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Dynamic Flow Response Due to Motion of Partial-Span
Gurney-Type Flaps
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Uninhabited air vehicles are commonly designed with high-aspect-ratio wings, which can be susceptible to
significant aeroelastic vibrations. These oscillations can result in a loss of control or structural failure, and new
techniques are necessary to alleviate them. A multidisciplinary effort at Stanford developed a distributed flow
control method that used small trailing-edge actuators, known as micro-trailing-edge effectors (MiTEs) to alter
the aerodynamic loads at specific spanwise locations along an airplane wing. The actuators were based on a
Gurney flap, which is a trailing-edge flap of small size and large deflection, allowing an increase in lift with a small
drag penalty. The transient response caused by relatively rapid MiTE actuation was studied using particle image
velocimetry in the near wake. The transient response was quasi-steady for dimensionless actuation times (tU∞/c)
near unity. A shorter dimensionless actuation time of 0.2 produced a transient response with significant overshoot
of the downwash velocity in the near wake. This indicated a nonmonotonic response of the aerodynamic loads for
rapid actuation.

Nomenclature
b = wing span, 87.9 cm
CL = coefficient of lift normalized by wing planform

area, L/( 1
2 ρU 2

∞bc)
c = airfoil chord length, 60.2 cm
L = lift
Rec = Reynolds number based on chord length, U∞c/ν
t = time after device actuation
tact = flap actuation time, 28 ± 2 ms
t∗ = nondimensional time, tU∞/c
U∞ = flow velocity
u′ = instantaneous streamwise fluctuation velocity
w′ = instantaneous wing-normal fluctuation velocity
x = streamwise position (origin is at the airfoil leading edge)
z = wing-normal position (origin is at the chordline)
αapp = approximate downwash scalar
ν = kinematic viscosity
ρ = fluid density

Subscripts

max = maximum value of quantity
press = pressure side of airfoil
suct = suction side of airfoil
TE = trailing edge

Superscripts

∼ = phase-averaged quantity

Introduction

A CTIVE aeroelastic damping techniques, such as active wing
structure or distributed flow control, offer the possibility of

substantial aircraft performance improvement. This is particularly
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true for long-endurance aircraft with high-aspect-ratio wings, where
passive techniques might not be sufficient in controlling high-order
vibration modes. Such a vibratory mode led to the destruction of the
Darkstar prototype, which had an aspect ratio of 15, in early 1996.1

The present work is part of a multidisciplinary study to investigate
the use of Gurney flaps as active control elements.

A Gurney flap is a small trailing-edge flap mounted at high de-
flection angle (typically 90 deg), which causes substantial changes
in the lift and pitching moment. In our concept,2 the Gurney flap is
segmented into many small elements across the span. Each segment
is called a micro-trailing-edge effector (MiTE). The MiTEs can be
either two-state (up or down) or three-state (up, down, or neutral)
actuators. Because the MiTEs are small, they can have very high
bandwidth. The finite span of each flap limits the effect to a rela-
tively small portion of the wing span. Therefore, it is possible to
damp high-order vibration modes using a set of MiTEs distributed
along the wing trailing edge.

The current effort is part of a collaborative research program
that includes development of high bandwidth actuators,3 measure-
ment of the aerodynamic performance of the MiTEs,4,5 and de-
sign of an autonomous aeroelastic damping system based on the
MiTEs.6 Our static aerodynamic measurements4 have shown that
MiTEs produce large changes in the lift and pitching moment, in
good agreement with previous measurements7 and computations.8

Velocity field measurements5 in the near wake of the flaps agreed
well with the flow configuration postulated by Liebeck,9 detailed
laser Doppler anemometry (LDA) measurements by Jeffrey et al.,7

and computational fluid dynamics analysis by Jang et al.8 The MiTE
lift increment varied linearly with actuated span down to the smallest
aspect ratios tested (similar to other experiments10,11). This response
was independent of flap pattern, as the increments superposed lin-
early for configurations both with and without gaps between MiTEs.
More recent work5 demonstrated that the device effects were pri-
marily localized within two flap spans. Hence, the effects of the
MiTEs could be modeled very simply when they are static, as they
provide a known load to a specific location along the wing.

