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Abstract
Ducted fan VTOL UAVs are currently being designed for use by the Army for
surveillance and reconnaissance in the battlefield. The vehicle tested in this research is
part of the Honeywell MAV program. Able to be carried in a backpack by a single
soldier, it has a duct diameter of 11.5-in. and weighs approximately 20-lbs at takeoff. It
is designed for flight up to 50-knots with fan speeds varying between 5000 and 8500
RPM. Reynolds numbers, based on the duct diameter, were on the order of Re = 0.96 x
106 to 4.6 x 106. Various control effectors were mounted to the vehicle and tested for
maximum control authority to reduce the nose-up pitch moment created during forward
flight or with crosswinds present. Static and wind tunnel tests were conducted to
measure each control effector’s performance. Box vanes, mounted downstream of the
duct, utilized four assemblies, each with three vanes and one flap. This configuration
showed adequate results in generating a nose-down pitch moment. Duct deflectors,
mounted on the windward strut upstream of the duct, reduced the windward lift produced
by both the fan and duct, resulting in a nose-down pitch moment. Opposed vanes,
utilizing two vanes and flaps for each of the four assemblies, were designed with the
same surface area as the box vanes. With each pair capable of independent vane
movement, the opposed vanes were tested with the vanes rotating in tandem for a basic
elevator deflection and with the leading edges touching, disrupting the flow at the duct
exit. Opposed vanes combined the capabilities of the box vanes and duct deflector.
Results show that the opposed vanes were the most practical control effector, offering the
most control authority for maximum nose-down pitch moment (up to 80% better) with
minimal loss in thrust.
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Chapter 1: Introduction
1.1 Background
For soldiers on the battlefield, superior reconnaissance provides a distinct tactical
advantage. UAVs are ideally suited to provide the reconnaissance while keeping soldiers
safe at a remote location. In particular, small, ducted fan VTOL UAVs are easily
portable and can be put to use relatively quickly. By virtue of these vehicles’
autonomous vertical takeoff and landing capabilities, soldiers can program the vehicle to
fly over to a particular area and hover while continuously streaming surveillance data.

1.2 Ducted Fan Aerodynamics
Research into ducted fan UAVs has shown many advantages over open or
unducted propellers. From a physical safety perspective, the duct acts like a shield for
the spinning rotor1, 2. This is useful when the vehicle is flying in tight quarters as well as
when it is launched and recovered by the soldiers. The duct also provides increased
aerodynamic performance for a given physical size. The tip losses normally associated
with unducted propellers are minimized with the small clearance between the tip of the
fan blade and the inner duct wall3, 4. More of the fan blade span can carry load with a
duct wall present since the loading extends to the tips of the blades.
While open rotors provide more power for a given area, ducted fans provide more
thrust5, an important factor since these vehicles are limited by size. It has been shown
that the duct and fan split the overall load6, 7. The fan alone in a ducted fan design
produces less thrust than a fan of the same diameter in the open air. However, as Black7,
et al, have described, the slipstream behind an open rotor contracts much more than it
does behind a ducted fan. This is primarily because the pressure at the duct exit is
approximately equal to the atmospheric pressure. As a result, the combination of the duct
and fan produce a larger mass flow and nearly twice the amount of thrust. Higher disk
loading is possible due to a portion of the lift carried by the duct lip, leading to the fan
operating more efficiently.
An important consideration in ducted fan design is the momentum drag. As
explained by Fleming, et al8, 9, 10, when the vehicle is in forward flight or when
1

crosswinds are present, the air is forced to change directions as it enters the duct. This
change is momentum as the air hits the leeward side of the duct causes a drag force, as
can be seen in Figure 1-1. This drag acts at the center of pressure of the turning flow,
which is typically above the duct lip. This causes a nose-up pitch moment and can
increase as the center of gravity, approximately located at the center of the duct lip, and
center of pressure are placed farther apart. A ducted fan should be carefully designed in
order to minimize this distance and the resulting nose-up pitch moment.

Velocity, V
Momentum Drag
c.p.

c.g.

Nose-up pitch
moment

Figure 1-1: Momentum drag acting at flow center of pressure (c.p.) and causing a
nose-up pitch moment at center of gravity (c.g.)
A main disadvantage of the ducted fan is the asymmetric lift. While in hover and
with no crosswinds, air is drawn by the fan into the duct and lift is produced
symmetrically, as seen in Figure 1-2. However, while in forward flight or with
crosswinds are present, the lift is distributed asymmetrically1. The incoming air on the
windward lip is at a higher angle-of-attack than the leeward side. As a result the lift is
increased on the windward side, producing a positive pitch moment (+My) about the duct
center of gravity. Therefore the vehicle needs proper control authority to maintain a
nose-down tilt angle during forward flight.
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Duct
Lift

Nose-up pitch
moment

Figure 1-2: Symmetric lift (left) and asymmetric lift (right)
CFD results11, 12 have been generated showing a greater amount of lift on the
windward side of the duct during forward flight at a wide range of velocities and
Reynolds numbers. It has been shown through CFD12 that the suction peak of the flow
over the duct lip is just below the leading edge inside the duct. At this point the flow
senses an adverse pressure gradient created by the fan and it is possible that the flow will
separate. This is highly dependent on the shape of the duct lip and its ability to prevent
flow separation. Although, if the flow does separate, particularly on the windward side
during forward flight, the resulting loss in windward lift produces a less asymmetric lift
distribution around the duct lip1.

1.3 Literature Review
A variety of VTOL ducted fan UAVs have been designed and tested over the
years and much has been learned about various duct shapes and control effectors for
maintaining forward flight. An early ducted fan vehicle was the Hiller Flying Platform13,
developed by the Office of Naval Research in the mid-1950s. While this vehicle was
manned, designed to carry a single soldier, it did exhibit many similar characteristics to
other unmanned vehicles. Two counter-rotating propellers, each powered by a 44-hp
two-stroke engine, were placed in the six-foot diameter duct. The vehicle was
maneuvered by the pilot shifting his weight on top of the duct, although there were
limitations in its forward flight capabilities, namely in the adverse nose-up pitch moment
exhibited.

