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Glide and Powered Flight Characteristics of Micro Air
Vehicles from Experimental Measurements
Arjun H. Rao∗, Daniel V. Uhlig†, and Michael S. Selig‡
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Aerodynamic characteristics of Micro Air Vehicles (MAVs) is not well addressed in
aeronautics literature, and more experimental data are required to help better understand
the behavior of fixed-wing MAVs. In the current research, aerodynamic characteristics of
two MAVs were measured using a motion tracking system. The aircraft used were flat-foam
surface, highly-aerobatic, micro RC models. Tests were conducted in glide and powered
flight conditions to assess the aerodynamic performance of a commercially manufactured
Extra 300 3D and a custom-built Extra 260 with wingspans of 42.67 cm (16.8 in) and
41.27 cm (16.25 in), respectively. The results presented show the longitudinal aerodynamic
characteristics of the MAVs over a range of angle of attack at a nominal Reynolds number of
25,000. The influence of low Reynolds numbers effects on the aerodynamic characteristics
and performance of the aircraft are discussed. The aerodynamic characteristics in powered
flight were analyzed by testing the Extra 300 3D over a range of propeller advance ratios.
Results indicate an increase in the slope of the lift curve and reduction in drag with
decreasing propeller advance ratios.
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body-axis translational acceleration
aspect ratio
wingspan
wing mean aerodynamic chord
drag coefficient (D/ 21 ρV 2 Sref )
parasite drag coefficient
lift coefficient (L/ 12 ρV 2 Sref )
lift curve slope
thrust coefficient (T /ρn2 Dp 4 )
drag
propeller diameter
force
advance ratio
lift
airplane mass
propeller rotational speed (rev/sec)
roll, pitch and yaw rates
transformation or rotation matrix
Reynolds number based on mean aerodynamic chord (V c/ν)
fuselage area
propeller area
reference area (wing area + fuselage area)
tail area
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wing area
body-fixed translational velocity
inertial speed
angle of attack
angle of attack rate
sideslip angle
rate of change of sideslip angle
roll, pitch and heading angles
density of air
kinematic viscosity
angular rates [ p q r ]T

Subscripts

ac
b
E
f
G
h
w
x, y, z
α, β

=
=
=
=
=
=
=
=
=

aircraft
body-fixed frame
Earth-fixed axis system
due to fuselage
due to gravity
horizontal tail
wing
body-fixed axis system directions
derivative per angle of attack or sideslip angle

I.

Introduction

MAVs have become increasingly popular in military and commercial application.1 Challenges in MAV
design stem in part from the lack of aerodynamic data and the inability to accurately estimate aerodynamic
performance at low Reynolds numbers. The complexity of low Reynolds number flow can be observed from
the results of wind tunnel studies of airfoils and wings at Reynolds numbers below 500,000.2–9 Spedding and
McArthur10 showed that the span efficiency factors for an airfoil and wing at low Reynolds numbers deviated
significantly from those at higher Reynolds numbers. The goal of this study was to use an off-board motion
tracking system to obtain flight data at low Reynolds number regimes at which MAVs operate. These data
would contribute to help better understand the aerodynamic performance of slow flying, fixed-wing MAVs.
Free-flight tests can aid in the measurement of aerodynamic characteristics of MAVs. Owing to the small
size and weight of MAVs, it is difficult to mount on-board sensors without altering the aerodynamic and
handling characteristics of the aircraft. Thus, state-of-the-art motion tracking techniques can be used to
obtain flight data and determine the aerodynamic performance of MAVs.11–18
Extensive research has been conducted in the design and testing of low-cost, high-performance propellers
for MAVs.19, 20 However, the use of propellers in aircraft propulsion results in the interaction between
the propeller wake and aerodynamic surfaces of the aircraft. This interaction can affect the aerodynamic
performance of the aircraft. Several wind tunnel and numerical studies have been dedicated to investigating
the influence of propeller wake on the aerodynamic performance of a wing.21–24
In the current research, a commercially manufactured Extra 300 3D and a custom-built Extra 260 were
used to gather flight test data using a 16 camera motion tracking system. The lift and drag characteristics
of both aircraft were obtained for free-flight conditions. In addition to glide flight results for both aircraft,
the Extra 300 3D was tested with the propeller operating over a range of advance ratios. A commercially
manufactured E-flite™ propeller was mounted on the nose of the Extra 300 3D aircraft. As no experimental
data were available for the propeller, a thrust model based on the blade element theory was developed and
implemented. It was critical to develop a model that closely resembled the propeller behavior in order to
better predict the aerodynamic performance of the aircraft at various propeller speeds and advance ratios.
This paper presents experimentally determined lift and drag characteristics for the Extra 260 and Extra 300 3D in free flight. The test aircraft flew at a nominal Reynolds number of approximately 25,000
based on the wing mean aerodynamic chord. The results for the complete airframe show the aerodynamic
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Figure 1. Motion tracking facility using the Vicon system at UIUC.

