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Electric variable RPM rotors are increasingly being used for propulsion and control of
unmanned air vehicles. As these vehicles scale to carry heavier payloads of 50 to 400 lbs
(20 to 180 kgs) in the group 2 and 3 UAS category, there are concerns about their aerody-
namic performance and handling quality degradation. Therefore, there is a need to develop
a systematic experimental testing procedure to measure loads on these systems to evalu-
ate performance and augment Computational Fluid Dynamic (CFD) validation tools. In
this work, a universal electric powered test rig is designed and fabricated for hover and
wind tunnel tests of open and shrouded rotors. Steady hover results are validated using
blade element momentum theory. These predictions incorporate an empirical correction
approach in conjunction with an interpolation scheme to capture Reynolds number varia-
tion along the span of the blade and variation with RPM. Results show good agreement

with the interpolation method for the low Reynolds number rotor tested (Re;;, < 500,000).



For the variable RPM rotor, transient step and chirp inputs are also presented. System
identification showed linear frequency responses between thrust and torque with RPM and
RPM-square in hover. Therefore, when modeling this rotor, steady inflow appears adequate
in the frequency range of interest (0.4 to 60 rad/sec). In addition to an open rotor, the elec-
tric motor-rotor test stand was used to test a shrouded rotor in hover and forward flight to
systematically compare performance results. Test data showed the shrouded rotor gained
15% thrust for the same power in hover with the best configuration. For low speed forward
flight, lift-to-drag ratio was found to increase by 8 to 10% for the shrouded rotor system

over the isolated rotor.
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Chapter 1: Introduction

1.1 Applications of Multicopter Aircraft

Unmanned air vehicles (UAV) with vertical ight capabilities offer solutions to a vari-
ety of diverse situations spanning from disaster relief efforts to monitoring of crop yields.
Within the Department of Defense (DoD), multicopter air vehicles can serve a number of
applications that include surveillance, reconnaissance and cargo delivery for future war
ghters. Their ability to take off vertically, hover, transition to forward ight and land
vertically in con ned areas provides them operational advantages over xed-wing aircraft.

Recent advances in electric propulsion, manufacturing capabilities, and autonomy have
created a new market for advanced vertical take-off and landing (VTOL) aircraft. In par-
ticular, multi-rotors are a cost effective strategy to achieve ight stable vehicles that can
serve on demand applications because of their easy scalability in quantity. For the future
war ghter, multiple vehicles could be stationed throughout a battle eld to deliver critically
needed medical supplies in the event of a casualty [1]. In Kruger Park, when a poacher's
approximate location is discovered, UAVs could be sent to scan the area and provide infor-

mation to rangers on the ground [2]. In the event of a natural disaster, UAVs could serve as



the primary search vehicle in search and rescue efforts, allowing rescue crews to plan routes
and save lives more ef ciently [3]. With increasing uncontrolled wild res, unmanned air
systems (UAS) could serve as aerial water tankers that extinguish ames, working collec-
tively to maximize the ratio of water dropped to operational costs compared to traditional
methods [4].

Beyond scalability in quantity, multi-rotors have potential to be scaled in platform size.
This could allow for carrying larger and heavier payloads which would typically be trans-
ported by slower ground transport or traditional full-scale rotorcraft. Above group 2 UAS
with max gross take-off weight (MGTOW) greater than 50 Ib, electric multi-rotors can
be used to transport passengers and cargo, allowing for a number of advantages such as
reduction in mechanical complexity, noise, and pollution when compared to traditional sin-
gle main rotor helicopters. Thus, the coupling of scalability in platform size and quantity
provides operational advantages unlike any other platform.

The TRV-80 (Tactical Resupply Vehicle) is being developed and evaluated by the DoD
for unmanned assured logistics resupply to support traditional ground-based units. This
aircraft is the focus of this thesis. The aircraft has four sets of 28 inch (0.7 m) diameter
counter-rotating coaxial rotors in a quadrotor con guration and is capable of carrying a
payload of 25 Ibs (11 kg) for a total ight range of 17 miles (28 km) under li-ion battery

power [5].



Figure 1.1: Tactical Resupply Vehicle (TRV-80) being prepared for ight by a Marine. [5]

1.2 Background, Motivation and Previous Work

As these vehicles scale up to carry larger payloads of 50 to 400+ Ibs (20 to 180+ kgs)
in the group 2 and 3 UAS categories, a detailed understanding of the aerodynamic perfor-
mance is crucial to design more ef cient and capable vehicles. The aerodynamics need
to be investigated in order to maximize aircraft range and endurance, thereby improving

overall mission effectiveness.



