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Abstract
An experimental study was conducted to characterize the performance of a 1/8th scale
model of an Urban Air Mobility style rotor in hover over a range of Reynolds numbers and
Mach numbers. The Reynolds number and Mach number could be varied individually
through the use of compressed-air as a testing medium, allowing for precise control
of the ambient density. Thrust and power coefficients were measured for a range of
Reynolds numbers from approximately 2× 105 to 6× 105, and Mach numbers from 0.125
to 0.25. The ability to control Reynolds number separate from Mach number provides a
mechanism to counteract the scaling effects which take place as a scale-model of a rotor
is brought down in size to facilitate cost-effective experimental testing. Without altering
the fluid properties in some way to account for this scale effect, the Reynolds and Mach
numbers cannot both be matched simultaneously to the values that would be experienced
at full-scale. This presents an issue as rotor performance characteristics such as the
thrust and power coefficients are known to be dependent on both the Reynolds number
and Mach number. By controlling the density and therefore the Reynolds number, the
effective scale of the rotor model can be changed at will up to or even beyond the full-scale
geometry of the rotor system of interest.

The results characterize the variation in rotor thrust and power as the effective scale
increases from that of the model to the full-scale vehicle. Over the range of conditions
tested, the thrust coefficient was found to increase by 1.7% for an increase in Reynolds
number of 1× 105, and the power coefficient by 0.85% per 1× 105 increase in Reynolds
number. In the process of scaling down a large rotor system to 1/8th or less of its original
scale for use in a low-cost experimental study, differences in Reynolds number on the rotor
blades can be on the order of millions. This can result in unacceptably high deviations
in performance between the model- and full-scale.

The use of compressed-air as a testing medium for rotorcraft performance experiments
is a novel technique which can facilitate studies at a greatly reduced cost, and allow
for much more rapid and thorough experimentation than was previously possible. By
potentially reducing the scale of an entire rotary-wing aircraft by an order of magnitude
or more, an experiment can be designed similarly to that which would be suitable
for a typical small-scale wind tunnel. This can both reduce the dependence on large
wind tunnel facilities capable of accommodating a full-scale vehicle and opens up the
opportunity for experiments on a much lower budget than would previously have been
possible.
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Chapter 1 |
Introduction

This thesis outlines the aerodynamic behavior of a hovering rotor, operating in air at a
range of ambient densities. The goal in this work is to demonstrate changes in a rotor’s
performance as the effective scale of the rotor varies, and the ability to replicate the
aerodynamic conditions of a range of scales by adjusting the density of the air in which the
rotor is operating. Experimental testing of a rotor in a compressed air environment is a
novel area of study, for which little existing data is available. The main motivation behind
this work is to make experimental studies of rotorcraft performance more practical, and
cost effective. Small-scale models have been used for this purpose for decades, but there
are limitations on how small the models can be made, as will be discussed later in this
chapter [1–4]. Past studies have used alternate gasses to replicate conditions on a larger
scale rotor system to achieve a similar increase in scale, but the use of compressed-air
offers an attractive alternative for a number of reasons [5,6]. Before discussing the merits
of testing rotors in compressed-air, a brief overview of rotary-wing aerodynamics will
be presented to contextualize the present study, including a summary of experimental,
analytical, and computational methods.

The aerodynamics of rotating wings is a complex subject which has been of interest
to mankind for centuries; as early as the 15th century, Leonardo DaVinci theorized a
device with rotating aerodynamic surfaces which could carry a person up to the skies was
possible, though it wasn’t until August of 1907 when two rotary-wing vehicle concepts,
Louis Bréguet’s Gyroplane and Paul Cornu’s tandem rotor helicopter, made their first
attempts at getting off the ground, albeit limited to brief hops rather than proper flight [7].
Great advancements have been made since then, including a wealth of information on
theoretical analysis of rotorcraft performance, both from a design and analysis perspective.
Many of the early analytical methods for rotor aerodynamics were adapted from those
developed for propellers [8]. The simplest such method is one-dimensional actuator-disk
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based momentum theory, which reduces the physical behavior of a rotor to a simple
control-volume analysis on the streamtube of air associated with the rotor, modelling
the rotor itself as an infinitely thin discontinuity across which a pressure differential can
be imposed [9, 10]. To examine in more detail the design of the rotor system, Froude
developed the Blade Element Theory (BET), which discretized a propeller into a series
of spanwise elements, which could be analyzed individually [9–11].

BET allows the performance of a given rotor to be analyzed, but it lacks some elements,
namely a method for predicting the inflow induced by the rotor, which is critical to
obtaining an accurate result. The simple momentum theory can provide predictions of
the inflow, with accuracy that is satisfactory in for many preliminary design purposes [8].
The combined use of BET with momentum theory to calculate the inflow distribution
is referred to as Blade Element Momentum Theory and is commonly used for low to
moderate fidelity performance predictions [9]. More sophisticated models to predict the
inflow of a rotor have been developed, such as that by Mangler and Squire, which is
designed to be applicable to helicopter rotors in forward-flight [12]. Such models are often
restricted to a subset of a vehicle’s operating envelope due to their inherent assumptions
about the form of the inflow solution which may not be applicable in general. Higher
fidelity still can be achieved by accounting for the effects of the rotor wake on the inflow
distribution, as the induced inflow can be correlated to the action of the vorticity in the
wake, by means of the Biot-Savart law [8]. Such a procedure has been made possible and
increasingly attractive in recent decades by advancements in computational technology.
Increased computing power and the availability of supercomputing infrastructure has
allowed for great advances in this front. A simple BET solver coupled with an inflow
model based on momentum theory can provide details of the performance of a rotor in
seconds. Incorporating a higher-fidelity wake model improves the accuracy of the results,
at the expense of more computational effort [13].

Despite all the advancements in both analytical and numerical methods, there are still
a number of drawbacks. Any model will inherently contain some degree of approximation
for the sake of simplicity or feasibility. A more simplified model may be quicker and less
expensive to use in practice, but will provide less accurate results. A higher-fidelity model
may provide the desired accuracy, but at a cost which may be on the same order, or even
higher, than an equivalent experiment. Experimental studies can provide insight into the
physics at play that an analytical or numerical model simply cannot, as knowledge of
the relevant physics is a precondition for choosing an appropriate model. In addition,
as new aerodynamic models are developed with ever-increasing complexity and fidelity,
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experimental data will be necessary to validate these models, and outline the conditions
to which they are applicable, and areas where they may struggle.

1.1 Rotary-Wing Aircraft

Rotorcraft exist in a variety of configurations beyond the traditional single-rotor helicopter.
The earliest prototypes of rotorcraft were multicopters, with several rotors in tandem [7].
There has also been considerable development of other configurations including coaxial
helicopters and tiltrotors [10]. A recent boom in the Urban Air Mobility (UAM) industry
has led to the development of a variety of new vehicle concepts with Vertical Takeoff
and Landing (VTOL) capability. While all these vehicle types share the common feature
of one or more rotors, the specifics of their designs, operating conditions, and control
mechanisms can vary greatly. A brief overview of some of these vehicle types will
be presented here, along with any key qualities which may influence the aerodynamic
behavior and the design of an experiment intended to accurately replicate such behavior.

1.1.1 Helicopters

The classic example of an aerial vehicle with rotating wings is the single-rotor helicopter.
With the first production vehicle being the Sikorsky R-4 in 1942, it is the category of
rotorcraft which has become most ubiquitous, and is the most well-developed, surpassing
the popularity and utility of earlier vehicle concepts such as the autogyro [14]. It consists
of a main rotor, which produces the lift necessary to keep the vehicle in the air as well
as control forces in the forward and lateral directions, and pitch and roll moments by
means of the collective and cyclic pitch control and blade flapping motion [9]. The main
rotor also produces a torque, or yaw moment, which must be balanced by the tail rotor.
This smaller tail rotor produces sideways thrust which results in a counter-torque, and
provides a mechanism for the pilot to control the yawing motion of the vehicle.

1.1.2 Urban Air Mobility Vehicles

Many different UAM vehicle concepts are currently being developed. The common
element of such vehicles lies not in their design, but in their end use: aerial transportation
of passengers in urban environments. Many of these vehicles make use of rotors, typically
due to the desire for VTOL capability. While not a defining characteristic, another
common trait in the UAM industry is the use of a distributed electric powertrain, with
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vehicles incorporating this type of mechanism being referred to as Electric Vertical
Takeoff and Landing (eVTOL) aircraft. While rotors are a common feature in UAM
aircraft, the function, and operational range of those rotors can vary considerably. Some
such configurations are the traditional helicopter, multicopter, tiltrotor, tiltwing, and
Lift+Cruise [15–19]. The collection of design concepts has resulted from the culmination
of industry efforts by various companies developing their own vehicles and proprietary
technology, and conceptual studies by academic and research institutions examining the
feasibility of some such designs, and their potential use cases [19].

