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The aerodynamic performance of small-scale fixed-wing flight is not well understood, and flight data is needed to

gain a better understanding of the aerodynamics of micro air vehicles. The flight characteristics of micro air vehicles

are difficult to measure because the small size and low weight prevent the use of conventional onboard

instrumentation systems. In this research, an offboardmotion tracking system captured themotion trajectory during

the flights of a small off-the-shelf radio-controlled airplane thatweighed14.44 g (0.5094 oz) andhada spanof 37.47 cm

(14.75 in.). The recorded motion-path time histories were analyzed to determine the aerodynamic characteristics of

the airplane during unpowered flight. The results presented show the longitudinal aerodynamic characteristics of the

micro air vehicle over a wide range of angles of attack at a nominal Reynolds number of 25,000. Specifically, lift and

drag characteristics of the airplane were obtained from the analysis of the flight trajectories during quasi-steady

nominal gliding flight, as well as unsteady high angle-of-attack flight. The nominal-gliding flights showed an almost

linear lift curve and small unsteady effects that were in part due to the angle-of-attack rate. During the unsteady high

angle-of-attack flight, as would be seen during perching maneuvers, deep stall maneuvers, and highly dynamic flight

in confined spaces, the unsteady effects of rapid changes in the angle of attack significantly increased the lift coefficient

during pitch-upmaneuvers and then decreased the lift coefficient during pitch-downmaneuvers. By using numerous

flight tests in both regimes (nominal-gliding andunsteadyhigh angle-of-attack flight), the results show the effect of the

angular rate and expand on the limited existing work. The flight-test results presented show the influence of unsteady

aerodynamic effects on the longitudinal aerodynamic characteristics of a micro air vehicle in both quasi-steady

nominal gliding flight and unsteady high angle-of-attack flight.

Nomenclature

AR = aspect ratio
a = semichord
b = wingspan
CD = drag coefficient (D∕ 1

2
ρV2Sref)

CDo = parasite drag coefficient
CL = lift coefficient (L∕ 1

2
ρV2Sref)

CLα
= airplane lift curve slope

Clα = airfoil lift curve slope
CM = pitching moment coefficient (M∕ 1

2
ρV2Srefc)

c = wing mean aerodynamic chord
D = drag force
eo = Oswald efficiency factor
F = force vector
K = constant for induced drag coefficient
k = reduced frequency ( _αc∕2V)
L = lift force
m = airplane mass
p, q, r = roll, pitch, and yaw rates
Re = Reynolds number based on mean aerodynamic

chord (Vc∕ν)
Sref = wing reference area
u, v,w = body-fixed translational velocity
V = inertial speed
�x = distance normalized by the wing root chord

α = angle of attack (referenced to fuselage)
_α = angle-of-attack rate
β = sideslip angle
_β = rate of change of sideslip angle
ν = kinematic viscosity
ρ = density of air
ϕ, θ, ψ = roll, pitch, and heading angles
ω = angular rates

Subscripts

ac = aerodynamic center
cg = center of gravity
h = property of the stabilator
trim = property at trim flight conditions
w = property of the wing

I. Introduction

A LTHOUGH there is a growing use of micro air vehicles
(MAVs), accurate and detailed aerodynamic data in the

Reynolds numbers range from 5,000 to 40,000 is limited. To better
model MAV aerodynamic performance, further testing is needed to
refine the models and predictions of airplane performance. The
complexity of low Reynolds number flow can be observed from the
test results of airfoils and wings at Reynolds number below 500,000
[1–8]. At lower Reynolds numbers (less than 100,000), limited
results are available, and low Reynolds number effects, such as
decreased lift slope, increased profile drag, and the presence of
laminar separation bubbles become more pronounced [9–11].
Free-flight testing can aid in measuring the aerodynamic char-

acteristics of MAVs [12]. Using modern motion tracking tech-
niques, the forces acting onMAVs can be determined from flight data
[13,14]. In addition,motion tracking can be used tomeasure unsteady
effects without the complex apparatus that is normally required in
wind-tunnel tests [15,16]. To understand the effect of large angular
rates on aerodynamic characteristics, more extensive studies are
needed to build on the limited existing work [15,16]. Understanding
the effect of angular rates is particularly important at this scale
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because MAVs operate over a large flight envelope owing to their
high maneuverability and their exposure to large sideslip and angle-
of-attack excursions in windy conditions.
This paper presents the experimentally measured lift and drag

characteristics for a MAV in free flight. The test airplane weighed
14.44 g (0.5094 oz) and flew at a nominal Reynolds number of
approximately 25,000. The results for the complete airframe show
the aerodynamic characteristics of the MAV over a large range of
angles of attack and are more extensive than previously reported
results. The results in the nominal-gliding regime are compared with
theory, and the results from the unsteady flights are used to highlight
the effects of longitudinal motion on the aerodynamic forces.