characteristics of the MAVs over a range of angles of attack. Results in the glide flight regime are compared
with theory, and results from powered flight are presented to show the influence of propeller slipstream on
the aerodynamic characteristics of the Extra 300 3D.

II.
A.

Experimental Apparatus

Laboratory Setup

Figure 1 shows the motion tracking facility at UIUC. Sixteen cameras, each with its own infrared light source,
were used by the Vicon motion tracking system. Reflective markers [approximately 5-mm (0.2-in) diameter]
were attached to the surface of the aircraft to generate strong point reflections. The cameras tracked the
circular reflections in their field of view, and using multiple camera views, the Vicon software triangulated
the reflections in three dimensions. The Vicon software returns both position and orientation of the airplane
in the Earth-referenced frame, and these data were analyzed to obtain velocities and acceleration in the
body-fixed frame. Each part of the aircraft (fuselage, propeller, etc.) was tracked as an individual object.
A recording rate of 200 Hz was used to capture the tracking data.
B.

Extra 260 and Extra 300 3D

Figure 2 shows the top and side views of a model of the scaled aerobatic Extra 26025 aircraft that was
custom-built for use with the motion tracking system. The “profile”-type aircraft was produced from 2-mm
depron foam sheets using a high precision laser cutter. The aircraft had a wingspan of 41.27 cm (16.25 in),
length of 39.37 cm (15.50 in) and weight of 33.62 g (1.18 oz).
The primary airframe and control surfaces were supported by carbon fiber rods. Carbon pushrods that
were connected to the miniature servos enabled the actuation of the ailerons, elevator, and rudder. A 3.7-V
battery was used to power a receiver that controlled the servos of the aircraft. The geometric properties for
the aircraft are listed in Table 1.
The second aircraft tested was a 32-g (1.13-oz) Extra 300 3D, as shown in Fig. 3.26 The aircraft had a
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(a) Top view of the Extra 260 .

(b) Side view of the Extra 260.

Figure 2. Scaled model of Extra 260.

Table 1. Geometric Properties of the Extra 260

Mass
Wingspan
Wing area (Sw )
Wing chord (at root)
Reference area (Sref )
Length
Horizontal tail area (Sh )
Vertical tail area

33.62 g
41.27 cm
403.1 cm2
13.0 cm
472.1 cm2
39.37 cm
102.7 cm2
54.56 cm2

(1.18 oz)
(16.25 in)
(62.48 in2 )
(5.13 in)
(73.18 in2 )
(15.50 in)
(15.93 in2 )
(8.45 in2 )

wingspan of 42.67 cm (16.8 in) and an overall length of 49.27 cm (19.4 in). As shown in Fig. 3, the airframe
was constructed from depron foam and comprised of carbon fiber wing struts. From the top and side views
of the Extra 300 3D (see Fig. 3), it can be seen that cut outs were made in the depron foam to reduce the
weight of the primary airframe and control surfaces without comprising on the structural integrity of the
aircraft. A thin plastic film was stretched over the top of the wing and tail structures to form membrane
aerodynamic surfaces. Thrust was generated by an electric motor driving a propeller with a diameter of
13 cm (5.12 in) and a pitch of 7 cm/rev (2.75 in/rev). The geometric properties of the Extra 300 3D are
listed in Table 2.

III.