Multicopter aircraft are perhaps the simplest of the multirotor vehicle configurations,
incorporating a number of rotors distributed around the fuselage of the aircraft, oriented
such that their rotor planes remains nominally horizontal during flight. The rotors
will typically have individual rotational speed, and possibly collective pitch control. In
contrast to a helicopter, cyclic pitch control is not implemented, as the degrees of freedom
required for adequate control authority can be obtained by means of varying only the
thrust and torque produced by the individual rotors [17].

When multiple rotors are operating in close proximity to each other, there is ample
opportunity for interactional aerodynamic effects to occur. Under certain flight conditions,
the wake of one rotor may pass into the inflow of another, having a direct effect on its
aerodynamic performance. Even if no rotor directly ingests the wake of another, there
can still be influence on the inflow conditions [20]. The spacing between the rotors, as
well as the details of the flight condition can strongly affect the nature of these effect,
which make them difficult to model. One such example of a flight condition which results
in unique aerodynamic interactions is ground-effect; as the wake produced by one rotor
collides with that of an adjacent rotor near the ground, it results in different recirculation
and upwash behavior than those seen by an isolated rotor, which can affect the resulting
performance benefit known to occur for rotorcraft in ground-effect conditions [21].

Tiltrotor aircraft are a conceptual hybrid between the aforementioned multicopter
vehicles and a traditional fixed-wing aircraft. A tiltrotor contains multiple rotors dis-
tributed around the airframe, much like a multicopter, with the added ability to tilt
the entire rotor, to change the direction of the thrust force it produces. Tiltrotors also
incorporate wings, which are used to produce lift while the vehicle is in a forward-flight
configuration. Tiltrotors will often use their rotors to takeoff and land vertically as a
multicopter would, before tilting the rotors forward mid-air into a propeller like configu-
ration. This effectively allows the aircraft to achieve greater efficiency and range than a
typical rotorcraft, while also retaining VTOL capabilities. Aerodynamically speaking,
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tiltwing aircraft are similar to the tiltrotor concept. Though there are some mechanical
differences which may impact the operation of the vehicle, there is much overlap in the
configuration and behavior of the rotors. For the key flight conditions of interest, such as
forward flight, and hover, many of the same interactional effects will be observed. The
main difference will be how the wake of the rotor interacts with the wings, and fuselage.

In the forward-flight configuration, a tiltrotor is not unlike a propeller driven, fixed-
wing aircraft, though typically with larger rotors, and often more of them. In the hover
configuration a tiltrotor more closely resembles a mluticopter vehicle and much of the
previous discussion on interactional effects also applies. In addition, recent work has
demonstrated variations in ground-effect performance of a tiltrotor due to interactions
between the downwash and nearby obstacles representative of a vehicle approaching a
ship for landing [22]. A major part of the proposed use of many eVTOL concepts involves
takeoff and landing in urban environments, where there may be the potential for similar
obstacle interaction effects.

Lift+Cruise vehicles combine multiple lifting rotors, as in a multicopter vehicle, with
one or more rotors dedicated to propulsion and wings to generate lift in forward flight.
When hovering or using only the lifting rotors such vehicles are similar in configuration
to a multicopter. During forward flight, Lift+Cruise vehicles will typically shut down
their lifting rotors, orient them in a minimum-drag position, and fly like a fixed-wing
aircraft [23]. During transition between hover and forward-flight, both the lifting and
propulsive rotors are active and there is maximum potential for complicated interactional
aerodynamic effects. The lifting and propulsive rotors are oriented perpendicularly
to each other which increases the odds of one ingesting the wake of the other, or the
wakes of the two interacting in complex ways depending on the specifics of the vehicle
configuration.

All of the multirotor UAM concepts illustrated here have the potential for complex
interactional effects, meaning the performance of all the rotors cannot be represented
as the sum of multiple isolated rotors. An experimental test campaign which hopes to
characterize the performance of any of these vehicle concepts needs to include multiple
rotors and potentially other bodies such as a wing or fuselage. With regard to the design
of an experimental model this means increased complexity, cost, and size, and the need
for a facility which can accommodate such a test. With the recent increase in research
and development in UAM vehicle technology the need for small-scale aerodynamic testing
which can accurately replicate full-scale vehicle physics is greater than ever before.
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1.2 Experimental Methods for Studying Rotorcraft
Performance

Past experimental studies of rotorcraft performance have employed a variety of methods
and test configurations in order to achieve a common goal: acquiring data describing
the physical behavior of a rotary wing aerodynamic system which is representative of
the real-world operating conditions of a vehicle. Such methods include full-scale tests
either in a wind tunnel, whirl-tower, or a flight test or experiments using small-scale
models in either atmospheric air or an alternate gas. The benefits and drawbacks of the
aforementioned methods will be briefly examined along with some historical examples of
their use, and the benefits and drawbacks of each. Ultimately there is no single testing
method that can serve all purposes. Many studies, including some referenced in this
work, involve a combination of flight tests, full-scale, and small-scale experiments [24–27].

1.2.1 Full-Scale Experimental Studies

The most direct way to obtain performance data for a rotor is to conduct a full-scale
experiment. This can include flight testing of a vehicle, or testing in facilities such as
wind tunnels, or whirl towers, which can replicate certain aerodynamic conditions the
vehicle may experience in flight, while allowing for a greater degree of repeatability, and
the potential for more instrumentation. Wind tunnel testing also avoids some of the risk
associated with flight tests [25]; the possibility of a crash is eliminated by testing the
prototype in a facility on the ground, which can allow for more rapid experimentation of
new design concepts and technologies, which may not have a sufficient safety record to
justify a flight test.

The testing of models in a more controlled environment also better facilitates the
use of certain measurement or visualization techniques, including Background-Oriented
Schlieren (BOS) [28], which is particularly useful in rotorcraft applications for visualizing
blade tip vortices, as they are generated by the rotor. Although BOS is not used in
the present study, it serves as a useful case study which outlines some of the benefits
of wind tunnel testing. BOS typically involves the use of a fixed background image,
allowing estimation of density gradients in a flowfield by measuring the refraction of the
background image. The use of a fixed model in wind tunnel or similar facility simplifies
the process, but testing can be done in more open environments on a vehicle in flight [29].
Reference-free BOS can allow for similar measurements without a static background,
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extending this technique into the regime of flight testing, but not without caveats. The
feasibility of the technique relies on the natural environment providing a background
image of sufficient quality, an issue which can be avoided by testing with a specially
designed background image in a dedicated facility [30]. Reference-free BOS requires
careful planning of the flight trajectory and maneuvers, in order to ensure that suitable
terrain will be positioned in the background of the image to facilitate the technique, which
can somewhat limit the conditions for which data can be collected. In a wind tunnel, the
camera position and background image can be tailored to the specific experiment, to
more effectively image the phenomena of interest.

BOS has enabled detailed studies of rotor wakes, by providing a technique to track
the motion and behavior of tip vortices [28–31]. Studies have used BOS along with
Particle Image Velocimetry (PIV) to quantify the behavior of the wake in response to
varying rotor operating conditions; in particular that the trajectory and behavior of the
tip vortices in a rotor wake are highly dependent on the blade pitch, and consequently
the lift produced by the blade [32]. BOS and PIV have also been used to quantify vortex
behavior in situations where the rotor is in ground effect, where the impingement of the
wake on the ground can strongly affect a rotor’s performance [21,29,31]. Measurements
on a BO-105 helicopter in ground effect displayed vortex pairing behavior which affected
the trajectory of the tip vortices, and that vortex dynamics and perturbations leading
to disintegration were affected by the flight condition [31]. In particular, a landing
approach resulted in decreased vortex convection velocities, and an enhancement of
perturbations [31].

More broadly, data of interest from an experimental study can include visualization of
the behavior of the wake including the vortex structure and potential interactional effects,
quantitative measurements of loads observed on a rotor or airframe, quantification of the
inflow distribution along the rotor plane, and measurements of of the velocity field in the
rotor wake [13]. Much of this data is more readily obtained in a wind tunnel than a flight
test, due to the complexities associated with certain instrumentation techniques such as
laser Doppler velocimetry, hot wire anemometer probes, as well as the aforementioned
BOS and PIV.

1.2.2 Small-Scale Experimental Models

The use of small-scale experimental models in place of a full-scale vehicle or rotor system
also comes with a unique set of benefits and drawbacks; the reduced scale can decrease
the cost of an experiment dramatically, at the expense of deviation from the operating
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conditions of the system of interest. One of the major drawbacks of full-scale experimental
testing is the cost of such a campaign, driven by the sheer scale of rotorcraft systems.
Few facilities exist that can are large enough to accommodate a full-scale helicopter
or UAM vehicle, and which are capable of providing a gamut of operating conditions
including hover and forward flight. Such large-scale wind tunnel facilities come at a
greater operating cost than a smaller facility, due to staffing and operating costs, as well
as the power required to run the necessary equipment. Larger experimental models are
also more expensive to fabricate than a reduced-scale model, adding further to the cost
of an experiment. In addition, smaller models tend to produce loads of lesser magnitude,
which can reduce the requirements of instrumentation equipment.

