtz. This instability is so pervasive that in most aeronautical
applications themixing layer is turbulent, but contrary to other flows,
the transition to turbulence retains the shape of the mean velocity
profile. The state of the flow notwithstanding, this instability
generates an array of large co-rotating eddies that grow in size by
engulfing the fluid in their vicinity. The engulfment process is
enhanced andmademore orderly by periodic excitation introduced at
the origin of the flow (i.e., at the separation location). Very small
amplitudes are needed to regulate and augment the spatial growth of
the instability, and alter the entrainment capability of themixing layer
[11]. The frequency of the excitation determines the streamwise
distance required for the eddies to form, their size, their strength, and
thus their entrainment capacity. In addition, the reverse flow in long
bubbles may create a feedback mechanism that increases the
amplification rates in the mixing layer by making it absolutely
unstable [12]. Although detailed measurements of the instability are
not available, it takes a small amount of reversed flow for that
phenomenon to materialize. It is likely to be responsible for flow
reattachment.
It was also recognized that boundary layers on the verge of

separation and shear layers that have already separated from a solid
surface contain similar inflection points in their mean velocity
profiles, and they too should be sensitive to the same instability.
Increasing the entrainment capability of these flows either lowers the
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pressure over the surface by bending the already separated mixing
layer to it, or energizes the boundary layer that was about to separate,
thus preventing the separation process altogether. Hence, the concept
of zero mass flux (ZMF) flow separation control emerged [13,14]. It
is also referred to as a “synthetic jet” by others [15].
Experiments were carried out to compare the effectiveness of

steady blowing to oscillatory blowing of ZMF, where it transpired
that the oscillations substantially reduced the momentum required to
attach the flow. In fact, the introduction of ZMF AFC provided the
same maximum lift as steady blowing while using only 20% of the
momentum input to achieve that task [14]. The ZMF or synthetic jet
idea was pursued at numerous laboratories [16–19] and its validity
was demonstrated on two airbornevehicles: a “Pioneer”UAVin 1995
and on the XV-15 tilt rotor airplane in 2003 [20,21]. A blower and a
rotary valve powered theAFC system in the Pioneer,which oscillate a
jet that emerged over a simple flap system. It increased the lift of the
vehicle by 17%while requiring a relatively small value ofmomentum
coefficient (Cμ < 1%). The test on the XV-15 was much more
extensive. The ZMF actuation was able to reduce the download
created by the rotor wakes on the airplane in hover by enabling the
flap to be deflected at an angle that exceeded the natural separation
angle by 15°. Coincidentally, the download alleviation was
approximately 17% as was the increase in the Pioneer’s lift, although
the configurations and flight test conditions were different. The
“Achilles’ heel” of these tests was the actuators that were heavy and
neededmaintenance.Various actuator typeswere considered (plasma
actuators, piezo-electric, mechanical, shape-memory alloys, etc.) but
nonewere satisfactory. Recently fluidic actuators have been explored
more extensively as a practical actuator device.
The use of fluidic oscillators (often referred to as sweeping jets) is

practical because they have no moving parts yet the jet emitted
sweeps back and forth from one side of the nozzle to the other,
therefore interacting periodically with different regions of the
boundary layer that is either separated or is about to separate. They
seem to be able to entrain ambient fluid effectively although the detail
of this process is still unknown. The frequency of the sweeping
motion and residence time of the jet at each of the sweep extremities
depends on the shape and size of the actuator, as well as the supply air
pressure. There are many additional parameters that govern the
character of the sweeping motion. The flow inside an actuator and
actuator geometry effectiveness were examined at a number of
laboratories [8,10,22,23] and have, in some instances, been simulated
using computational fluid dynamics (CFD).
A potentially high-payoff application is the vertical tail (or

stabilizer) of a twin-engine airplane because its size is determined by
the eventuality of losing an engine during takeoff and low-speed
climb. The vertical tail represents a large surface that is hardly used
under normal flight conditions. It is indispensable during an “engine
out” emergency and it is needed during cross-wind takeoff and
landing. Although seldom used to its full capability, its presence adds
drag and weight to the aircraft, thus increasing fuel consumption.
AFC devices that delay flow separation over a highly deflected
rudder may enable a smaller vertical tail to provide the control
authority needed during an emergency. The broad purpose of AFC is
to extend and augment the capabilities of lift generation by flaps and
control surfaces beyond the natural separation of the flow. AFC may
become a tool that interacts with all the other variables affecting the
shape of the vertical tail, but the level of that interaction is still to be
determined. A system integration study [24] indicated that such an
AFC-enabled smaller vertical tail could result in drag reduction and
hence fuel savings.
A series of wind tunnel tests were initiated to establish the efficacy

of a system that uses fluidic oscillators at the rudder hinge. It breaks
new ground in AFC applications because of the large sweep back of
the vertical tail and its relativelymoderate aspect ratio. Typical sweep
back of the tail surfaces exceed the sweep back of the wing by 10° to
15°. Nevertheless, using AFC for side force enhancement on a
vertical tail with a deflected rudder is very similar to lift enhancement
on a swept back wing with a deflected simple-hinged flap. Small-
scale experiments were carried out on a vertical tail model at low
speeds (U∞ < 100 knots) at mean chord Reynolds numbers less than

1.5 × 106. Experiments on a full-scale 757 vertical tail were carried
out subsequently at an order of magnitude higher Re. The NASA
Environmentally Responsible Aviation (ERA) project was the
sponsor of these R&D efforts, where a side force enhancement of
20% was targeted as the success criterion.
The main objectives of these series of tests were to measure the

impact of AFC on rudder effectiveness, collect wind tunnel results to
enhance the understanding and predictions of AFC application, and
highlight challenges for technology transition of an AFC system into
a full-scale vertical tail. The scope of these wind tunnel experiments
included exploring the variations in AFC actuator’s spacing,
orientation, pneumatic inputs, as well as variations in wing
geometries and flow conditions. This paper highlights key results
from these tests, from subscale to full-scale, for advancement of AFC
technology to enhance aerodynamic efficiency of a vertical tail.

II. Experimental Setup

A. Facility and Instrumentation

The small-scale experiments were conducted in the Caltech Lucas
Wind Tunnel. The 14%-scale model (referred to as AA model) tail
was mounted to a force balance inside a boundary-layer plate. The
mounting structure sat atop the yaw table. It was shielded from the
wind by a fairing mounted rigidly to the nonmetric side of the yaw
table. Balance limitations restricted the maximum speed to 40 m∕s,
corresponding to a Reynolds number of 1.3 million based on the
mean aerodynamic chord (MAC). The tunnel features adaptivewalls,
which in this case were deflected to reduce the blockage introduced
by the boundary-layer plate. The local height of the test section above
the tip of the tail was 4.5 ft (1.295m). Thewidth of the test sectionwas
constant at 6 ft (1.8 m).
Surface pressure was measured using 230 static pressure taps and