3

The Moller Aerobot14, another VTOL UAV, had multiple successful versions
depending on the mission profile desired. The smallest version used a 10-hp engine to
lift a 15-lb payload, while the largest version used a 100-hp engine to lift up to 650-lbs.
The Aerobot was able to generate additional flow control with troughs at the duct trailing
edge as well as other auxiliary control effectors on both the windward and leeward sides
of the duct.
The Airborne Remotely Operated Device (AROD) 4, 15 was built by the Sandia
National Laboratories in the 1980s. This vehicle, used by the United States Marine Corps
for short range aerial reconnaissance, had a 24-in duct diameter and was powered by a
26-hp engine. Four individual control vanes downstream of the duct were used for
attitude control. A successful stability control algorithm was developed to allow the
vehicle to successfully hover and perform multi-directional translation.
Testing has also been conducted using active flow control on ducted fans.
Amitay, et al16, 17, have shown that using synthetic jet actuators in the duct can disturb the
flow at high angles-of-attack, resulting in quasi-steady flow upon exit from the duct. In
addition to the CFD results previously mentioned, Quackenbush, et al18, have modified
established rotorcraft modeling tools for VTOL UAVs used to validate experimental
results for ducted rotor systems.
The Goldeneye19, developed in 2003, used a duct with a large chord to enshroud
not only the fan, but the engine and other equipment as well. Although not meant to be
backpackable, this vehicle was designed for payload delivery up to 22-lbs in enemy
territory. Four wings at the base of the vehicle were placed outside the duct, although
flaps were placed at the duct exit, providing thrust vectoring.
Another recent vehicle, the GTSpy20, was designed for flight in urban
environments. The vehicle had a maximum takeoff weight of 5.5-lbs and a 2-bladed
propeller within the duct. Six vanes placed downstream of the duct worked to rotate the
vehicle about its center axis, while two pairs of control vanes were used to generate pitch
and yaw moments. At low speed conditions (approximately 10-knots), the GTSpy
hovered like a helicopter, while at higher speeds (up to 50-knots) it tilted forward almost
90° and flew like an airplane. For each mode, there was minimal high speed flow turning
into the duct, reducing the asymmetric lift across the duct.

4

The Honeywell MAV (Micro Aerial Vehicle), currently in development, has been
used as a platform for research of various control effectors. This vehicle is designed to
be durable, lightweight, and fit inside a soldier’s backpack. Fleming, et al,8, 9, 10, 12 as well
as Abrego, et al21 have shown how both the duct cross-section and various devices on the
duct lip affect the flow into the duct. These included lip spoilers, leading edge slats, and
multiple duct deflectors. The box vanes and windward duct deflector were chosen as the
most successful control effectors. These, along with the most recent duct cross-section,
formed the starting points for the research presented here.

1.4 Objectives
The MAV must be able to maintain steady, forward flight to be effective on the
battlefield. It will encounter various atmospheric conditions and sizable gusts that can
force the vehicle to become unsteady and possibly crash. Therefore, it is critical to keep
the vehicle tilted downward into the wind and prevent the nose-up pitch moment
generated by the asymmetric lift. This can be accomplished by control effectors that
provide maximum control authority. The purpose of this research is to test upgraded
versions of previously tested control effectors as well as newly designed ones. The best
effector will be that which provides the most nose-down pitch moment for the least
amount of loss in thrust. While these effectors are primarily screened based on
performance, other factors, such as practicality and implementation, will be also be
considered in determining the best control effectors for ducted fan UAVs.

5

Chapter 2: Experimental Methods
Figure 2-1 shows the body-axis coordinate system used for the VTOL UAV, as
well as the windward forces. The z-axis follows the axis of thrust, down the center of the
duct. The x- and y-axes form a plane on the duct lip. The vehicle tilts into the wind in
forward flight at a negative angle-of-attack and remains at zero angle-of-attack during
hover. This sign convention is similar to that of helicopters22.
Lift

yb
Drag

Velocity, V
α<0
Forward flight at
negative angle of
attack (α)

y

xb
zb

x
Body-Axis Coordinate
System

z

Figure 2-1: View of simplified ducted fan with body-axis coordinate system in
forward flight (left) and from above (right)

2.1 Testing Model
The model tested was built for the Honeywell MAV program, with an
approximate weight of 20-lbs, and can be seen in Figure 2-2. A powered ducted fan
model was tested in two environments: static and wind-on. The static environment
allowed for testing at hovering conditions while the wind-on environment allowed for
testing at forward flight conditions. An aluminum ring frame was used as the structure to
which SLA (Stereo Lithography) components were attached. These pieces were
lightweight and could be made quickly using standard rapid prototyping techniques. A 4hp MOOG G402-1006A electric motor powered a 5-bladed fan, located 1.5-in. below the
duct lip, and was controlled by a MOOG T200-610 controller. Tip gap clearance
between the fan tip and duct inner wall was on the order of 0.040-in.
While the actual duct geometry is proprietary to Honeywell, the duct inner
diameter, d, is 11.5-in. and the duct chord, c, is half the diameter, 5.75-in. The design of
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the duct shape, primarily the thickness and radius of curvature at the lip, was determined
for high performance and minimal flow separation inside the duct. A set of stators was
placed inside the duct to reduce a majority of the swirl in the flow produced by the fan.
The stators were made up of nine vanes, each with a 1.5-in chord. Components upstream
of the duct were either machined or fabricated using SLA resin to simulate the various
vehicle components, such as the avionics pod, mufflers, etc.

Figure 2-2: Vehicle side view (facing starboard side) and front view (facing
windward side)

2.2 Wind Tunnel Testing
The Virginia Tech Stability Wind Tunnel was used for all of the wind-on testing
of the vehicle. The tunnel is a continuous, closed-jet circuit capable of subsonic flow up
to 163-knots through a 6 x 6 x 24-ft test section. The 14-ft propeller is powered by a 600hp D.C. motor. Seven anti-turbulence screens reduce turbulence levels to below 0.05%23
in the test section. Figure 2-3 shows a layout of the tunnel.
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Figure 2-3: General layout of the Virginia Tech Stability Wind Tunnel
A six-component, strain gauge balance was mounted to a sting directly behind the
centerbody of the vehicle. Table 2.1 shows the limits for each force and moment
measured by the balance. All six forces and moments were measured using the body-axis
coordinate system.
Table 2.1: Balance load limits
Limit
Sensitivity
Fx

120 (lbs)

73 (lbs/V)

Fy

120 (lbs)

46 (lbs/V)

Fz

120 (lbs)

67 (lbs/V)

Mx

100 (ft-lbs)

69 (ft-lbs/V)

My

100 (ft-lbs)

10 (ft-lbs/V)

Mz

30 (ft-lbs)

69 (ft-lbs/V)

From the balance, the signals passed through six Measurements Group 2310 strain
gauge amplifiers to the data acquisition system (four SCXI-1120D isolation amplifiers
and an AT-MIO-16-XE-10 DAC board). Data acquisition software, developed by
Techsburg using LabView, was used to collect all the data. A 400-Hz sampling rate was
chosen (2000 points over a 5 second period) for each data point taken. Velocity was
measured using a Pitot-static probe mounted in the wind tunnel approximately 10-ft
8

upstream of the model. Various other parameters (fan speed, standard deviation,
temperature, pressure, etc.) were collected with each data point using the LabView
software. Figure 2-4 shows the equipment as well as screen captures from the DAQ
system.