With a reduced cost of experimentation, the use of small-scale models can facilitate
more in-depth and rapid studies, involving a more iterative process, and a wider design
space and test matrix. When used during the design of a new vehicle, this allows
experimentation to occur earlier, and more frequently in the development cycle, providing
more concrete data to justify design decisions. When used in a more academic or research-
oriented context, such cost savings can enable more thorough studies, or even allow a
study to be possible at all, particularly when budgets may be limited. Work to develop
scaled rotor models for use in wind tunnels, and to translate the results to the equivalent
full-scale geometry has already been an active area of research [1, 5, 26]. Such efforts
have involved a variety of methods, including altering the rotor geometry or structural
properties, or controlling the properties of the working fluid the rotor is operating in, as
will be discussed in more detail in § 1.5.

Another notable example of a small-scale rotorcraft experiment is the HART test,
which examined the use of higher-harmonic control on the cyclic pitch of helicopter rotors,
the impacts on the vortices in the wake, and the resulting noise produced by the rotor [2].
Years later, the HART II test was conducted as a follow up involving more detailed wake
measurements using stereoscopic Particle Image Velocimetry (PIV), in order to provide
additional data about the rotor wake and vortex behavior, among other improvements [3].
Both HART and HART II made use of a 40% geometrically scale model of the BO-105
helicopter rotor, which was dynamically scaled as well [2, 3]. The 40% relative scale is a
reduction relative to the full-scale rotor, although it is not as dramatic a difference as the
experiments discussed in this thesis. Greater differences in scale will bring about larger
deviations from full-scale vehicle performance; conversely, the closer the model is to the
full-scale geometry, the better it will represent the relevant aerodynamic phenomena.

Experiments have also been conducted on rotors or propellers for which the full-scale
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size is much smaller than a typical aircraft. Examples of such small-scale vehicles include
small unmanned aerial vehicles, micro aerial vehicles and remote-controlled aircraft which
can have rotor diameters of 0.2 m or less [33]. The Reynolds numbers typically achieved
on these vehicles can be less than 1.0× 105. A study investigating the performance of
rotors on this scale determined that increases in Reynolds for this operational regime
number typically result in increases in thrust coefficient, and decreases in the power
coefficient [33]. In this study, the Reynolds number was varied by changing the scale of
the models used, from 5.7 cm to 23 cm in diameter.

1.3 Comparisons Between Full- and Small-Scale Rotor
Performance

A number of studies have directly compared performance data from a full-scale test to
that of a small-scale model, and evaluated the ability to predict a vehicle’s performance
using a small-scale model. One such study examined the performance of two rotor designs;
the Boeing CH-47D, and YUH-61A [26]. The CH-47D model was a dynamically-scaled
model, 1/6th of the full rotor scale. In hover, the small-scale rotor saw an increase in
power coefficient, when operating at the same thrust coefficient as the full-scale rotor.
This was attributed to profile power effects, resulting from the Reynolds number being
1/6th of that on the full-scale rotor, when operating at the same tip-Mach number [26].
The same study also examined the YUH-61A rotor at full, and 1/5th scale, also using a
dynamically-scaled model. One of the key differences in the design of the YUH-61A rotor
over that of the CH-47D is the tapering of the blade chord near the tips. Rotors with
tapered and untapered tips were tested at full-scale, and 1/5th scale. This tapering led
to further decreases in the Reynolds number near the blade tips, causing the model-scale
blades to stall near the tips at much lower thrust coefficients than the full-scale rotor [26].
While the full-scale rotor also would have experienced a reduction in tip Reynolds number
over an untapered rotor, the Reynolds numbers observed in the typical operating range
of the rotor remained high enough to avoid any performance penalty. The figure of
merit is a common performance metric for a helicopter which represents the ratio of
power required to hover according to momentum theory Pideal, to the power required by
a real rotor Pactual, as defined in Eqn. 1.1. At full-scale, the tapered rotor maintained a
greater figure of merit than the untapered rotor over the entire range of thrust coefficients
tested. The small-scale tapered rotor also displayed an increased figure of merit over the
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untapered rotor for low thrust coefficients. However, for higher thrust coefficients, the
figure of merit of the tapered rotor eventually became worse than that of the untapered
rotor, an effect which was attributed to stall near the blade tips [26].

FM = Pideal
Pactual

(1.1)

Another study, involving a helicopter rotor developed by Sikorsky with swept and
tapered geometry near the tips, drew similar conclusions on the variation of performance
with scale. The study compared a full-scale rotor system to a 1/5th scale model. The
results indicate an overall increase in power consumption by up to 20% in the small-scale
rotor, which was attributed to Reynolds number effects on the profile drag [27].

The HART and HART-II studies focused on the ability to reduce noise and vibration
through the use of higher-harmonic control, but also provided data for a baseline case
without any higher-harmonic control and include a variety of aerodynamic data, including
PIV measurements of the tip vortices in the wake [2, 3, 34]. Later studies have compared
their results to the datasets and examined the feasibility of predicting full-scale acoustic
data using a small-scale model, including one which used a computational model of a
full-scale rotor. The results showed good agreement between the datasets [34]. The
main data of interest are the Blade-Vortex Interaction (BVI) events, and the acoustic
emissions resulting from them. There were differences observed in the amplitude of the
pressure spikes resulting from BVI events, as well as the azimuthal location where the
events occurred, which were attributed to slight differences in trim between the small-
and full-scale rotors [34]. The noise measured at the specified observer locations differed
at most by 2 dB, which represents a good match between the aeroacoustic behavior [34].
This indicates that good agreement in the acoustic emissions can be achieved between a
full-scale helicopter rotor, and a 40% scale model, implying the scaling effects are not yet
strong enough to cause significant deviations in the aerodynamic behavior, and resulting
acoustics.

In addition to acoustics, the vortices in the wake play an important role in the
aerodynamics of the rotor by influencing the inflow and loading distribution along
the rotor blades. A study comparing experimental measurements to the results of
computational performance prediction using the lifting-surface method found thrust was
over predicted by 20% when using a prescribed wake model, but accuracy was improved
to within 5% when incorporating wake geometry from experimental measurements [35].

Measurements of the wakes produced by small-scale rotors have shown key differences
in the wake vortex dynamics, particularly much greater stability at longer wake ages. In
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a study using a model helicopter in ground effect operating at tip Reynolds numbers of
2.8× 105, tip vortices were detected at wake ages up to 1260° [36]. A follow up study
involving BOS and PIV measurements on a full-scale BO-105 helicopter operating at tip
Reynolds numbers on the order of 4× 106 was only able to detect tip vortices at wake
ages of up to 630°. Although the rotor geometry is not identical between the two studies,
both rotors have rectangular tips and operated at the same thrust coefficient of 0.0094, as
defined in Eqn. 1.2. The thrust coefficient, defined in terms of the thrust Fz, air density
ρ, rotational speed ω, rotor disk area A and radius R is a commonly used dimensionless
metric for rotor performance, which will be used for later analysis in this study [1]. The
analogous power coefficient, defined in terms of the rotor power P rather than thrust,
is also defined in Eqn. 1.3. The thrust coefficient of a rotor has been shown to be an
important factor that influences the wake geometry [37].

CT = Fz
ρAω2R2 (1.2)

CP = P

ρAω3R3 (1.3)

1.4 Comparisons Between Full- and Small-Scale Rotor
Acoustics

BVI is a phenomenon which presents both aerodynamic and acoustic issues, and has
therefore been studied in much detail. The specifics of a BVI event are highly dependent
on the aerodynamic behavior of a rotor, and the vortices in its wake. Two of the
important parameters influencing the occurrence of BVI events are the advance ratio,
and the descent rate of the helicopter. The advance ratio is defined in Eqn. 1.4 in terms
of the forward speed of the helicopter U∞, and the tip-path plane angle of attack αtpp.

µ∞ = U∞cos(α)
ωR

(1.4)

Data are available comparing the BVI noise from a 1/7th scale model of an AH-
1 helicopter rotor to a flight test of a full-scale rotor [38]. The study examined the
characteristics of BVI noise on the rotor for varying advance ratios, and rates of descent.
Good agreement was achieved for advance ratios of less than 0.224, but at greater advance
ratios, more significant differences were seen in the widths, and amplitudes of the BVI
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pulses [38]. The widths of the BVI pulses in the full-scale data tend to be shorter than
in the small-scale data; this indicates the tip vortices shed from the full-scale rotor are
smaller in diameter than those from the small-scale rotor [38]. The 1/7th scale rotor
therefore does not perfectly replicate the flow physics in the full-scale, though it exhibits
similar behavior over part of its operating envelope.