The use of segmented Gurney flaps in an aeroelastic control sys-
tem requires high frequency actuation, especially if higher-order
vibration modes are of concern. Previous static experiments have
shown that Gurney flaps produce sufficient control response and can
be modeled simply, making them potential candidates for aeroelas-
tic control actuators. What is not known is the dynamic response
caused by rapidly actuated MiTEs. To date, there have been no ex-
ternally reported measurements or simulations of rapidly actuated
Gurney flaps. The goals of the present work were to examine the
dynamic response of the flow for fast MiTE motion. Actuation was
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a)

b)

Fig. 1 MiTE design; a) schematic of MiTE actuator (9-mm flap height) and b) image of a series of MiTEs attached to the airfoil trailing edge.

studied for two dimensionless frequencies: one near the boundary
of quasi-static behavior and one at a significantly higher frequency.

Experimental Apparatus
The experiments were performed in the Stanford Flow Control

Wind Tunnel, a subsonic (0–22 m/s) closed-loop wind tunnel with
excellent flow uniformity and freestream turbulence below 0.5%.
The test section is 61 cm wide × 91 cm high × 4 m long.

A two-dimensional airfoil model with a MESO5 profile was
mounted vertically in the test section, spanning the tunnel height.
The chord length, including a blunt manifold for MiTE attachment,
was c = 60.2 cm. Boundary-layer trips were installed 12.6% of the
chord length downstream of the leading edge on both the suction
and pressure surfaces to provide uniform transition to turbulence.

Sixteen MiTE actuators were attached to the blunted trailing edge
about the spanwise midpoint. Each MiTE had a 31-mm span. When
actuated, the devices extended from the wing surface by 9 mm, cor-
responding to 1.5% of the wing chord. (The MiTEs were designed
and constructed by B. Park in the Stanford Rapid Prototyping Labo-
ratory. Details of their development and manufacturing are described
in his dissertation.3) A small dc motor drove each flap via a rack-
and-pinion linkage, as shown in Fig. 1. Each flap was controlled by
an independent one-bit digital line from the laboratory computer,
which allowed motion between the fully up and fully down posi-
tions in approximately 30 ms. Thus, the devices could be operated
at frequencies in excess of 17 Hz while still achieving full extension
in each direction. The motion was very repeatable, as demonstrated
next.

The MiTEs had only two possible positions during dynamic op-
eration. A third, neutral position, achieved by fixing the flap behind
the blunt trailing edge, was also used during static tests. In this po-
sition, the flap protruded from the blunted edge by 1.25 mm on both
sides. The 16 adjacent, functional flaps did not span the entire wing,
only occupying the central 48 cm. To simulate uniform actuation
in one direction, stationary flaps with the same 9-mm chord length
could be mounted over the remainder of the span.

The flow structure in the near wake was examined by particle
image velocimetry (PIV) interrogation with a commercial TSI sys-
tem. A Spectra-Physics Nd:YAG PIV 400 dual-head laser was used
to illuminate the test region. The laser was located outside of the
tunnel, and then its beam passed through an articulated arm to the
laser-sheet optics. These optics produced a laser sheet just down-
stream of the trailing edge, centered on a midspan MiTE. The image
window extended about 7% of the chord past the wing and ±2.5%
of the chord on either side. The flow was seeded with a Rosco Delta
3000 fog generator, which was located in the downstream end of the
test section, approximately 3 m past the wing. The generator vapor-
ized a glycerol, which produced a fine mist of droplets on the order
of 0.3 µm in diameter. After circulating back through the tunnel
blower, these particles were uniformly dispersed in the interrogation
region. The region was imaged with a TSI PIVCAM 13-8 charge-
coupled device (CCD) camera, which was positioned beneath the
tunnel. The PIV system was controlled by a synchronizer, which was
operated using Insight software. The PIV analysis was performed
with Pivlab2000, an iterative processing program developed by D.
Han.12 In this configuration, the smallest interrogation region was
0.6×0.6 mm, and the uncertainty in measured velocity was ±0.9%.
The uncertainty in the Reynolds normal stresses was ±13%.