Figure 2-4: Strain gauge amplifiers (top left), sting-mount balance (top right),
LabView data acquisition software (bottom)
The model itself, shown in Figure 2-5, was mounted on its side so the oncoming
air would strike the windward side, simulating the vehicle in forward flight. The model
was connected to a strut and rested 3-ft above the floor, halfway between the floor and
ceiling. The model was also located in the center of the test-section. The strut, made of
2-in square aluminum, could rotate the model from -90° to 90° angle-of-attack and was
designed to minimize the model’s interference with the tunnel walls. The leading edge of
the duct was 28-in from the vertical strut, and the lower horizontal strut was 6-in above
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the floor. With the strut forward of the duct, as opposed to aft, there was less interference
with the control effectors. As shown in Graf12, the strut interference increases as the
vehicle approaches α = -90°, however, these high angles are only necessary at high
vehicle speeds. Most of the data presented is at angles-of-attack low enough where the
strut interference is minimal.
The balance, connected between the vehicle and the strut, was shrouded to
minimize the interference with the oncoming flow. A stepper motor, located just beneath
the tunnel floor, was used to rotate the vehicle from the support strut base for an angle-ofattack range of -90° to 10° and was controlled by the LabView software. The rest of the
test matrix included runs at 10, 20, 30, and 50 knots (17, 35, 60, 85 ft/s) and engine fan
speeds from 5000 to 8000 RPM in 500 RPM increments. Reynolds numbers were high,
varying from Re = 0.96 x 106 to Re = 4.6 x 106, using the duct diameter, d, as the
characteristic length. Results, shown later, use the force or moment as the dependent
variable with the angle-of-attack as the independent variable. With the model being the
same size as the actual vehicle, no scaling factors were required for the data analysis.
y
Balance

x

z

Air Flow
Support
Strut

-α

Turntable
Base Plate

Air flow

Figure 2-5: Model (note: not full model) mounted to balance and turntable (left),
model shown on its side (top right), model at negative angle-of-attack (bottom right)
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2.3 Static Testing
Extensive static testing was conducted with the vehicle in an open air
environment, meaning the ambient air was still and there was no wall interference on any
side. The strut-model assembly was mounted so that the base was securely fastened to a
stationary cart, with the model resting about 4-ft from the floor. The model was also
placed so that the exhaust from the fan hit nothing that would interfere with the model.
Most of the testing techniques and equipment were identical to that of the wind tunnel
testing. The primary differences were that there was no oncoming air and the model and
strut were securely mounted to a stationary cart. With two less parameters in the test
matrix (angle-of-attack and wind speed), many more configurations could be tested in a
shorter amount of time. For the static test results, RPM was used as the independent
variable.

2.4 Control effectors
2.4.1 Box Vanes
The first control effectors tested were the box vanes. As seen in Figure 2-6, four
control vane assemblies, each with three evenly spaced vanes, controlled the primary
attitude of the vehicle. This multiple vane configuration allowed for increased surface
area within a confined area. These four vane assemblies could be rotated about a pivot
screw, highlighted in red, in a specific combination to create a roll, pitch, or yaw
moment. The spacing between the three vanes and chord length were chosen for
minimum interference between the individual vanes as well as between each assembly
(evidenced by the angled cut in each assembly). The box vanes were positioned
downstream of the duct, a distance of 1.13c from the duct lip to the box vane leading
edge. Each box vane assembly could be rotated from -30° to +30° in 5° increments. A
screw pin was used to hold the box vanes in place at each deflection angle after manual
adjustment, as seen in the insert in Figure 2-6. The box vane cross-section was a standard
NACA 0014 airfoil. The center vane for each assembly had a simple 0.4-in. aluminum
flap attached to provide additional control authority. The flap and vane moved to a 1:1
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schedule, i.e. when a box vane deflected 20°, the flap deflected an additional 20°. Each
box vane was made using SLA rapid prototyping techniques.
3.05
0.4

2.0
0.63

4.0

3.0

Pivot
screw

Figure 2-6: Box vane assembly (top), box vanes mounted on model (left), assembly
mounting and rotating hardware, highlighted in red (right). All dimensions in
inches.

2.4.2 Duct Deflector
Of the various auxiliary control effectors previously tested on the MAV8, 9, 10, 12,
the duct deflectors showed the most promise. Their primary purpose was to disrupt the
flow inside the duct lip, namely to reduce the lift produced by the fan and the duct lip on
the windward side. The duct deflector was securely attached to the windward strut and
had small flaps that extended outward into the flow. Each duct deflector, made from
SLA resin, had a different opening angle for the flaps to vary the flow blockage, ranging
from 0° (flaps fully open for minimum blockage) to 90° (fully closed for maximum
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blockage). The flaps formed a 40° arc and extended from the duct lip midway to the
motor housing. Figure 2-7 shows the 90° duct deflector mounted to the windward strut.
A separate deflector was tested for flap angles of 0°, 60°, 70°, 80°, and 90°, some of
which are shown in Figure 2-8. As the flaps’ opening angle increases, the resulting loss
in thrust is increased as more flow is blocked from entering the duct on the windward
side. This leads to a less asymmetric lift distribution along the duct lip, reducing the
nose-up pitch moment. In theory, a duct deflector could be mounted on any of the four
struts; however, for the purposes of this research, mounting on the windward strut
provided the most effective means of reducing the windward lift.

40°

Figure 2-7: Duct deflector mounted on windward strut (left), looking downstream
(right)

Figure 2-8: Duct deflectors – 0°, flaps fully open (left), 60° (middle), 90°, flaps fully
closed (right)
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2.4.3 Opposed Vanes
A new type of control vane was designed and tested for increased performance.
These vanes, called “opposed vanes”, made with SLA resin, are based off cascade style
vanes and can be seen in Figure 2-9. A NACA 63A-014 airfoil was used for each vane.
Similar to the box vanes, the leading edge of the opposed vanes was a distance of 1.13c
from the duct lip. With only two vanes instead of three in each assembly, the opposed
vanes were designed with a longer chord, but less spacing than the box vane assembly.
These values were chosen to minimize to interference between the individual vanes and
the individual assemblies during any deflections. The total lifting surface areas for the
opposed vanes and box vanes are still very similar, allowing for future comparisons since
the lift per area generated by each vane assembly is very similar.
1.25

2.75

1.5

2.06
1.02

Figure 2-9: Opposed vanes (left), vanes fully open (top right), tandem deflection
(middle right), fully closed (bottom right). Pivot points highlighted in red. All
dimensions in inches.
Additionally, unlike the box vanes, each opposed vane can move independently,
as evidenced by the pivot point highlighted in red. This increases the overall
functionality of the vanes. Each vane can rotate +/- 40° in tandem or in opposite
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directions in 5° increments. A screw pin was again used to hold each vane at the desired
angle. When two vanes are fully closed (rotated 40° towards each other), they act as a
“duct deflector” at the duct exit. The flow exiting the duct is deflected away from the
vehicle, which in turn reduces the overall lift on the windward side. While it is possible
that the opposed vanes could be rotated so that the trailing edges touch, this configuration
was not tested. The leading edges are thicker than the trailing edges, so there would be
less structural stability at higher flow speeds through the duct. Also, with the trailing
edges touching, the assembly would be “catching” the oncoming flow, rather than
deflecting it away with the leading edges touching. This was believed to be an
unnecessary complication and was therefore not tested. The numbering scheme and
vane:flap deflection schedule of the opposed vanes is the same as that of the box vanes.
Figure 2-10 shows the opposed vane numbering scheme and d1 fully closed on the wind
tunnel model.
y

d2
Duct
flow
z

d4
x

d1
d3

y

d4
d2

d1

x

d3

Figure 2-10: Opposed vanes – CAD model (left), d1 vanes fully closed - downstream
view (top right), side view (bottom right)
It is important to note that the vane and flap lengths chosen for this research were
based on the size of the vehicle. Appendix A describes a new method for optimizing
chord, flap length, spacing, etc. for multi-element control vanes. Based on Weissinger’s
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Approximation, a computer program was created to calculate the lift coefficient produced
by multi-element configurations. This program will eventually be able to aid in the
control vane design process and produce results much faster than CFD.