Method of Data Acquisition

The method of data acquisition is similar to that used in earlier research.17, 18, 27 Each part of the aircraft
(fuselage, propeller, etc.) was tracked as an individual object. The data stream provided by the Vicon system
included the Earth-referenced position and the Euler angles for each of the objects. The tracking system
provided information on whether the object was visible to the camera system and if it was, the attitude and
position of the object. Motion track data for each object was filtered to acquire useful measurements.
For trajectory of the fuselage object, the position and attitude were used in the post processing to
determine the angular rate, angular acceleration, translation velocity, and translational acceleration of the
airplane. The first step was to transform the raw measured data from object-fixed reference frame as recorded
by the tracking system to the center of gravity of the airplane. The body-fixed frame is the standard aircraft
reference frame defined with x out the nose and y out the right wing. By measuring the distance and
rotation between the airplane center of gravity and the object-fixed origin, the rotation offset between the
two frames was known. A transformation matrix was used to combine the measured rotational offset and
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(a) Top view of the Extra 300 3D.

(b) Side view of the Extra 300 3D.

Figure 3. Commercially manufactured Extra 300 3D.

Table 2. Geometric Properties of the Extra 300 3D

Mass
Wingspan
Wing area (Sw )
Wing chord (at root)
Reference area (Sref )
Length
Horizontal tail area (Sh )
Vertical tail area

32.00 g
42.67 cm
467.4 cm2
13.3 cm
571.9 cm2
49.27 cm
159.6 cm2
75.35 cm2

(1.13 oz)
(16.80 in)
(72.45 in2 )
(5.25 in)
(88.66 in2 )
(19.40 in)
(24.75 in2 )
(11.68 in2 )

the Earth-referenced tracking data. In order to rotate between different axis systems, the standard rotation
matrix depending on the three Euler angles(φ, θ and ψ) was used, viz


cos θ cos ψ
cos θ sin ψ
− sin θ


R =  sin φ sin θ cos ψ − cos φ sin ψ sin φ sin θ sin ψ − cos φ cos ψ sin φ cos θ 
(1)
cos φ sin θ cos ψ − sin φ sin ψ cos φ sin θ sin ψ − sin φ cos ψ cos φ cos θ
A matrix was first developed for the transformation from the airplane object measurement frame to the
airplane center of gravity body-fixed frame. The resulting matrix was labeled Rmeasured to CG . The second
transformation matrix, Rinertial f rame , was from the Earth-fixed inertial reference frame to the tracking
object center and was recorded at each time step. By combining these two rotations through the multiplication of Rmeasured to CG and Rinertial f rame , the transformation from the Earth-fixed reference frame to the
airplane center of gravity was calculated by
Rearth to body = Rmeasured to CG · Rinertial f rame

(2)

From the resulting Rearth to body matrix, the Earth-referenced attitude at the airplane center of gravity were
determined by calculating θ, φ, and ψ as well as x, y, and z.
In post processing, the voids where the system was unable to triangulate the MAV were located and
were estimated using linear interpolation based on the neighboring points in the trajectory time history.
After filling in these points that represented less than 0.7% of the time history, the raw measurements
were smoothed using a third-order polynomial regression (Savitzky-Golay) method.28 The first and second
derivatives of the Earth-referenced position and attitude time histories were also calculated by the algorithm
during the smoothing process. The polynomial regression results were used to determine the forces and
moments acting on the airplane in the body-fixed frame.
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Lift and Drag Measurement

From the smoothed and differentiated data, the position of the airplane along with the velocity and acceleration in the Earth-referenced frame as well as the Euler angles were known. To transform these quantities
into a body-fixed reference frame, a rotation matrix (Eq. 1) based on the Euler angles was used.16, 29 First,
the velocity and acceleration were transformed from the Earth-referenced frame to the body-fixed frame
along with an offset vector r using
Vb = [ u v w ]T

= Rearth to body [ ẋE ẏE żE ]T + (ω × r)
T

T

ab = [ ax ay az ] = Rearth to body [ ẍE ÿE z̈E ] + ω̇ × r + ω × (ω × r)

(3a)
(3b)

to obtain body-fixed axes velocity Vb and acceleration ab . The offset vector r is the distance from the origin
of the body-fixed frame to the tracked object-fixed frame. The angular rates were calculated by transforming
the Euler angular rates to the body-fixed angular rates using16, 30

 


p
1
0
− sin θ
φ̇

 