The actual motion of an actuated MiTE was examined by using
phase-locked, strobed digital imaging. A strobe light was externally
triggered at a specific time interval after the microflap was actuated.
The CCD camera acquired images of the device when it was illu-
minated. The flap position was measured by determining the pixel
locations of its edges in these images. By varying the trigger interval
of the strobe light, the entire flap motion was attained. This same
technique was used to trigger the PIV measurements so that the flow
response could be determined.

Figure 2 displays the flap position at various times after the MiTE
was actuated, compiled from an average of 500 images at each phase.
There are two sets of data illustrated here: one with no tunnel flow
and one with the tunnel at the maximum speed of 22 m/s. Both cases
exhibited the same response, with the flap moving monotonically
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Fig. 2 Actuator position vs time for up-to-down motion.

Fig. 3 Mean flow velocity field for the full-span neutral position.

from up to down in approximately tact = 28 ± 2 ms. The position was
nearly linear with time. Given the response interval, the maximum
MiTE frequency was on the order of 18 Hz. Note that there was
some slight variation between individual images caused by jitter in
the actuator. The maximum deviation was on the order of 10% of
the actuator height.

Results
Full-Span Actuation

The initial experiments considered static situations, which were
the only cases where the flow structure had been studied quanti-
tatively in previous research.5,7 The wing was oriented at an an-
gle of attack of 0.57 deg, and the Reynolds number was fixed at
Rec = 9.0 × 105. For each condition, 1000 image pairs of PIV data
were acquired.

Figure 3 shows the mean velocity vectors when all of the MiTEs
were in the neutral position, obtained by ensemble averaging all
1000 measured velocity fields. In the mean, the separated flow con-
tains two counter-rotating vortices of similar size and strength. This
basic structure is very similar to that expected for blunt trailing
edges.13

For the full-span down position, all MiTEs and fixed flaps were
actuated toward the pressure surface. The mean flowfield is given in
Fig. 4, which shows a larger separated region and turning of the flow
towards the pressure side. This turning indicates greater circulation
and lift. The pair of counter-rotating vortices was still present, but
their locations and shapes were different. The suction-side vortex
was larger and located near the wing, whereas the pressure-side vor-

Fig. 4 Mean flow velocity field for the full-span down position.

Fig. 5 Typical instantaneous velocity field for the full-span down
position.

tex was smaller and shifted off of the surface. This time-averaged
flow was comparable to the postulated flow of Liebeck,9 the com-
putations of Jang et al.,8 and the LDA experiments of Jeffrey et al.7

Note that the individual instantaneous vector plots did not show
the same clear vortical structures. In each instantaneous field, there
were large vortices similar to the bluff-body shedding seen by Jeffrey
et al.,7 alternating in sign and offset in location. The individual
PIV fields were not phase locked to the flow, so that each image
showed different, random phases of the shedding. Figure 5 shows
an image where the suction-side vortex is still attached to the wing,
while the pressure-side vortex has been shed. It was not possible to
simultaneously view two shed vortices because of the window size,
and so a Strouhal number could not be determined from these PIV
realizations.

Single MiTE Actuation
Dynamic tests studied the aerodynamic response to a single ac-

tuated flap centered on the midspan location while all other flaps
were held neutral. Note that in application, MiTEs will usually be
actuated independently. Also, because of the slight jitter it was not
possible to move all 16 actuated flaps at precisely the same instant.
In the static case, the mean flow structure at the center of a sin-
gle MiTE was qualitatively similar to the full-span down case, as
shown in Fig. 6. The time-averaged field exhibited downturned flow,
a larger separated region, and a more prominent suction-side vortex.
There were differences between the cases, as the two vortices had
slightly different sizes and shapes, and there was a larger downwash
in the partial-span case. Still, the qualitative similarity suggests that
the transient variation should be comparable.

