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A study to assess the potential for using rapidly actuated segmented Gurney flaps, also known as miniature
trailing-edge effectors, for active wake vortex alleviation is conducted. Experiments are performed using a half-span
model wing with NACA 0012 shape and an aspect ratio of 4.1. The wing is at an 8.9-deg angle of attack and the chord-
based Reynolds number is around 350,000. It is equipped with an array of miniature trailing-edge effectors that
extend 0.015 chord lengths perpendicular to the freestream on the pressure side of the wing when deployed and sit
justbehind the blunt trailing edge when retracted. Measurements of section lift coefficient and the velocity field in the
intermediate wake using dynamic particle image velocimetry and a five-hole probe delineate the time-varying
perturbation imparted by the miniature trailing-edge effectors upon the trailing vortex while keeping the lift nearly
constant. The data are used to form a complete initial condition for a vortex filament computation of the far-wake
evolution. Cases at the model-scale and full-scale configurations are computed. The results show that actuator-
induced perturbations can be used to excite a variety of inviscid vortex instabilities.

Nomenclature

A = tangential velocity correction constant

AR = wing aspect ratio, 2a/c

a = wing half-span

Agown = spanwise length of miniature trailing-edge effectors
in the down position

b = wing span, 2a

b’ = vortex spanwise separation

C = streamwise velocity correction constant

C, = section lift coefficient at root

c = wing chord length

doy = filament cutoff distance

Gyy = power spectrum of the spanwise vortex center
location with respect to the streamwise length

r = radial distance from the vortex center

Tink = time at vortex close approach

t = time

tiow = flow timescale, tg,, = ¢/Us,

t* = nondimensional time, t* = t/f,,,

Uy = freestream velocity

Ve = tangential velocity

X,Y,Z = streamwise, spanwise, and lift coordinates

Yiap = spanwise location of the centroid of miniature
trailing-edge effectors in the down position

At* = nondimensional actuation time

Oa = peak-to-peak displacement measure

A = streamwise wavelength

r = circulation

T = nondimensional time, T = T, (27rb;2”)

L

HE wake vortex hazard continues to be an obstacle in increasing
airport capacity. Large, high-lift aircraft create strong vortices
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in their wake that can persist for long times after the aircraft has
passed. To protect following aircraft from the dangers associated
with encountering these vortices, airports adhere to spacing rules that
restrict the minimum distance between departing aircraft. These rules
are becoming more impractical, and the need for other solutions is
growing as air traffic increases.

Wake alleviation is a potential solution wherein we somehow
render the wake of a large aircraft safe to a following aircraft in less
time than would normally be required, thus allowing for a reduction
in the minimum required distance between them. A variety of
strategies for doing this has been explored over the years, including
both passive and active control of wake vortices [1,2]. With active
flow control strategies, the idea is to embed time-varying
perturbations in the wake that will excite instabilities in the trailing
vortex system. The lift experienced by the aircraft must be held
nearly constant for this strategy to be practical.

Crow and Bate [3,4] proposed a simple way of doing this to excite
the instability that bears Crow’s name. The idea involved
periodically oscillating the lateral control surfaces on an aircraft such
that the total lift would be kept constant, but the loading distribution
would vary in time, moving a fraction of the lift periodically inboard
and outboard. Bilanin and Widnall [5] and Barber and Tymczyszyn
[6] conducted studies based on this idea as well.

More recently, the work of Fabre et al. [7,8], Crouch et al. [9], and
Rennich and Lele [10,11], has suggested that even small
perturbations of this sort can be applied in a way that can excite
vortex instabilities. Rennich and Lele [10] showed that for a four-
vortex configuration with the inboard pair counter-rotating with
respect to the outboard pair, it is possible to excite an accelerated
instability on the system that quickly leads to linking of the strong
outboard pair. They conducted vortex filament and Navier—Stokes
simulations and showed that only a very small perturbation was
necessary to achieve this. The perturbation used in their work was a
sinusoidal variation in time, for which the frequency was set near the
value that would produce a streamwise wavelength close to the most
unstable Crow mode. The decreases in linking time reported were
substantial. Considering the same configuration, Fabre et al. [7]
examined this instability, as well as other modes, and provided a
more complete parametric study.

Crouch [12] extended the stability analysis of Crow to a more
general vortex system consisting of four vortices in which the
inboard pair are corotating with respect to the outboard pair. The
analysis indicated the existence of both long- and short-wavelength
instabilities on this system and the possibility of transient growth to
initially amplify the instability. Crouch et. al. [9] later showed with
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Navier—Stokes computations and tow tank experiments that a
symmetric long-wavelength instability could be excited using small
oscillations of conventional control surfaces. Significant decreases in
linking time were reported.

The purpose of this work is to assess the potential of miniature
trailing-edge effectors (MiTEs) for use in wake alleviation through
exciting vortex instability. MiTEs are segmented, rapidly actuated,
independent Gurney flaps that affect the aerodynamic characteristics
of a wing in the same way that Gurney flaps do, but local to their
spanwise position. Each MITE has a small flap oriented
perpendicular to the freestream at the trailing edge, which can
increase the section lift coefficient considerably with only a small
drag penalty. The flow mechanism responsible for the lift increments
on Gurney flaps has been researched extensively [13-20], and recent
research has shown that the same mechanism is responsible for the
effectiveness of MiTEs [21].