(4)
 q  =  0 cos φ sin φ cos θ   θ̇ 
r
0 − sin φ cos φ cos θ
ψ̇
From the three components of velocity [see Eq. 3(a)], the total inertial speed V could be calculated from
p
(5)
V = u2 + v 2 + w2
With all of these quantities known over the duration the flight, the analysis of the aerodynamic performance
was completed. To obtain the angle of attack and sideslip angle, the measured inertial speed V can be used
if two assumptions are made. First, the air mass is assumed to be quiescent, and second the induced flow
effects on the aircraft are negligible. With these assumptions, the freestream flow angles were found from
α = tan−1 (w/u)

(6a)

−1

(6b)

β = sin

(v/V )

The forces acting on the airplane were known since the mass of the airplane was fixed, and the body-fixed
axes accelerations (ax , ay , az ) were known from the position tracking data. The total external forces acting
on the airplane were calculated from the expression
Fexternal = [ ax ay az ]T m

(7)

By subtracting the force of gravity FG and thrust force FT from the total external forces, the aerodynamic
forces acting on the airplane were determined from
Faero = Fexternal − FG − FT

(8)

FG = mg [− sin θ sin φ cos θ cos φ cos θ]T

(9)

where FG is given by
Three resulting components (Fx , Fy , Fz ) of the aerodynamic force Faero were in the body-fixed axes
frame. To calculate lift and drag, which are the force components in the wind axes, the forces in the body
frame were transformed into the wind frame using
L = −Fz cos α + Fx sin α
D = −Fz sin α cos β − Fx cos β cos α − Fy sin β

(10a)
(10b)

By not making a small angle approximation on the sideslip angle β in the drag calculations, the result was
more accurate for a maneuvering aircraft. The angle of attack and sideslip angle were calculated throughout
the flight to understand the performance of the aircraft.
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Figure 4. Geometric characteristics of the E-flite propeller.

B.

Thrust Measurement

A commercially manufactured E-flite propeller (see Fig. 4) was used in the current study. The rotational
speed of the propeller was calculated using the attitude time history of the propeller object. The propeller
object was tracked using flat markers made of reflective tape elements that were placed on the hub and blades
of the propeller. Tracking the propeller proved to be more challenging to the motion tracking system than
slow moving objects, and this resulted in more voids in the propeller trajectory than the fuselage (aircraft)
trajectory. Despite using fast sampling rates (above the Nyquist frequency), there could be as few as two
measurements during each rotation of the propeller.
In order to overcome these challenges, the attitude time history of the propeller was represented by
quaternions. The quaternions were used for calculating the angular change in propeller attitude between
two sequential measurements (q1 and q2 ) using31
δ = 2 cos−1 (q1 · q2 )

(11)

After calculating the angular change in propeller attitude, the rotational speed was determined from
δ
2πdt
where dt was the time interval between measurements.
n=

C.

(12)

Thrust Model Development

Experimentally measured thrust at various advance ratios were not available for the propeller. Thus, the
propeller thrust was modeled using the blade element theory.32 The twist and chord distributions of the
propeller were determined using the PropellerScanner software.33 The program used the front and side views
of the propeller as shown in Fig. 4 to estimate the twist and chord distribution, the results of which are
shown in Fig. 4. Following the determination of the twist and chord distribution, the thrust coefficient CT
of the propeller was predicted. Figure 5 shows the thrust coefficient CT of the propeller as a function of
advance ratio J. With this data, the thrust coefficient was estimated at each flight data point using the
instantaneous advance ratio, that is
V
J=
(13)
nDp
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Figure 5. Thrust characteristics of the Extra 300 3D propeller.

where V is the airspeed, n is the rotational speed in revolutions per second (Eq. 12) and Dp is the diameter
of the propeller. From the thrust coefficient, the thrust force of the propeller is given by
T = ρn2 Dp 4 CT

(14)

The propeller and hence the thrust force was aligned with the body-fixed x axis so that the thrust force vector
FT was estimated to have thrust T in the x direction. By using the motion tracking system to determine the
propeller speed and forward velocity, results from blade element theory were used to estimate the propeller
thrust throughout flight at varying advance ratios.

IV.

Results and Discussion

In this section, the aerodynamic characteristics of the Extra 260 and Extra 300 3D in glide flight as well
as results from the powered flight tests of the Extra 300 3D are presented.
A.