2.5 Sign Convention
It is important to note that much of the terminology discussed is similar to that of
a typical airplane, i.e. an elevator deflection causes a pitch moment. While this vehicle
used control effectors to generate a pitch moment, the manner with which this occurs is
not quite intuitive. Refer to Figure 2-10 for the numbering scheme used for both the box
vanes and opposed vanes. In order to generate a pitch moment, vanes d3 and d4 rotate
simultaneously to generate a moment about the vehicle’s y axis. The vehicle reference
point is the located at the center of the x-y plane formed on the duct lip, the approximate
location of the vehicle’s center of gravity. The average (δd3 and δd4) of these vanes is
called an elevator deflection, as seen in Equation 2.1, and is hereby referred to as de.

δ d3 + δ d4
2

= de

(2.1)

A positive elevator deflection is defined as the leading edges of control vanes d3
and d4 pointing toward the negative x direction, resulting in a negative pitch moment
(-My). A negative deflection generates a positive pitch moment. A diagram for positive
and negative deflections can be seen in Figure 2-11 and will be used throughout this
paper.

de = -20°

Baseline

de = +20°

Figure 2-11: Elevator sign convention – box vanes (top row), opposed vanes (bottom
row)
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Chapter 3: Experimental Results
The following results show data in non-dimensionalized form. Forces are
normalized by Tref, the weight of the fully fueled vehicle at sea level takeoff conditions.
Moments are normalized by Trefd, where d is the reference distance, chosen here as the
duct inner diameter. Finally, engine speed is normalized by nref, the RPM required to
achieve Tref.. All of the results have been corrected to sea level, standard day atmospheric
conditions.
The static and wind tunnel results for the box vanes are presented first to show
their effectiveness at generating a pitch moment. Next, results are shown with the duct
deflector added to the vehicle configuration with the box vanes. Finally, results with the
opposed vanes installed are presented individually and then compared to previous
configurations.

3.1 Box Vane Results
The box vanes were tested at static conditions with the deflection angle ranging
between -30° to +30° in 5° increments. Figure 3-1 shows the pitch moment (referenced
from duct leading edge) generated at de = ±20° as well as the baseline (zero deflection)
case. The pitch moments, relative to the baseline, show similar magnitudes as the fan
speed increases. This shows that the stators in place effectively reduce the swirl
produced by the fan. As a result, the flow is at the same angle-of-attack when it reaches
the box vanes for both positive and negative deflections. The box vanes showed similar
results for aileron and rudder deflections, though they are not presented here.
Ideally, the pitch moment at the baseline configuration would be zero. However,
due to various other components upstream of the duct (mufflers, SLA camera
components, etc.), there is an asymmetric flow entering the duct. The position of these
components causes more mass flow entering on the windward side of the duct, producing
a slight nose-up (+My) pitch moment.
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Figure 3-1: Pitch moment vs. fan speed, box vanes, static
The baseline case for pitch moment at the four air speeds tested in the wind tunnel
(10, 20, 30, 50-knots) is shown in Figure 3-2. In order to reduce the stress on the model
and strut, the pitch sweep did not include the extreme angles-of-attack at the higher
tunnel speeds. The largest pitch moment at the tested air speeds occurs at 20-knots. At
the lowest speed (10-knots), the flow over the windward lip does not produce a
significant amount of lift to generate a large nose-up pitch moment as the vehicle is
rotated in the test section from hover (α=0°) to forward flight (α=-90°). At the highest
speed (50-knots) the flow is more likely to separate as it enters the duct. The resulting
loss of lift leads to a lower nose-up pitch moment. The results for 20-knots and 30-knots
are similar; however, the 20-knot case shows a slightly larger pitch moment. Therefore,
further results from the wind tunnel testing, other than baseline conditions, are shown at
20-knots, the speed tested for which decreasing the nose-up pitch moment is of most
importance.
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Figure 3-2: Pitch moment vs. AoA, box vanes, baseline, wind-on, n/nref = 1.07
Due to wind tunnel time constraints, control vane deflections for the elevator,
aileron, and rudder were limited to 0° and ±20°. A sample of the pitch moment results as
a function of angle-of-attack can be seen in Figure 3-3. At each case, as the angle-ofattack increases and the vehicle approaches hover, the flow entering the duct becomes
more asymmetric, leading to an increase in lift on the windward side, thereby generating
a nose-up pitch moment. The positive elevator deflection results in a force in the
negative x direction, causing the vehicle to rotate about its center of gravity in a nosedown direction; a positive deflection has the opposite effect. As with the static results,
the magnitude of the pitch moment generated relative to the baseline appears similar in
magnitude for both the positive and negative deflections.
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Figure 3-3: Pitch moment vs. AoA, box vanes, wind-on, 20 knots, n/nref = 1.07
Additional results can be found in Appendix B. Data was collected with multiple
box vane configurations to test the effectiveness of the flap. Box vanes with no flap,
three flaps, and varying center flap length were all compared. It was determined that the
flap configuration chosen for this research offered the best combination of control
authority and simplicity in design.

3.2 Duct Deflector Results
All of the duct deflector testing included the box vanes attached to the model.
For most of the runs, however, the box vanes were undeflected so as to isolate the effect
of the duct deflector on the vehicle. Data, to be presented later, was also collected with
the duct deflector attached and elevator vanes deflected to measure their combined effect.
All six forces and moments were measured, though the pitching moment, My, and
thrust, Fz, were of most interest. Figure 3-4 and Figure 3-5 show the static test results for
Fz and My, respectively, as a function of fan speed for each duct deflector tested. As the
fan speed increased, more air was drawn into the duct and thrust was increased. In Figure
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3-4, as the opening angle on the duct deflector increased from 0° to 90°, more flow on the
windward side of the duct was deflected away and overall thrust was lost. As a result,
with less flow over the windward duct lip and therefore less windward lift produced, the
nose-up pitch moment decreased, as seen in Figure 3-5. The 0° duct deflector showed
almost identical results to the baseline (no duct deflector attached), with the slight
decrease in pitch moment due to the thickness of the duct flaps added to the strut. The
90° duct deflector blocked the air flow the most, leading to both the greatest loss in thrust
and nose-up pitch moment.
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Figure 3-4: Thrust vs. fan speed, box vanes with duct deflector (DD), static
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Figure 3-5: Pitch moment vs. fan speed, box vanes with duct deflector (DD), static
The results from the wind tunnel test show that the thrust and pitch moment have
similar trends as the static test results. A sample of these results can be seen in Figure 36. Again, as the duct deflector opening angle increases, the loss of thrust on the
windward side leads to a decrease in nose-up (+My) pitch moment. The 90° duct
deflector was the most effective and produced the largest negative pitch moment.
With the ability to vary the opening angle, the duct deflector has shown practical
control authority. It is able to supplement the effectiveness of the box vanes in reducing
the nose-up pitch moment. While only certain duct deflector flap closing angles were
tested, the duct deflector would be able to deflect anywhere from 0° to 90° with proper
actuation based on the amount of drag desired. Placement on the windward strut was
chosen for the purposes of this research, although a duct deflector could also be placed on
the other three struts for additional control authority in other directions. This would
increase the number of actuators needed as well as add to the vehicle weight
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Figure 3-6: Pitch moment vs. AoA, box vanes with duct deflector (DD), wind-on, 20
knots, n/nref = 1.07
A flight test was conducted at Honeywell’s facility in Albuquerque, NM to
measure the effectiveness of the duct deflector, as seen in Appendix C. The vehicle flew
with and without a duct deflector on the windward strut, each flight having similar times
and atmospheric conditions. It was shown that the duct deflector aided in reducing the
box vane deflections necessary to maintain forward flight.