II. Experimental Apparatus

Figure 1 shows a three-viewdrawing of the commercially available
Vapor airplane [17] that was tested. The MAV had a 37.47 cm
(14.75 in.) wingspan and weighed 14.44 g (0.5094 oz). The airframe
was constructed with carbon fiber supports and cambered ribs for the
main wing. A thin plastic film was stretched over the wing and tail
structures to form membrane aerodynamic surfaces. The physical
properties of theMAVwere measured and are tabulated in Table 1. A
small battery-powered radio-controlled receiver controlled the
electric motor and two servos that actuated the all-moving tail
surfaces: a flat-plate stabilator and vertical fin. In these tests, the
receiver was not used to actuate the control surfaces in flight, but it
was used before a flight to set the incidence of the stabilator in order to
control the trim speed.
Vicon camera systems [18] have been used by robotics researchers

to triangulate and track small aircraft. In this research, eight infrared
Vicon T20 cameras tracked the reflections from circular markers, and
the software provided by Vicon triangulated the location of the
reflections in the capture volume. The capture volume had a
rectangular base of ≈3.6 × 6.1 m (12 × 20 ft) and extended to a
height of ≈3 m (10 ft). The cameras were distributed around the
upper perimeter of the capture volume and tracked five reflective
markers on the airplane. The reflective markers included spheres
[approximately 5 mm (0.2 in.) in diameter] and flat circular stickers
[approximately 13 mm (0.5 in.) in diameter]. The reflective markers
were spread to the extremities to ensuremaximummarker separation,
and they were placed asymmetrically to ensure the proper tri-
angulation of the position and attitude of the aircraft. Two spherical
markers were placed along the centerline of the fuselagewith one just
forward of the horizontal tail. The other spherical marker was placed

on the trailing edge of the wing centerline. Three additional circular
sticker-type markers were spread over the wing with one at the left
wing tip, one on the trailing edge of the right wing at 95% of the
semispan, and one on the leading edge of the right wing at 50% of the
semispan. A recording rate of 200 Hz was used to capture the
tracking data.
To track the flight trajectory of the MAV with software, a skeletal

graphical model was constructed. The model used multiple markers
to define the objects that represented each component of the MAV to
be tracked, specifically thewing, fuselage, stabilator, and vertical fin.
For each object, the Earth-referenced position and the Euler angles
were recorded by the system. Whenever the system could not
triangulate the object (less than 0.7% of the time), there was a
measurement void in the trajectory time history.
Trajectory data were taken from free-flight glides (no thrust and

uncommanded) that started from a hand launch. Gliding flights were
used to eliminate the additional complexity of propeller effects.
These numerous flight tests collectively covered a range of flight
conditions including quasi-steady glides, stalls (covering the range
from mild to aggressive), and stall recoveries. The airplane flight
trajectorywas controlled by adjusting the launch speed, launch angle,
and the incidence of the horizontal stabilator. Trajectory time
histories were limited by the size of the capture volume, yielding
2–3 s of useful data for a given flight. By combining multiple tests, a
detailed model of the airplane aerodynamic characteristics was
developed.

Fig. 1 A three-view drawing showing the geometry of the test aircraft.

Table 1 Physical properties of the MAV

Parameter Value

Mass 14.44 g (0.5094 oz)
Wing

Span 37.47 cm (14.75 in.)
Area, Sref 546.3 cm2 (84.67 in2)
Chord (at root) 15.0 cm (5.90 in.)
Aspect ratio, AR 2.56
Incidence angle 3.0 deg
Dihedral 9.5 deg
Airfoil camber 6.7%

Length 38.74 cm (15.25 in.)
Stabilator area, Sh 175.9 cm2 (27.27 in2)
Vertical fin area 99.87 cm2 (15.48 in2)
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III. Data Acquisition and Postpocessing