an electronically scanning pressure system. These pressure ports
were arranged in a spanwise and chordwise grid oriented relative to
the leading lead (LE) of the main element and the rudder. The three
major chordwise rows feature between 36 and 39 static pressure ports
and are located at z∕S � 40, 70, and 89% relative to their starting
point at the LE of the model. A number of additional ports are used to
assess the flow in the spanwise direction. The rest of the
instrumentation was connected to high-speed acquisition cards using
a custom recording software on a personal computer. The air supply
was shop air, which provided 100 psig (6.89 bar) capped and
50 SCFM (1415.8 SLPM) at 70 psig (4.82 bar) with a sweeping
frequency of 1200 Hz. It was fed to the model by a flexible silicone
hose. Forces induced by the hose were evaluated at a variety of
capped and flow conditions. They were found to exert a negligible
effect. The air supply was controlled by an electronic pressure
regulator. Flow was measured by a variable area flow meter. A six-
component strain gauge balance was used. The balance has a normal
force range of 4000 lb (17.793 N), axial force range of 500 lb
(2224 N), and side force range of 1800 lb (8007 N), all within an
accuracy of �1% their respective full scale. Flow visualization was
performed using tufts. Force balance data were acquired with and
without tufts. The effects of the tufts were evaluated and found to be
negligible.
The rudder was built hollow, thus a significant fraction of its

volume served as a plenum chamber. This yielded relatively even air
supply pressure between the root-most and the tip-most actuators.
However, the space was limited on the main element. Static pressure
measurements showed that when all of the largest actuators were
enabled, a pressure gradient of 10 psi (0.69 bar) existed between the
root and the tip. Most of the testing presented here was performed
with actuation from the main element. The actuators were machined
onto aluminum plates that could be changed. Individual actuators
could be disabled by taping shut their inlets from the plenumchamber.

B. Subscale Models

Four vertical tail configurations formed by combining two
stabilizers and two rudders were tested (Fig. 1a). The vertical tail AA
model has an NACA 0012 airfoil section (see Fig. 1a). The key
dimensions of the vertical tail AA model are shown in Table 1. The
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leading edge at the root was blended to the horizontal plane with a

fairing, as in typical airplane installations. The leading edge (LE) of

the vertical tail is swept back (Λ � 43.6°) with a 35%-chord rudder.

The model is 3.5 ft (1.07 m) high with an LE fairing designed to

reduce the interaction with the floor boundary layer. Boundary-layer

trip dots were installed at 5% chord on the leeward side and at 10%

chord on the windward side to eliminate the possible presence of

laminar separation bubble on the LE. Rudder angle was achieved by

changing brackets external to the outer mold line on the windward

side. The angle of incidence changed with the rotation of the yaw

table. In all tests, the gap between the main element and the rudder

was taped from root to tip to prevent air leakage from the windward

side to the leeward side. Notice that this is not a “true” configuration.

Commercial airplane tails contain several cutouts on the rudder LE

for hinge mounting points. At deflections above 20° to 25°, they are

exposed past the seal, allowing a complex airflow to emanate from

the openings. This model did not have traditional hinge mounting

points, resulting in a smoother rudder leading edge than a typical one

on a commercial airplane.

Conversion of the AA model to a BB planform having a 9%-thick

airfoil section (NACA009) was achieved by a new leading edge

(bottom section view in Fig. 1b) and a new rudder that increase the

total mean chord by approximately 34%. There was a slight
discontinuity in slope at the juncture to the main wing box (see
Fig. 1b). There is also a change in the leeward side of the actual rudder
angles because the AA model rudder brackets were reused. The
nominal rudder angle is defined as the angle between the plane of
symmetry of the main element and the plane of symmetry of the
rudder in the original AA model (this is the design angle of the
brackets). The angles on the leeward side of each model are in
Table 2, with the average difference between the models being
approximately 2°.
Because of a fixed rudder hinge angle, the sweep angles are

imprecise on the BB model. The root and tip of the leading edge are
also approximations to accommodate the existing hardware. Because
the trailing edge of the main element remained unchanged, all
existing arrays of actuators could thus be reused. Thesemodifications
enabled a comparison of the rudder effectiveness of the AA and BB
models as well as the AFC effects on them. Two additional hybrid
models were constructed by replacing either the leading edge section
or the rudder. These changes altered the ratio between the total chord
of the vertical tail and the chord of the rudder. The changes in the
planform geometry are listed in Table 3. Themodels are referred to as
AA, BB, BA, and AB in future references.
The change of leading edge and rudder increases the scale of the

model as the span remained the same. Tests of the AA model were
performed primarily at 40 m∕s, but tests of the BB model were
performed at lower velocity in order to maintain the same Re. The
supply air pressurewas adjustedwhen switching themodels to assess
the influence of the model size and shape on the effectiveness of the
AFC at a givenCμ. The significance of the actuator sizewas shown to
be secondary [25]; therefore, the actuator sizewas not scaled with the
particular vertical tail area.
Fluidic oscillators were positioned along the trailing edge (TE) of

the vertical stabilizer as shown in Fig. 1b.Amaximumof 32 actuators
spaced 1.5 in. (38.1 mm) apart (or 3% of the span) and inclined
approximately at 170° relative to the upstream leeward-side surface
were installed in the model. Although strips of various actuator sizes

Table 1 Key dimensions of vertical stabilizer AA model

Description Dimension

Planform area 0.55 m2

Planform mean aerodynamic chord 0.54 m
Planform span 1.07 m
Rudder area 0.19 m2

Rudder hinge position 65% chord
Leading edge sweep back angle (relative to parallel
line to span dimension)

43.6°

Rudder hinge angle 33.5°
Trailing edge sweep back angle 27.0°

Fig. 1 Four model configurations tested at the Caltech Lucas Wind Tunnel.
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• First letter corresponds to main element (leading edge) 
• Second letter corresonds to rudder 

a) Side view of all configurations tested 

Windward side 

Leeward side 

Main wing box 

Windward side 

/ 

Leeward side 

LE Fairing 

0.25° \ 

t 

b) Section view of the AA (top) and BB (bottom) models in the streamwise direction at 30% span 



and shapes can be easily installed in the model, this paper focuses on
the actuators reported in [25] whose nozzle dimensions were
0.040 in: × 0.080 in: (1 mm × 2 mm). All fluidic oscillator
actuators were supplied with compressed air through the root of the
model. The gap at the juncture between the rudder and the stabilizer
was resealed for every rudder deflection.

III. Discussion of Results

A. AA Model

1. Baseline

The study started with the baseline (no flow control) testing of the
AA model. Figure 2a shows that as the rudder deflection, δR,
increases, the slope, ∂CYn∕∂β, is reduced. Flow separation over the
rudder may occur as the increasing adverse pressure gradient further
thickens the boundary layer over the stabilizer. At larger sideslip
angles, separation increases ahead of the rudder hinge, showing a
decrease in side force versus incidence compared with a constant
slope (Fig. 2a). At β � 0°, the increase of rudder deflection results in
an increase of side force; however, ∂CYn∕∂δR is reduced. This is
revealed as the change of side force from each rudder deflection
increment is getting smaller and smaller for δR of 0° to 40°. The drag
polar also indicates that partial separation is present at rudder
deflections above 10° at all sideslip angles tested (Fig. 2b). The
maximum side force increased with increasing δR but so did the drag.
The pressure contours shown in Fig. 3 indicate a highly three-

dimensional flow over the rudder. A strong spanwise flow develops
over the rudder even at low deflections when the flow is completely
attached. Under most conditions the flow is no longer attached near
the rudder root. This may be related to the fact that as the rudder
deflects, a gap opens between it and the floor, allowing flow from the
windward side to seep into the leeward side and generate a junction
vortex that redirects the surface flow toward the root of the rudder. It
does even more so on a production aircraft due to the fuselage that is
generally cylindrical.