3.3 Opposed Vane Results
The opposed vanes were first tested for basic aerodynamic performance. All of
the vane deflection combinations were tested, with the critical results compared to those
from the box vanes and duct deflector. In general, the opposed vanes showed very
similar results to the box vanes in regards to the three forces. As explained previously,
the opposed vanes have a longer chord, as seen in Figure 3-7.
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Figure 3-7: Center of pressure locations for box vanes (left) and opposed vanes
(right)
With only two vanes per assembly as opposed to three, the total surface areas are
very similar. This leads to similar amounts of lift produced by each assembly at each
deflection angle tested. However, there was a noticeable difference in the pitching
moments. With a longer chord on each opposed vane, the center of pressure (assumed to
be at the quarter-chord) acting on each vane is farther aft of the vane’s leading edge than
the box vanes’ center of pressure. Since the distance from the duct leading edge to the
vane leading edge for the box vanes and opposed vanes, the opposed vanes have a longer
moment arm.
Figure 3-8 shows a typical comparison of pitching moments as a function of fan
speed for baseline (0°) and +20° elevator deflections. At baseline configurations, the
results are almost identical, which was to be expected. At +20° elevator deflection, the
lift force created by the opposed vanes acts farther from the moment reference point, the
duct leading edge. A longer moment arm therefore shows a larger decrease in the noseup pitch moment.
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Figure 3-8: Pitch moment vs. fan speed, opposed vanes and box vanes, static
Figure 3-9 shows the pitching moments as a function of angle-of-attack for the
baseline configuration (zero vane deflections) with the opposed vanes at 20-knots and 50knots. Again, due to wind tunnel time constraints, only two tunnel speeds could be
tested. As with the box vanes, the flow at 50-knots may separate over the windward lip,
resulting in a loss of both windward lift and nose-up pitch moment. The small range in
angles-of-attack was chosen to minimize the stress the model assembly would otherwise
experience approaching hover at 50-knots. Even though the pitch moment is very close
to zero, this does not indicate an entirely symmetric flow around the duct. It is more
likely that any asymmetries in the lift distribution are simply cancelled out. At 20-knots,
the flow does not separate entering the duct and produces a more asymmetric lift
distribution. With more lift over the windward duct lip, there is a larger nose-up pitch
moment.
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Figure 3-9: My vs. AoA, opposed vanes, baseline, wind-on, n/nref=1.07
Next, static and wind tunnel testing were conducted to determine the effectiveness
of the opposed vanes’ ability to deflect flow downstream of the duct and decrease thrust.
Figure 3-10 shows static test results for thrust from the d1 vanes closing in 10° increments
as a function of fan speed, with the three other vane assemblies undeflected and not
influencing the flow. The trends are similar to those of the different angles tested using
the duct deflector. As the d1 closing angle increases from 0° (baseline) to 40° (leading
edges of each control vane touching), more flow is being disrupted and deflected away
from the duct exit. Even though the opposed vanes are downstream of the duct lip, the
flow inside the duct on the windward side is still disrupted by the closing of the d1 vanes.
There is still an overall loss in windward thrust, resulting in the decrease in nose-up pitch
moment seen in Figure 3-11.
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Figure 3-10: Fz vs. fan speed, opposed vanes, d1 closing, static
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Figure 3-11: My vs. fan speed, opposed vanes, d1 closing, static
The “best case” scenario for maximum control authority (i.e. pitch moment) for
the box vanes and opposed vanes is compared in Figure 3-12. This figure represents one
of the key results for this research. The box vanes, with the 90° duct deflector mounted
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on the windward strut, were tested with 0° and +20° elevator deflections. The opposed
vanes, with the d1 vanes fully closed, were also tested with 0° and +20° elevator
deflections. For both cases, the opposed vanes produced a larger nose-down pitch
moment at each angle-of-attack, showing up to an 80% increase at α = -50°.
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Figure 3-12: My vs. AoA, opposed vanes and box vanes with duct deflector (DD),
wind-on, 20 knots, n/nref=1.07
Another way to compare and explain the overall effectiveness of the opposed
vanes and the duct deflectors was to plot the amount of nose-down pitch moment
generated versus the loss of thrust after subtracting off the amounts seen in the baseline
configurations for each. The desired optimum results are maximum negative pitch
moment (-∆My) for minimal loss in thrust (∆Fz). The static results can be seen in Figure
3-13 (each data point represents a particular fan speed). Note that in the configuration
with the 90° duct deflector, the box vanes are undeflected. For the opposed vanes, d2, d3,
and d4 are undeflected as well. The opposed vanes produced more (up to 200%) nosedown pitch moment, while loss of thrust appears to be similar. This can be explained by
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the fact that lift, or thrust, is produced by both the fan and duct. While the flaps of the
duct deflector are smaller than the opposed vanes, the duct deflector’s position on the
windward strut allows for both the flow over the windward duct lip as well as the flow
over the fan to be disrupted. The opposed vanes’ fully closed d1 vanes disrupt more
thrust produced by the fan due to the larger surface area, but do not affect the flow over
the duct lip since they are downstream of the duct lip. As a result, the losses in thrust are
very similar (0.08 < ∆Fz/Tref < 0.14). The difference in moments is explained by the
moment arms of the two control effectors. The loss of thrust caused by the duct deflector
acts close to the windward duct lip, approximately 0.4d from the vehicle’s center of
gravity at the duct lip center. The loss of thrust caused by the opposed vanes acts
downstream of the duct lip, causing the vehicle to rotate nose-down approximately 1.2d
from the duct lip. This longer moment arm accounts for the larger nose-down moment
seen by the opposed vanes.
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Figure 3-13: ∆My vs. ∆Fz, box vanes with 90° duct deflector and opposed vanes with
d1 fully closed, each point representing different fan speed, static
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The wind tunnel results include testing at conditions similar to the static results in
Figure 3-13. It can be seen in Figure 3-14 that the opposed vanes with d1 closed generate
approximately the same amount of pitch moment, but with less drag (approximately
35%) on the vehicle, than the box vanes with the 90° duct deflector. Each data point
represents a different angle-of-attack tested at a single fan speed of n/nref = 1.07. The
values for ∆Fz/Tref and ∆My/Trefd for the opposed vanes are very similar to those from the
static comparison. It appears that the increase in thrust with angle-of-attack is similar in
magnitude to the increase in thrust with fan speed. However, for the 90° duct deflector,
there is a 22% increase in thrust loss and a 50% increase in nose-down pitch moment.
The duct deflector is more influential on the windward duct lip at lower angles-of-attack,
thereby causing a larger nose-down pitch moment. Still, the 90° duct deflector is not as
optimal as the opposed vanes.
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Figure 3-14: ∆My vs. ∆Fz, box vanes with 90° duct deflector (DD) and opposed
vanes with d1 fully closed, each point representing different AoA, wind-on, 20 knots,
n/nref = 1.07
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Figure 3-15 shows the two methods for generating pitch moment, elevator
deflection and windward lift disruption, used at the same time. Both the box vanes with
duct deflector and the opposed vanes show an increase in thrust loss and nose-down pitch
moment. The opposed vanes generate more pitch moment (approximately 50%) while
the amount of thrust loss is roughly equal to the box vanes. The larger flaps on the
opposed vanes produces more drag over the vanes, translating to a larger thrust loss than
the smaller flap on the box vanes for the +20° elevator deflection. This larger flap though
accounts for the larger increase in nose-down pitch moment for the opposed vanes.
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Figure 3-15: ∆My vs. ∆Fz, de=+20° for both, box vanes with 90° duct deflector (DD)
and opposed vanes with d1 fully closed, each point representing different AoA, windon, 20 knots, n/nref = 1.07
These three comparison plots represent the most important contribution for this
research. At both static and wind-on conditions, the opposed vanes offer the more
optimal combination of control authority for minimum loss in thrust.
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All of the control effectors presented in this research were dependent on the size.
For the box vanes and opposed vanes, the chord and spacing in between the individual
vanes were maximized based on the vehicle size constraints. On a larger vehicle, it
would be possible to design box vanes with longer chords and flaps. This does not
necessarily mean that they would perform better than opposed vanes. The opposed vanes
still provide the capability of moving in tandem or towards each other. In order to truly
compare the full capabilities, the vehicle would need a set of box vanes and four duct
deflectors, one mounted on each strut. This would add more components and weight to
the vehicle. The best solution is to use opposed vanes for any combination of elevator,
aileron, rudder, or duct deflecting that is desired to keep the vehicle in stable, forward
flight.