A. Calculating Aerodynamic Properties from the Motion Track

The aerodynamic forces acting on the airplane were determined
by postprocessing the trajectory time history data for each flight
to determine the aerodynamic characteristics throughout flight.
Raw measurements in the Earth-referenced coordinate system
were transformed into attitude, angular rates, velocities, and accel-
erations in the body-fixed axes system to determine the aerodynamic
characteristics.
In postprocessing, the first step was to fill the voids (the periods

during which the system was unable to triangulate the MAV) by
estimating the attitude and position using linear interpolation based
on the neighboring points in the trajectory time history.After filling in
these points, the raw measurements were smoothed using a third-
order polynomial regression (Savitzky–Golay) method [19,20].
During the smoothing process, the third-order polynomial fit that was
used for smoothing was differentiated twice to calculate the first and
second derivative of the Earth-referenced position and attitude time
histories. The derivatives from the polynomial regression results
were then used to determine the forces and moments acting on the
airplane in the body-fixed frame.
From the smoothed and differentiated data, the flow angles of the

airplane were found from

α � tan−1�w∕u� (1a)

β � sin−1�v∕V� (1b)

The inertial speeds were used in Eqs. (1a) and (1b) to estimate the
freestream flow angles under the assumptions that the air in the test
volume was quiescent and that induced flow effects were negligible.
Time derivatives of the angles were taken to yield _α and _β. The angle-
of-attack rate _α was nondimensionalized using the mean aero-
dynamic chord c and the total velocity V, that is

k � _αc

2V
(2)

which can be referred to as the reduced frequency and is a measure of
the degree of unsteadiness in the flow. A magnitude of the reduced
frequency of less than 0.05 is referred to as quasi-steady because the
unsteady effects are generally small [21]. At larger values of reduced
frequency, the unsteady effects can have a significant influence on the
aerodynamics.
Accelerations obtained from the motion track were then used to

find the total external force Fext acting on the aircraft in the
body-fixed frame with x out the nose and y out the right wing. By
subtracting the force of gravity FG from the total external force, the
total aerodynamic force Faero acting on the aircraft becomes

Faero � Fext − FG (3)

The components (Faero;x,Faero;y, andFaero;z) of the total aerodynamic
force Faero in the body-fixed frame were transformed into the wind
axes to obtain lift and drag, that is [22]

L � −Faero;z cos α� Faero;x sin α (4a)

D � −Faero;z sin α cos β − Faero;x cos β cos α − Faero;y sin β

(4b)

The resulting time histories of lift and drag in thewind axeswere used
to determine the aerodynamic characteristics of the aircraft
throughout flight.
The moments on the airplane were calculated from the changing

attitude of the airplane using

d�Iω�
dt
�Mext (5)

where ω is the body-fixed angular rates (p, q, and r), and I is the
inertia matrix that was determined by measuring the mass
distribution. The roll, pitch, and yawmoment components (L,M, and
N, respectively) can be determined through the flight trajectory. Only
the pitching coefficient about the center of gravity

CMcg
� M

qSrefc
(6)

is used in this paper.
As one would expect from free-flight testing, minute variations in

the launch conditions produced consequent variations in the flight
path trajectory. Hence, multiple flight tests were performed in order
to quantify and illustrate general trends in the instantaneous mea-
sured aerodynamic characteristics, namely lift and drag. Moreover,
the flights were mainly straight because the aircraft was trimmed for
straight flight and also because the configuration had significant roll
and yaw stability by way of the wing dihedral and a vertical fin.
Consequently, any sideslip that might have been introduced at launch
was quickly nulled. Thus, in the reduced data presented here, the side
force and turning flight dynamics were negligible.

B. Measurement Uncertainty

To understand the uncertainty in the aerodynamic characteristics
determined from the captured motion trajectory, the accuracy of the
tracking system measurements was quantified through a variety of
tests. First, stationary tests were used to analyze the noise within the
measurements. Second, a rotating rod attached to an optical encoder
was used to verify angular measurements during motion. Third,
repeatability tests showed that the aerodynamic characteristics of a
glider were consistent across repeated launches. Although uncer-
tainty existswithin the final results, the tests showhow the system can
be used to measure the aerodynamic forces.
For the stationary tests, the airplane with markers attached was

positioned at rest in the motion capture volume. The time histories of
the position and attitude were recorded, and the standard deviation in
each axis was calculated. Figure 2 shows the time history of the
position and attitude from a 2.5 s stationary test recorded at 200 Hz.
From the results, the standard deviation for the distancemeasurement
was 0.079mm (0.0031 in.), and the standard deviation for the normof
the Euler angle vectorwas 0.034 deg. The standard deviation for all of
the components of the position and attitude are listed in Table 2.
A similar noise analysis found in the literature [16] showed similar
uncertainties when measuring at 100 Hz. The uncertainties from
Mettler’s analysis [16] were of the same order of magnitude as the
current research, with the current research having a smaller standard
deviation in the measurements. The difference in the uncertainties
could be due to the differences in the recording frequency and the
differences inmarker separation because the airplane in [16] was half
the size of the MAV in this research.
In addition to the stationary test, a rotating rod was tracked to