Unpowered Flight Tests

1.

Lift and Drag Characteristics

The lift and drag characteristics of the Extra 260 and Extra 300 3D during hand-launched glide flights are
presented in Figs. 6 and 7. The results shown in Figs. 6 and 7 correspond to conditionally-sampled low
angular rate data (< 30 deg/sec) with a least-squares parabolic fit to the drag polar and a linear fit to the
lift curve. By limiting the angular rates, unsteady flight dynamics effects could be minimized.18
A parabolic fit was applied to the low angular rate data shown in the drag polars of Figs. 6 and 7. The
parabolic fit is of the standard form given by
CD = CDo + KCL2

(15)

where CDo is the parasite drag and KCL2 is the induced drag due to lift where
K=

A

1
πeo

(16)

In Eq. 16, eo is the Oswald efficiency factor.32 The resulting curve fits for the Extra 260 and Extra 300 3D
are given by
CD = 0.0554 + 0.5278CL2
(17)
CD = 0.1015 + 0.5349CL2

(18)

From Eqs. 17 and 18, it is observed that the CDo values for the Extra 260 and Extra 300 3D are 0.0554
and 0.1015, respectively. It should be noted that in both cases the parasite drag include the additive drag
8 of 17
American Institute of Aeronautics and Astronautics
Copyright © 2012 by the author. Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.

30th AIAA Applied Aerodynamics Conference
25-28 June 2012, New Orleans, Louisiana

2012-2768

Extra 260
Glide
Least Squares Fit
1.00

1.00

0.75

0.75

CL

CL

0.50

0.50

0.25

0.25

0.00
0.00

0.10

0.20

0.30

0.40

0.00

0.50

0

10

CD

α (deg)

20

30

Figure 6. Experimentally determined drag polar and lift curve for the Extra 260.

due to the reflective markers (approximately eight per aircraft). The Extra 300 3D has a higher CDo owing
in part to the drag of the unpowered (static) propeller. Also, the Extra 300 3D had covering applied to
only one side of the depron foam thereby leaving the sharp edges of the cutouts exposed, which produced
additional drag.
The lift of the entire MAV depends on both the wing and horizontal tail,34 viz
CL = CLw + CLh ηh

Sh
Sref

(19)

where ηh is the dynamic pressure ratio at the tail and taken to be 0.9. The reference area (Sref ) and
horizontal tail area (Sh ) for the two aircraft are given in Tables 1 and 2. The pitching moment CMcg is given
by
Sh
CMcg = CMac,w + CLw (xcg − xac,w ) − CLh ηh
(xac,h − xcg )
(20)
Sref
where the center of gravity xcg was measured to be 32% and 38% of the wing root chords of the Extra 260 and
Extra 300 3D, respectively. The pitching moment of the wing CMac,w was taken as zero, and the aerodynamic
center of the wing xac,w and the tail xac,h were approximated to be located at 25% of the respective mean
aerodynamic chord. During flight, CMcg and CL for the airplane were determined from the flight trajectory.
In Eqs. 19 and 20, the only remaining unknown parameters are the wing CLw and the tail CLh . Solving
the two equations simultaneously results in
CLh =
CLw =

CMac,w − CMcg + CL (xcg − xac,w )
Sh
Sref

ηh (xac,h − xac,w )

CMcg − CMac,w + CL (xac,h − xcg )
(xac,h − xac,w )

(21a)
(21b)

From the glide flight measurements, the trim flight condition for a set of flights was found using the
following method. First, the trim angle of attack αtrim for each flight was found using a linear least-squares
fit to find CMo and CMα in the form
CMcg = CMo + CMα α
(22)
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Figure 7. Experimentally determined drag polar and lift curve for the Extra 300 3D.