Data Uncertainty
A description for the uncertainty analysis can be found in Appendix D. The
uncertainties for the thrust (Fx/Tref) and pitch moment (My/Trefd) are approximately an
order of magnitude less than the actual measured quantities. The moment values are
higher due to the additional uncertainty of the measured moment arm. Overall, it was
determined that these values fall within acceptable limits.
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Chapter 4: Conclusions
The ducted fan UAV has shown to be a promising means for providing the Army
with quick, reliable surveillance and reconnaissance capabilities in the battlefield.
However, its natural tendency to produce asymmetric lift in forward flight and/or with
crosswinds has presented a challenge in designing a vehicle with sufficient control
authority. Various control effectors were tested for maximum nose-down pitch moment
to keep the vehicle from pitching up and losing controllability. Previously tested ducted
fan VTOL UAVs implemented single-element control vanes, while the control vanes on
this vehicle were multi-element, increasing the lifting surface area and thereby the
performance.
Four sets of box vane assemblies were mounted downstream of the duct and were
tested both statically and in wind-on conditions. Each of the four box vane assemblies
could be deflected in a specific combination to provide a pitch, roll, and yaw moment to
the vehicle. Pitch moment was of the most interest and the results showed adequate
control authority.
In combination with the box vanes, a duct deflector was added to the windward
strut, just upstream of the duct. With flap angles ranging from 0° for minimum blockage
to 90° for maximum blockage, the duct deflector disrupted the flow into the windward
side of the duct. By reducing both the windward lift from the duct as well as the fan, the
nose-up pitch moment was reduced. For each test, the box vanes were still attached and
data was collected with them deflected and undeflected.
The box vanes and duct deflector were then replaced by four pairs of opposed
vane assemblies. While the surface area for each assembly was almost identical, the
opposed vanes utilized a longer chord length for each vane, resulting in a larger moment
generated. Each vane in the assembly could move independently, allowing the pair to
work in either in tandem for a basic deflection, or move the leading edges towards each
other, deflecting the flow at the duct exit. It was shown that the opposed vanes provided
a larger nose-down pitch moment with less drag than the box vanes with duct deflector.
Future work should include more wind-tunnel testing of the opposed vanes at
various elevator, aileron, and rudder deflection angles as well as various closing angles
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for the d2, d3, and d4 vane assemblies. This data can then be entered into a database used
in the control algorithm for the MAV. Additional testing should be conducted to
determine the optimal airfoil, chord, and spacing for each assembly. Finally, the opposed
vanes should be designed for use with actuators.
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Appendix A: Weissinger Modeling
Weissinger’s Approximation
A simple computational method was created to generate 2-D lift coefficients for
different control vane configurations. This method is based on Weissinger’s
approximation for multiple airfoil elements. It is similar to thin airfoil theory24, 25, 26 in
that it assumes inviscid, incompressible flow. Instead of a “bound” vortex panel
representing the airfoil, a single vortex source (γi) is placed at the quarter-chord, the
location of the aerodynamic center and center of pressure. The airfoil has no actual
thickness and is assumed to have no flow through the panel control points (X). The
vortex takes the incoming free stream air (V∞) and induces a velocity (vi) normal to the
airfoil surface at a control point located at the ¾ chord. A diagram of the airfoil panel
can be seen in Figure A-1. An airfoil can be broken into many elements with each vortex
influencing the other elements. The combined effect of each vortex is then used to
calculate a total circulation, which is then used to calculate the 2-D lift coefficient for the
airfoil.

c /4

α

γi

v∞

c /2

vi

x

Figure A-1: Diagram of single element airfoil in Weissinger’s Approximation

Weissinger Algorithm
The 2-D lift, l, can be a function of lift coefficient (Cl) and also total vortex
strength (Γ), as seen in Equation A-1. The induced velocity, vi, is a function of the free
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stream velocity and angle-of-attack, α. Equation A-2 also shows that it is a function of
the individual vortex strength, γi, and vortex radius, r, chosen here as half of the chord.

(

)

2
l = C l 1 ρv ∞ c = ρv ∞ Γ
2

v i = v ∞ sin α i =

γi
2πri

(A-1)

(A-2)

The lift equation can be rearranged so that the lift coefficient is solved for.