quantify the uncertainty of the motion tracking system during simple
motion. The rod rotated about one end that was attached to an optical
rotary encoder that provided data for comparison with the captured
motion trajectory. The data from the optical encoder were recorded at
512 Hz using an US Digital H6-1800-I-S optical encoder having an
accuracy of 0.05 deg [23]. Reflective markers were attached to the
center of rotation and the tip of the rod. The two markers were
25.78 cm (10.15 in.) apart. The motion track of the tip of the rod
formed an arc, and the angle of the rod was recorded with the motion
tracking system.
Figure 3 shows a comparison of the optical encoder data with the

results from the recorded motion trajectory. During the stationary
portion (the first ≈0.5 s), the residual is within �0.04 deg. The
uncertainty range is similar to that shown in Fig. 2b for the attitude of
the stationary aircraft. When the rod started to rotate, the residual
peaked and was almost an order of magnitude larger than the
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stationary tests. Once steady motion was established (after t ≈ 1 s),
the residual decreased to �0.06 deg, which is slightly larger than
during the stationary portion of the test.
The final system verification method involved repeatability tests

with a small glider. The tests were conducted using a rail launching
system to achieve consistent initial flight conditions for a glider. The
glider weighed approximately 8.738 g (0.3082 oz) and operated at a
Reynolds number of approximately 16,000 [24]. The launch rail was
placed at an inclined angle, and a cart carrying the airplane was
accelerated down the track by a fallingweight. At the end of the track,
the cart fell down and separated from the airplane as the airplane
started to glide. The launch conditions could be adjusted by changing
the acceleration of the cart and the angle of the track incline. By
repeating launches with the same conditions, a set of initial condi-
tions could be repeated across multiple flights, and the repeatability
of the measurements from the system could be gauged by examining
the flight conditions and the determined aerodynamic characteristics
of the airplane.
Figure 4 shows the height of the airplane as a function of the

distance traveled during six rail-launched flights. The small triangle
approximates the beginning of the rail, and the small square
approximates where the airplane separated from the cart and started
to glide. The six flights had the same launch conditions starting at a
height of approximately 1.8 m (6 ft) and ending on or close to the
floor. Each of the trajectories follows a similar path with some
variation caused by small variations in the initial conditions.
By processing multiple flight trajectories with repeated launch

conditions, the lift and drag coefficient data were calculated. Figure 5
shows the result for five flights with each flight indicated by a
different marker shape. The lift curve and drag polar follow
similar trends for all five of the flights. All of the flights started at
higher angles of attack before settling at a trim angle of attack of
approximately 4 deg, and all of the flights had similar lift and
characteristics. The flight tests showed the repeatability of the
aerodynamic characteristics determined from the captured flight
trajectories.

IV. Results and Discussion

The numerous MAV glide flight tests of the Vapor were divided
into two sets. The first set can be characterized as quasi-steady
nominal gliding flight, in which the angle of attack varied from−5 to
20 deg, which was below stall for the airplane. The flight conditions
were close to steady state but included small angular rates with the
reduced frequency staying below 0.05. The second set of flights were
characterized as being substantially unsteady over a much larger
angle-of-attack range (−10 to 90 deg) thereby including stalls that
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Fig. 2 The 2.5 s time history of the a) position and b) attitude of the stationary airplane showing minute measurement noise.

Table 2 Standard deviation of the position and attitude
components for a stationary 2.5 smotion track recorded at 200Hz

Trajectory component Standard deviation

Position, mm x y z
0.0650 0.0303 0.0329

Attitude, deg ϕ θ ψ
0.0207 0.0175 0.0208
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Fig. 3 Angular measurements from the motion tracking system
compare with measurements from an optical rotary encoder.
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Fig. 4 A plot showing the distance traveled of six different repeatability
tests. The triangle and square markers show the location of the start and
end of the launching rail, respectively.
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varied from mild to aggressive (maximum k above 0.4). The time
histories of various flight parameters, such as CL, CD, α, and _α were
determined for each flight trajectory. The lift and drag forces
[Eqs. (4a) and (4b)] at each instant in time were nondimensionalized
by Sref and the instantaneous dynamic pressure determined from the
motion tracking flight speed.