The effect of MiTEs is not limited to the flow immediately
surrounding the wing, but can extend into the intermediate wake
downstream of the wing. Matalanis and Eaton [22] showed that it is
possible to displace the steady-state center of the trailing vortex in
both the spanwise and lift directions by actuating MiTEs comprising
13% of the half-span of a wing near its tip. The displacement of the
vortex from its nominal location tends to grow as we move further
downstream, which indicates that the MiTEs are not changing the
origin of the vortex, but rather how the vortex has rolled up as it
approaches the intermediate wake. At X/c = 4.9, beyond the point at
which the vortex is essentially rolled up, the maximum
displacements of the vortex center were 4.1%c in the spanwise
direction and 1.6%c in the lift direction. These displacements were
achieved with a maximum change in total lift of 0.91%. If these
displacements can be cycled in time at an appropriate frequency,
periodic oscillations can be introduced into the wake that may excite
instabilities in the vortex system.

The experiment performed provides data on the transient response
of a trailing vortex to MiTE actuation schemes that nearly conserve
total lift. A key feature of the MiTEs over conventional control
surfaces is that they can be rapidly actuated, allowing us to explore
both long- and short-wavelength instabilities. This work includes
complementary experimental and computational aspects. Time-
resolved velocity field measurements were performed to determine
the transient response of the trailing vortex to rapid actuation of the
MiTEs. These experimental measurements extended into the
intermediate wake, X/c =4.9. The measured time-dependent
displacements of the vortex, along with other flow measurements, are
used to formulate an initial condition for a vortex filament
computation of the far-wake evolution. These computations provide
an estimate of how the far wake may evolve due to the perturbations
created by MiTEs.

II. Experimental Apparatus
A. Wing and MiTEs

The experimental apparatus consists of a half-span model with
NACA 0012 shape. The chord length ¢ =300 mm, half-span
a =619 mm, and aspect ratio AR = 4.1. The trailing edge of the
wing is blunt with 0.02¢ thickness, and the tip is rounded according
to the thickness of the wing. All tests were conducted at a chord-
based Reynolds number of 350,000 and with the wing at an 8.9-deg
angle of attack. The solid blockage ratio in this configuration is
roughly 7%. The coordinate system denoted by X, Y, and Z is
measured from an origin fixed at the location of the root trailing edge
of the wing when the wing is at a 0-deg angle of attack (shown in
Fig. 1). Other aspects of the wing design and construction can be
found in [22].

The wing is equipped with an array of 26 MiTEs evenly spaced
fromY/a = 0.054to Y/a = 0.919. Each MiTE is 0.03« in span and
0.077c in streamwise length, and each has a flap that extends 0.015¢
perpendicular to the flow on the pressure side of the wing. There is a
spanwise gap of 0.004a between the edges of adjacent MiTE flaps. In
this paper, we examine only configurations with zero or four MiTEs
down at any time (agqy,/a = 0.0 or 0.13), and only MiTEs near the

Fig. 1 Wing and MiTEs mounted in the tunnel test section.

tip are actuated (0.654 < Yj,,/a < 0.854); this choice is explained in
Sec. IV.

Figure 2 shows a picture of a MiTE detached from the wing and
oriented in the X—Z plane in both the neutral and down positions. The
body of the MiTE is machined out of acrylic and the flap and arm are
made out of Delrin machined by laser ablation. The connecting plug
in front of the MiTE body is used to transmit current to the dc motor
that moves the flap. Steel pins are used as stops to limit the motion of
the flap.

The MiTEs are commanded by a computer that sends signals to a
circuit that relays a constant voltage signal from a power supply to the
desired MiTEs. In Fig. 3, we show the mechanical response of the
MiTEs, which is measured with a strobe light and charge-coupled
device (CCD) camera. Here, we average the locations of the four
flaps closest to the tip at each time point, with the maximum variation
amongst the four being less than 20% of the actuation height. Clearly,
the motion is underdamped. In moving from one position to the other,
the flap quickly accelerates then strikes the metal stop at high speed,
causing it bounce off of the metal stop several times before coming to
rest. All attempts made to dampen this motion resulted in a loss of
consistent behavior between MiTEs and either a very slow actuation
time or only a marginal increase in damping. As shown in Fig. 3, the
shortest timescales present in the response are roughly 1.0f,,,
(taow = ¢/Uy,), whereas the timescale based on the response
envelope is around three to four times gy, -

Steel pins

-

Flap

Fig. 2 One MIiTE detached from wing and shown in the neutral and
down position.

Fig. 3 Mechanical response of the four flaps closest to the tip.
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B. Measurement Apparatus

All experiments are conducted in the Stanford Flow Control Wind
Tunnel, which is a closed-loop tunnel that operates at atmospheric
conditions with a maximum velocity of 22 m/s. The test section is
91 cm high, 61 cm wide, and 3.7 m long. The wing, as shown in
Fig. 1, is mounted directly onto the bottom wall of the tunnel (no
splitter plate), with the leading edge roughly 45 cm past the
beginning of the test section.

Measurement of the section lift coefficient at the root, C,, is
achieved by a row of pressure taps, each of which is 0.64 mm in
diameter, placed along the pressure and suction sides of the wing at
Y/a = 0.081. This allows us to calculate the circulation at the root of
the wing, Iy, directly.

Velocity measurements are performed in the intermediate wake
(2.8 < X/c < 4.9) using particle image velocimetry (PIV) to obtain
phase-averaged high-resolution data in the vortex core (primarily to
locate the vortex center) and five-hole probe measurements to obtain
static low-resolution data over a large domain. The flow is seeded
using a glycerin-based fog generator and illuminated with a dual-
head Nd:YAG laser capable of 400 mJ/pulse. The laser sheet is
oriented perpendicular to the freestream, and the sheet thickness is
2.5 mm. Image pairs are captured using a CCD camera mounted
inside the wind tunnel. Interference effects are negligible, as
documented in [22]. Cross-correlation PIV is used to process the
images and calculate the tangential velocities of the trailing vortex.
The velocity field resolution is roughly 0.7 mm. For each velocity
field, the vortex center is calculated by finding the location of
minimum tangential velocity.