2. Momentum Coefficient (Cμ)

The study of the actuation effects involved primarily varying the
spacing between active actuators, mass flow rate, and air supply
pressure. An actuator spacing of 1.5 in. (38.1 mm, Sp � 3%, 32
actuators) and a fixed rudder deflection of δR � 30° were tested first
as shown in Fig. 4a. In the absence of sideslip angle (β � 0°), an
increase in momentum coefficients of up toCμ � 1.9% generates an
increase in side force ΔCYn ≈ 45% but it also results in a lower stall
angle, especially for Cμ > 1%. The side force generated for sideslip
angles β < 10° is substantially larger than the values reached for the
baseline cases, but at β � 15° this advantage disappears. These
results show large sensitivity to the sideslip angle, β, that comes from
a change in the direction of the flow and an increase in circulation and
aft loading caused by the actuation and early leading edge separation.
Actuation at Cμ � 1% indicates a change in the slope of ∂CYn∕∂β at

β � 0°. This suggests that the flow might be attached at no yaw but

the flow over the rudder starts to separate as β increases for the

prescribed momentum coefficient, Cμ.

Figure 4b shows that increasing the rudder deflection, for β � 0°,
substantially increases the rudder effectiveness. The stall character-

istics of the rudder are shown. In the absence of actuation, the rudder

Table 2 Nominal rudder deflection in degrees and actual
angles of inclination of the suction surface in degrees

Nominal rudder angle, ° AA model, ° BB model, ° Difference

0 1.54 −0.25 1.79
10 10.0 8.2 1.8
20 18.8 16.9 1.9
30 28.0 25.9 2.1
40 37.6 35.5 2.1

Table 3 Geometrical and aerodynamic characteristics of the four models tested

Model Mean chord, mm Rudder chord, mm Wing area, S, m2 XH∕c ΛLE, ° ΛTE, ° ΘH , rad Σ AR �∂CL∕∂δ��100� − 1, Cμ � 1.5%

AA 541 189 0.546 0.65 43.6 37 1.875 2.220 4.18 2.0
BB 727 254 0.725 0.65 46.5 34.5 1.875 2.220 3.14 1.92
BA 663 189 0.660 0.72 46.5 37 2.026 2.013 3.44 1.76
AB 606 254 0.611 0.58 43.6 34.5 1.734 2.397 3.74 2.16

Fig. 2 Dependence of side force on β for rudder deflections varying from
0° < δR < 40°, flow control off for AA model.

Fig. 3 Pressure coefficient, CP , contours on the rudder suction side for
baseline cases.
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is partially stalled for the range of rudder deflections shown (i.e.,

δR > 20°) but the separation is three-dimensional. Therefore, the

slope of ∂CYn∕∂δR is low but it is approximately constant. At Cμ �
0.5% the flow is attached to the rudder at δR � 25° and then it stalls
more uniformly along the span, resulting in ∂CYn∕∂δR → 0. At
δR � 35° the flow over the rudder is fully separated for this actuation

level and the added benefit becomes insignificant. Increasing the

actuation level toCμ � 1% results in the rudder stalling at δR � 30°.
The partial separation from the rudder can be ameliorated by

increasing the momentum coefficient even further but some

separation over the rudder persists at larger deflections unless Cμ is

increased beyond 2%.
The chordwise pressure distributions over three sections for the

rudder deflected at δR � 30°, with a spacing of 1.5 in. (38.1 mm,

Sp � 3%, 32 actuators) is shown on Fig. 5. The baseline flow is

separated over the rudder at all three sections. The inboard section

shows flow separation over the rudder for all actuated cases. As

described previously, there is a gap between the rudder and the tunnel

floor at this rudder deflection. This allows for air to pass from the

windward side to the leeward side. It results in a strong streamwise
vortex that could not be eliminated by AFC. In the absence of

actuation, it creates a pressure distribution similar to a one associated

with a bubble in 2D flow. The increase of momentum coefficient in

this area does not reduce flow separation but it reduces the presence of

the juncture vortex seen in the absence of actuation. This vortex

reduction led to less obstruction of the streamwise flow that resulted

in higher suction pressure on the leeward side and the associated
increase in side force. An increase of Cμ from 0.5 to 1.9%
accomplishes little at the TE of the rudder inboard section but it
increases the suction peak near the rudder hinge. The middle and
outboard sections show attached flow or reduced separation
for Cμ > 1%.

3. Actuator Spacing and Power Coefficient (CΠ)

The differences in overall performance as a function of actuator
spacing can be significant as shown in the ΔCYn versus power
coefficient �CΠ� curves δR � 20° and 30° in Fig. 6. As the rudder
deflection increases, high spacing between jets maintains a steep
slope in theCYn versusCΠ input curves, but tighter spacing can offer
higher maximum benefits at large CΠ. At a rudder deflection of 20°
(Fig. 6a), which shows little or no separation, a side force increase is
still possible at all spacings. At CΠ < 0.01, the largest spacings
provide the largest side force but there is a crossover around that
threshold where the smallest spacing provides the largest ΔCYn. At
30° rudder deflection (Fig. 6b), larger spacing is favored at
CΠ < 0.04. As the rudder deflection increases, the advantage of large
spacing becomes more distinct. The steep slopes are maintained at
large spacings when in some cases they generated significantly more
side force than small spacing cases at the same CΠ levels. The
increase in side force caused by the smallest actuators at δR � 20°
and β � 0° was 13.5%when the spacingwas 15% (6 actuators) and a
mere 2.8 psig (0.19 bar) pressurewas applied to the plenum chamber.

Fig. 4 Change in side force at U∞ � 40 m∕s with actuator spacing of 1.5 in.

Fig. 5 Chordwise pressure distributions at U∞ � 40 m∕s with actuator spacing of 1.5 in. (38.1 mm) for sideslip angle, β � 0°, and rudder deflection,
δR � 30°.
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A ΔCYn of 18% is achieved at just over twice this pressure. At

spacings ≥ 9% (9 actuators), there is a large increase in side force at

low input where there is less effect on reattaching the flow over the

rudder. This would probably result in minimal benefit in drag.

Tests were also conducted with vortex generators installed on the

main element. Rectangular vortex generators were installed along the

45%-chord line at a spacing corresponding to Sp � 6% (16 vortex

generators) of the span. They were angled perpendicular to the local

surface and the rudder hinge. They were 5 mm tall and 15 mm long.

When the side force generated by a rudder does notmeet expectations

on a shorter (fuselage) variant of a commercial aircraft family that

shares the same tail design as the longer variant, it is sometimes

remedied by placing vortex generators on the vertical stabilizer to

provide additional side force needed to compensate for the shorter

moment arm between the tail and the center of the gravity of the

aircraft. This was done recently on a commercial transport aircraft;

consequently it was interesting to check how AFC performance

compares with that of the vortex generators where the latter could be

made deployable for future control. In Fig. 7, the pressure contours

show that when vortex generators are placed along the entire span

ahead of the rudder, the flow over the rudder becomes more uniform.

At rudder deflection of 20°, the vortex generators manage to get the

flow attached as shown in the pressure recovery at the trailing edge of

the rudder. The suction pressure is increased by the vortex generators

near the hinge (leading edge) of the rudder for both angles shown and

that resulted in an increase in side force but unfortunately was

accompanied by an increase in drag. Of note is that AFC with a

spacing of 6%, corresponding to the placement of the vortex

generators in Fig. 7, can generate an increase in side force of 13.2%

without increasing drag. At the same rudder deflection, vortex

generators increased side force by 11% but with a 9% increase in

drag. The low drag increase was due to the AFC device-induced

Fig. 6 Change in side force as a function of power and actuator spacing for the AA model.

