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Nomenclature

a, actuator plate peak-to-peak displacement

b = actuator plate width, mm

d, = estimated core vortex size, mm

dT downward period of actuator plate, s; 1/(2* f,,,) for
sine wave plate driver

Srep actuator plate driver pulse repetition rate, Hz

Sw ratio of wide-slot width to (actuator) plate width, w,, /b

Re = Reynolds number, ra,b/2dT v

S, = scaled amplitude, ra, /b

U velocity component measured in the x direction
(horizontal), m/s

w, = wide-slotwidth, mm

X = distance along the width of the actuator plate measured
from the edge of the wide slot

y = distance perpendicularto the actuator plate

Introduction

PRIMARY goal of active flow control is to develop efficient

actuators and sensors that can be integrated with flight-control
systems to enhance aircraft performance at a reduced cost. Most
of the research has focused on surface-mounted actuators that ei-
ther reduce drag, enhance lift, or produce a controlled force about
some axis of the aircraft. Unlike passive devices, which are typically
optimized fora single flight condition,active control devices' =3 pro-
duce no parasiticdrag and can be effectively used for multiple flight
conditions. Zero-net mass-flux actuators'-? are especially attractive
because they require no internal ducts or pumps. This has the po-

Received 19 May 1999; revision received 29 June 2000; accepted for
publication 8 September 2000. Copyright © 2000 by the American In-
stitute of Aeronautics and Astronautics, Inc. No copyright is asserted in
the United States under Title 17, U.S. Code. The U.S. Government has a
royalty-free license to exercise all rights under the copyright claimed herein
for Governmental purposes. All other rights are reserved by the copyright
owner.

*Research Associate; currently Department Chair of Automated Manu-
facturing Technology, ITT Technical Institute, Norfolk, VA.

TSenior Research Scientist, Fluid Mechanics and Acoustics Division.

*Senior Research Scientist; currently Senior Research Associate, Applied
Research Lab/Pennsylvania State University, State College, PA.

573

tential to significantly reduce the mass of the control system (hence
the vehicle) and decrease the aircraft signature. The jet and vor-
tex actuator (JaVA)* is a variant of a zero-net mass-flux actuator.
Compared with other zero-net mass-flux actuators (e.g., a synthetic
jet actuator®), the mechanisms of generating vorticity are different.
Although a singular synthetic jet generates two symmetric vortices
of opposite sense of rotation, the JaVA generates a single stationary
vortex.

The JaVA consists of a cavity and rigid plate that is actuated
uniformly into and out of a cavity using a mechanical oscillator. The
plate acts like a piston pumping air out of the cavity on the down-
stroke and sucking air into the cavity on the upstroke. Following the
work of Jacobsonand Reynolds? the plate is placed asymmetrically
over the cavity opening, forming narrow and wide slots along the
length of the plate surface (refer to Fig. 1 of Ref. 5).

Inrecentstudies Lachowicz et al.*> characterized the stand-alone
JaVA driven by sine-wave forcing and found that several flow-
fields (wall jet, free jet, and vortex flow) were produced by the
actuator. These flows were found to depend on Reynolds num-
ber, scaled amplitude, and g,,. Over the range of parameters sur-
veyed in these studies, the maximum x-component velocity oc-
curred at a Stokes number of approximately 7.9 for the vortex
flow, and the core vortex was approximately 35% of the plate
width.

The objectives of this Note are to study the JaVA-induced vortex
flow using both sine and asymmetric plate forcing and to deter-
mine the nondimensional scaling of the actuator for the wall jet,
free jet, and vortex flows. Variations in actuator geometry are also
studied.

Approach

The experimental configuration of the JaVA is discussed in detail
in Lachowicz et al.> All previously published results for the JaVA
used sine-wave forcing to drive the actuator plate. Based on exper-
imental observations and a theoretical analysis of the actuator flow
physics,itis postulatedthat a form of asymmetric forcingis required
to obtain a stronger induced vortex because the vortex-generation
mechanism relies primarily on the downward stroke of the actuator
plate motion. For asymmetric forcing the actuator plate is driven
with a positive stroke that is different from the negative stroke and
with a duration that is different from the duration for the negative
stroke. Note that sine-wave forcing has equal duration and ampli-
tude on both the positive and negative strokes. Various asymmetric
forcing functions were initially studied. However, only results using
a pulsed wave train are compared to sine-wave forcing in this study.
(Hereafter, pulsed wave train forcing is referred to as asymmetric
forcing.)