Each actuation scheme consists of two static MiTE configurations.
For all dynamic PIV measurements, the MiTEs are actuated
periodically between configurations 1 and 2. Typically, the period is
set to one second. We are only interested in the transient flow
response as the MiTEs move from one configuration to the other,
thus the actual period is unimportant. It is selected to insure that all
transients had died out and for experimental convenience. Phase-
locked PIV sampling is used to resolve the coherent flow response to
MITE actuation without the need for a high-speed PIV system. A
timing diagram for measuring the transient response going from
configuration 1 to configuration 2 is shown in Fig. 4. The MiTEs are
initially in configuration 1, then at time #* = 0, they are commanded
to move to configuration 2. At nondimensional time #*, the computer
triggers the PIV system to acquire an image pair. The
nondimensional time ¢* ranges from 0 < * < 10 in intervals of
0.32. The time between the two laser pulses required for a single PIV
velocity field measurement was 20 s (0.00131#,,,). This interimage
separation time was insignificant relative to the #* interval. A set of
200 image pairs is acquired for each set value of #*, and the 200
instantaneous velocity fields are averaged to give the phase-averaged
velocity field. This process was repeated for a minimum of 18
different values of #* for the actuation of the MiTEs from
configuration 1 to configuration 2, and an additional minimum of 18
values of t* for the actuation from configuration 2 to configuration 1.
Measurements are taken at three positions behind the wing,
X/c=2.8,3.8,and 4.9. According to the estimates given by Spreiter
and Sacks [23], the vortex should be fully rolled up at a distance
X/c=2]5.

Steady-state velocity measurements are performed at the X/c =
4.9 streamwise location using a five-hole probe. Three components

MIiTE configuration
Take image pair

«—

th e
1 >

Time

Fig. 4 Order of events for collecting one dynamic PIV sample going
from configuration 1 to configuration 2.

of velocity are measured over a square region 20 by 20 cm large using
a two-component (Y, Z) traverse mounted on top of the tunnel test
section.

All other aspects of the experimental procedures and uncertainty
analysis are identical to those reported in [22]. In the following, the
critical experimental results needed as input to the computational
study are the vortex center location and the wing root circulation.
These are derived from the detailed PIV measurements and the
pressure distribution, respectively. The most conservative
uncertainty estimate for the vortex center location proved to be the
repeatability of the measurement, which is +0.001¢. This is likely
due to several very small sources of error that cannot be quantified.
The uncertainty in wing circulation, I'y, accounting for statistical
uncertainty, transducer drift, uncertainty in angle of attack, and
uncertainty in freestream velocity, is 20.013 m?/s.

III. Computational Approach

The data collected in the intermediate wake are used to form a
complete initial condition for a computation of the far-wake
evolution. The work of Rennich and Lele [ 10] showed that instability
amplification rates could be predicted fairly accurately (errors less
than 10%) if the wake data are taken far enough downstream that the
vorticity is essentially rolled up. This is the case in the present
experiment. Crouch et al. [9] provides further confirmation of this.
We consider a stationary reference frame in which the flow is initially
quiescent until the aircraft or wing moves through it at velocity U.,.
Applying Taylor’s hypothesis, changes in the vortex center location
with respect to time in the frame of the moving wing become changes
with respect to streamwise distance in the stationary frame. We
assume that the time taken by the aircraft to traverse the domain is
much smaller than the time that will be required for any instability on
the vortices to grow. Thus, the flow can be treated as periodic in the
streamwise direction.

The vortex filament technique has been used extensively to model
vorticity dominated flows [24,25]. Itis well suited for this application
because the computed flow is governed mostly by vorticity
concentrated along the locations of the trailing vortices. The lack of
an Eulerian grid provides relatively fast computations that allow us to
analyze many cases and explore large parameter ranges. This
technique affords very good predictions of initial growth rates and
fair predictions at intermediate times. However, the method becomes
less accurate as two vortices closely approach one another or the
curvature of an individual vortex becomes too high. Rennich and
Lele [10] compared vortex filament calculations to Navier—Stokes
results for pure Crow instability. They showed that for calculations
involving two vortices, the filament technique tends to underpredict
growth rates at later times, thus providing a conservative
approximation of linking time. We used the same code as Rennich
and Lele, and all computations are terminated whenever a filament
comes within two cutoff distances of itself or another filament. The
time at which this occurs is designated T};,, , however, vortex linking
is a highly viscous process that cannot be modeled properly with a
computation of this sort. Thus, the relationship between T}, as we
define it and the actual vortex linking time are not known; however,
the parameter 7};,, provides us with a rough estimate of linking time
and is a good parameter for fair comparison between the various
cases examined below.

The present far-wake vortex filament computations cannot replace
high-accuracy Navier-Stokes computations, well-designed far-
wake experiments, or actual flight testing. We use this technique only
to provide us with a reasonably likely scenario of how the far wake
may evolve given the clearly stated assumptions.