Fig. 7 Comparison of pressure contours on the rudder for baseline (left), vortex generators (middle), and fluidic oscillators (right) for two rudder
deflections.
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thrust counteracting a relatively small value of drag (axial) force. For

the same increase in drag, the fluidic oscillators can generate nearly

four times the side force increase.

One simplified model to explain the behavior of a case where the

actuators are densely spaced is that the fluidic oscillator, with its

oscillatory behavior, is “saving power by extending actuation into the

time dimension.”Because the sweeping frequency is so much higher

than any characteristic frequency in the flow, as far as the flow is

concerned, the fluidic oscillator is blowing in all directions at once.

This leaves very little rudder area directly unaffected by actuation

similar to the coverage produced by a continuous slot, and even those

regions that are not directly blown are seeing a significant change in

the flow field due to the entrainment of the surrounding jets. But from

the point of view of the power source, only a fraction of the actuation

is being blown at any given time, and so power (mass flow) savings

resulted.

When actuation is sparse (Fig. 6), most of the side force increase

comes at very lowCΠ (∂CYn∕∂CΠ ≫ 1). This is an interesting regime

because of the implications that a significant side force increase can

be achieved at minimal power input—certainly significantly lower

than that of blowing through a slot. At low CΠ, the actuator sweep

angle is maximized, and tuft images show that the side force increase

comes from the redirection of otherwise significantly spanwise flow

over the rudder toward the direction of the free stream (Fig. 8a). The

difference is slight but it covers almost the entire rudder outside the

basevortex that is caused by the gap between the deflected rudder and

the floor. Figure 8a shows the difference between tufts for the

baseline case and for the case of actuation with CΠ � 0.002
(Pc � 2.8 psig, 0.19 bar), resulting in a 16.7% increase in side force

over baseline. Thewhite and black regions indicate the position of the

tufts with and without actuation, respectively. Contrast is a measure

of the physical displacement in the tufts; that is, gray indicates a small

difference (where tuft locations overlap). The locations of the active

fluidic oscillator jets are shown in solid white; the rest are outlined.

The root-most jet has little effect on the flow near the root. Similar

conditions with near maximum power coefficient, CΠ � 0.167, are
shown in Fig. 8b. The figure shows the tufts with the actuators on and

a background image subtracted to highlight the formation of

spanwise cells of flow created by the high-speed jets. At these higher

jet speeds, the root-most jet is able to contribute significantly to

stabilize the flow near the root of the rudder. At higher CΠ, the

individual jets become very distinct and the flow over the rudder is

divided into pockets (cells). The three-dimensionality of the flow

becomes very evident as the topology of the flow changes somewhat

along the span as a result of taper and finiteAR. In the outer half of the

tail, most cells are actually seen to have reverse flow near the inboard

edges of the jets.
The crossover point at which the benefits of the sparsely spaced

actuators decrease and the benefits of densely spaced actuators

increase depends on the number of actuators used at low CΠ and on
rudder deflection (Fig. 6). In the case of these tests, where the spacing

could only be changed in a discrete manner with a minimum change

of 3% of the span, the beginning of the sparse regime is already
evident at a spacing of 6%at δR � 30° and it seems to be completed at

a spacing of 9%. The trends remain through the maximum spacing

tested (15%). The trends observed in the sparse case can continue into
extreme cases of three (or even less) jets populating the entire span.

Onewould suspect a different behavior; that is, if a single jet is able to

increase the side force by 5%, then itmust be due to the interruption of
the spanwise flow field over the rudder. This is an important

implication for highly sweptwingswhere a performance increase can

be had even in cases where little or no separation exists simply by
preventing long stretches of spanwise flow and, if possible,

redirecting the flow globally in a streamwise direction. Such was

known by designers that employed fences on wings of airplanes like
the Trident [26] to prevent tip separation at the higher angles of attack

seen during takeoff and landing. Being able to achieve the effect with
a jet that can be turned off or moved to another location at will has

obvious advantages.
The actuator orifice area can be changed by scaling the entire

geometry. This has packaging implications. Formany conditions, the

differences in performance for different sizes of actuators are small.

This means that, in certain circumstances, a choice of actuator sizes
gives the designer the option to tune the system to the available air

supply and packaging constraints. Traditional airplane design

provides for bypass air as the source of power formany high-powered
systems. A high-flow, low-pressure setup will usually necessitate a

larger number of actuators. However, modern aircraft have followed

trends seen also in shipbuilding, where the primary form of
distribution of power is electric even for high-power systems. In such

applications, a compressor can be chosen to generate the

characteristics that best benefit the system. This will usually tend
toward high pressure and low flow because the actuators will be

smaller and pressure losses over long runswill be reduced. In a tightly

constrained system, a combination of size and spacing must be used
to tune the actuation system to the power source available.

4. Actuator Orientation

An evaluation was carried out to demonstrate that the sweeping

effects of the fluidic oscillators are secondary for large spacing and

Fig. 8 Difference image for δR � 20° rudder deflection, β � 0°, Aact � 1.0, Sp � 15%. The flow is from left to right.
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low momentum coefficient at zero sideslip conditions. This
evaluation was performed by blocking one of the two feedback
channels of the actuators to produce nonoscillating steady jets
inclined to only one side of the exit nozzle. Two new actuator
configurations were obtain: one with all steady jet exits inclined
toward the tip of the wing (up), and another with all steady jet exits
inclined toward the root of the wing (down). The dependence of CYn

corresponding to each of the conditions tested on Cμ is shown in
Fig. 9 forSp � 12% and δR � 30°. It is clear that steady jets inclined
toward the root of the rudder generate the largest side force for a
prescribed lowCμ input. The difference in the direction of the steady
jets provided a 5% difference inCYn atCμ ≈ 0.25%, while the fluidic
oscillator actuation halves the difference. Because the fluidic
oscillators’ results are bracketed by the two steady jet results that
differ in their orientation, the effect of the sweeping motion was
deemed to be secondary in this case, whereas the jet direction relative
to the hinge angle might have been more significant.

B. Other Subscale Models

1. Baseline

After the initial testing of the AA model, three additional model
planforms were also tested. These model planforms (i.e., BA, BB,
and AB) are illustrated in Fig. 1a. In this study, the models differed in
rudder hinge locations and in their aspect ratio while retaining many
of the parameters associated with AFC. The purpose of changing the
planform of the tail model was to prove that large benefits of AFC can
be derived by involving it in the preliminary design and sizing
procedure. This is a departure from the prevailing philosophy that
uses AFC as a device of last resort to augment the performance of a
wing at low speeds.
The dependence of the side force on rudder deflection �δR� is

plotted in Fig. 10a for all fourmodels. TheCYnwas normalized by the
appropriate planform area of each vertical tail and the results of
models AA and BB were compared at identical Reynolds numbers.

The first task was to attempt an explanation for the difference in

rudder effectiveness between these twomodelswhose rudder hinge is

at the same location relative to the chord (xH∕c � 0.65). The model

BB has a lower AR and its rudder is deflected at slightly lower δR (see
Table 2 and Fig. 1b) because the same brackets were used to hold the

respective rudders. Both factors could have provided a slightly lower

CYn relative tomodel AAunless separation is involved, and hence the

larger rudder chord and slightly smaller δR of the BBmodel (Table 3)

work in its favor.