1.2.1 Variable-RPM and Variable-Pitch Rotor Comparison

Instead of using traditional collective and cyclic controls with a swash plate, multi-
copters make use of RPM for varying thrust and torque and is therefore a function of the
rotor speed squared. Beside steady loading, transient RPM variation for control has lim-
ited bandwidth due to factors such as rotor inertia and overall electrical system phase lag.
Phillips et al. investigated a combination of rotor RPM and collective input in hover and
forward ight for an experimental 8 Ib quadrotor-biplane vehicle [6]. Due to concerns with
forward ight ef ciency and control as these vehicles scale, it is important to develop a
better understanding of the trade-offs between both approaches of control. McKay et al.
simulated quadcopter dynamics and found that a quadcopter equipped with variable-pitch
rotors required more power for varying thrust in hover but yielded a 70% greater climb rate
than the variable-RPM case [7]. In addition to performance trades, there are considerations
to made be with respect to controls and ying qualities. Most important, the inertial effects
of a variable RPM rotor have implications on thrust and torque response as the rotor scales.
Examining several multirotor rotors, rotor inertia was found to increase considerably for
rotors greater than 1.5 ft as found by Walter et al. [8].

Building a better model of the response dynamics will improve understanding of han-
dling quality degradation and system climb rates as these vehicles scale up. Thus, it is
necessary to experimentally quantify isolated rotor output loads in response to doublet and
chirp inputs. A frequency-response curve that characterizes this single-input/single-output

(SISO) subsystem can be obtained from experimental data. Ultimately, this will inform



modeling and simulation development using physics based and system identi ed models.

1.2.2 Low Speed Forward Flight Performance

Figure 1.2: TRV-150 in low speed cruise [9].

UAVs operate in low speed forward ight or in hover with a side wind for extensive pe-
riods of ight. Thus, it is important to better understand low speed aerodynamics for UAV
drag and rotor roll and pitching moments produced in edgewise ight which have impli-
cations on controls and vehicle design. Bart et al [10] performed wind tunnel testing on a
small 9 inch (0.23 m) diameter propeller at incidence angles ranging from -90° to 90° with
in ow speeds (axial velocity) ranging from 0 to 9 m/s. Results showed strong moments

acting on the propeller in forward ight and unstable conditions in descending ight. A



roll and pitching moment was present that was comparable in magnitude to rotor torque
and was found to increase with higher in ow speeds and incidence angles, suggesting an
increased ow velocity difference through the disk due to the high advance ratios. Simi-
lar wind tunnel studies have been conducted on larger rotors such as one by Kolaei [11]
with an 18 inch (0.45 m) diameter rotor up to 25 m/s in ow speed. NASA also performed a
wind tunnel study investigating several multicopters and measuring component loads of the
bare airframe, isolated rotor, and full airframe to validate analytical and numerical mod-
els at both the full vehicle and component levels [12]. The experimental measurement of
these quantities will validate and improve physics-based models resulting in superior ight
control systems and autonomy for UAVS.

Lastly, Reynolds number has a signi cant effect on medium-sized variable RPM rotors.
Deters et al. found through experimental tests that as the Reynolds number increases, the
thrust coef cient increases and the power coef cient decreases [13]. Careful consideration
to Reynolds number effects needs to be accounted for as was needed for the high endurance

micro quadrotor helicopter developed and described by Winslow et al. [14].

1.2.3 Ducted Rotor Con guration

It is well established that ducted rotor con gurations have the potential to offer signi -
cant performance bene ts over equivalently sized open rotor systems, including increased
thrust and reduced power consumption [16]. Beyond performance advantages, ducts may

offer rotor noise shielding and safety for personnel operating near the vehicle. However,



Figure 1.3: Bell Nexus ducted rotor eVTOL concept [15].

there is limited experimental data publicly available to validate analytical aerodynamic
predictions. Helios is a Computational Fluid Dynamics (CFD) tool developed by the DoD
through the Computational Research and Engineering Acquisition Tools and Environments
- Air Vehicle Design (CREATE-AV) program and is intended speci cally for rotorcraft
[17]. Helios is a highly-regarded and well-validated tool for open rotor con gurations and
is used extensively by the rotorcraft community for DoD-related applications. Before re-
lying on Helios for the design of a ducted rotor system, it is necessary to validate CFD
predictions against experimental data. Due to the aerodynamic interaction of the rotor

blades with the surrounding duct geometry, there is a signi cant impact on the loads and



performance of the overall system. As such, validation efforts which do not quantify this
interaction do not offer suf cient information for ducted rotor vehicle design analysis. To
ensure that appropriate considerations are made with regards to surface and volume grid
generation, the near body solver, turbulence and transition models, and various other pa-
rameters relevant to CFD analysis, a validation study of Helios is necessary to accurately
predict static, edgewise, and axial ight conditions of a ducted rotor system.