The vortex filament code was developed at Stanford University
and is described in detail by Rennich and Lele [10]. This is an
inviscid incompressible code wherein each vortex is represented by
one smooth, continuous filament. Each filament is defined by a set of
nodes in three dimensions that are connected by cubic spline
elements. The induced velocity at each node is computed by
performing the Biot—Savart integral along all filaments in the
domain. The code uses fifth-order-accurate Gaussian quadrature for
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integration and fourth-order Runge—Kutta time advancement. The
periodic boundary condition in the streamwise direction is enforced
using ghost filaments.

The cutoff technique is used to remove the singularity in the Biot—
Savart law and to model the vorticity distribution of the vortex. This
approach is discussed in detail in [3,26]. The cutoff distance d., is
chosen using the relation

doy 1
L 24 —A4C |
X +o-A+ M

ln

where A and C are corrections to account for tangential and
streamwise velocities, respectively, and are given by the relations

472 /’ r)
A=1lim(—= [ rVZdr* —lo— 2)
H00(1“2 o ° b
42 [r
C = lim (F—”2 / 2r*U2dr*) 3)
r—00 0

where r is the radial distance from the vortex center, V, is the
tangential velocity, and T is the total circulation in the vortex. The
velocity field is measured over a large domain in the experiment
using a five-hole probe. The limits going to infinity make it
impossible to evaluate A and C exactly from the five-hole probe
measurements, due to the finite measurement domain. They can be
reasonably approximated by maximizing the r value at which the
integrals in Eqgs. (2) and (3) are evaluated. Figure 5 shows a plot of
d., as a function of the radial extent of the integration domain. The
curve shown is an ensemble average compiled using five-hole probe
profiles from all of the MiTE configurations used in the active
schemes. The change in this curve due to changing MiTE
configurations is small (£0.002 in d.,/b’). Clearly, d ., has not
completely converged. We examine the sensitivity of Ty, to
variations in d,; and A in a parametric study shown in Fig. 6. The

0.04
0.03
<0.02

0.01

LENLENLIN NNLENLELAL N LN N |

0 L 1 L 1
0 0.05 | 0.1
/b
Fig. 5 Relationship between cutoff length and chosen domain size.
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Fig. 6 Parametric study on the influence ofd., /b’ and A /b’ upon T, .

initial perturbation shapes used here are sinusoidal, and the vortex
configuration is identical to that of our model case, which will be
discussed later. There is clearly a weak dependence of Ty, upon d_.;.
Furthermore, slight modifications in A could eliminate any
difference. Thus, we take the value of d_,, to be the largest measured
value from Fig. 5, d., /b’ = 0.0332; this nondimensional value is
used for all computations.

The strength of the vortex is taken from a measurement of C; , the
section lift coefficient at a spanwise station very close to the root
(Y/a =0.081). The vortex circulation I" is related to C, by
I' = (1/2)C,,Uc, which comes from lifting line theory. The effect
upon C,; of the flap configurations examined is very small, thus I' is
left constant along the filament. Several trial cases were run that
demonstrated that varying I" along the filament tends to reduce Ty,
thus leaving I' constant is more conservative.

Time and filament refinement studies using sinusoidal
perturbation shapes were performed to insure that sufficiently fine
time steps and nodal spacing are used. All cases in this work were run
using (AtT)/(27b?) < 0.04 and (Ax)/(b") < 0.2, where At is the
dimensional time step, and Ax is the dimensional initial nodal
spacing in the X direction. Further refinements in both time steps and
nodal spacing indicated changes in Ty, of less than 2%.

Finally, all that remains is to establish the initial shape of the
filaments. To do this, we determine the vortex center location in the
wake and how it responds to the actuation of the MiTEs from our
dynamic PIV measurements. Those measurements are presented in
the following section.

IV. Intermediate Wake Measurements
A. Active Scheme Design

The steady-state vortex center locations for the neutral case and
three static MiTE configurations are shown in Fig. 7. Aside from the
neutral case, each configuration has four contiguous flaps in the
down position (@ggy,/@ = 0.13). The position of the actuated set is
defined based on the spanwise center of the four actuated flaps, Yg,,,
and is normalized by the wing half-span a. For all cases, data are
collected at three streamwise positions in the intermediate wake
(X/c=2.8,3.8,4.9). All of the active schemes consist of cycling
between two of the static configurations shown in Fig. 7 (i.e.,
configurations 1 and 2 for each scheme will be selected only from
Fig. 7). We will begin by examining one simple actuation scheme for
which configuration 1 is the neutral case and configuration 2 is
putting the four flaps closest to the tip in the down position
(agown/a@ =0.13, Yp,,/a =0.854). This will be primarily to
establish a baseline.

Because the goal is to excite vortex instability, the best active
scheme will likely be one that maximizes the spanwise displacement
experienced by the vortex. It may also be desirable, however, to
choose a scheme in which the vortex moves in the spanwise and lift
directions to resemble the most unstable eigenmode reported by
Crow [3]. Thus, we examine the following active schemes: scheme A

0.02
o ——8— Neutral
[ ———— Yy, /a=0.654
0.01F ———— Yy, /a=0.721
I ———— Y;,,/a=0.854
oF
QL [
N [
-0.01F
-0.02F
—0,03:\\\\|\H\|\\\\l\\\\l\\\\l\\\\l\\\\l
1.81 1.82 1.83 1.84 1.85 1.86 1.87 1.88

Y/c
Fig. 7 Mean vortex center locations at X /¢ = 2.8, 3.8, and 4.9 for cases
where agown/@ =0.13. The vortex location at X/c =2.8 for each
configuration is denoted by a dashed circle and data for X/c = 3.8 and
4.9 are connected by lines consecutively. The uncertainty in both
directions is indicated by the symbol size of the neutral case.
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Table 1 Flap configurations for the three
active schemes.