(

)

2
C l 1 ρv ∞ c = ρv ∞ Γ = ρv ∞ ∑ γ i
2

Cl =

2∑ γ i
v∞ c

(A-3)
(A-4)

Though the Weissinger model is based on ideal 2-D flow, the flow around the control
vanes tested experimentally is 3-D. A correction factor27, 28 was applied so that the
Weissinger model would match more closely to the experimental results. The correction
factor is

C l 3D =

Cl 2D
2
1+
AR

(A-5)

where AR is the wing aspect ratio.
The benefit of the Weissinger model is that it can be easily adapted for multiple
airfoils. Because it is based on simple 2-D flow, there is very little computation time.
Control vane configurations such as the box vanes and opposed vanes can now be
analyzed in a fraction of the time it would take a CFD code to generate results.
MATLAB was used for generation of the code. The code takes various parameters as
input: vane and flap length, angle of attack, flap deflection angle, and vane spacing. The
code then takes the geometry from each vane and flap and divides it into individual
elements. Once the vortices and control points are added, the induced velocities are used
to solve for the strength of each vortex. Finally, the total vortex strength is used to
calculate the total lift coefficient for the configuration. One should note that the value for
the free-stream velocity is completely arbitrary. It is necessary to calculate the induced
velocities, but it is eventually cancelled out.
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Figure A-2 illustrates how a set of opposed vanes is modeled. The individual
vortices are represented by

, the control points by x, the element chord length c, and

the vane spacing by h.

x

v∞

h

x

x

x

x

x

x

δ

c

α
x

x

x

Figure A-2: Diagram of opposed vanes modeled for Weissinger’s Approximation

Weissinger Results
The code was used to generate results for both the box vane and opposed vane
configurations. The angle-of-attack used in the code represented the elevator deflections
of the control vanes. The lift coefficients were then converted to actual lift values based
on information from the tested vehicle. Finally, the experimental values for lift were
calculated to represent just the lift due to the control vanes rather than the total vehicle
lift. Figure A-3 shows how the experimental and computed results for lift compare.
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Figure A-3: Lift vs. AoA for opposed and box vanes, for both experimental and
Weissinger model

The values for the box vanes (with center flap) compare favorably at α<20°,
while the values for the opposed vanes are closest at α<15°. It appears that the correction
factor used does not fully account for the highly 3-D flow through the duct, especially at
higher angles-of-attack (elevator deflection angles). Also, because the modeled flow is
inviscid, it does not account for effects of stall, therefore separation is not predicted. This
can be seen as the drop-off of lift in the experimental values at higher angles-of-attack.
However, the model does suggest that the opposed vanes perform better than the box
vanes, a result seen experimentally.
Eventually the code can be used as a simple optimization tool. Currently, the
code does not factor in the weight of the vane or the flap. Once complete, the code can
provide a quick control vane design for a given duct diameter. Again, with its ability to
easily handle multiple airfoils, this code is well suited for control vanes on ducted fan
vehicles.
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Appendix B: Additional Data
Many other vehicle configurations were tested that were beyond the scope of the
main paper, yet still provide useful information. Below are results from testing of both
the box vanes and opposed vanes. The primary objective was still to find which
configuration offered the most overall control authority with a relatively simple, practical
design.

Box Vanes With and Without Flaps
Prior to testing of the box vanes previously described, testing was conducted
without a flap on the center vane of each assembly. Figure B-1 shows the different box
vanes tested. The metal flap was 0.17c, or 17% of total chord.

Figure B-1: Box vanes with no center flap (left) and with center flap (right)

Another set of testing included placing a flap on all three vanes of each assembly.
Figure B-2 shows this configuration and the linkage system, developed by AAI, required
to move all three vanes in unison.
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Figure B-2: Box vanes with flap on each vane

Static testing was conducted to determine the effectiveness of the flaps. A 1:1
vane:flap deflection schedule was chosen for simplicity. Below, in Figure B-3 through
Figure B-6, is a sample of the results for the static testing of all three configurations. The
baseline runs refer to zero vane deflections.
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My/T ref d

0.00

-0.05

-0.10

No flap

no flap, baseline
no flap, de = 20
no flap, de = 25
no flap, de = 30
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center flap, de = 20
center flap, de = 25
center flap, de = 30

-0.15

Center
flap

-0.20
0.8

0.85

0.9

0.95

1

1.05

1.1

n/nref

Figure B-3: Pitch moment vs fan speed for no-flap and center-flap configurations,
static
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Figure B-4: Pitch moment vs fan speed for no-flap and three-flap configurations,
static
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Figure B-5: Yaw moment vs fan speed for no-flap and center-flap configurations,
static
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Figure B-6: Yaw moment vs fan speed for no-flap and three-flap configurations,
static

The center-flap configuration showed, on average, about a 20% increase from
baseline in both nose-down pitching moment (-My) and negative yawing moment (-Mz)
with 20° deflections. The three-flap configuration showed roughly a 30% increase from
baseline. Both configurations lead to the conclusion that adding a flap(s) to the control
vanes provides a favorable increase in performance. While the three-flap configuration
showed the best performance, there are other issues one must consider. The linkage
system is more complex and less reliable over a long period of time. It is possible
performance could decrease if the flaps do not move in unison. The additional weight of
both the linkage system and the flaps also counteracts the improved performance. The
center-flap configuration was therefore selected for its combination of performance, light
weight, and simple design.

Box Vanes with Varying Flap Length
In addition to the testing conducted with the baseline center-flap (0.17c), two
additional flap lengths (0.23c and 0.29c) were tested. The box vane assembly remained
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the same size, the difference being in the length of the metal flap attached to the center
vane. With a longer overall chord, and thereby more surface area, it was expected that
the performance would increase. Figure B-7 shows the pitch moment results from testing
elevator deflections with the three different flaps lengths. Each configuration was tested
from de = -30° to +30°. While there appears to be a slight increase in pitch moment with
the longer flaps compared to the original 0.17c flap, the increase is not as much as was
expected. With a majority of the testing completed with the original flap, it was deemed
unnecessary to re-run all of the tests if there was only to be nominal improved
performance.
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0.10
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-0.05

-0.10
0.17c flap
0.23c flap
-0.15

0.29c flap

-0.20
-40

-30

-20

-10

0

10

20

30

40

elevator deflection, deg

Figure B-7: Pitch moment vs. de, box vanes with varying flap length, static,
n/nref=1.07

Opposed Vanes with Varying Deflection
Most of the data taken with the opposed vanes was with each vane in the
assembly deflecting equal amounts, either in tandem or in opposed directions. This was
primarily for the sake of simplicity. However, since each vane is capable of moving
independently, a much larger range of deflection combinations is possible. Figure B-8
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shows how the elevator vanes (d3 and d4) are individually labeled. The vanes on the
“suction” side were labeled de_a; the vanes on the “pressure” side were labeled de_b. For
this static test, the de_a vanes were held at a constant -25°. The de_b vanes were then
deflected -25°, -30°, -35°, and -40°. Note that as with all previous testing, the vane:flap
deflection schedule remained 1:1. With the de_b vanes at a higher angle-of-attack than the
de_a vanes, it was expected that the lift for each assembly would increase as would the
overall pitch moment.

y
z

Duct flow
x
de_b

d2

Duct
flow

de_a

d4
d1
d3

Figure B-8: CAD model of opposed vanes (left) with labeled individual elevator
vanes at negative deflection (right)
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Figure B-9: Pitch moment vs. fan speed, opposed vanes, de_a =-25 deg, de_b varying,
static

It appears that there is a slight increase in pitch moment, as seen in Figure B-9.
As the de_b deflection angles increased though, there was minimal change. It was decided
that, for the purposes of this research, each vane in the opposed vane assembly would
deflect symmetrically. More testing can be conducted with other deflection combinations
for maximum control authority, but eventually would result in a far more complex control
algorithm.
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Appendix C: Honeywell Flight Test
A flight test of the MAV was conducted at the Honeywell facility in Albuquerque,
NM. The objective of the test was to determine whether a duct deflector (see Figure C-1)
with fully closed flaps mounted on the windward strut would reduce the amount of
primary vane deflections (pitch vane angle, average vane angle, maximum vane angle)
necessary for trimmed flight. Box vanes with center flaps were used as the primary
method for attitude control. The vehicle was connected to a tether system consisting of
two 90-ft. poles positioned 200-ft apart. This allowed for safe flight testing without the
risk of crashing.