The nondimensional scaling and maximum mean vorticity were
determined using flow visualization, actuator displacement mea-
surements, and Laser Velocimetry. The experimental setup for these
measurements is outlined in Ref. 5. A digital Particle Image Ve-
locimetry (PIV) system was used to measure the instantaneous flow
fieldin the x-y plane perpendicularto the actuatorplate surface. The
flowfield measurement was phase locked to eight equally spaced
phases of the actuator plate motion. Particle images were recorded
using a digital camera (1 x 1 K pixels) with a 105-mm lens. The
spatial resolution of the measurement volume was less than 1 mm at
the test plane. Ten samples of PIV images were taken at each phase.
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Ensemble averages were used to compute the phase-averagedflow-
field.

Results

The actuator maximum mean vorticity, over a range of plate
and wide-slot widths, is presented in Fig. 1. The maximum mean
vorticity was estimated as 2*(Upax + |Uninl)/d,, where d, is the
y distance between velocity maxima Uy, and Uy,. (Refer to
Ref. 5, Fig. 12, for a typical velocity profile of U vs y). The
asymmetric driver is represented by the w,, =0.96 mm, b = 9.85-
mm case; all other cases use the sine-wave driver. Generally, the
vorticity increases with repetition rate for both drivers at a fixed
w, and b. Assuming an extrapolation of the data is valid; the
present data indicate that large potential gains in vorticity can be
obtained using an asymmetric driver. For example, asymmetric
forcing is compared to sine forcing at fi,, =130 Hz at approxi-
mately the same wide-slot and plate width (observe open triangle
and x symbols). At this repetition rate the vorticity is approxi-
mately 75% for the asymmetric driver. Additional measurements
are needed at higher repetition rates to verify this trend at higher
frequencies.

Figure 1 also illustrates the dependency of the maximum mean
vorticity on plate width. For f,., <125 Hz (limit of data avail-
able for b =5.56 mm) the vorticity is much larger for the small-
est plate width relative to the larger plate widths considered. For
example, for g, = w,, /b~ 0.17 (plus and square symbols) the vor-
ticity for the b =5.56-mm case is approximately 110% larger than
the b= 9.65-mm case at a given repetition rate. But, the esti-
mated core vortex size decreases by only 15% from b=9.65 to
5.56 mm. Therefore, as plate width decreases a large increase
in the vortex strength accompanies only a marginal decrease in
the core size. The same trend occurs for g, ~0.10 at b=5.56
(filled circle) and 9.65 mm (open triangle). Hence, for a fixed
g, and repetition rate the vortex strength increases as the plate
width decreases with only a relatively small decrease in core vortex
size.

Using the same dimensional analysis outlined in Ref. 4, the
nondimensional parameters were derived for the more general case
of asymmetric forcing. These parameters are (Re =mwa,b/2dT v,
S,=ma,/b,and g, = w, /b) and are valid for both sine and asym-
metric forcing. The general relationship between these parameters
for both sine and asymmetric forcing is shown in Fig. 2 for the
wall jet, free jet, and vortex flows. Although overlap exists between
the flowfields, each flow has a region that is unique. Operation
of the actuator in this unique region would produce the desired
flow of interest. For example, at Re g, =25, \/(Re/S,)g2 =0.5,
the vortex flow exists; at Reg, =25, /(Re/S,)g2 =1, the
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Fig. 1 Estimated maximum mean vorticity as a function of repetition
rate.
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Fig. 2 Nondimensional scaling for JaVA.
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Fig. 4 Phase-averaged velocity field: phase 2 (plate out of cavity).
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wall jet flow exists; and at Re g, =4, /(Re/S,)g? =0.08, the
free jet exists. For the vortex flow the scaling region is approx-
imately the same for both types of forcing, suggesting that the
scaling is not dependent on the type of forcing used in this
study.