A. Quasi-Steady Nominal Gliding Flights

Figure 6 shows all 14 trajectories of the quasi-steady flights (the
trajectories labeled A and B are addressed later with Figs. 7 and 8).
No changes were made to the control surfaces during flight, but
between some of the flights, the elevator deflection was varied to
change the trim speed. The time histories were truncated when the
airplane either approached landing or flew out of the capture volume.
Figure 7 shows the lift curve during two of the quasi-steady flights
taken at the recording rate of 200 Hz (with markers being plotted
every eighth point). These two flights are also labeled in Fig. 6.
Figure 8 shows the reduced frequency as a function of the angle of
attack during both flights. The starting points for the flights A and B
are shown in Fig. 7. For flight A, the angle of attack decreases
gradually with a peak k value of ≈ − 0.09. Flight B initially has a
positive k value and after the angle of attack peaks, the angle of attack
decreases with a peak k value of≈ − 0.015. The lift curve for flight B
(Fig. 7) shows a greater value of CL during the pitch-up portion of
flight and a decrease in CL during the pitch-down portion. Although
both flights arewellwithin the reduced frequencybounds (�0.05) for
quasi-steady [21] angular rates, the difference in the lift curve
exhibited during the two flights shows the effect of relatively low
angular rates on MAVaerodynamic characteristics. The effect of the
reduced frequency during all of the quasi-steady flights is further
explained later in the paper.
Expanding on the results for the two flight tests just discussed,

Fig. 9 shows the drag polar and lift curve for 14 of the quasi-steady

flights. As previously discussed, unsteady aerodynamic effects are
present in the data because of the variation in _α during the different
flights. The 14 nominal quasi-steady trajectories were conditionally-
sampled so that only time history segments with the lowest angular
rates (<30 deg/s or a nominal k value of≈0.012) were used to fit the
lift curve and drag polar. By removing the data points from the quasi-
steady flights with larger angular rates, the effect of _α could be
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0.35

0.4
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0.55

α (deg)
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a) b)

Fig. 5 The a) drag polar and b) the lift curve during five repeatability flights.
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S
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Fig. 6 The quasi-steady flight trajectories of the MAV (flights A and B

are referenced in Figs. 7 and 8).
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Fig. 7 Experimentally determined lift curve for two of the quasi-steady
flights (see Fig. 6).
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Fig. 8 The reduced frequency as a function of the angle of attack for two
of the quasi-steady flights (see Fig. 6).
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decreased, and the results would be closer to steady-state conditions.
Figure 10 shows the conditionally-sampled low-angular rate data
with a least-squares parabolic fit to the drag polar and a linear fit to the
lift curve.
Figure 10a shows the drag polar for the conditionally-sampled

experimental data, along with a parabolic drag polar fit of the form

CD � CDo � KC2
L (7)

where KC2
L is the induced drag of the airplane, that is

CDi �
C2
L

πeoAR
(8)

which depends on the aspect ratio AR and the Oswald efficiency
factor eo. The parabolic fit over the CL range of 0–1.1 is
CD � 0.054� 0.26C2

L. With K from the parabolic fit (K � 0.26),
Eq. (8) can be used to determine the Oswald efficiency factor from

eo �
1

πKAR
(9)

For the MAV tested, eo was determined to be 0.48 for the entire
aircraft having a wing aspect ratio of 2.56. The value is low and
similar to other measurements at low Reynolds numbers.

Specifically, Spedding and McArthur [11] determined eo to be 0.53
from wind-tunnel results for an aspect ratio 6 wing at a Reynolds
number of 20,000.

B. Wing Lift Calculations

The lift coefficient data shown previously were for the entireMAV
and thereby included the aerodynamic force of the stabilator. The lift
coefficient for just the wing is required to compare the results with
theoretical calculations. The lift of the entire MAV depends on both
the wing and the stabilator [25], viz

CL � CLw � CLhηh
Sh
Sref

(10)

where ηh is the dynamic pressure ratio at the tail and taken to be 0.9
[26]. The reference areasSref andSh are given inTable 1. The pitching
moment CMcg

is given by

CMcg
� CMac;w

� CLw � �xcg − �xac;w� − CLhηh
Sh
Sref
� �xac;h − �xcg� (11)

where the center of gravity �xcg was measured to be 36% of the wing
root chord, and the aerodynamic center of the wing �xac;w and the tail
�xac;h were approximated to be located at 25% of the mean
aerodynamic chord for each respective surface. The pitchingmoment
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Fig. 9 Experimentally determined a) drag polar and b) lift curve for the quasi-steady flights.
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Fig. 10 Experimentally determined a) drag polar and b) lift curve for the conditionally-sampled low-angular rate quasi-steady flight data alongwith the

parabolic drag polar fit and linear lift curve fit.
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of thewingCMac;w
was estimated to be−0.12 based onXFOIL‡ results

for a generic thin 6.7% cambered airfoil and experimental results [7]
for a thin cambered airfoil (such as the GOE 417A). The values for
CMac;w

were found to vary from −0.09 to −0.15, depending on the
angle of attack and Reynolds number. The lift curve slope did not
varywith different values of thewing pitchingmoment. However, the
wing lift coefficient at zero angle of attack depended on the value
of CMac;w