The side force generated by model AB whose hinge is located at

xH∕c � 0.58 is approximately 12% larger than theCYn generated by

model BB (xH∕c � 0.65) at δR � 30° although both use the same

rudder and the same hinge brackets. The difference in this case can be

explained using potential flow. The thin airfoil theory will attribute

part of the difference in rudder effectiveness to different locations of

the hinges, yielding ΣAB∕ΣBB � 1.08 (see Table 3), whereas some

additional differences stem from the different aspect ratios and real

flow effects. One such effect is the interaction between thevertical tail

and the tunnel floor. In this case, the floor boundary layer generates a

“necklace vortex” around the vertical tail. This vortex is further

reinforced by the gap between the rudder side edge at its root and the

floor. This gap allows air to seep from the high-pressure side of the

rudder’s root to the low-pressure side. The magnitude of these effects

is not small and it results in a nonlinear ∂CYn∕∂δR seen in Fig. 10a.

The primary difference in the effectiveness of model AA and model

BA is attributed to the hinge location that is moved further to the rear

(from xH � 0.65 to 0.72) when switching from AA to BA. Thus,

simple potential two-dimensional calculations can provide a guide

for the effectiveness of a finite swept back wing although they cannot

provide a definitive answer due to the complexity of the overall

geometry.

The drag polars shown in Fig. 10b indicate that the short chord

rudder used in configurations AA and BA is least effective. It

provides the lowest side force while generating the highest drag. The

Fig. 9 Effect of steady jets and jet orientation on model AA (Sp � 12%, Cμ � 0.3%, and δR � 30°).

Fig. 10 Dependence of side force and drag polars on nominal rudder angle for all four vertical tail configurations.
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BB model performs better, but the AB hybrid model performs better
than the rest. CYn∕CD for the AB model is 30% better than the AA
model at CYn � 1. The difference is primarily attributed to flow
separation on the shorter chord rudder whose upper surface is
inclined at ΔδR ≈ 2° more than the longer chord rudder.
Consequently, in the absence of AFC, the most effective vertical
tail among the four models chosen is configuration AB whose hinge
is located at xH∕c � 0.58 with an aspect ratio of 3.74.

2. Momentum Coefficient (Cμ)

One may take full advantage of AFC, as a tool in preliminary
design, knowing at the start that compressed air of a prescribed
pressure and mass flow rate are available. Let us assume that during
the sizing and selection of a vertical tail we can incorporate AFC into
the design at momentum coefficient values of the order of 1%
(Cμ ≈ 1%). This is to find out if the introduction of fluidic oscillators
alters the choice of a vertical tail. If the low level of Cμ attaches the
flow, it should make inviscid estimates more reliable while avoiding
complexities associated with supercirculation that requires
momentum coefficients that are an order of magnitude higher, that
is, Cμ ≈ 10%.

The results shown in Fig. 11 suggest a linear dependence ofCYn on
δR for 0 < δR < 30°. In fact, the slope is almost constant up to
δR � 30° for all the models, indicating that the flow should be
attached over the rudder at those deflection angles with Cμ � 1.5%.
Onemay observe thatmodelAAprovides a higher side force and thus
a higher ∂CYn∕∂δR thanmodel BB (see Table 3 last column). Because
the rudder hinge is located at the same fraction of the chord and both
airfoil sections are thin, the two-dimensional (∂CYn∕∂δR�2D ≡ ao
should be identical for both models AA and BB. The most likely
difference in the slope of the curves is due to the difference in aspect
ratio (AR) of the vertical tail models. Using the well-known
relationship derived by Prandtl in 1915 [27] (∂CYn∕∂δR � ao∕�1�
�ao∕�πAR���), one obtains that ao � 2.37� 0.01 for both AA and
BB models.
Comparing the results shown in Fig. 11 to the baseline results

(Fig. 10), one realizes thatmodel AB ismost effectivewith orwithout
AFC. However, the level of the effectiveness depends on AFC. For
example, at δR � 30° model AA generated CYn ≈ 1.5 when Cμ �
1.5% corresponding to CD � 0.108. Configuration AB generates
identical drag at the same Cμ but at a lower rudder deflection
(Fig. 11). If the affordable CD is the limiting factor, then the baseline
configuration AB generated a CYn that is approximately 20% larger
than configuration AA (Fig. 10). Consequently, an optimization
procedure is required as comparison of percentage improvement due
to AFC at a predetermined input Cμ is inadequate, because it would
lead to a faulty preference of configuration AA (see Fig. 12). The

addition of fluidic actuators made the rudder stall more distinctive at
30° < δR < 35° due to theAFC interferingwith the spanwise velocity
component. Notice that the side force increases as the area is reduced.
Thus, if the maximum rudder deflection is limited to δR � 25°,
densely spaced actuators using a total Cμ � 1.5% would enable a
side force increase of 37% and resulting in a potential tail’s surface
area reduction of 27% (i.e., 100% × �1 − �1.37�−1�). If, however, one
would have a limited choice between model AA and model BB, one
would choose the latter in the absence of AFC and the former in its
presence, therefore increasing ΔCYn by 0.40. The substantial
increase inΔCYn does not increase the total drag significantly in spite
of the large increase in the drag component resulting from the
increase in side force. Thus, the introduction of AFC into the
preliminary design process may affect the choice of the wing
planform selected for the application and its ultimate performance.
The introduction of fluidic oscillators in the design process brings a

variety of new flow parameters whose precise effect on the side force
generated is still unknown. They relate to the location of the
actuators, their total number, their size, their nozzle aspect ratio, and
the spacing between adjacent actuators. All of these interact with the
model shape, its incidence, and its rudder deflection. In the following
section we shall examine further some of these parameters and their
effect on the control authority of the rudder.
The increases inCYn generated by increasingCμ for closely spaced

actuators located at the trailing edge of the four vertical stabilizers
planforms are shown in Fig. 12. The AA and BBmodels respond in a
similar fashion to the increase in Cμ for the three rudder deflections.
Although at lowCμ and δR ≥ 30° model AA produces slightly lower
CYn, it produces higher side force than model BB at higher Cμ. The
crossover point between the two requires higher Cμ at higher rudder
deflections (see Fig. 12b). This is because closely spaced actuators
add momentum to the chordwise flow, thus delaying separation.
More momentum is required at higher rudder deflection angles as the
adverse pressure gradient in the chordwise direction is larger. The
highest absolute value of CYn is generated by model AB, implying
that the relative chord of the rudder should be increased regardless of
any other consideration but the relative increase in %ΔCYn is
deceiving. For example, while model BA provides the largest
%ΔCYn at δR � 35° and Cμ � 3%, it also provides the worst
baseline results. The low baseline coupled with large increases of
ΔCYn due to AFC at all values of Cμ and δR investigated skews
%ΔCYn in its favor. It diminishes the perceived value ofAFCbecause
it implies that is does best when the baseline design is worst. Onemay
also observe in Fig. 12 that at δR � 20° the smallest values of Cμ

increase CYn but at δR � 30° a minimum threshold value of Cμ is
required before any noticeable increase inCYn would be observed. If
we divide ΔCYn∕CYnBaseline, model AB would be by far the worst