Figures 3 and 4 depict the phase-averaged velocity fields for
the actuator operating in the vortex mode. Each figure represents
the average of 10 samples at a particular phase of the actuator
plate oscillation. As seen, a vortex structure is measured above
the piston for each phase suggesting that the structure is station-
ary; note that similar results are observed for the additional six
phases not presented. This trend is consistent with the averaged
flow-visualization pattern and computations.” In addition, an un-
steady angled jet flow is pumped from the wide gap, which is
indicative of mass ejection from the actuator. Each of the phase-
averaged velocity fields were averaged to compute the mean flow-
field. This result (not presented) indicates that a single cell vortex is
generated from the actuator and also verifies the stationarity of the
vortex.

Concluding Remarks

A parameter study of the stand-alone JaVA has been imple-
mented for the vortex flowfield. The actuator plate size and forcing
were varied to change the strength of the actuator-induced vortex.
Measurements indicated that the vortex strength increases with
driverrepetitionrate for a fixed wide slot and plate width. For a fixed
driver repetition rate and wide-slot to plate-width ratio, the vortex
strength increased as the plate width decreased with only a rela-
tively small decreasein core vortex size. Using an asymmetric plate
driver, a stronger vortex is generated for the same actuator geometry
and driver repetitionrate; however, this trend needs to be verified at
higher frequencies. The phase-locked velocity measurements indi-
cated that the vortex structure is stationary and (expectantly) shows
unsteadiness near the wide-slot opening. Both of these results are
consistent with earlier computations. The nondimensional scaling
for the actuator was determined and provided an operating range
for the actuator in different flow regimes. When placed in a tur-
bulent boundary layer, the actuator (operated in the vortex regime)
can potentially be used to generate streamwise vortices to control
flow separation. When operated in the wall regime, the actuator
could potentially be used to locally accelerate a boundary-layer
flow.
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Introduction

CE-INDUCED flow separation can lead to severe performance

degradation and reduced aircraft control effectiveness. Trunov
and Ingelman-Sundberg demonstrated the effects of ice and rough-
ness on the hinge moment of a tailplane. For the clean, no-ice case
the hinge-moment coefficient C,, increased linearly with negative
angle of attack until rising sharply at stall. The nonlinearity was
the result of flow separationfrom the lower tailplane surface, where
the control surface was abruptly sucked downward as a result of
decreased pressure. With ice or roughness at the leading edge, the
break in the linear curve occurred at a smaller, less negative angle,
and the increasein C;, was less abrupt, eventually leveling out after
tailplane stall. Separated flow over a control surface can also lead
to reduced control effectiveness. This effect was known as far back
as 1940 when Johnson? measured a 40% reductionin roll authority
as a result of the presence of ice.

Problems such as the increased magnitude in hinge moment and
the loss of control effectiveness may have led to a number of ice-
related aircraftaccidents.? Itis suspected that the ATR-72 commuter
aircraft flight 4184 that crashed on 31 October 1994 in Roselawn,
Indiana, is one such example. Bragg* studied the effects of super-
cooled large droplets (SLD) icing conditions on aircraft control and
speculated as to the cause of the ATR incident. An ice ridge located
aft of the upper surface deicing boot can result from the presence
of SLD in the atmosphere and can have a detrimental effect on the
lateral control of the aircraft.

Although the pilot and crew may be conscious of the presence of
ice on the aircraft, they may be completely unaware of the sever-
ity of the icing condition and its effects on aircraft performance
and handling qualities. In an effort to identify an easily measurable
quantity lying at the source of the ice-induced unsteady separated
flowfield, the rms flap hinge-moment coefficient was examined. Ex-
perimental results showed that the time-dependent hinge-moment
coefficient indicated unsteadiness in the flowfield while the air-
foil lift coefficient was still in the linear range. As the angle of
attack was increased, a significant increase in the parameter oc-
curred, clearly distinguishing the simulated-iced airfoil from the
clean airfoil. The initial change in the time-dependent parame-
ter always took place before the nonlinearity in the steady-state
hinge moment, which occurred before the flowfield completely
separated. The unsteady hinge-moment coefficient proved to be
a viable warning of imminent performance and control degrada-
tion. The purpose of this Note is to describe these results in more
detail.

Results and Discussion
Experiments were performed in a conventional 3 x 4 ft (91.44 x

121.92 cm) indraft, open-return, low-turbulence wind tunnel. The
airfoilmodel was an 18-in. (45.72cm) chord modified NACA 23012
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