During flight, CMcg
and CL for the airplane were determined from

the flight trajectory [see Eqs. (4a) and (6)]. In Eqs. (10) and (11), the
only remaining unknowns are the wingCLw and the tailCLh . Solving
the two equations simultaneously results in

CLh �
CMac;w

− CMcg
� CL� �xcg − �xac;w�

Sh
Sref

ηh� �xac;h − �xac;w�
(12a)

CLw �
CMcg

− CMac;w
� CL� �xac;h − �xcg�

� �xac;h − �xac;w�
(12b)

Using CMcg
and CL from the trajectory time histories, Fig. 11 shows

CL for the entire aircraft and CLw from Eq. (12b) for the
conditionally-sampled quasi-steady flight data (shown in Fig. 10b).
A linear fit was used to determine the lift curve slope for both cases.
The lift curve slope for the entire aircraft is 2.21∕rad (shown in
Fig. 10b), and the lift curve slope for the wing alone is 2.06∕rad
(shown in Fig. 11). The calculated lift of thewingwas less than the lift
of the entire aircraft, which indicates a lifting stabilator. With the lift
slope of the wing known, the results can be compared with the
theoretical lifting line results.
The measured wing lift curve slope of 2.06∕rad can be compared

with predictions using the wing aspect ratio of 2.56. A predicted lift
curve slope of 3.52∕rad is obtained using a classic lifting line theory,
that is

CLα
� 2π

�
AR

AR� 2

�
(13)

However, a lower lift curve slope of 3.06∕rad is found using themore
applicable low aspect ratio Helmbold equation given by

CLα
� 2π

�
AR

2�
�������������������
4� AR2
p

�
(14)

Both of these results from the theory [with Eq. (14) being more
appropriate for the aspect ratio] overpredicted the lift curve slope, and
the difference is ascribed primarily to low Reynolds number viscous
effects. This decrease is expected and has been shown in various
wind-tunnel results. The experimental lift curve slopewas 67%of the
theoretical value from the Helmbold equation, which is similar to the
decrease seen in [11] for theReynolds numbers of 20,000 and 30,000.
These flight test results continue to demonstrate the decrease in the
lift curve slope that other researchers have observed in wind-tunnel
experiments.

C. Reduced Frequency Effect

As previously mentioned, the angle-of-attack rate influences the
lift during the quasi-steady flights. A model for the effect of k on the
lift coefficient during quasi-steady motion models the varying
angle of attack as a change in the effective camber of the airfoil,
which increments the lift coefficient [21]. The increment in the lift
coefficient can be described as

ΔCl;k � 2πk

�
1

2
− a

�
(15)

where a � −1 is at the leading edge, 1 is at the trailing edge, and,
thus, a � −0.5 is at the wing quarter chord, the latter of which was
used for the following calculations. The change in lift due to the
unsteady effects ΔCl;k is additive to the steady-state lift curve. Once
the two-dimensional unsteady lift is known, the three-dimensional
unsteady lift is found using

ΔCL;k �
CLα

Clα
ΔCl;k (16)

where Clα is 2π, and CLα
is the lift curve slope for the entire aircraft.

When combined with Eq. (15), Eq. (16) becomes

ΔCL;k � CLα
k

�
1

2
− a

�
(17)

which uses the experimentally determined lift curve slope for the
entire aircraft. Although the result is based on thin airfoil theory,
which overpredicts the lift curve slope at low Reynolds number, the
method provides an estimate of the incremental lift due to quasi-
steady effects. In addition, the final result in Eq. (17) uses the
experimentally determined lift curve slope (of the entire aircraft) to
avoid problems of overprediction. In the following paragraph, an
estimate of the change in lift ΔCL;k is found using Eq. (17), and the
results based on the theory are compared with the experimental
results.

−5 0 5 10 15 20
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0.2

0.4

0.6

0.8

1

1.2

α  (deg)

C
L

Flight measurements
with low angular
rates (entire aircraft)

Wing only

Linear fit for wing only

Fig. 11 The lift coefficient of the wing compared the lift coefficient for
the entire aircraft during the conditionally-sampled quasi-steady flights.
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Fig. 12 The reduced frequency during all 14 quasi-steady flights.