Scheme Configuration 1 ~Configuration 2

Simple Neutral Yop/a = 0.854
A Y,p/a =0.654 Yy,,/a =0.854
B Yyp/a=0.721 Yy,,/a =0.854

has configuration 1 as Yp,,/a =0.654 and configuration 2 as
Yiup/a = 0.854, and scheme B has configuration 1 as Yp,,/a =
0.721 and configuration 2 as Yy,,/a = 0.854; this is summarized in
Table 1. Transient data for schemes A and B are examined only at the
furthest streamwise location (X/c =4.9), because these data are
used to initialize the computations.

B. Vortex Transient Response

For all schemes, we use the same criterion to determine that the
vortex has either begun to move or stopped moving. The nearest
point to fall outside of the uncertainty (£0.001c¢) with respect to all of
the prior or following points is taken to indicate that the vortex has
begun or ceased to move, respectively. Thus, a displacement of
0.002c is considered significant. We adhere strictly to this criterion to
fairly assess vortex response times of the three schemes. Time is
nondimensionalized by the flow timescale 70, = ¢/U,..

The transient response of the vortex to a simple MiTE actuation
scheme is first studied to establish a baseline and determine what
aspects of the mechanical actuation carry over to the trailing vortex
and how they are modified in the process. For this simple scheme,

1.9
I |—A— X/ic=28
I |—9— X/kc=338
L | —B— X/ic=49
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configuration 2)

configuration 1 is all MiTEs in the neutral position and
configuration 2 is the four MiTEs closest to the tip (Yy,,/a=
0.854), in the down position.

The response of the vortex for this scheme going from
configuration 1 to configuration 2 is shown in Figs. 8a and 8c, in
which we plot the center location of the vortex as a function of ¢* at
each streamwise location. Essentially every point along the transient
path of the vortex lies between the two steady-state locations. Thus,
there is no significant overshoot in the motion of the vortex. The
nondimensional time #* necessary for the vortex to get from its initial
steady-state location to the next is between 3.5 and 4.2 for this
scheme. These times are comparable to the longer timescales found
in the mechanical response of the flaps. This suggests that the overall
response of the vortex going from one steady-state location to
another tends to be quasi-steady.

We turn now to the shorter timescales that are clearly present in
both the mechanical and vortex responses, due to the underdamping
of the flap mechanism. Early in the flap mechanical response (Fig. 3),
the flap receives a signal at r* = 0.0 and moves rapidly from the
neutral position to the fully actuated position by #* = 1.0. For a truly
quasi-steady vortex response, we would expect that after some time
of flight, the vortex would track with the flap and move the entire
distance from its initial to its final steady-state location in the same
amount of time. What we see, however, is that 1.0¢;,,, after the vortex
has started moving (at t* =4.8 for X/c =3.8 in Fig. 8a, for
example), the vortex has only moved roughly half of this distance.
There is a slight leveling off in the spanwise motion of the vortex at
that time that is probably in response to the bounce in the flap motion,
however, the uncertainty in the measurement prevents a definitive
conclusion on this. It is clear that the vortex response to the shorter
timescales of the mechanical response is not entirely quasi-steady.

191
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1.85F

Y/c
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L b b b b
1'80 2 4 ¢ 6 8 10

b) Spanwise displacement (configuration 2 to
configuration 1)
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d) Lift direction displacement (configuration 2 to
configuration 1)

Fig. 8 Transient response of the vortex center location for the simple MiTE actuation scheme where configuration 1 is the neutral case and
configuration 2 is (Y /a)s,, = 0.854, aqom/a = 0.13. The uncertainty is smaller than the symbol size.
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There is a lag time associated with the vortex response when the
actuation time is less than or equal to 7y, -

The vortex response for this actuation scheme going from
configuration 2 to configuration 1 is shown in Figs. 8b and 8d. There
are some slight differences in the mechanical response (longer
actuation time, different response curve) that cause some slight
changes in the vortex response, but all of the same observations made
on the previous scheme are apparent in this one as well.

These results are consistent with work done previously regarding
dynamic flow response to actuators of this type. Solovitz and Eaton
[27] found that for relatively slow actuation times (A¢* > 1), the flow
response at the trailing edge immediately behind the MiTEs tends to
be nearly quasi-steady. This is because several vortices are shed at the
trailing edge in the time necessary for the flap to move from one
location to another. For faster actuation times (At* < 1), it was found
that the vortex shedding could become phase-locked with the motion
of the flap and a significant overshoot in Gurney flap effectiveness
was observed. For the trailing vortex, when Ar* ~ 1, we do observe a
response that is not quasi-steady, however, there is no overshoot.
This suggests that the mechanism responsible for transient behavior
in the trailing vortex is not the same as that of the immediate flap
wake.

Figure 9 shows the vortex response at X/c =4.9 for MiTE
actuation schemes A and B that were described in the previous
section. These schemes are more complex than the simple scheme
discussed previously in that now we have a set of four flaps moving
from the neutral to the down position while simultaneously, another
four flaps are moving from the down to the neutral position. We begin
by examining scheme A, in which the vortex motion is
predominantly in the spanwise direction. The nondimensional time
required for the vortex to get from configuration 1 to configuration 2
is roughly 4.2 and to get from configuration 2 to configuration 1 is
roughly 4.5. Thus, even though the vortex must traverse almost twice
as much distance as it did for the simple scheme, the response time is
only slightly greater. Considering scheme B, we find that the time
necessary for the vortex to get from configuration 1 to configuration 2
isroughly 4.2, and from configuration 2 to configuration 1 is roughly
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4.8. Again, these times are only slightly longer than the response
times for the simple scheme. This further suggests that the overall
motion of the vortex from one steady-state location to the next tends
to be quasi-steady, given the mechanical response of these MiTEs.
The shorter timescales in the mechanical response affect the path of
the vortex, but not the overall response time.