1.5 Practical Considerations for Scale-Model Rotor
Testing

While the use of small-scale models for experimental investigation of rotorcraft presents
a number of attractive benefits, care must be taken in designing the experiment, and
analysing the results to ensure meaningful correlations can be drawn between the
experiments and the full-scale system. Due to the difference in scale, the raw performance
measurements will obviously not correlate one-to-one, though with proper post-processing
of the data, meaningful insights can be extracted. The most simple method is to focus
the analysis on trends in the results with variations in the design or operating conditions,
ignoring the absolute performance values. If the performance of the full-scale rotor system
is known for a given operating condition, it can be assumed with some caution that
incremental changes in performance in a small-scale model due to a change in the design
or operating point will translate to the full-scale geometry [26]. Thus an incremental
improvement in performance of a small-scale model for a given design change will likely
result in a similar improvement in the full-scale vehicle, though the relative magnitude of
the improvement may not be the same.

Although the absolute performance data will not agree, more detailed analysis of the
data can provide insight into the absolute performance of a full-scale system based on
the data from a small-scale experiment, provided all the relevant physics are replicated
in the small-scale model. Concepts such as dynamic similarity and scaling laws allow
an experimentalist to ensure their models accurately reflect the physics of the full-scale
system of interest, and provide a way to correlate results obtained from small-scale
models to the behavior of a larger system [1,26,39,40]. Dimensionless parameters such
as the Reynolds number allow quantification of the physical regime an aerodynamic
system is operating in without dependence on any one specific parameter; so long as the
dimensionless parameters relevant to a phenomenon are sufficiently similar to the system
of interest, the principles of dynamic similarity state that behavior will be accurately
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replicated in a geometrically similar model with different physical properties [1, 40].
Parameters of interest for rotorcraft applications include the Reynolds number, which
is important for phenomena which are dependent on viscosity and turbulence, and the
Mach number, which is an indicator of flow-related compressibility effects [1, 40]. The
Reynolds number of an airfoil is defined in Eqn. 1.5 in terms of the relative velocity U ,
chord length c, air density ρ and dynamic viscosity µ. The Mach number is defined in
Eqn. 1.6 in terms of the relative flow velocity U and sonic velocity a.

Re = ρUc

µ
(1.5)

M = U

a
(1.6)

While a Reynolds number could be defined at any point along the span of the rotor
blades, one of two conventions are typically used, depending on the rotor geometry. For
rotor blades without a substantial amount of taper, the nominal Reynolds number is
usually defined by the parameters at the tip of the blade, as this results in the largest
value. For rotors which taper down to a smaller chord length at the tip, the 75% radial
station is typically used. The Mach number is always defined at the blade tip, as this
results in the largest value. Other parameters may be relevant as well, such as the Lock
number which is associated with aeroelastic effects [1,26]. Aeroelasticity will be neglected
for the purposes of this study, which focuses solely on aerodynamic effects on a rotor
that is assumed to be rigid.

For a small-scale rotor, matching both Reynolds and Mach numbers exactly to the
full-scale geometry is normally impossible. By combining Eqn. 1.6 and Eqn. 1.5, Eqn. 1.7
can be obtained which outlines the coupling of the Reynolds number, Mach number, and
rotor scale, represented here by the chord length c.

Re = M

(
ρa

µ

)
c (1.7)

As the scale of the rotor decreases, the Reynolds and Mach numbers necessarily deviate
from their full-scale values. If one is held constant, for example by adjusting the rotational
speed, the other cannot also remain constant. For less severe reductions in rotor scale
such that the Reynolds and Mach numbers can be kept close to their full-scale values, the
difference may be acceptable. For greater reductions in scale, the difference can become
large enough to cause unacceptable deviations in performance, as will be discussed in
the results presented in chapter 4.
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The thrust and power coefficients are dimensionless values which are commonly used
to characterize the performance of a rotor. They serve as metrics of a rotor’s performance
which are independent of any dimensional parameter of the rotor. The numerical values
of CT and CP should remain constant with variations in any of their constituent variables
so long as the aerodynamic conditions remain similar. The overall aerodynamic state of a
rotor can be generally quantified by the Reynolds number and tip Mach number, though
other factors such as aeroelasticity may play a role depending on the details of the rotor
in question. If the thrust coefficient remains constant for variations in the rotational
speed ω, then from Eqn. 1.2 it can be easily deduced that the thrust Fz produced by
the rotor must increase quadratically with rotational speed. Likewise for the power
coefficient, Eqn. 1.3 implies a cubic dependence of power consumption on rotational
speed. These dependencies of rotational speed on performance are an unavoidable feature
of rotor performance inherent to the physics at play with a rotating wing.

The only way to be able to match both Reynolds and Mach numbers simultaneously
with a small-scale model is to manipulate one or more of the fluid properties, ρ, µ, and
a. Several studies in the past have taken advantage of this concept by various means,
including the use of alternative gasses. One such option is dichlorodifluoromethane,
known commonly as Freon-12 or R-12, which has a density approximately four times
that of air. The speed of sound in R-12 is also approximately half that in air, which
facilitates transonic wind tunnel testing with much lower power requirements [1, 5, 6]. In
the case of small-scale rotor testing, the decreased speed of sound is counterproductive to
the goal of matching full-scale Reynolds and Mach numbers simultaneously. The increase
in density results in a Reynolds number four times as large as that in air for a given
velocity, and the decreased speed of sound results in a doubling of the Mach number.
As the viscosity of R-12 is approximately the same as air, the Reynolds number can be
effectively doubled for a given Mach number [6]. In contrast, compressed-air at four times
ambient density would result in a Reynolds number four times as large for a given Mach
number, rather than the doubling obtained with R-12. The use of R-12 presents some
experimental challenges, including a difference in the ratio of specific heats compared
to air which can alter compressibility effects, though below Mach numbers of 1.4, any
discrepancies are typically small [5, 6, 41].

Compressed-air presents an attractive option compared to the use of alternate gasses,
as it allows for continuous changes in density to suit the needs of any given experiment.
The use of compressed-air also avoids the additional costs associated with purchasing
and recovery after use of specialized gasses, and any safety hazards which may be present
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such as suffocation or toxicity. In addition, the speed of sound remains relatively constant
in compressed air for a wide range of pressures [42]. If desired, a facility capable of
experiments using compressed-air as a testing medium could be retrofitted to be able
to operate with alternate gasses as well, possibly even at varying pressures to allow for
an even wider range of test conditions. In contrast, upgrading a facility which was not
designed from the onset to be able to contain compressed gasses would likely not be
possible, and require a complete rebuild. Any such facility would be classified as some
form of pressure vessel, and be subject to the relevant codes and standards.

1.5.1 Airfoil Performance Trends

The overall performance characteristics of an airfoil can be a strong, and often nonlinear
function of Reynolds number. For certain regimes there may be little to no variation,
while in others a strong correlation may exist. While there are often three-dimensional
effects which play a role in rotorcraft aerodynamics, a simple analysis based on two-
dimensional airfoil theory can often provide a good approximation to the overall behavior
and characteristics of a vehicle or rotor system [26]. Airfoil theory can therefore provide
a basis upon which to analyze and draw conclusions about rotor performance trends.

The detailed aerodynamics of a rotor and the airfoils that it consists of can depends
highly on the Reynolds numbers at which they are operating. Much of these effects
can be linked to the behavior of the boundary layers on the blades; of particular
interest is the presence of turbulence and/or boundary layer separation. When studying
rotorcraft aerodynamics, fully turbulent conditions are typically observed in vehicles
such as helicopters, which tend to operate at Reynolds numbers on the order of 107,
whereas Reynolds numbers on the order of 106 or below tend to display more transitional
behavior [43].

The boundary layer on an airfoil refers to the thin region next to the surface in which
viscous effects are significant. The particles of air in contact with a surface are assumed
to remain in place, and have zero velocity relative to it. This assumption is known as the
no-slip condition [44–46]. With the imposition of zero velocity along a surface, and the
necessity for nonzero velocity away from it, there must exist an intermediary region where
a strong velocity gradient is present. The boundary condition of a solid impermeable
surface also requires that there be no flow through the surface of the airfoil, resulting in
the normal component of velocity being negligible in the vicinity of the surface. These
conditions form the basis of the assumptions of boundary layer theory [44]. The behavior
of the boundary layer on an airfoil is sensitive to a number of conditions, including
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the pressure distribution along the surface, and the presence of turbulence. A typical
pressure distribution on the upper surface of an airfoil displays several characteristics: a
rise in pressure relative to the free-stream at the stagnation point near the leading edge,
a subsequent drop in pressure along the upper surface to below free-stream conditions,
known as the suction peak, and a subsequent rise to return to free-stream pressure as
the air approaches the trailing edge, known as the pressure recovery region [47–49].