Chew et al. experimentally tested 3D printed shrouds with a 5 inch diameter rotor in
addition to validating results with CFD analysis [18]. Performance gains were found by
using both experimental testing and CFD to vary the duct wall geometry with the goal of
maximizing ef ciency. In addition to hover performance, the shroud geometry needs to be
carefully considered to minimize the pitching moment due to edgewise gusts as found by

Hrishikeshavan et al. [19].

1.3 Outline of Thesis

This thesis is organized into ve chapters. Each chapter is self contained but draws

from concepts addressed in previous ones. The organization is as follows:

Chapter 1: A discussion of the background and motivation for this research is pro-

vided.

Chapter 2: A description of the experimental test rig and test articles is given. De-
sign, analysis, and validation of experimental components is presented. Operating

procedures and axis conventions are described.



Chapter 3: Blade element momentum theory (BEMT) with two Reynolds number
correction approaches is explained and compared with experimental hover results.
Transient step and chirp input results are presented with Comprehensive Identi ca-

tion from Frequency Response (CIFER) analysis.

Chapter 4: Experimental comparison of a shrouded and isolated rotor in hover and
low speed wind tunnel conditions is provided and discussed. Helios CFD results are

validated for static and climb conditions.

Chapter 5: Conclusions and potential future work are described.



Chapter 2: Experimental Setup and Operating Procedures

2.1 Test Hardware and Data Collection

2.1.1 General Overview

A test stand was designed and built to be used for hover and wind tunnel tests in the
Glenn L. Martin Wind Tunnel (GLMWT) at the University of Maryland [20]. The wind
tunnel is closed loop and has a test section that is 11 ft wide by 7.8 ft tall (3.4 m by 2.4 m)

and is capable of speeds up to 230 mph (103 m/s). Its layout is shown in Figure 2.1.

Figure 2.1: Layout of the Glenn L. Martin wind tunnel at the University of Maryland [21].
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2.1.2 Universal Test Stand

Because the rotor and airframe are to be tested within the same raagengfes from
-90° to 90°, a universal test stand (UTS) was designed and built to support a range of test
articles. In this way, a variety of airframes and rotors can be tested without the need to
replace the entire support structure and force/moment balance, thereby saving test time and
maximizing consistency when exchanging test articles. The stand can also be installed on a
hover tower for hover tests outside of the wind tunnel to limit wall effects and recirculation.
Both con gurations are shown in Figure 2.2 and overall dimensions are shown in Figure
2.3. lItis constructed from 1/4 inch (6.35 mm) thick steel square beams that are welded

together in an L-shape to minimize wake interference effects.

Figure 2.2: Universal Test Stand (UTS) in Glenn L. Martin Wind Tunnel test section
and on hover tower with T-motor 28.2 rotor.
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Figure 2.3: Universal Test Stand (UTS) dimensions.

2.1.3 Load Cells

Two six degree of freedom (DOF) ATI Mini-45 load cells were used in this study: First,
to measure rotor loads, a load cell with the SI-290-10 calibration was chosen based on its
maximum force and moment measurement limits and high resolution [22]. Second, to
measure the shroud and airframe loads which have greater mass, a second load cell with
both the SI1-290-10 and SI-580-20 calibrations was chosen based on the expected maximum
loads and desired resolutions. Calibration matrices were provided by the distributor ATI
and veri ed prior to testing with known weights. These calibrations are shown in Figure
2.4. Momentum theory calculations were used to determine the approximate maximum
thrust which was used to size the maximum load limits for the load cell. Hover tests later

revealed the maximum force by thrust measured was approximately 110 N, 21%Fef the

12



limit, therefore ensuring the load cell would not be saturated.

Figure 2.4: Metric sensing range and resolution for ATI Mini-45 load cell for SI-290-
10 and SI-580-20 calibrations.

Additional tests were conducted to further verify that the calibration matrices provided
by ATl were correct. This was done by loading the load cell with known weights and
comparing to the measured load. The plot shown in Figure 2.5 shows a correlation of
measured and actual forég. The calibration results yielded a root mean square (RMS)

value of approximately 0.999 for both load cells.
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Figure 2.5: Load cell 1 and B, calibration check.

2.1.4 Support Hardware

While in the wind tunnel, the test setup takes advantage of the rotating mounting oor
which rotates the entire testing rig from=-90° to 90°as shown in Figure 2.6. The oor
also has the ability to translate the stand forward and aft in order to center the speci c test

article.
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