The maximum wing-normal Reynolds normal stress is a useful
quantitative statistic for examining the dynamic response. Figure 7
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Fig. 6 Mean flow velocity field for a single actuated MiTE at midspan
with all other MiTEs held neutral.

Fig. 7 Mean flow wing-normal Reynolds-stress field for a single actu-
ated MiTE at midspan with all other MiTEs held neutral.

shows the wing-normal Reynolds-stress distribution for a single
midspan MiTE fixed downward. The peak in the distribution is
located at approximately x/c = 1.05 and (z − zTE)/c = −0.025,
which is near the off-surface stagnation point. This location is typi-
cal of bluff-body shedding, as is the peak value of 0.059. Note that
the streamwise Reynolds normal stress (not displayed) showed two
peaks near the off-surface stagnation point, which is also represen-
tative of a bluff-body flow.

Dynamic Actuation
The first dynamic tests were conducted at the maximum Reynolds

number of 9.0 × 105. The moving MiTE was actuated in a 1-Hz
square wave, which had a timescale far above the flap actuation tact

and aerodynamic c/U∞ times. A total of 500 samples were acquired
for each phase, and these were phase averaged to determine the
mean and fluctuating velocity statistics. The phase-averaged flow
structures for nondimensional times t∗ = 0, 0.37, 0.73, 1.10, and
1.46 are shown in Fig. 8. The flap actuation time corresponded to
about t∗ = 1.03.

At t∗ = 0, shown in Fig. 8a, the MiTE was in the up position, and
the flow structure was basically the opposite of the single flap down
case seen in Fig. 6. There was a significant upwash downstream of
the flap, and the pressure-side vortex was the stronger of the counter-
rotating pair. In the next phase, t∗ = 0.37, displayed in Fig. 8b;
the flap had moved about one-third of the way to the down position.
The counter-rotating vortex pair had shrunk in size and strength,
and the off-surface stagnation point was closer to the wing and
more towards the pressure side. The flap began to extend past the
airfoil pressure surface at t∗ = 0.73, shown in Fig. 8c. The vortex
pair was still just behind the flap, and the off-surface stagnation

point had moved with it toward the pressure side. The suction-side
vortex had grown in size relative to the pressure-side eddy, and it
had also moved nearer to the trailing edge.

The MiTE had reached the down position at the next phase,
t∗ = 1.10, given in Fig. 8d. As before, the counter-rotating pair was
immediately behind the flap, and the vortices had begun to grow
in extent. The off-surface stagnation point was further downstream
and more toward the pressure side. The suction-side vortex was now
much larger in size. The wake had not completely developed by this
phase, as the size of the separated region was still smaller than in
the static condition. However, the structure was already very simi-
lar to the static structure for a single flap down. By the final phase,
t∗ = 1.46, displayed in Fig. 8e, the wake had reestablished the static
condition, becoming nearly identical to the static flow structure in
Fig. 6.

The response for this nondimensional actuation time (t∗
act = 1.03)

was nearly quasi-steady. Instantaneous fields at t∗ = 0 and 0.37
showed no coherent response. Apparently, random images of bluff-
body shedding were observed, with no eddy phase coherence be-
tween different images. At t∗ = 0.73, there was weak evidence of
phase-locked response. Note that at this time the flap was moving
rapidly into the pressure-side stream. The same flow pattern ob-
served in the phase average (Fig. 8c) was seen in every instantaneous
realization. This indicates that vorticity shedding was phase locked
by the rapid flap motion. However, by the time the flap reached
full extension (t∗ = 1.10) the vortex shedding was no longer phase
locked.

Although the phase-averaged response appeared quasi-steady ex-
cept around t∗ = 0.73, there was actually significant phase lag in the
final development of the wake. The wake at t∗ = 1.10 was similar to
the steady case, but the separated region was still smaller than in that
static condition. The recovery of the flow was essentially complete
by t∗ = 1.46.