The pressure recovery region presents a challenge for the boundary layer, as an adverse
pressure gradient has the potential to cause separation to occur. If the flow remains
laminar past the suction peak on the upper surface of the airfoil, and the adverse pressure
gradient in the recovery region is sufficiently strong, the boundary layer may detach
from the surface, creating a region of trapped, recirculating air next to the airfoil; if the
boundary layer later reattaches, it is deemed a Laminar Separation Bubble (LSB) [47,50].
Within an LSB is a volume of recirculating air which remains near the surface of the
airfoil. The air near the front of the bubble remains nearly static, forming a region of
constant pressure [50]. The separation of the boundary layer from the airfoil can induce
transition to turbulence, which significantly alters the characteristics and behavior of
the boundary layer. The presence of turbulence brings about increased mixing, which
results in a decrease in the momentum deficit in the boundary layer as higher momentum
fluid is drawn in from the surroundings; this can provide the boundary layer with the
energy it needs to reattach, forming the separation bubble [47,51]. For high Reynolds
numbers, the boundary layer more readily transitions to turbulence and is therefore
able to better resist separation, or reattach more quickly, leading to smaller separation
bubbles [47, 48,50,51].

Fundamentally, an LSB is the reversal of flow near the surface of the airfoil due to a
sufficiently strong adverse pressure gradient over a section of the surface, after which
the flow continues to follow the surface of the airfoil. If this region of recirculating flow
is sufficiently large, it can have a significant effect on the overall pressure distribution
along the surface of the airfoil, and the LSB is referred to as a long bubble. In contrast,
a short bubble is one which does not have a considerable effect on the surface pressure
distribution along the airfoil, and therefore lift is not strongly affected [47, 48]. The
length of a separation bubble is dependent on a number of factors, including the Reynolds
number, typically getting longer as Reynolds number decreases. Short bubbles, which
span no more than a few percent of the total chord, are common for higher Reynolds
numbers on the order of 1× 106 , whereas long bubbles covering a substantial portion of
the airfoil surface can be present for lower Reynolds numbers, on the order of 1× 105 or
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below [47–49]. For an airfoil over which the boundary layer remains attached, potential
flow theory provides the result that the lift coefficient Cl is a linear function of the angle
of attack, α [52]. As the boundary layer begins to separate, Cl deviates from this linear
trend, and reduces in magnitude.

In addition to variations in airfoil performance with changes in Reynolds number, some
evidence exists that the maximum achievable lift coefficient before an airfoil stalls may
depend on Mach number, even for Mach numbers as low as 0.15 [4]. For Mach numbers
below this, variations in Reynolds number appear to be relatively more important,
implying that compressibility effects are negligible [53]. As the Mach number increases
further beyond 0.15, Reynolds number effects become less dominant [54]. The dependence
of the maximum lift coefficient on Mach number also has some correlation with the
roughness of the airfoil surface; airfoils with roughness at the leading-edge did not display
any changes in the stall behavior of the airfoil, and that stall occurred gradually as
opposed to a sharp drop off in lift [55]. This suggests that compressibility effects are
more pronounced when the boundary layers on an airfoil are laminar for Mach numbers
ranging from 0.1 to 0.5.

1.5.2 Blade Element Theory Analysis

The differences in performance observed as a function of Reynolds number are often most
strongly linked to the profile drag produced by the rotor blades [39]. Some theoretical
justification for this based on a BET analysis will be presented here. Such an analysis
will prove to be useful later when analyzing the results in chapter 4. BET allows for
convenient application of the concepts of airfoil theory to a rotating wing, in which
a number of parameters can vary along the span due to the rotational nature of its
operation. The airfoil profile of which the rotor blade is composed, the angle of attack,
and relative flow velocity can all be functions of the radial location [9].

The key feature of BET is that a blade can be discretized into a number of individual
airfoil sections, which can then be treated as a series of quasi-2D airfoils of some finite
spanwise width, known as blade elements. One such element is shown in Fig. 1.1, with
relevant quantities labelled. This implies a key assumption, that spanwise aerodynamic
effects can be neglected such that the performance of any given blade element is inde-
pendent of those adjacent to it. The velocity observed by each blade element can be
determined by the motion of the rotor through the air, both rotational and translational,
and a component of velocity induced by the rotor. The local angle of attack is then
determined, and lift and drag forces can be computed. The aerodynamic forces for a
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given blade element can then be transformed to the global rotor frame and summed with
the remaining elements to calculate overall forces and moments produced by the rotor,
as well as the total power required to sustain operation. BET alone does not account
for the ability of a rotor to induce flow through it, which changes the velocity seen by
the airfoil sections. For the purposes of the argumentative analysis presented in this
thesis, reasoning based on BET alone will suffice with the caveat that a distribution of
induced velocity exists on the rotor disk, and is small relative to the in-plane component
of velocity seen by a given airfoil section. The details of the inflow distribution will be
ignored as BET is not being used here to quantify rotor performance. It serves this
discussion merely as a logical tool to make hypotheses about the blade-level aerodynamics
of the rotor from the global performance parameters such as total thrust and power.
Despite the lack of any quantification of the inflow distribution, the theory behind BET
and the resulting equations discussed hereafter provide insight into the general trends in
rotor performance as the aerodynamic conditions vary.

~U

~ω × ~r
~vi

θ φ

α
c

dD

dL

δr

Figure 1.1. Schematic of a single blade element, showing the relevant dimensions, velocity
components, and angles.

From the principles of BET and the schematic shown in Fig. 1.1, some basic equations
can be written to describe the performance of the rotor in terms of the individual blade
sections. The lift produced by airfoil section of width δr is determined by Eqn. 1.8.

dL = 1
2ClρU

2cδr (1.8)

Likewise, the drag produced by the same section can also be defined, as in Eqn. 1.9.

dD = 1
2CdρU

2cδr (1.9)

The lift and drag as defined above represent the total force produced by a single blade
element, decomposed into two orthogonal components defined relative to the relative
flow direction, indicated in Fig. 1.1 by the inflow angle φ. In general, these components
do not align with the directions of interest for evaluating rotor performance, namely the
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thrust direction which is perpendicular to the rotor plane, and an orthogonal direction
which is locally opposed to the tangential motion of the rotating blade element, relevant
for computing the power consumed by the rotor. Assuming that the rotor is rigid, and
there are no hinges for flap or lead-lag motion as in a helicopter such that the only
degree of freedom for blade motion is rotation about the shaft axis, the local lift and
drag components can be transformed into global rotor thrust using the inflow angle as in
Eqn. 1.10.

dT = 1
2(Clcosφ− Cdsinφ)ρU2cδr (1.10)

Thus both lift and drag have an effect on the thrust produced by the rotor, as well as
the power, defined in Eqn. 1.11.

dP = ωr

2 (Clsinφ+ Cdcosφ)ρU2cδr (1.11)

Eqn. 1.10 and Eqn. 1.11 represent the thrust and power respectively produced by a single
blade element. The total thrust produced by the rotor, as well as power consumed by
the rotor must take into account the entire blade span, and each of the individual blades.
Assuming the rotor is operating in hover and that the conditions seen by a blade do not
vary around the rotor azimuth, the total thrust produced by the rotor can be represented
by summing over all n blade elements, and multiplying by the number of blades Nb, as
in Eqn. 1.12.

Fz = Nb

n∑
i=1

1
2(Clicosφi − Cdi

sinφi)ρU2
i ciδr (1.12)

Likewise, total rotor power can be described by Eqn. 1.13.

P = Nb

n∑
i=1

ωri
2 (Clisinφi + Cdi

cosφi)ρU2
i ciδr (1.13)

For a rotor operating in hover, the component of relative velocity observed by a
blade element due to the rotor’s rotational motion is typically much larger than the
inflow velocity. This results in φ being a small, positive angle, such that cosφ ≈ 1, and
sinφ ≈ φ. In order to comment on the dependence of thrust and power on lift and drag
respectively, an analysis of the glide ratio, or the ratio of lift to drag produced by an
airfoil, is required. As an example, airfoil data for the profile at the 75% radial station of
the rotor used in the present study will be examined. Lift and drag data was generated
for a range of angles of attack, and Reynolds numbers using the airfoil analysis program
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XFOIL.
Fig. 1.2 shows a plot of the glide ratio for over this operating space. Typical values

for the lift coefficient of the airfoil are on the order of 40 to 60 times greater than the
drag coefficient, though there is a nonlinear dependence on both angle of attack, and
Reynolds number. By looking at similar plots for the individual lift and drag coefficients,
some insight into this behavior can be gained. As the angle of attack increases for a given
Reynolds number, the lift coefficient increases linearly up to the point that separation
effects begin to dominate. At lower Reynolds numbers, there is a gradual decrease in the
slope of the lift curve over a small range of angles of attack. It is hypothesized that this
is due to the presence of a LSB, which increases in size as the pressure gradient on the
suction side of the airfoil becomes more adverse. Eventually, the boundary layer on the
suction side of the airfoil stalls, causing a sharp drop off in lift. As the Reynolds number
increases, the worsening of the LSB is delayed and extended, allowing it to grow larger
before the boundary layer stalls completely. This results in a more gradual drop in the
lift curve, as seen in Fig. 1.3(a) for the higher Reynolds number cases.
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Figure 1.2. Glide ratio of the airfoil at the 75% radial station as a function of angle of attack
and Reynolds number.