Both the response time of the vortex to MiTE actuation and the
path that the vortex takes are critical to determining whether or not
exciting vortex instability will be possible. The response time of the
vortex puts a finite limit on the shortest perturbation wavelength
possible. The fundamental mode wavelength can be arbitrarily
increased by going from configuration 1 to configuration 2, then
waiting a long time before going back to configuration 1. It cannot be
decreased indefinitely due to the finite response time. The path of the
vortex governs the shape of the perturbation waveform. The path is
never a perfect sinusoid, thus it contains wavelengths other than the
predetermined fundamental mode. The measured vortex paths
provide us with initial conditions for computations of the far-wake
evolution.

V. Far-Wake Computations

The initial conditions of the filaments are established as follows.
From the dynamic PIV, the transient motion of the vortex center as a
function of time at X/c = 4.9 is converted into a spatially varying
path using Taylor’s hypothesis with the convection velocity taken as
U, Thus,

(X)cnmputations = (Uoo t)cxpcrimcms (4)

From here on, we refer to X ompuations @ Simply X, aware that we are
now in a stationary reference frame. For either actuation scheme A or
B, the MiTEs’ motion is relatively fast, and so the streamwise
distance required for the vortex to move from configuration 1 to
configuration 2 or configuration 2 to configuration 1 is always
smaller than half of the wavelength of the instability we attempt to
excite. Thus, the periodic shape of the filament will consist of going

1.875,_ —=A— Scheme B
L —+8— Scheme A
1.85F
g -
b L
1.825
T T PR SR IY PO R
185 2 4 .6 g 10

t

b) Spanwise displacement (configuration 2 to
configuration 1)

0.02

—A—— Scheme B
——H8— Scheme A

0.01
0

. -0.01

N -0.02

-0.03

AN RERRE RRERE R RERRE RRnES |

-0.04

o b b b b
2 4 ¢ 6 8 10

d) Lift direction displacement (configuration 2 to
configuration 1)

-0.05

SprrrT

Fig. 9 Transient response of the vortex center location to MiTE actuation schemes A and B.
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from configuration 1 to configuration 2 along the corresponding
experimentally determined path, waiting a set time, then moving
from configuration 2 to configuration 1 along another experimentally
determined path, waiting a set time, and repeating the process. Using
Eq. (4), we convert each * data point from the dynamic PIV
measurements to a node at (X,Y,Z) for configuration 1 to
configuration 2 and configuration 2 to configuration 1. To construct
just one full period of a filament, connector nodes are added before
(configuration 1 to configuration 2), in between (configuration 1 to
configuration 2) and (configuration 2 to configuration 1), and after
(configuration 2 to configuration 1) generating the desired
wavelength. The spacing for these connector nodes is chosen to be
as close as possible to the spacing of the data nodes. Finally, the nodal
(Y, Z) positions are calculated by linear interpolation from the start
and end points of the data nodes while maintaining periodicity of the
filament. The X origin is arbitrary. Each vortex is represented with
one filament. Initial conditions are generated for two filaments such
that they are symmetric with respect to the X—Z plane at Y = 0.

Filament computations are run for several vortex configurations.
The first case examined is at the model scale, in which all parameters
are taken exactly from the experiment. Then we nondimensionalize
the experimental parameters and use them to derive three other cases
for which the total lift, span, and chord are close to that of a large
commercial aircraft. These full-scale cases are performed to examine
how perturbations created by the MiTEs might be used to excite other
instabilities known to exist on wakes with multiple vortex pairs in a
more realistic configuration.

A. Model-Scale Case

All of the computational parameters for the first simulation are
taken directly from the experiment and are as follows: ¥’ = 1.100 m,
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I'=2.19 m?/s, and A /b’ = 9.36 m. Figure 10 illustrates the initial
filament shape created by scheme A, for which the perturbation is
mostly in the spanwise direction. Because the perturbation amplitude
is small, the Y-axis scale is greatly exaggerated. The streamwise
wavelength A that we choose for this computation is 9.362’, which is
close to the most unstable wavelength for Crow instability on these
filaments. Figure 11 shows plots of the filament shapes in the X-Y
and X-Z planes at several times. The most obvious trend is that the
vortices move down by mutual induction at a nearly constant
velocity. The growth of the Crow instability is apparent after 6.0 s in
the spanwise direction. Beyond ¢ = 12 s, the instability amplitude
grows rapidly until the vortices approach one another too closely at
Tk = 18.0 s when the computation is terminated.

Despite the presence of shorter wavelengths in the initial filament
shape, the evolution of long-wavelength Crow instability is
essentially unaffected. Computations run with the same parameters
but a pure sinusoidal perturbation rather than the experimentally
measured shape were nearly identical. This confirms the expected
lack of receptivity of Crow instability to relatively short
wavelengths.

The same computation was run using the initial condition given by
scheme B, in which the perturbation shape is closer to the most
unstable Crow eigenmode but the amplitude is slightly smaller. It
was found that Ty, is slightly shorter for scheme B, but the
difference is small and the results were very similar, thus we only
present scheme A.