These qualitative conclusions were verified using quantitative
measures of the flow statistics. Table 1 contains the maximum value
of the phase-averaged, wing-normal Reynolds normal stress, as well
as an approximate measure of the downwash αapp. The value of αapp

was determined by finding the angle of the average velocity vector
at x/c = 1.060, a location generally downstream of the recirculat-
ing bubble. This value was not assumed to be the actual downwash
angle, as the imaged region only covered a portion of the wake.
The scalar was simply meant to be a quantitative value for com-
parative purposes. The uncertainty in αapp is ±0.9%. Overall, the
quantitative parameters indicate that the wake gradually changed in
time as the flap moved. There is a noticeable increase in the peak
wing-normal stress at t∗ = 1.10 compared to the static case, which
suggests that stronger vortices were shed immediately after the flap
reached the down position, even though the flow was not perfectly
phase locked with the flap motion. The peak stress returned to the
static levels by the next phase, though. Note that the statistics for
the static up and down positions were not equal in magnitude, as the
airfoil was asymmetric.

It is not surprising that the response is nearly quasi-steady for a
dimensionless actuation time near one. The change in flap position
creates an increase in the clockwise circulation around the wing,
which must be accompanied by the shedding of counterclockwise
circulation from the trailing edge. For an instantaneous change in
the geometry, one would expect the shedding of a single large coun-
terclockwise vortex. However, if bluff-body shedding were occur-
ring much more rapidly than the flap motion the counterclockwise

Table 1 Quantitative measures of flow response
caused by dynamic actuation: t∗act = 1.03

t∗ αapp, deg w̃′2
max/U 2∞

0 9.9 0.049
0.37 5.2 0.049
0.73 −3.3 0.047
1.10 −15.4 0.098
1.46 −15.5 0.062
2.55 −15.9 0.052
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a)

b)

c)

d)

e)

Fig. 8 Phase-averaged velocity field during dynamic actuation at U∞ = 22.0 m/s: t∗act = a) 0, b) 0.37, c) 0.73, d) 1.10, and e) 1.46.

circulation would be shed incrementally. Assuming a Strouhal num-
ber of 0.2 and a thickness scale of 1 cm, approximately 12 vortices
would be shed during the 28-ms actuation time. Each of these shed
vortices would carry part of the overall circulation change, and thus
the flow would adjust gradually. The most rapid circulation change
occurred around t∗ = 0.73, resulting in a strong coherent shed vortex
at that phase.

A second, much shorter dimensionless actuation time was tested
in order to examine the response when the flow was far from quasi-
steady. Because the maximum actuation rate was fixed, the only way
to do this was to reduce the freestream velocity, raising the con-
vective timescale. The Reynolds number was lowered to 1.8 × 105,
which increased the aerodynamic response time to 137 ms. The vor-

tex shedding time was on the order of 11 ms, which meant that only
three vortices were shed during the actuation time. At this reduced
Rec, the flow should no longer be turbulent over much of the airfoil,
and thus the response should be somewhat different than with the
previous experiments. However, the Gurney flap effect is inviscid
in nature, as the lift alteration is primarily because of a change in
the Kutta condition. Hence, the first-order dynamic response should
be comparable. Also, the previously reported static measurements
showed only a slight effect of Reynolds number in this range.

The phase-locked average response was determined for a num-
ber of time intervals. Figure 9 displays the phase-averaged velocity
fields for eight different phases between t∗ = 0 and 0.44. This range
completely covered the transient response to the MiTE actuation.
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a)

b)

c)

d)

e)

f)

g)

h)

Fig. 9 Phase-averaged velocity field during dynamic actuation at U∞ = 4.4 m/s: t∗act = a) 0, b) 0.07, c) 0.11, d) 0.15, e) 0.18, f) 0.22, g) 0.29, and h) 0.44.
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Fig. 10 Comparison of approximate downwash responses for
t∗act = 0.22 and 1.03.