Figure C-1: Vehicle with duct deflector mounted on windward strut

The test consisted of two runs, one with no duct deflector and one with the duct
deflector. Each run was between three to four minutes. The runs were back-to-back with
similar wind conditions for each. Vehicle acceleration during the runs was very low;
therefore it was assumed that the vehicle maintained equilibrium (trimmed flight) at all
time. Telemetry data was gathered for the entire time during the run and later postprocessed using MATLAB.
The primary parameter used for analysis was the vehicle’s relative velocity
(actual vehicle velocity relative to wind velocity, forward x direction only). All of the
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data points during each run were sorted into a histogram based on relative velocity.
Figure C-2 shows the results for the average vane deflection for all four box vanes. As
the values of relative velocity increased, the average vane deflections required to
maintain equilibrium were approximately 40% lower with the duct deflector than
without. The duct deflector blocked flow into the windward side of the duct and
therefore reduced the asymmetric lift on the vehicle. Figure C-3 shows a similar trend for
the maximum vane deflection, with more vane deflection necessary without the duct
deflector.
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Figure C-2: Average control vane deflection vs. relative velocity for vehicle with
and without duct deflector (DD)
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Figure C-3: Maximum control vane deflection vs. relative velocity for vehicle with
and without duct deflector (DD)

While the duct deflector has proven to be an effective means of reducing
asymmetric duct lift, the flow that is blocked does result in an increase in total vehicle
drag. This can be seen in figures below. Figure C-4 shows the difference in fan speed
required to maintain the same relative velocity with and without the duct deflector. It is
assumed that the thrust and the weight of the vehicle act in approximately the same
direction (z axis), leading to thrust equaling weight at low angles of attack. The
additional thrust required with the duct deflector can be correlated to the vehicle weight
plus the resulting drag force using Equation C-1. Figure C-5 shows that there is a
positive drag force (normalized by Tref) at all of the relative velocities tested, ranging
from 0.09 to 0.14. These values compare favorably to those of the static test of the
vehicle model with the 90° duct deflector attached, whose values also ranged from 0.09
to 0.14 for each fan speed tested.
W noDD (RPM noDD )
=
W DD
(RPM DD )2

2
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(C-1)
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Figure C-4: Engine fan speed vs. relative velocity for vehicle with and without duct
deflector (DD)
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Figure C-5: Drag due to duct deflector vs. vehicle relative velocity
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14

16

Overall, the duct deflector has shown to be an effective auxiliary control device.
The additional drag, while requiring higher engine output, reduces the asymmetric flow
over the duct and thereby reduces the amount of vane deflections necessary for steady
flight. This will decrease the chance of flow stalling over the box vanes at large
deflections.
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Appendix D: Uncertainty Calculations
The uncertainty calculations shown below are based on methods found in
Wackerly, et al29. These calculations were used for the force and moment data, namely
the thrust (Fz) and pitch moment (My). The uncertainties for other measurements are also
listed.
For a function, as seen in Equation D-1, the uncertainty is calculated as the square
root of the sum of the squares of the derivative of the function with respect to each
variable multiplied by the uncertainty of the variable, as seen in equation D-2.
f = F ( a , b, c , d )

2

(D-1)

2

2

⎛ ∂F ⎞ ⎛ ∂F ⎞ ⎛ ∂F ⎞ ⎛ ∂F ⎞
δf = ⎜ δa ⎟ + ⎜ δb ⎟ + ⎜ δc ⎟ + ⎜ δd ⎟
⎠
⎝ ∂a ⎠ ⎝ ∂b ⎠ ⎝ ∂c ⎠ ⎝ ∂d

2

(D-2)

The forces measured by the strain gauge balance are calculated based on an initial
calibration. In this calibration, a known weight is applied to the balance in the direction
of the force to be calibrated, and a voltage is measured. A calibration constant, cFz, is
then found based on the linear relationship between the voltages (VFz) and the applied
weights (WFz). In the case of thrust, Fz, the calibration constant is
c Fz =

W Fz
,
V Fz

(D-3)

whose uncertainty equation, using Equation D-2, becomes

δc Fz

2
2
⎛⎛ 1
⎞
⎛ − W Fz
⎞ ⎞⎟
⎜
⎟
⎜
δW Fz + ⎜⎜ 2 δV Fz ⎟⎟ ⎟
=⎜
⎟
⎜ ⎜⎝ V fz
⎠ ⎟⎠
⎠ ⎝ V Fz
⎝

1/ 2

.

(D-4)

The uncertainty of the voltages, δV, is found from the standard deviation of the voltage
(σ) and the number of samples taken (N). Assuming a normal distribution, the voltage
uncertainty for Fz is

δV Fz =

σ Fz

(N − 1)1 / 2

.

The uncertainty of the weight, δW, is simply the error in the scale (0.001-lb).
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(D-5)

With the voltage and calibration constant uncertainties known, the uncertainty of
the forces can be calculated using Equations D-6 and D-7.
F z = c Fz V Fz

(

δFz = (V Fz δc Fz )2 + (c Fz δV Fz )2

(D-6)

)

1/ 2

(D-7)

The uncertainties for the moments are found using the same procedure; however,
an additional term is needed. The total pitch moment is found by subtracting the pitch
moment measured by the balance and the pitch moment generated by the side force, Fx.
The side force is multiplied by dMA, the distance of the moment arm from the balance
center to the reference point on the vehicle, the duct lip.

M y = c MyV My − Fx d MA

(D-8)

The pitch moment uncertainty equation is then

(

δM y = (V My δc My )2 + (c My δV My )2 + (− d MA δFx ) 2 + (− Fx δd MA )2

)

1/ 2

. (D-9)

The voltage and calibration values and uncertainties are calculated using the same
procedures as above. The uncertainty of the moment arm is ±1/16”.
These values, as well as the uncertainties measured, can be seen in Table D-1.
The fan speed uncertainty is found using the standard deviation.

δn =

σn

(N − 1)1 / 2

(D-10)

The uncertainty for angle-of-attack (δα) is limited by the output of the turntable input
command. The control vane deflection angle uncertainty was found using an
inclinometer.
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Table D-1: Uncertainty values
Measurement

Uncertainty (±)

δVFz

0.0019 V

δcFz

0.1179 lb/V

δFz/Tref

0.0026

δVFx

0.0013 V

δcFx

0.2073 lb/V

δFx/Tref

0.0019

δVMy

0.0006 V

δcMy

0.3928 ft-lb/V

δMy/Trefd

0.0083

δTref

0.1179 lb

δdMA

0.0052 ft

δn/nref
δW
δα
δ(control vane deflection)

9.65E-05
0.001 lb
1.0 deg
0.05 deg
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