B. Full-Scale Cases

Crow instability tends to exhibit rather slow growth rates when
compared with other inviscid instability mechanisms involving two
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Fig. 10 Initial condition generated from transient response data for scheme A.
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vortex perturbations created by MiTEs are able to excite other
instabilities on a wake that more closely resembles that of a large
commercial aircraft, we use our experimental parameters to derive
three full-scale vortex configurations.

The measured nondimensional loading distribution was applied to
a hypothetical aircraft with a wing span of 66 m, a total lift of
430 tons, and a velocity of 82 m/s. These are reasonable values for a
large commercial airliner at takeoff. The perturbation amplitudes in
the Y and Z directions are scaled with the vortex separation. To
convert the time-varying response of the vortex to a streamwise
spatial variation, we evoke the same assumptions used previously,
and in addition, we assume that the MiTEs on our hypothetical full-
scale configurations are dynamically equivalent, that is,

AtU, AtU,
(%) = ) ®
¢ experiment ¢ full scale

For fair comparison of our results to results with alternative
loading distributions, we introduce a nondimensional time variable
that is based on an elliptic loading distribution with the same total lift
as our three hypothetical cases, v = [T',;;/(27b’,)]t.

Three hypothetical full-scale vortex configurations are examined:
the one-pair configuration (1P), the two-pair corotating configuration
(2PCR), and the two-pair counter-rotating configuration (2PCTR).
The first is a simple application of the three stated parameters,
whereas the other two involve superposing two scalings of our
nondimensional loading distribution with different individual spans
and lifts that have the same wing span and total lift. These three
vortex configurations are shown schematically in Fig. 12, and the
loading distributions that would produce them are shown in Fig. 13.
The 2PCR case is motivated by the work of Crouch et al. [9], wherein
long- and short-wavelength instabilities that evolve faster than pure
Crow instability may be excited. The 2PCTR case uses a special
loading distribution based on the work of Rennich and Lele [10],
wherein we may excite an accelerated long-wavelength instability.
The computational parameters for each are given in Table 2. For all
hypothetical loading distributions, we perturb only the outboard
vortices, thus implying that MiTEs are placed only near the wing tips.
We limit our study to symmetric perturbations only. Again,
schemes A and B proved to be very similar, with slightly faster

NG O

“* biz >
2PCR: @r (E , ﬁ) {b
by,

2PCTR: @ v & @

Fig. 12 Diagram of the three vortex configurations examined.
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Fig. 13 Spanwise loading distributions required to generate the vortex
configurations examined.

Table 2 Computational parameters for the full-scale cases

by,m by,m Tpy,m?/s Ty,m?/s A/b,

1P 58.68 N/A 696.0 N/A 9.36
2PCR-long 58.68 18.20 627.8 219.7 6.45
2PCR-short  58.68  18.20 627.8 219.7 2.81
2PCTR 58.68 15.26 841.0 —557.6 9.36

growth rates for scheme B, thus we only present results from
scheme A.

For the 1P case, the evolution of Crow instability follows the
predicted exponential growth rate and is quite similar to that of the
model-scale case. Close approach of the two vortices occurs at
T = 6.92. This gives a baseline for comparison with other full-scale
cases.

For the 2PCR configuration, each inboard vortex (vortices 3 and 4)
has the same rotationality as its outboard counterpart (vortices 1 and
2); thus, the inboard vortices rotate about the outboard ones as the
entire configuration descends regardless of which (if any) instability
is growing. The spanwise spacing ratio, circulation ratio, and
wavelength (b3, /b,, I's4 /T2, and 1) are set close to the same values
used by Crouch et al. [9] and are given in Table 2 (2PCR-long).
Figure 14 shows several plots in time of one wavelength of filaments
in the X-Y plane. As the weaker vortices (gray) rotate about the
stronger vortices (black), the long-wavelength instability grows at
the rate predicted by Crouch’s analysis until close approach of the
two outboard vortices at tv=4.07. Unfortunately, the MiTE
perturbations do not lead to much transient growth; nonetheless,
compared with pure Crow instability, we observe a significantly
shorter time to close approach. Another important feature of this case
is that as this long-wavelength instability grows, the filaments also
display a shorter wavelength perturbation, which is apparent in
Fig. 14e. This is brought on by the shorter wavelengths present in the
initial conditions (due to the fast overall response of the MiTEs), but
in this case, they do not affect the evolution of the long-wavelength
instability.

The relatively fast motion of the MiTEs (given our assumption of
dynamic equivalence) allows us to explore short-wavelength
instability (2PCR-short). Setting A to the short-wavelength
symmetric mode described by Crouch [12], we observe a higher
initial amplification rate, as expected. Several XY plots in time are
shownin Fig. 15. Again, the weaker vortices rotate about the stronger
vortices as the short-wavelength instability grows. With this
instability, however, at v = 2.84, close approach of the weaker
inboard vortices occurs rather than the outboard ones, and it is
unknown how the outboard vortices will evolve from there on.

Finally, we attempt to excite the accelerated instability mechanism
described by Rennich and Lele [10]. The spanwise spacing and
circulation ratios b%,/b}, and I'3;/T'|, are chosen according to the
relation given by Rennich and Lele, such that the entire system
translates downward rigidly and the vortices are not rotating around
one another. The wavelength is set close to the most unstable pure
Crow mode for the outboard filaments, A = 9.36b,. The instability,
as described by Rennich and Lele, initially involves a long-
wavelength perturbation displacing the inboard pair in both the
spanwise and lift directions. As the inboard pair becomes deformed,
a long-wavelength perturbation on the outboard pair becomes
apparent. The perturbation on the outboard pair grows rapidly until
the outboard pair links and is destroyed.