Due to the same evolution of the LSB, variation in the drag coefficient, shown in
Fig. 1.3(b) was also observed. As the LSB grows with increasing angle of attack, the
drag coefficient increases slowly at first, then more rapidly as the airfoil approaches stall.
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Figure 1.3. Lift (a) and drag (b) polars for the airfoil at the 75% radial station, as a function
of Reynolds number, from angles of attack of 0° to the point of stall.

This explains the behavior seen in Fig. 1.2; for smaller angles of attack, the increase in
lift with angle of attack dominates the increase in drag, but the trend reverses for larger
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angles as the airfoil approaches stall. As a conservative lower bound, the glide ratio can
be assumed to be greater than 10 for the majority of the rotor’s operating range, though
larger values will be observed for greater Reynolds numbers.

Assuming all else remains constant, the effect that an increase in Reynolds number
will have on the overall rotor performance depends on the state of the rotor, and the
boundary layers on its surfaces. If the boundary layers are attached and no strong effects
from an LSB are present, the airfoil will be operating somewhere in the linear region of
the lift curve. In this case, an incremental change in Reynolds number will not affect the
lift coefficient, as changes only occur in the vicinity of the stall point. Conversely, changes
in Reynolds number will affect the drag coefficient regardless of the particular condition
at which the airfoil is operating. As shown in Fig. 1.3(b), increasing the Reynolds number
leads to a reduction in drag across the entire range of operation.

Since φ is presumed to be small, and Cl is typically at least an order of magnitude
greater than Cd, it can be shown from Eqn. 1.12 that the rotor thrust is most strongly
dependent on the lift coefficient of its constituent airfoil sections, and minimally dependent
on drag. From Eqn. 1.13, the power consumed by the rotor is in general dependent on
both Cl and Cd. For glide ratios of 10, and values of φ on the order of 0.1, or roughly 6°,
the lift and drag terms in Eqn. 1.13 will be approximately equal, and the consumption of
rotor power will be evenly split between induced power and profile power. From Fig. 1.2,
if the glide ratio is greater than 10 over the majority of the operating space, induced
power dominates over profile power. While this simplified reasoning is by no means
a comprehensive analysis of the performance of a rotor, it provides some insight into
the mechanism behind changes in the overall performance of the rotor with Reynolds
number.

The trends in airfoil performance will vary from one airfoil to the next, and will
in general change for different Reynolds number regimes. As discussed previously, the
performance of an airfoil is tied strongly to the behavior of the boundary layers on
its surfaces, and the presence and intensity of turbulence. One study examined small-
scale wind turbine models in a compressed-air environment, and quantified changes
in performance with Reynolds number; it was shown that the high-Reynolds number
performance characteristics could be obtained at much lower Reynolds numbers by
tripping the boundary layers by adding roughness to the leading edge of the blades [56].

The dependence of airfoil behavior on Reynolds number can have a considerable effect
on the performance of a rotor, potentially impacting both the thrust produced by, and
power consumed by, a rotor. This further outlines the need to properly replicate the
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aerodynamic conditions at which a rotor operates in an experiment in order to accurately
quantify its performance. The theoretical discussion on rotor aerodynamics using BET
will be useful later in chapter 4 when analyzing the experimental results and making
conclusions about the aerodynamic behavior of the rotor.
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Chapter 2 |
Experimental Facilities

Using compressed air to achieve dynamic similarity on small-scale model rotorcraft blades
is a task which requires a suite of specialized equipment, both to conduct the experiments
themselves, and to provide supporting data to ensure the accuracy and quality of the
data. This chapter outlines the equipment used, including off the shelf components, and
any custom hardware or devices which were developed for this purpose.

2.1 The Compressed Air Wind Tunnel

In order to replicate full-scale Reynolds and Mach numbers simultaneously with small-scale
experimental models, one or more of the air’s physical properties must be manipulated.
The Pennsylvania State University’s new Compressed Air Wind Tunnel (CAWT) was
designed with this purpose in mind, providing an environment in which the internal
pressure of the air can be raised to 500 psi, or 34 atm above atmospheric conditions.
This results in a corresponding increase in air density, which can be used to control the
Reynolds number at which the models operate independent of the scale and velocity. The
relationship between density and Reynolds number is effectively linear, as the dependence
of viscosity on pressure or density is very weak [57]. The Mach numbers observed on the
models will not be affected, as the speed of sound in air is also not a strong function of
pressure over the range of pressures obtainable in the CAWT [42].

The CAWT, shown below in Fig. 2.1, consists of a large pressure vessel of circular
cross section. Additional hardware will be installed within the pressure vessel to construct
a closed-loop, low-speed wind tunnel, including a fan, a series of turning vanes in each
corner, a flow conditioning section to reduce turbulence, and ductwork to form the test
section, diffusers, and contraction nozzle. The present study examines the performance
of a rotor in hover with the rotor operating in stagnant air, and so the CAWT is being
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Figure 2.1. The Pennsylvania State University’s new Compressed-Air Wind Tunnel facility:
a closed-loop wind tunnel constructed inside of a large pressure vessel designed to enable
experiments at high Reynolds numbers using small-scale models.

used solely as a pressure vessel with no mean flow being produced by the facility. To
better take advantage of the available space, the experiments were conducted in the
larger-diameter section of the tunnel which will later be used as the flow conditioning
chamber, as indicated in Fig. 2.3. In future studies, the full capabilities of the wind tunnel
will be used to replicate a wider range of operating conditions, including flight conditions
at a variety of incidence angles in which more complex aerodynamic interactions are likely
to occur. The CAWT is outfitted with a series of high-pressure electrical compression
seal feedthroughs from Conax Technologies, including a PL-14-4 which contains four
14-gauge wires used for power transmission, and two TG-24T series feedthroughs for the
instrumentation hardware. The power feedthrough is outfitted with Anderson Powerpole
connectors on both the inside and outside of the CAWT, to ensure the system is as
modular and reconfigurable as possible. The instrumentation feedthroughs make use of
D-sub connectors for the same reason. Male and female connectors were installed on the
cabling and feedthroughs such that the hardware internal to the CAWT can connect
directly to the external hardware without the feedthrough in between without the need
for any sort of adapter, in order to simplify assembly, testing, and debugging.
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2.1.1 The Pressurized-Air Rotor Testing System

The Pressurized-Air Rotor Testing System (PARTS-I) was developed to be able to mount
a rotor inside the CAWT, drive it to the desired operating conditions, and instrument it
in such a way that the relevant loads could be measured. The test-stand consists of a
structure fabricated out of aluminum extrusions, which is mounted to the internal walls
of the CAWT. A schematic of the setup is is shown in Fig. 2.3, displaying the mounting
configuration within the CAWT.

Attached to the end of this structure is the so called measurement stack, the equipment
used to drive and instrument the rotor, shown in Fig. 2.2. The main element of the
measurement stack is an ATI Delta six-axis load cell which is capable of measuring
all six components of force and torque produced by the rotor during operation. The
design of the measurement stack incorporates thermal isolation in the mounting hardware
connecting the motor to the load cell, to prevent heat generated during operation from
conducting into the load cell. While load cells of this type compensate for variations
in temperature, this compensation is only effective if the entire device is at a uniform
temperature. When a heat generating device like a motor is connected to a load cell, it
can induce temperature gradients through the sensing element of the device, which can
affect the accuracy of measurements as the temperature compensation cannot account
for such variations [58]. To reduce heat transfer from the motor to the load cell, a nylon
buffer plate was included in the interface between them. This avoids a continuous metal
structure between the motor and the load cell, which would act as a heat-pipe. A second
nylon buffer plate is used to mount the load cell to the frame of the PARTS-I.