Taking CMcg = 0 yields the trim angle of attack αtrim . Next, a fit was used to determine CL as a function
of angle of attack in the form
CL = CLo + CLα α
(23)
With both CLo and CLα known for a set of flights, CLtrim was calculated by evaluating Eq. 23 at αtrim
found previously. The result is a trim lift coefficient for each set of flights that can be used in Eq. 21(b) to
yield the wing lift coefficient CLw .
At each trim point, Eq. 21(b) was used with CMcg = 0 and CL to find CLw . Figure 8 shows the trim
CL for the entire aircraft and the corresponding lift coefficient of just the wing CLw as a function of the
angle of attack during glide flights of the Extra 260. For comparison, Fig. 8 also includes the previously
discussed conditionally-sampled low angular rate data. Figure 9 shows CL for the entire aircraft and CLw
from Eq. 21(b) for the conditionally-sampled flight data (previously shown in Fig. 6). A linear fit was used
to determine the lift curve slope for both cases. The lift curve slope for the entire aircraft is 2.60/rad, and
the lift curve slope for the wing alone is 2.11/rad (see Fig. 9).
For the Extra 300 3D, Fig. 10 shows the trim CL for the entire aircraft and the corresponding lift
coefficient of just the wing CLw as a function of the angle of attack during glide flights. Figure 11 shows CL
for the entire aircraft and CLw . A linear fit was used, and the lift curve slope of the entire aircraft and wing
were found to be 2.27/rad and 2.03/rad, respectively. For both aircraft tested (Extra 260 and Extra 300 3D),
the calculated lift of the wing was less than that of the entire aircraft which indicates a lifting horizontal
tail.
Theoretical values of the lift curve slope were obtained from classical lifting line theory given by


CLα = 2π
(24)
+2
where

A is calculated from

A
A

A = Sb

2

(25)

ref

where b is the wingspan and Sref is the reference area. From the wingspans (b) and reference areas (Sref )
provided in Tables 1 and 2, the aspect ratios for the Extra 260 and Extra 300 3D were calculated to be 3.60
and 3.18, respectively.
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Figure 8. Experimentally determined lift coefficients for the entire aircraft and the wing at the
trim points during the conditionally-sampled flights
of the Extra 260.

Figure 9. Comparison of the experimentally determined lift coefficients of the entire aircraft and
wing for the Extra 260.

The experimental lift curve slope for the Extra 260 was 2.11/rad which was lower than the 4.04/rad
predicted by lifting line theory (Eq. 24). A similar result was observed for the Extra 300 3D that had an
experimental lift curve slope of 2.03/rad while the value obtained from lifting line theory was 3.85/rad. This
decrease is not unexpected because the lift curve slope decreases for finite wings and airfoils at low Reynolds
numbers.10
However, a reduced lift curve slope of 3.69/rad was obtained for the Extra 260 using a relation more
appropriate for low
wings, viz



A

CLα = 2π

A

2+

√
4+

A

2

(26)

For the Extra 300 3D, using Eq. 26, the lift curve slope was calculated to 3.47/rad.
As expected, both of these results from theory (with Eq. 26 being most appropriate) over predict the
lift curve slope primarily as a result of low Reynolds number effects, and this result is consistent with past
measurements.10
B.

Powered Flight Tests

The propeller wake over the aircraft wing and fuselage has a significant impact on the lift, drag, and stability
of the aircraft. A propeller produces thrust by accelerating a large mass of air rearward, and this air flows
over a portion of the wing and fuselage. The total lift produced is a combination of the lift generated by
the airframe area not in the wake of the propeller and the region influenced by the propeller slipstream.
Thus, the lift can be altered by varying the rotational speed (RPM) of the propeller. In the current study,
a commercially manufactured E-flite propeller with a diameter of 13 cm (5.12 in) and pitch of 7 cm/rev
(2.75 in/rev) was mounted on the nose of the aircraft. The forces due to the propeller running at various
speeds were taken into account by using the CT results previously discussed (Fig. 5). After accounting for
the forces due to the running propeller, the lift and drag forces acting on the aircraft were obtained. The
aerodynamic performance of the aircraft is presented for three ranges of advance ratio: low (0.30–0.45),
moderate (0.45–0.60), and high (0.60–1.0).
The aerodynamic performance of the Extra 300 3D for specific ranges in advance ratio is compared
with the lift and drag characteristics during glide flight. In order to make this comparison, the drag from
the unpowered propeller was taken into account. The increase in aircraft drag coefficient due to a static
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Figure 10. Experimentally determined lift coefficients for the entire aircraft and the wing at the
trim points during the conditionally-sampled flights
of the Extra 300 3D.