Fig. 11 Effect of AFC (Cμ � 1.5%) on CYn and CD produced by the four vertical tail configurations.
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performer as far as AFC is concerned, not becauseΔCYn is the worst
but because its baselineCYn is the best. This effect is stressed because
the value of AFC is generally evaluated by improved performance for
a prescribed design.
The results shown in Fig. 13 compare the percentage improvement

attained for the four configurations at β � 7.5° and δR � 20°; 30°,
and 35°. This figure shows themandatory success criteria of 20% side
force enhancement as defined at the initiation of the project. To
achieve a prescribed %ΔCYn improvement at β � 7.5° is more
demanding than at β � 0°, not because the contribution of AFC is
substantially different but because the baseline results are different.
Clearly model AB would have supplied a much higher CYn

(Fig. 12b), but according to the “success criteria,” it is the poorest
performer (Fig. 13). A much more realistic approach would be to
specify for a given sized wing and a prescribed CY required for the
entire flight envelope and assign the configuration thatmeets all those
needs when at minimum Cμ.
Cruise drag in normal cruise is of great significance in airplane

design because the largest percentage of aircraft operation time is
spent in cruise, but the significance of drag on a deflected vertical tail
is of utmost importance if one engine stops during cruise over the
ocean (ETOPS). Drag was measured and the results are shown in
Fig. 14. Drag is initially reduced at all values of Cμ for all angles of
rudder deflection considered.An increase inCμ reduces the drag until

the flow becomes fully attached. The side force generated by
enhanced entrainment of fluid over the rudder’s suction surface also
increases the induced drag affecting the entire drag force. The Cμ
required to attach the flow and minimize the drag increases varies
with increasing rudder deflection, δR. It is only 0.2%at δR � 20°, and
it varies between 0.5 and 0.9% at δR � 35° depending on the model
geometry. The highest reduction inCD was generated bymodelABat
δR � 30°. It was also the rudder deflection angle where all other
models attained their maximum drag reduction (i.e., whereΔCD was
minimum). Fluidic oscillators managed to reduce the drag by
0.012 on the AB model but only by 0.004 on the BA model. The
former has a small stabilizer and a large rudder. Most of the drag is
attributed to flow separation and the associated “form drag” due to
smaller base pressure. TheBAmodel represents the opposite extreme
to the AB model with skin friction on the larger stabilizer being a
larger contributor to its total drag. The drag polars shown in Fig. 14b
had the Cμ used added to the drag measured (see the abscissae of
Fig. 14b), presuming that it could be otherwise used to generate
thrust. The baseline drag of model BA is the lowest in all cases
considered. This suggests that skin friction contributes much less to
the overall drag than lowbase pressure. Therefore, the introduction of
AFC to model BA may be useful at moderate side force coefficients;
however, the effectiveness of the total system has to be
optimized first.

Fig. 12 Variation of CYn and ΔCYn with Cμ at δR � 20°; 30°, and 35° rudder deflections, Aact � 1 and Sp � 3%.
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Fig. 13 Percentage improvement in CYn by increasing Cμ at δR � 20°; 30°, and 35° rudder deflections, β � 7.5°, Aact � 1 and Sp � 3%.

Fig. 14 Drag characteristics for the four planforms at δR � 20°; 30°, and 35° rudder deflections, β � 0°, Aact � 1, and Sp � 3%.
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Thus far, the jet momentum coefficient, Cμ, was considered as the
leading parameter affecting the state of the flow over the rudder
because it is traditionally used when blowing is applied to control
flow separation and increase the lift on wings. The length scales or

area ratios used in the definition of Cμ may be unique for flapless 2D
airfoils, but their uniqueness is lost when flaps and slats are
introduced to airfoils and even more so for finite wings. In the case of
a highly deflected rudder, it may be the rudder area that determines
the momentum required to control the flow and not the area of the
entire vertical tail. The use of fluidic oscillators emanating from
discrete sources provides additional length scales of significance, for
example, the size of the actuator’s nozzles, their aspect ratio, and the
distance between adjacent actuators, in addition to the actuator’s
characteristics that establish the jet’s sweep angles and frequency.
These parameters should be carefully considered when contemplat-
ing applications to commercial airplanes.

3. Actuator Spacing

The variations of CYn with Cμ are shown in Fig. 15 for δR � 30°
and 3% < Sp < 15% on models AA and BB. For the smallest values
of Cμ measurable (i.e., Cμ ≈ 0.1%), an increase in CYn of 20% was

recorded on model AA when the spacing Sp < 9%. Every fifth
actuator was used to generate the data obtained at Sp � 15% so that
there was no possibility that adjacent fluidic oscillators would cover
the entire rudder area and attach the flow to the surface. The same
effect was observed on model BB but the values of ΔCYn realized
were substantially smaller.
Increasing the distance between adjacent actuators at the subscale

models revealed two interesting characteristics. At low levels of Cμ,
the flow was sensitive to sparsely distributed actuators. A collective
Cμ ≈ 0.1% was capable of increasing the side force generated by the
rudder by 15% (Fig. 15). This result is achieved by reducing the
spanwise flow induced by the large sweep back angle of the test
article. Increasing the number of actuators and thus reducing the
distance between adjacent actuators reduced the initial slope of
�∂CYn∕∂Cμ�. When the actuator spacing was reduced to 3% of the
span (32 actuators), the initial �∂CYn∕∂Cμ� ≈ 0 at δR � 30°. This
may be attributed in part to the decrease in the velocity ratio between
the jets and the free stream that is associated with an increase in the

number of actuators used and a reduction in actuator-induced flow
instability. This result provides the proof that Cμ, alone, does not
govern the characteristics of the flow.
The side force for models AA and BB in Fig. 15 keeps increasing

beyond Cμ > 0.8% for all actuator spacings considered. For Cμ ≤
0.8% actuators inhibit spanwise flow. The fluidic oscillator jets
primarily prevent separation by providing strong streamwise vortices
and larger surface coverage over the potential region of separated
flow. A decrease in actuator spacing produces an increase in the AFC
coverage area on the rudder. Therefore, 32 actuators (Sp � 3%)
provide the largest increase in ΔCYn at high Cμ.
Tuft pictures taken for the baseline case at β � 0° and δR � 30°

indicate that the flow over the rudder surface proceeds almost entirely

along the span. This implies that the velocity component
perpendicular to the leading edge near the surface is negligible and
that the chordwise flow is either stagnated or separated (Fig. 16). It
suggests that the boundary-layer flow turns in the spanwise direction
to avoid the chordwise adverse pressure gradient and its associated
deceleration. The change in the flow direction results in a low
pressure of the deflected rudder (Fig. 5) and a large increase in the
form drag that is very substantial at larger δR (Fig. 2). This explains
why horizontal stabilizers that are required to provide negative lift in
cruise use incidence for trim rather than deflected elevators that were
used for trim in the 1940s and 1950s.
For the AA model, initial signs of reduced effectiveness occur at