The rotational speed of the rotor is measured using an off the shelf infrared proximity
sensor, the HiLetgo HW-201, which detects the passage of each blade. The sensor is
mounted on the outer-diameter of the interface plate between the load cell and motor,
and is aimed at the inboard section of the blade, upon which a patch of white paint was
applied to facilitate proper reflection of the emitted infrared signal back to the sensor.
The sensor outputs an analog voltage proportional to the distance between it and the
nearest object in its line of sight. When aimed at the inboard section of the rotating
blade, the sensor outputs a signal consisting of square pulses as each blade passes in front
of it. The signal is read into LabVIEW as an analog waveform, and the time interval
between adjacent blade passages is calculated, and used to determine the rotational
speed.
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Figure 2.2. The PARTS-I installed in the CAWT, showing the load cell, motor and stainless-
steel rotor.

2.1.2 Computer Interface for Data Acquisition and Control

The measurements from the load cell are read in to LabVIEW using a dedicated NI
PCI-6220 data acquisition card, whereas the rest of the sensor data is acquired through
an NI cDAQ-9178 C-Series Data Acquisition (DAQ) chassis with various input modules
including an NI-9215 analog input module for the proximity sensor used for rotational
speed measurements. The motor is driven by a KDE-UAS95HVC 95A+HV Electronic
Speed Controller (ESC), which was in turn controlled via a Pulse Width Modulated
(PWM) signal provided by an Arduino Mega 2560. Arduino code was developed to
gradually ramp up the rotor speed in response to operator commands for a defined
set-point, to prevent the ESC from reaching its maximum allowable current, upon which
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it would shut down to avoid damage. The stainless-steel rotor caused excessive torque
requirements during acceleration, as it has a greater mass moment of inertia than the
plastic or composite rotors it is designed to be used with. The data acquisition was
handled using LabVIEW. All the data acquisition hardware are listed in table 2.1. A full
list of the transducers used, along with their measurement uncertainty values, is provided
in § 2.4.

Model Name Data Acquired Bit Depth Sample Rate (Per Channel)
NI PCI-6220 Load Cell Data 16 Bit 40 kHz

NI 9215 Blade Passage 16 Bit 100 kHz

Table 2.1. Data acquisition hardware used in conjunction with the transducers in the PARTS-I.
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Figure 2.3. Schematic of a cross sectional view of the CAWT, showing the PARTS-I mounted
inside, along with relevant dimensions specified in terms of the rotor diameter d, including the
test chamber diameter, and the distance from the rotor plane to the elbow. Schematic is not to
scale.

2.2 Coaxial Acoustics Test System

The Coaxial Acoustics Test System (CATS) is an existing facility at The Pennsylvania
State University, designed to be able to test small rotor models in hover and forward-
flight at varying angles of incidence. It can accommodate single rotors, as well as rotors
in a coaxial configuration. In addition to a six-axis load cell which can quantify the
performance of the rotor, there is an array of microphones to characterize the noise
produced by a rotor over a range of directivity angles. The rotor stand in the CATS
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consists of a similar set of hardware as the PARTS-I, but is situated within the test
section of an open-jet, anechoic wind tunnel. It was built to accommodated rotors of
approximately 0.38 m in diameter, a limit set in part by the details of the included
microphone array [58]. While not a part of the main experimental campaign, this facility
was used as part of a verification study to examine the performance of the PARTS-I,
discussed in more detail in § 3.1.2.

2.3 Rotor Models

The rotor used in this study is composed of a generic blade geometry provided to The
Pennsylvania State University by Joby Aviation, which is typical of the style of rotor
that may be used on an eVTOL or UAM vehicle, but differs from the proprietary designs
used on Joby’s vehicles. The rotors fabricated for testing consist of three blades, set to
a fixed collective pitch angle for each experiment. No cyclic pitch control mechanism
was incorporated into the rotors, as UAM vehicles tend not to implement cyclic pitch as
a control strategy. The geometry is based on a full scale rotor diameter of 2.9 m, and
was scaled down to a model diameter of 0.36 m. Two rotor models were fabricated for
testing purposes. First, a model with 3D-printed blades mounted on a variable-pitch
hub was fabricated for preliminary testing. This rotor allowed the collective pitch to
be manually changed prior to testing, but did not incorporate actuators to allow pitch
control during operation. The variable-pitch rotor, shown in Fig. 2.4, allowed a wide
range of operating conditions to be examined quickly at atmospheric pressure, in order
to narrow down a more focused test matrix for the compressed-air study. This rotor was
also used for a facility verification study which will be further discussed in § 4.3. For the
experiments conducted in compressed-air, a rotor was machined out of stainless-steel in
order to be able to withstand the increased loads which would result from the higher
density. The stainless-steel rotor is shown mounted to the PARTS-I in Fig. 2.2. In order
to simplify the design of the rotor for ease of manufacturing, the rotor was designed with
a fixed collective pitch of 15°, defined by the pitch angle of the airfoil at the 75% radial
station. The fixed-pitch design also allowed the rotor to be machined from a solid piece
of stainless-steel, which offers improved strength over a multi-component assembly.

The geometry of the rotor blades varies along the span of the blade, with thicker
airfoil sections being used at the root compared to the more outboard sections. The
twist distribution of the blade is approximately linear, with 34° of twist from root to tip.
The chord distribution varies nonlinearly, with the chord tapering off near the blade root
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Figure 2.4. The 3D printed rotor blades mounted on a variable-pitch hub machined out of
aluminum.

and tip. More details of the rotor geometry are provided in appendix B, including airfoil
section geometry at select radial stations, the chord and twist distributions along the
blade span, and the details of the rotor hubs used in the study.

2.4 Uncertainty Analysis

In order to be able to perform any meaningful analysis on the data, an uncertainty
analysis must be done to quantify the experimental errors in the measurements. The

30



analysis in this section will allow for a discussion on the accuracy of the results which
will be presented in chapter 4. Here, a summary of all the sources of error in the various
measurements will be outlined, along with estimates of their magnitude, and discussion
of some caveats and additional considerations.

2.4.1 Measurement Uncertainty

The main metrics used to quantify rotor performance in this study are the thrust and
power coefficients, and their variations with Reynolds number and Mach number. The
thrust coefficient is calculated from the measured values of thrust, density, and rotational
speed. The power coefficient on the other hand, uses the measured torque, density, and
rotational speed, with power being calculated as the product of torque and rotational
speed. The density is also a calculated quantity, based on measurements of pressure and
temperature, using an empirical model which accounts for real-gas compressibility effects
as discussed in more detail in appendix C.1.

The error associated with the measurements from the load cell is quantified by the
manufacturer by a series of tests which subject the load cell to varying magnitudes, and
combinations of forces and moments. The result is a characterization of the expected
measurement error over a wide range of conditions, which can be used to estimate an
expected error magnitude. For all six measurement axes, most of the test cases provided
in the calibration data sheet resulted in a measurement error at or below 0.1% of the
maximum rated load for that particular measurement axis. The maximum rated loads
are 990 N for the thrust axis, 330 N for the lateral force axes, and 30 N m for the torque
and moment axes. The corresponding estimate of measurement uncertainty for the load
measurements is therefore ±0.99 N for the thrust axis, ±0.33 N for the lateral force axes,
and ±0.03 N m for the torque and moment axes.

The uncertainty estimates are based on testing done by the load cell’s manufacturer,
which involved only static loading conditions, and does not account for any variation in
accuracy due to dynamic loading or vibration. There is no data available on whether the
measurement error changes under dynamic loads. Due to imbalances or asymmetries in
the system, the forces and moments measured by the load cell are oscillatory in nature,
and do not necessarily reflect the conditions under which the measurement error was
quantified. The worst-case scenarios from the manufacturer’s error testing in which the
largest measurement errors were observed involve strong multi-axis load coupling. In
these test points, loads of large magnitude were applied to multiple axes at the same
time. For the present experiments, the largest load observed at a given test point was
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the force along the thrust axis with all other forces and moments being much smaller in
magnitude. Due to the relatively weak cross coupling of loads, it is hypothesized that
the error for many of the test cases was less than the previously mentioned estimate of
0.1%. This value was still used in order to provide a conservative estimate of the error
while simplifying the error analysis somewhat. The full details of the error quantification
done by the manufacturer are presented in appendix A.

The temperature and pressure transducers are both off the shelf components, with
their accuracy specified by the manufacturer and verified in an accompanying data
sheet. The details of their range and accuracy are listed in table 2.2. The temperature
probe is a Resistance Temperature Detector (RTD), and has class A accuracy defined
by the International Electromechanical Commission (IEC) 60751 standard, meaning the
uncertainty on a temperature measurement falls within ±(0.15 + 0.002T )°C where T is
the temperature in degrees Celsius [59].

2.4.2 Rotor Manufacturing Tolerances

In addition to the uncertainty due to the measurement equipment, there rotor model
itself can only be manufactured to a certain level of precision. The chord length along the
rotor was used to calculate the Reynolds number, and the radius was used to determine
the tip mach number, as well as the rotor disk area. The tolerances on these dimensions,
given in table 2.3, are sufficiently small that their effects on the overall uncertainty of a
given calculated value can be neglected relative to the other sources of error, as will be
discussed in the following section.