‡XFOIL airfoil software available online at http://web.mit.edu/drela/
Public/web/xfoil/ [retrieved 19 September 2012].
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Figure 12 shows the reduced frequency k as a function of the angle
of attack during all of the quasi-steady flights. The flights cover a
range of angles of attack and have relatively small values of k as was
shown earlier in Fig. 8 for the case of just two flights. A general

observation is that although the excursions are within the range of
k ≈�0.03, the range of the reduced frequency increases with the
angle of attack, and this increase is primarily due to the flight
dynamics: smaller trajectory excursions at higher speeds (low α) and
vice versa. The predicted ΔCL;k was calculated using Eq. (17) along
with the time histories ofV and _α. Figure 13 shows the linear lift curve
for the entire airplane augmented with the unsteady effects (due to k)
calculated from the flight conditions for the complete time histories
of the 14 quasi-steady flights. The variation in the lift coefficient in
Fig. 13 can be compared with the previously shown quasi-steady
experimental data (Fig. 9b). Although both results have similar trends
in the variation, the variation in the experimental results is larger than
in the predicted results. The standard deviation from the linear lift
curve slope for the experimental results is 0.057, whereas for the
theoretical results it is only 0.018. The results show how the effective
camber model can be used to estimate a component of the quasi-
steady influence on MAV lift, but the model underpredicts the
influence because it does not include all of the effects of quasi-steady
flow. Specifically, the effective camber model only included effects
due to k and neglected additional unsteady effects, such as apparent
mass, quasi-steady lift from the horizontal tail, and additional effects
that might be attributed to low Reynolds number separation bubble
dynamics. The results show the influence that _α has on the lift
coefficient of MAVs even in the quasi-steady regime, and that the
quasi-steady effective camber model does not predict all of the quasi-
steady influences on lift for MAVs.

D. Unsteady High Angle-of-Attack Flight

In addition to the quasi-steady flight tests, a second set of data was
recorded for flights that covered a wide flight regime to show the lift
and drag characteristics at high angles of attack. The flights included
brief excursions to high angles of attack and unsteady conditions (due
to _α and translational acceleration). The unsteady flight results
depended significantly on _α, and Fig. 14 shows the reduced
frequency k as a function of the angle of attack for the unsteady
flights. The values of k cover amuch larger range (−0.2 to 0.4) than in
the previously discussed quasi-steady flight tests.
Figure 15 shows the lift and drag coefficient data for the MAV

during the unsteady flight trajectories over an angle-of-attack range
from −10 to 90 deg, as well as the previous linear lift curve fit (see
Fig. 10b) for comparison. As expected from the unsteady nature of
the flights and the large range of k, Fig. 15b shows thatCL varies over
a range for each angle of attack. Each flight began with a pitch-up
(positive k) that led to stall, and theCL values were larger than during
the subsequent stall recovery (pitch-downmaneuverwith negativek).
The unsteady nature of the flights resulted in a dynamic stall
hysteresis loop illustrated by the flights in Fig. 15b, particularly the
single selected flight, which will be explained in detail. In Fig. 16,
the large positive values of k (pitch-up) increased CL, whereas the
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Fig. 13 The linear lift curvemodel augmentedwithΔCL;k for the quasi-
steady flights.
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Fig. 14 The reduced frequency for the unsteady flights that include
mild to aggressive stalls.
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Fig. 15 Experimentally determined a) drag polar and b) lift coefficients for the unsteady flights.
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negative values of k during stall recoveries (pitch-down) decreased
CL as expected from theoretical solutions to highly unsteady flow
[21]. Figure 15a showsCD varying from less than 0.1 during nominal
gliding flight to above 2 during a number of flights that included
aggressive, high angle-of-attack stall maneuvers. Although the
nominal steady-state drag for a finite flat plate perpendicular to the
flow is approximately 1.15 [27], unsteady effects have been shown to
increase the drag coefficient [28].

One flight was selected to show the progression of an unsteady
flight with an aggressive stall. The selected flight, shown by
diamonds in Fig. 15, begins at an angle of attack of approximately
10 deg and progresses in the clockwise direction through a dynamic
stall hysteresis loop. Figure 17 shows the trajectory and time history
of selected flight parameters. As seen in the trajectory, the airplane
entered into an aggressive stall by pitching up rapidly. During this
time, the airspeed decreased. At 0.6 s,CL peaked at a value of just less
than 2, and at 0.66 s, k peaked at 0.35. The angle of attack continued
to increase, but CL decreased because the wing began to enter deep
stall. From 0.75 to 1 s, the angle of attack was near 90 deg, which
causedCL to be close to zero. After reaching the peak angle of attack
(near ≈0.8 s), CL increased during the stall recovery dive. The flight
had a large variation in CL during the aggressive stall, which
illustrates the influence that large unsteady effects can have on the lift
coefficient during a high angular rate and high angle of attack flight.
The progression ofCD during the initial rapid increase in α follows