δR � 25° (Fig. 10a). These signs become more pronounced at
δR > 30°, which most likely determines the maximum effective
rudder deflection. The tufts corresponding to the baseline flow
condition (Fig. 16) are almost all directed along the span, particularly
on the outboard half of the rudder. The tufts located near the rudder
leading edge on its inboard portion still indicate an appreciable
chordwise component of the flow. When the actuators are tightly
spaced (Sp � 3%), the direction of the flow near the surface changes
gradually with increasing Cμ and almost uniformly along the span.
Such a change in flow direction requires surpassing a threshold value
of Cμ before being noticeable. This observation concurs with results
shown in Fig. 15, where ∂CYn∕∂Cμ increases with increasingCμ. The
slope of ∂CYn∕∂Cμ is increasing for Sp � 3% and Cμ < 0.75%,
which indicates that the nozzle jet velocity is starting with a lower
value but is increasing quicker. For the same Cμ, the corresponding
actuator plenumpressure is lower for the larger total nozzle area of the
closely spaced actuators (Sp � 3%), which means that the flow
through the nozzle would eventually choke at a higher Cμ value. The
opposite is true for the sparsely spaced actuators. At Cμ � 1.5%,
most of the tufts point in the direction of the free stream (Fig. 16).
When every fifth actuator was active (Sp � 15%) at δR � 30°, an

increase in CYn of approximately 20% was achieved at the smallest
values of measurable Cμ (i.e., Cμ ≈ 0.1% as seen in Fig. 15). At this
spacing, it was unlikely that adjacent fluidic oscillators would
interact and cover a substantial fraction of the rudder area forcing
two-dimensional type of reattachment of the flow to the surface.
Thus, the main effect of the actuation is the redirection of the flow
toward the direction of the free stream.
The jet velocities emanating from each nozzle of the six-actuator

array are quite high even for relatively modest Cμ inputs due to the
small number of the actuators used. Thus, the actuators create jet
curtains that reduce or even eliminate locally the spanwise flow at
higher values of Cμ. This is visible in Fig. 17, where the high-speed
jets, marked by blue arrows downstream of the trailing edge of the
rudder, penetrate the spanwise flow and deflect it along the entire
rudder chord in the direction of the free stream. The flow just above
each of the jets marked by the arrow is parallel to the freestream;
however, in the vicinity of the trailing edge the flow starts to turn
toward the tip. It proceeds to turn toward the span becoming parallel
to the TE near the mid-distance between the actuators. Upstream of
the trailing edge, the flow turns back toward the rudder hinge partly

Fig. 15 Effects of spacing on the side force generated by models AA and BB at δR � 30°.
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because of the low pressure in the hinge region and partly because of
the strong entrainment by the jet emanating from the nozzle located

outboard of the one considered. Therefore, cell-like flow is created

between each pair of actuator jets that reduces the effectiveness of a

large Cμ input at large Sp (see Fig. 15). This may be avoided by

switching to closely spaced actuation whenever the need arises. This

change may entail an increase in mass flow consumed that varies

proportionally as the square root of the increased spacing, provided
that the dimensions of the actuators do not change. Onemay consider

changing the distribution of momentum along the span by increasing

actuator size toward the tip, changing the pressure input to each

individual actuator, and possibly even altering the location of

successive actuators. The assessment of the additional parameters

mentioned above needs to be performed when intending to integrate
AFC into preliminary design.

C. Comparison Between Subscale and Full-Scale Models

The main objective of the full-scale wind tunnel test was to
demonstrate the implementation of a sweeping jet AFC system on the
vertical tail of a modern commercial transport. The AFC goal was to
increase side force at maximum rudder deflection of 30° for 0° and
−7.5° sideslip angles potentially occurring during takeoff. A
successful demonstration of AFC technology is a major risk
reduction step toward a flight demonstration. This test provided, for
the first time, the opportunity to assess design and scaling issues for
full-scale application of AFC and validation of subscale and CFD
observations regarding the sensitivities and effects of AFC on the
vertical tail of a commercial aircraft.
The full-scale model was a Boeing 757 vertical tail refurbished for

testing at the 40 0 × 80 0 National Full-Scale Aerodynamic Complex
(NFAC) wind tunnel [28]. The model has 11 cutouts on both sides of
the rudder leading edge (LE) to make room for the rudder support
mechanism that allows rudder deflections in both yaw directions
(Fig. 18a). The results presented in this section are focused on the
configurationwhere the LE cutoutswere covered in order to provide a
better correlationwith theCaltech subscale results. This configuration
resembles the subscalemodelwith a “clean rudder LE” (see Fig. 18b).
The subscale tests provided AFC design and performance parameters
guidance such as the actuator spacing. The scaling factor for the
actuator size and spacing between subscale and full-scale models is
6.25, which roughly matches that of the model scaling. The AFC
system of the full-scale model consisted of 37 fluidic oscillators
evenly spaced across the starboard span. Each actuator had a nozzle
width-to-height ratio of 2, and the spacing between each actuator was
16.7 times the nozzle width �Sp � 2.85%�. Each actuator oscillated
at a frequency of approximately 250Hz. The full-scale test confirmed
the effectiveness of AFC and validated the scaling key parameter
used, which was the Cμ.
Figure 19a shows a comparison of different baseline cases. The

NFAC 434 and 476 cases represent a configuration with LE cutouts
open. In this configuration, the rudder LE was plugged internally to
minimize air leakage coming from underneath the model base
support (blister) and through the rudder. NFAC 411 is a baseline
configurationwith cutouts covered to stop the undesirable air outflow
(leakage) from inside the rudder and out through the cutouts
completely.With the cutouts opened (NFAC434 and 476), the rudder
effectiveness decreased with increasing rudder deflection angle
above 22.5°. The open area of each cutout increases with rudder
deflection, as does the potential leakage (mass flow) through the
cutouts and the associated detrimental effect on the side force that is
most visible at δR > 22.5° (Fig. 19a, NFAC 434 and 476). These two
runs represent the baseline for the uncovered LE cutouts. The
addition of vortex generators near the rudder hinge (NFAC 498)
produced the same enhancement of the side force as covering the

Fig. 16 Flow visualization on model AA rudder for β � 0°, δR � 30°, Sp � 3% at increasing values of Cμ.

Fig. 17 Tuft visualization of surface flow over a deflected rudder with
sparse actuation.
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cutouts (NFAC 411). At δR > 22.5°, the slope of the side-force curve
∂CYn∕∂δR was increased, providing an improvement of approx-
imately 8% inCYn at δR � 30°. It suggests that the vortex generators
overcame some flow separation generated by the cutouts being open.
The Caltech model AA generates substantially lower side force at all
rudder deflections. This may be attributed to the Re effect that is an
order of magnitude smaller on this model, but it does not explain why
∂CYn∕∂δR is larger on the subscale model for δR > 25° compared
with the full-scale model. The difference inCYn generated by the two
models (i.e., full-scale with LE cutouts opened and subscale with
clean LE) wasΔCYn < 0.05 at δR � 30° while being twice as large at
δR � 20°. The momentum lost in a turbulent boundary layer on a
nonlifting flat plate decreases asRe−0.2 atRe of the order of 106. One
would expect that the flow will separate at a lower angle of attack on
the Caltech models because the momentum loss due to friction
increases with decreasing Re, but according to Fig. 19a, the opposite
happens for baseline cases with cutouts opened/unsealed (NFAC 434
and 476)where flow separation ismuchmore pronounced on the full-
scale vertical tail at δR > 22.5°. Thus, the major cause of the baseline
difference may be the low-speed flow through the cutouts displacing
the local boundary layer over the rudder that resulted in enhanced

flow separation. Notice that blowing is useful when a high-speed jet
entrains ambient fluid [6] and detrimental when a low-speed jet
displaces it. Another possibility is the reduction of the rudder LE
regions that could accelerate flow locally to produce suction
pressures for side force enhancement.
The side force generated at different rudder deflectionswhile using

18 evenly spaced actuators with and without the cutout covers at
NFAC is plotted in Fig. 19b. Themass flow through the actuators was
set to produce an aggregate Cμ of 1.26% at 100 knots (50 m∕s). The
test article was equipped with 37 actuators that were individually
controlled, therefore many combinations were in principle possible.
The total number of actuators and the selection of their size were
predetermined by the pneumatic power available (pressure and mass
flow) for the planned flight test aircraft. The initial CFD results
indicated that amuch larger amount of air was needed to approach the
“inviscid limit,” and so it was thus decided to maintain a large safety
margin during the design stage of the full-scale test. Consequently,
using half of the actuators installed is a representative case. AFC
increased the rudder effectiveness at δR > 15° by maintaining
∂CYn∕∂δR almost constant up to the maximum possible rudder
deflection of δR � 30°. Thus, the maximum improvement in CYn

Fig. 18 Rudder leading edge cutouts and temporary covers.