Figure 11. Comparison of the experimentally determined lift coefficients of the entire aircraft and
wing for the Extra 300 3D.

propeller (∆CD ) is given by
∆CD = CDF P

Sprop
Sref

(27)

where CDF P is the drag coefficient for a flat plate, Sprop is the frontal area of the static propeller and Sref
is the reference area of the aircraft. From Eq. 27, ∆CD was found to be approximately 0.034. This change
in the value of CD is shown in Fig. 12. The parameter values used in Eq. 27 are given in Table 3.
Figures 13–15 show the lift and drag characteristics of the Extra 300 3D for specific advance ratio ranges,
and a comparison is made with glide flight behavior (corrected for the static propeller). Glide flight behavior
is used as a reference to highlight the change in aerodynamic characteristics that result from the running
propeller. It is observed from lift curve in Fig. 13 that at the low J-range the slope of the lift curve is steeper
than that for glide flight. From the lift curves in Figs. 14 and 15, it is observed that at the moderate and
high J-ranges the lift curve becomes shallower and approaches glide flight behavior. The increased lift in
the powered flight condition is a consequence of the enhanced aerodynamic performance of the wing and
fuselage that are immersed in the propeller slipstream. The propeller wake increases the axial velocity of
the flow over the inboard section of the wing which results in beneficial lift characteristics. The lift curve in
Fig. 16 clearly shows the trend of augmented lift with decreasing J (low speed flight).
The drag polars in Figs. 13–15 show a change in the aerodynamic performance of the aircraft at the
specific ranges in advance ratio. It is observed from Fig. 13 that the drag is reduced at the low J-range
when compared with glide. From the drag polars in Figs. 14 and 15, it is observed that at the moderate
and high J-ranges the drag characteristics of the MAV approach glide flight. The departure from glide flight
behavior can be observed from the drag polar in Fig. 16. This shift in the drag polars from right-to-left with
decreasing J could be as a result of the modification of the local angles of attack on the wing and fuselage

Table 3. Parameters Used to Calculate the Change in Drag Coefficient

Reference area (Sref )
Propeller frontal area (Sprop )
Flat plate drag coefficient (CDF P )
Drag coefficient change (∆CD )

571.99 cm2
9.74 cm2
2.0
0.034

(88.66 in2 )
(1.51 in2 )
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Figure 12. Drag characteristics of Extra 300 3D before and after accounting for static propeller drag (propeller
drag is subtracted).
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Figure 13. Comparison of experimentally determined drag polar and lift curve for the Extra 300 3D in glide
and powered flight at J = 0.30–0.45.

by the tangential velocity in the propeller slipstream. The propeller slipstream energizes the boundary layer
and promotes attached flow and thereby results in lower drag.
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Figure 14. Comparison of experimentally determined drag polar and lift curve for the Extra 300 3D in glide
and powered flight at J = 0.45–0.60.
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Figure 15. Comparison of experimentally determined drag polar and lift curve for the Extra 300 3D in glide
and powered flight at J = 0.60–1.0.
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Figure 16. Comparison of experimentally determined drag polar and lift curve for the Extra 300 3D in glide
and powered flight at various ranges in advance ratio J.
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Summary and Conclusions

The goal of this research was to obtain accurate aerodynamic data to aid in understanding the behavior
of fixed-wing MAVs. Position and attitude time histories of two MAVs were obtained from a motion tracking
system and used to determine the longitudinal aerodynamic characteristics in glide and powered flight. Lift
and drag characteristics of the Extra 260 and Extra 300 3D were obtained for unpowered flight. For glide
flight, the aerodynamics followed the expected 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. A trim analysis
was conducted to obtain the lift from the wing and thus, the resulting lift curve slope. Comparison of the
experimental lift curve slope with the theoretical calculations showed that the latter over predicted the lift
curve slope. These results provided useful information regarding the aerodynamics of MAVs in glide flight.
Powered flight tests were conducted for the Extra 300 3D with the propeller running at various speeds.
A thrust model was implemented to aid in the accurate calculation of the lift and drag forces for specific
ranges in advance ratio J. The results indicated that the propeller slipstream over the wing and fuselage
has a beneficial effect on the aerodynamic performance that includes an increase in the lift curve slope and
a reduction in drag with a decrease in the propeller advance ratio.
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