When the vortices are initially perturbed using the MiTE
perturbation, we see different behavior. Short wavelengths present in
the initial condition of the outboard vortices (again, due to the fast
overall response of the MiTEs) tend to impart short-wavelength
perturbations on the inboard vortices after a small amount of time. As
aresult, a pure Crow instability grows on the inboard pair and causes
them to link before the outboard pair perturbation has grown by very
much. This corresponds to the faster-growing instability mode
discussed by Fabre et al. [7,8]. Two X-Y plots shown in Fig. 16
illustrate this. To analyze this case more carefully, we examine the
time evolution of the power spectrum of spanwise vortex center
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Fig. 14 Plots of the filaments for the 2PCR-long case in the X-Y plane.
The strong, outboard vortex pair (vortices 1 and 2) is shown in black.

location with respect to streamwise wavelength on the inboard
vortices, Gyyz4(A). This spectrum quantifies the magnitude of
perturbations in the spanwise direction that are contained in different
streamwise wavelengths of the inboard vortices. We consider two
wavelengths: A, corresponds to the long-wavelength perturbation
that would eventually lead to linking of the outboard pair, and A,
corresponds to the pure Crow instability growing on the inboard pair
(A ~ 9.36b),, Ay ~ 12.07b%,). The time evolution of the spectrum
evaluated at these two wavelengths is shown in Fig. 17. Initially, the
long wavelength dominates, but by t = 0.35, the short-wavelength
perturbation has become greater. This leads to close approach of the
inboard pair at T = 0.45 when the computation is terminated.

This receptivity to the shorter wavelengths present in the
perturbation highlights the importance in this case of the shape of the
perturbation used (i.e., pure sinusoidal perturbations would not have
caused this). It is likely that this inboard linking could be avoided by
slowing the motion of the MiTEs, but no experimental data on
slower-moving MiTEs is available. Attempts were also made to
avoid this by modifying the circulation and span ratios of the vortex
configuration to slow the growth of the instability on the inboard pair.
It was found that lengthening the separation between the inboard pair
b%, was somewhat helpful, and this is why the configuration used in
this work (given by the values in Table 2) differs from the
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Fig. 15 Plots of the filaments for the 2PCR-short case in the X-Y plane.

The strong, outboard vortex pair (vortices 1 and 2) is shown in black.
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Fig. 16 Plots of the filaments for the 2PCTR case in the X-Y plane. The
strong, outboard vortex pair (vortices 1 and 2) is shown in black.
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Fig. 17 Time evolution of the spanwise power spectrum at two
wavelengths (A & 9.36b,,, A, ~ 12.07b5,) for the 2PCTR case.

configuration chosen by Rennich and Lele [10]. No modification to
this configuration was found that would prevent the premature
inboard linking, however, a rigorous parametric study was not
conducted because it is beyond the scope of this work.

Figure 18 summarizes the evolution of each instability mechanism
that we have attempted to excite. Here, we plot the nondimensional
displacement measure §, /b’ of one outboard vortex as a function of
7. This displacement measure is simply the maximum peak-to-peak
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T
Fig. 18 Time evolution of the nondimensional displacement measure of

one outboard vortex for all cases.

displacement of the vortex center projected on the Y—Z plane, a good
measure of how perturbed a vortex has become. As indicated in the
figure, the 1P and 2PCR-long cases are terminated upon close
approach of the stronger outboard vortices, whereas the 2PCR-short
and the 2PCTR cases are terminated upon close approach of the
inboard vortices. Because the parameter 7 is based on an elliptic
loading distribution of the same total lift as our three cases, we can
compare these results to that of actual aircraft. For a Boeing 747-400
in calm atmospheric conditions, vortices can persist beyond 7 = 5.4
[9]. The 2PCR-long case clearly shows improvement over this. For
the 2PCR-short and 2PCTR cases, if we assume that after the inboard
pair linking occurs, the outboard pair proceeds to evolve at the slow
pure Crow rate (a conservative assumption), then there is still some
improvement. It is possible that after the inboard pairs link up, the
instability on the outboard vortices will continue to grow faster than
pure Crow because whatever remains of inboard vortices will
continue to affect them. Regardless, it is clear that the perturbations
created by MiTEs can be used to excite a variety of vortex
instabilities.

VI. Conclusions

The experiments and complementary computations show that
MiTEs can be used to excite vortex instability and suggest that these
devices can provide a solution for the wake vortex hazard. The
MiTEs used in these experiments were originally intended to
examine a wide parameter space and were not designed specifically
for the active schemes shown here. There are likely many ways to
optimize the performance of MiTEs given the actual wing loading
distribution, the specific aerodynamic characteristics of the airfoil,
and the particular instability to be excited.

The amplitude of perturbations created by these MiTEs are on the
order of 1% of the vortex spanwise separation and are likely too small
to allow pure Crow instability on one vortex pair to occur within a
short enough time to effect any reduction of aircraft spacing rules.
However, improvement is seen when the MiTE perturbations are
used to excite instabilities on four vortex configurations. The MiTE
perturbations seem capable of exciting a variety of instabilities of
both long and short wavelengths. The fastest-growing instability that
the MiTEs are able to excite has an initial amplification rate roughly
seven times greater than that of pure Crow instability. Unfortunately,
when this instability is excited by MiTE perturbations, the inboard
vortices link before the outboard vortices do because of shorter
wavelengths present in the MiTE perturbation. Further work would
be required to determine how this inboard vortex linking affects the
eventual outboard vortex linking, but this result highlights the
importance of the shape of perturbations used to excite vortex
instability.
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