Fig. 19 Side force generated by the rudder for the full-scale and subscale model configurations at sideslip angle, β � 0°.
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measured for this level of input is ΔCYn � 0.22 when the cutouts
were sealed and ΔCYn � 0.32 when they were open. It implies that
the presence of the cutouts had a favorable effect on the side force
generated by AFC because it deteriorated the baseline. This
represents an improvement over the baseline values of 18%
(ΔCYn∕CYnBaseline ) for the sealed cut outs and 29% for the open
cutouts. It was stated in the previous section thatΔCYn∕CYnBaseline is an
inappropriate criterion for measuring the success of AFC application
towings and this change in baseline data just confirms that statement.
The ΔCYn measured on the BB model at Caltech when a similar
number of actuators were used was also 0.21, corresponding to
Cμ � 1.26% (Fig. 15); thus the additional control authority provided
by AFC seems to be Re independent. This hypothesis needs to be
further verified, but it could be expected due to the inviscid instability
mechanism that governs the flow between adjacent sweeping jets.
In Fig. 20a at 30° rudder deflection and at low levels of Cμ, the

slope ∂ΔCYn∕∂Cμ is only slightly dependent on the number of
actuators used, provided that the latter is equal or larger than 18.
When the number of actuators was decreased to 5, ∂ΔCYn∕∂Cμ
decreased forCμ > 0.1% rather than increased as was observed with
subscale models. An inflection point as seen in Fig. 15 was never
observed in the results for the full-scale model. Clearly there is no
crossover point among the various curves at a prescribed value ofCμ.
Additional observations between the subscale models (Fig. 15) and
full-scale results (Fig. 20a) are detected at high Cμ values. For the
subscale models, an increase in Cμ results in a concomitant increase
inCYn, particularly for closely spaced actuators. A similar increase is
observed on the full-scalemodel. The increase in number of actuators
used reduces the efficiency of AFC but enables the attainment of
higher levels ofΔCYn at δR � 30°. The data present similarities using
closely spaced actuators on both models, that is, full-scale and
subscale (Fig. 20), for a CYn � 20% at Cμ values from 0.55% to
0.65%, respectively. The full-scale configurations having 18
actuators or more reached our 20% side force increase target using
actuatorswith a nozzlewidth-to-height ratio of 2,whichwas the same
ratio of two of the actuators used in the subscale test. This suggests
that Cμ is a useful parameter for scaling fluidic oscillators from
subscale to full-scale tests.

IV. Conclusions

In recent years, fluidic oscillators have been employed as an active
flow control (AFC) actuator of choice in laboratory-scale
applications, and this paper highlights the recent research efforts to
use this technology for side force augmentation on the vertical tail of a
commercial transport aircraft. AFC subscale experiments were
conducted using four generic vertical tail models of slightly different
planforms, where fluidic oscillators were applied to a vertical
stabilizer (swept backwing)with a rudder (simple flap). The actuators
were installed at the rudder hinge along the trailing edge of the main
element (stabilizer) due to convenience of application on an airplane.
Fluidic oscillators have been shown to behave somewhat akin to
vortex generators, but they also add momentum to the flow and

manage to redirect it, thus improving the overall rudder performance
well beyond that of a simple, passive system. Perhapsmost striking in
this application is the effect on side force and its associated drag
before flow separation, suggesting that simply redirecting flow in the
streamwise direction is an effective side force generation tool.
The differences in overall performance as a function of spacing

were significant among the parameters studied. The large spacing of
Sp � 15% produced approximately a 20% side force increasewith an
input of Cμ ≈ 0.1%. Flow visualization suggested that large spacing
redirects the flow instead of reducing or controlling separation. This
shows promise, but one needs to consider the available power (e.g., to
provide supply air pressure and mass flow rate) on a commercial
transport aircraft. Smaller spacing showed a different behavior, where
a low Cμ � 0.1% input provided no side force enhancement, but an
order of magnitude larger Cμ input increased the side force in excess
of 50%. Large-spacing actuation is more efficient at small CΠ, and
small-spacing actuation is more effective at large CΠ.
Another parameter evaluated in this studywas themodel planform

geometry. A common practice for most experiments associated with
AFC has followed the objective to improve the performance of a
prescribed specific geometry. The underlying philosophy of the
prevailing approach is defined by the success criteria as supported by
our recent full-scale tests [29,30], which seek certain percentage
improvement on a given configuration. There is a close coupling
among the variables affectingCYn. There are the traditional ones such
as those applied to airfoils (camber, thickness, and incidence) and to
wings (wing-planform, aspect ratio, sweep, taper, and twist), and
there are new ones associated with AFC. The jury is still out for the
best AFC system to be used (i.e., the selection of actuation) and there
is a wide variety of options and categories available. But even if one
selects the type of actuation, there is still a broad range of parameters
to be used and optimized due to significant interaction between
surface design and actuation. AFC should be considered in the
preliminary design process as it could enable wings having larger
camber without separation or larger control surface deflection.
Leveraged on knowledge gained from the subscale tests, a full-

scale test was carried out subsequently. A threshold success criterion
of 20% increase in the maximum side force was exceeded at largest
rudder deflection (30°) using 18 or more sweeping jet actuators in the
absence of sideslip at amomentumcoefficient input of approximately
0.55%. Both subscale and full-scale tests showed a 20% side force
increase corresponding to similar Cμ (≈0.65% and ≈0.55%,
respectively) for the fluidic oscillators of the similar design and
spacing, which confirms that Cμ is a reasonably good parameter to
use for scaling-up of AFC actuators from subscale to full-scale tests.
The successful full-scale wind tunnel testing of this AFC application
(i.e., achieving the side force increase of 20% or greater) cleared the
way for a subsequent flight demonstration on the Boeing 757
ecoDemonstrator in 2015 [31].
Most of the results presented used momentum coefficient, Cμ, as

the primary input. However, this is not a unique parameter driving the
design of anAFC system [32–34] but certainly needs to be considered

Fig. 20 Dependence of side force on Cμ at δR � 30° and β � 0°.
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during the initial stages of design. It determines the amount of mass
flow required for selecting size, layout, and number of actuators. This
parameter was also found to be a useful for scaling-up fluidic
oscillator AFC systems from subscale to full-scale wind tunnel tests.
Nevertheless,Cμ does not contain the supply air pressure information,
which is also important in determining the pneumatic power usage of
an AFC system. The power coefficient, CΠ, which contains both the
mass flow and pressure information, is an equitable parameter to use
for comparing the power consumption of AFC systems. In addition,
one should also include other parameters in the evaluation of AFC
designs, such as the actuator size, weight, and complexity.
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