At t∗ = 0, the flow structure shown in Fig. 9a was comparable to
that seen for the longer t∗

act tests, as would be expected. Once the
flap began to move, the wake development deviated from the high-
speed experiments. Prior to the flap motion, the wake consisted
of bluff-body shedding, and each instantaneous image showed a
random configuration of the alternating vortices being shed and de-
veloped. At t∗ = 0.07 (Fig. 9b), the MiTE had moved far enough
that the wake on the suction side was exposed to the freestream
velocity, and this low-velocity region of the wake was convected
downstream. Thus, the clockwise vorticity was immediately shed,
regardless of its stage of development. This is seen in the phase-
averaged flow, as the suction-side vortex moved further past the
trailing edge and decreased in size. The pressure side of the sepa-
rated region was still obstructed from the freestream by the mov-
ing flap, so it did not move far downstream or decrease much in
size. The counterclockwise vorticity at the pressure side of the
wake entrained flow from the suction side downward, parallel to the
flap surface. Once this entrained fluid encountered the freestream
flow on the pressure side, it turned and moved along with the
freestream.

Because the clockwise vorticity on the suction side was shed
for every case, the counterclockwise vortex dominated in measure-
ment of this phase. Thus, the near wake became phase locked to the
motion of the flap. This is evident when comparing instantaneous
plots, which showed downward flow parallel to the flap in every
processed image. Farther downstream of the wing, the flow was not
phase locked, as the suction-side vortex was in a random state of
development when the device began to move.

At later phases, the flow very near the flap remained coher-
ent for every instantaneous image, whereas the structures farther
downstream were random. Figure 9c shows the phase-averaged
flow at t∗ = 0.11. By this phase, the original suction-side vortex
was no longer observed, being completely shed from the surface.
The pressure-side vortex was now fully exposed to the suction-side
freestream flow, so that it was convected farther downstream. The
coherent near wake continued to follow the airfoil contour.

By t∗ = 0.15, the original wake was no longer present (see
Fig. 9d), having been shed from the wing. Near the flap, the en-
trainment along the MiTE surface continued, but a small separated
region began to form near the edge of the suction surface. This
vortex continued to grow at t∗ = 0.18, as seen in Fig. 9e. The in-
creased clockwise circulation had a clear effect on the freestream
flow, adding a strong downwash. The flow turning was even more
apparent by t∗ = 0.22, as fluid moved downward out of the image
window in Fig. 9f. The flap was fully down at this phase, and the
developing clockwise vortex now occupied much of the region just

Fig. 11 Predicted phase-averaged streamlines during dynamic actua-
tion at t∗act = 0.1, 0.2, and 0.3 (Kroo et al.14).

downstream of the actuator. When the fluid rotating around this vor-
tex encountered the freestream on the pressure side, it was quickly
accelerated in the downstream direction, showing a rapid counter-
clockwise turning. This produced a tiny counterclockwise vortex at
the tip of the flap. As this vortex grew, the wake structure began
to develop toward the final, static condition. Figure 9g shows the
phase-averaged flow at t∗ = 0.29, where the pair of vortices had
grown to approximately the same size. Unlike the static case, these
two structures were coherent. The pressure-side vortex was stronger
compared to the preceding phase, which reduced the downwash.
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Table 2 Quantitative measures of flow response
caused by dynamic actuation: t∗act = 0.022

t∗ αapp, deg w̃′2
max/U 2∞

0 11.7 0.048
0.073 11.1 0.039
0.110 11.5 0.048
0.146 5.1 0.058
0.183 −2.5 0.061
0.220 −24.4 0.077
0.293 −18.1 0.080
0.440 −16.6 0.073
0.739 −15.3 0.057

This suggests that a transient lift measurement at this speed would
show a spike.

Figure 9h displays the phase-averaged velocity field at t∗ = 0.44,
which is comparable to the wake structure seen in the static con-
dition. The vortical structures were no longer the same in every
image, indicating that bluff-body shedding had begun to dominate
once again. Thus, the transient response to actuation was mostly
complete at this phase. For later times, the structure did not change
significantly.