a parabolic trend as shown in the drag polar (Fig. 15a). After the peak
CL at 0.6 s, the drag remains high as the lift decreases because the
angle of attack continues to increase. Figure 17 shows that the CD
peak lags behind the reduced frequency, and that during the stall
recovery, the drag coefficient remains high in a deep stall. The drag
remains high as the flow transitions from completely separated at
high angles of attack to reattached at low angles of attack. Once
unsteady effects become small as both k and the angle of attack
neared zero (near ≈1.25 s), the drag decreases to the steady-state
CD again.
To better understand the unsteady effects on lift, the lift coefficient

data in Fig. 15b can alternatively be plotted as a smoothed contour
depending on α and k, which is shown in Fig. 18. For k � 0 in Fig. 18
(the steady-state condition), CL increases with the angle of attack
until approximately α � 45 deg, where CL is 1.2 after which CL
decreases to almost zero at α � 90 deg. The lift behavior described
follows the expectedCL vs α curve for steady-state conditions, but as
previously mentioned, when including the large unsteady effects, the
range of CL values becomes much larger and depends on k. For
example, at α ≈ 35 deg, Fig. 15b shows that CL varies from ≈0.3 to
2.5, and Fig. 18 shows that the CL variation for the same angle of
attack depends on k, which varies from ≈ − 0.22 to 0.30. Figure 18
shows that the range of k and the influence of k changes over the range
of angles of attack during the maneuver. Even at lower angles of
attack, the increase in the range of k in the unsteady flight data over
the previously shown quasi-steady flight data can be seen when
comparing the variation of CL. For example, during the unsteady
flights at α � 10 deg, the range of k is larger (−0.15 to 0.15) than
was seen in the quasi-steady flights (−0.03 to 0.03), and subsequently
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Fig. 16 Lift coefficient as a function of k for the unsteady flights.
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CL varies from zero to almost 1.6, which is quite large when
compared with the quasi-steady results.
MAV flight can cover a larger flight envelope than full-sized

airplanes and can include high angle of attack flight similar to the
unsteady results shown here during maneuvers, such as perching
[14,29], deep stall maneuvers, or highly dynamic flight in confined
spaces. The unsteady results in Fig. 15 show the significant influence
that unsteady aerodynamics can have on both the airplane lift and
drag during rapid maneuvers. Figure 18 shows that during stall
maneuvers the unsteady effect of k is largest close to the stall angle of
attack andCLmax

. In the range from α � 20 to 50 deg, unsteady effects
can have a large influence on lift as illustrated by the maximum CL,
which was ≈1.2 in the steady-state condition and increased well
above 2 in the unsteady case. However, the influence of k diminished
during high angle of attack flight in a deep stall (α > 70 deg).
Figure 18 shows that the range ofCL becomes smaller at a high angle
of attack and that the CL variation as a function of k reduces as the
angle of attack approaches 90 deg.

V. Conclusions

Position and attitude time histories of a low Reynolds number,
unpowered micro air vehicle (MAV) were obtained from a motion
tracking system and used to determine the longitudinal aerodynamic
characteristics in quasi-steady flight and also unsteady high angle of
attack flight, as might be experienced in perching, deep stall
maneuvers, and highly dynamic flight in confined spaces. For quasi-
steady flight, the aerodynamics followed the expected steady-state
low Reynolds number behavior with an almost linear lift curve up to
stall and a drag polar that was well captured by a parabolic drag polar
fit. For the highly dynamic, high angle of attack flights that included
deep stall, large dynamic stall hysteresis loops were observed during
the motion that proceeded from pitch-up, to stall, and then recovery.
At its peak, the lift coefficient reached amaximum value near 2.5, but
typical values during dynamic maneuvers were near 2, which
exceeded the nominal gliding flight CLmax

of approximately 1 for the
thin cambered membrane wing at the nominal cruise flight Reynolds
number of 25,000. For the gliding flight motions considered, the
unsteady lift contribution can in part be modeled as a function of the
reduced frequency k, but additional unsteady contributions are
present and must be related to additional factors, such as vortex
shedding, apparent mass, dynamic wing flex, and the laminar
separation bubble. For high angles of attack approaching 90 deg, CL
approached zero and showed diminished dependency on the reduced
frequency k. The results of these tests show that any attempt to
accurately model or control MAVs during rapid maneuvers and
high angle of attack agile flight needs to include unsteady effects
to accurately predict and model the full vehicle aerodynamic
characteristics.
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