The quantitative results for the short t∗
act experiments are shown

in Table 2. This further demonstrates the spike that occurs in the
transient response, particularly evident in the downwash. Figure 10
compares the approximate downwash response for the two dimen-
sionless actuation times. In this plot, the time following actuation
t is nondimensionalized by tact, as this parameter is identical for
the two cases. Both situations have similar values of αapp initially,
and they each reach the same final level after the response settles.
However, in between the downwash response differs greatly. For
t∗
act near unity, αapp decreases monotonically, reaching the final state

a short time after the actuation is complete. For the lower t∗
act, the

downwash scalar does not change immediately, and then it turns
strongly downward, beyond the final value of αapp. After this spike,
the response settles back to the static condition.

This spike in αapp can be used to provide a preliminary estimate of
the lift overshoot magnitude. Earlier measurements4 indicated that
CL changes by about 0.5 between the static full-span up and down
positions. The PIV measurements for these cases showed a corre-
sponding change in αapp of about 30 deg. For the low t∗

act case, the
downwash spike is approximately 9 deg, suggesting a lift overshoot
of �CL ≈ 0.5*(9 deg/30 deg) = 0.15, which is a significant effect.
Admittedly, this is only an estimate of the actual �CL , as αapp is
simply a scalar that behaves similarly to the downwash, not an exact
measure of it. In addition, the dynamic experiments used a single
MiTE rather than full-span actuation, and so the overall change in
αapp is only an approximation. Even so, this does suggest that the
lift overshoot is not negligible.

The transient response was comparable to computations for a dy-
namic MiTE performed by S. Elkayam (see Ref. 14). These calcu-
lations considered a NACA 4412 airfoil with a sharp trailing edge.
Figure 11 shows the predicted flow structure at nondimensional
times t∗ = 0.1, 0.2, and 0.3, which clearly shows the growth of the
counter-rotating vortices observed in Figs. 9c–9g. The agreement
is remarkable, particularly because these computations modeled the
flap actuation as instantaneous between the up position and the down
position. For the small t∗

act experiments, this assumption was valid, as
the convective timescale was considerably larger than the actuation
time. At higher speed, the timescales were of the same order, and
the measured flow structure did not correspond to the computations.

Conclusions
The aerodynamic response to micro-trailing-edge-effector

(MiTE) actuation can be modeled very simply. The devices pro-
duce a localized lift response that is linearly dependent on actuated
span, regardless of configuration. This effect is nearly quasi-steady
for dimensionless actuation times (t∗

act = tU∞/c) near unity. The ex-
periments showed that the wake followed the flap as it changed

position. Phase-locked vortex structures were weak and produced
no significant lift overshoot. The wake quickly relaxed to its steady-
state configuration shortly after completion of the actuation. This
quasi-steady response occurred because the MiTE actuation time
was significantly larger than the bluff-body vortex shedding period
for the flaps. The starting vorticity produced by the change in airfoil
circulation was shed incrementally as part of the vortex-shedding
process, rather than as a single coherent vortex.

Dimensionless actuation times near unity are probably practical
for flight conditions. Considering a wing chord of 2 m and a flight
speed of 100 m/s (approximately 220 mph), actuation times of 20 ms
would be required. Actuation times of this order appear to be practi-
cal, given flap sizes of a few centimeters. Faster actuation might be
possible with advanced actuator design. Also, faster dimensionless
actuation times might be found with a large wing chord or with low
speed aircraft.

For dimensionless actuation times below unity, the present re-
sults indicate that a quasi-steady analysis cannot be applied to the
controller design. There was already a small amount of phase lag in
establishing the steady wake for t∗

act near one. At the faster dimen-
sionless actuation time (t∗

act = 0.22), there was a strong coherent re-
sponse, including substantial lift overshoot. If very high bandwidth
actuators were developed, these transient aerodynamic effects would
have to be considered.
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