The rotational speed of the rotor was determined by measuring the time interval
between blade passages using the infrared proximity sensor. The signal from the sensor
was sampled at a rate of 100 kHz using LabVIEW, which corresponds to an effective
margin of error of ±5× 10−6 s on the blade passage period. The resulting uncertainty
on the rotational speed measurements varies with the rotational speed itself, due to the
inverse relationship between rotation rate and period. The uncertainty can be represented
as a function of rotational speed using Eqn. 2.1.

urpm = 60 ∗
(
ω

2π −
1

2π
ω

+ up ∗Nb

)
(2.1)

This results in an uncertainty of ± 0.02% at a speed of 1000 rpm, and ± 0.124% at 5000
rpm.
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2.4.3 Propagated Uncertainty in Calculated Values

For a given measurement which may contain several sources of error e, the overall
uncertainty of that measurement ux can be estimated with the root-sum-squares method,
which accounts for the likelihood that different sources of error may not all act to shift
the measurement in the same direction simultaneously, or the magnitude of a given error
may be less than its estimated maximum for any particular measurement, the so called
probable bias [60]. The root-sum-squares method of estimating uncertainty is defined in
Eqn. 2.2.

ux = ±
√∑

i

e2
i (2.2)

Calculated quantities such as the thrust and power coefficients incorporate values
obtained from a number of independent measurements, each with their own values of
uncertainty uxi

. The concept of uncertainty propagation can be used to quantify the
cumulative uncertainty of a calculated value [60]. By taking a Taylor series expansion
about the mean value of a quantity Y , Eqn. 2.3 can be obtained for the total uncertainty
based on the values of the individual uncertainties of the measured values used to calculate
it. Given that the values of uncertainty are typically small relative to the mean value, a
linear approximation can be obtained by discarding terms of second order or higher from
the Taylor series. This provides an approximation for the uncertainty in a calculated
value due to the propagated uncertainty of one of its components, defined in Eqn. 2.4.

Y = Ȳ (~x)±
n∑
i=1

(∂Y
∂xi

)
xi=x̄i

uxi
+ 1

2

(
∂2Y

∂x2
i

)
xi=x̄i

u2
xi

+ · · ·
 (2.3)

uYxi
=
(
∂Y

∂xi

)
xi=x̄i

uxi
(2.4)

The partial derivative term in Eqn. 2.4 is referred to as a sensitivity index, θi. For
quantities which depend on multiple different measured values with their own individual
uncertainties, Eqn. 2.4 can be combined with the root-sum-squares method of quantifying
the total effect of a number of error sources on a single value, yielding an equation for
the total uncertainty of a calculated result, defined in Eqn. 2.5.

ux = ±
√∑

i

(θiuxi
)2 (2.5)
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The task of quantifying the propagated uncertainty on a calculated value then reduces to
determining the error in the individual measured values, and computing the sensitivity
based on the definition of the parameter of interest.

In the discussion of the experimental results in chapter 4, the thrust and power
coefficients defined previously in Eqn. 1.2 and Eqn. 1.3 respectively, will be used to
quantify the performance of the rotor over a range of Reynolds numbers and Mach
numbers. In order to draw conclusions from these data, the experimental uncertainty
of the values must be quantified, a task which this section aims to accomplish. Each
of the aforementioned performance coefficients is calculated from a series of individual
measured values, each of which has an associated measurement error. The method of
uncertainty propagation can be used to account for the cumulative effect of all of all the
constituent errors [60].

Since the rotor disk area is defined based on the radius, A = πR2, the thrust coefficient
can be rewritten as in Eqn. 2.6. The power consumed by the rotor is calculated as the
product of torque and rotational speed, so the power coefficient can also be rewritten as
Eqn. 2.7, to simplify the uncertainty calculations.

CT = Fz
πρω2R4 (2.6)

CP = Mz

πρω2R5 (2.7)

The thrust and power coefficients then each depend on four values: the measured load,
either thrust or torque, the rotational speed, the ambient density, and the rotor radius.
The sensitivity values can then be determined by differentiating Eqn. 2.6 and Eqn. 2.7
with respect to each variable. The resulting sensitivity values are presented in table 2.4.

Results will also be presented in the form of the figure of merit, which is calculated
as in Eqn. 2.8.

FM = F
3
2
z /
√

2ρA
Mzω

(2.8)

As with the thrust and power coefficients, sensitivity values to error in the constituent
measured values are presented in table 2.5.
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2.5 Convergence of Measured Statistics

In order to determine an appropriate sample length for the data acquisition, an analysis
of the statistical convergence of the measurements has been conducted. A summary
of this data is presented here along with some justification for the methodology and
discussion of the implications of the statistical results.

The raw measured performance data consists of forces and moments in all three axes,
as well as rotational speed, both as a function of time. The performance plots shown in
this chapter contain the mean of the data from each test point, as the measurements
fluctuate in time. In order to calculate a sufficiently accurate mean value, a large enough
sample to converge the mean to within a margin of error deemed acceptable is required.
In order to evaluate the convergence of the data, Fig. 2.5 displays a running mean of
the thrust measurement for a series of rotational speeds at a given ambient pressure,
plotted in terms of the number of rotations of the rotor from the start of the sample
acquisition. Likewise, Fig. 2.6 shows similar data for the torque measurements which
were used to calculate power. The running mean is defined as the mean of a subset of
the data from the beginning of the sample to a given point in time, or corresponding
number of rotations. The data presented in Fig. 2.5 and Fig. 2.6 are a subset of the
entire dataset at a single ambient pressure, though they are representative samples of the
general behavior seen across all the data collected. The mean of both thrust and power
consistently converge to within ±3% of their final mean after 500 rotations from the
start of data collection. Since each sample consisted of a fixed length in time of 20 s, the
total number of rotations recorded varies with the rotational speed of the rotor. Some of
the data at lower rotational speeds consists of fewer than 500 rotor revolutions, and may
not have had time to adequately converge within the sample window. These data were
deemed unsuitable for other reasons, based on the measurement error of the load cell,
as will be discussed in § 4.4. Beyond 500 rotations, the means continue to converge to
within a narrower margin, which indicates running each rotational speed case for at least
1000 rotations would provide better accuracy.

In addition to the running means, the running variance of the thrust and torque
values are also plotted. The running variance is defined as the variance of a subset of
the available data from the beginning of the sample to the specified number of rotations.
The variance, being the square of the standard deviation, represents the overall spread of
the dataset about its mean. All of the load measurements were oscillatory in nature, due
to vibrations of the system during testing. The running variance plots do not converge
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Figure 2.5. Running mean of rotor thrust for each rotational speed measurement at an ambient
pressure of 8 atm, normalized as a fraction of the mean of the entire sample.

as quickly as the means, indicating the amplitude of vibration is often a function of time.
Analysing the convergence of the mean throughout a sample is one way to quantify

the adequacy of the sample size to provide representative data, but it does not tell the
entire story. Examining the higher order statistics, such as the variance, can provide
insight into dynamic or oscillatory effects which may not be apparent when analyzing
the mean. The variance should also stabilize for a sufficiently long sample, and thus
its convergence can serve as another criterion for the sufficience of a sample size. Plots
of the running variance for the thrust and torque measurements are shown in Fig. 2.7
and Fig. 2.8. The variance of the thrust and torque data do not appear to be as well
converged as the mean, particularly for conditions which contain harmonic content at or
near certain frequencies, which are hypothesized to be resonant frequencies of the test
stand.

The PARTS-I can be thought of conceptually as a stiff but still elastic structure with
some inherent damping and is being excited by a source of vibrational energy spanning a
range of frequencies. In the case of a pure excitation of a resonant mode, the expected
response would be a vibration amplitude that increases over time before leveling off to
a maximum value. This peak amplitude will be determined by the proximity of the
excitation frequency to the resonant frequency, and amount of damping in the system.
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Figure 2.6. Running mean of torque power for each rotational speed measurement at an
ambient pressure of 8 atm, normalized as a fraction of the mean of the entire sample.

The time it takes to reach this maximum, is related to the rate of energy being coupled
into the system, which again depends on the difference between the excitation frequency
and the natural frequency. If the frequency content, or the amplitude of the excitation
source changes with time, the rate of energy input to the system will also vary with time,
potentially changing sign as well.

Although the load cell is not an accelerometer and therefore cannot directly be used
to measure the motion or vibration of the test equipment, it will still respond to the
vibrational behavior of the PARTS-I, as it will be subjected to the oscillatory loads. The
load cell is mounted near the middle of the test stand. The motor, rotor, and associated
mounting brackets and hardware are mounted to the other end of the load cell and are
otherwise unsupported. As a first order approximation, the load cell can be represented
as a stiff spring, which deflects under an applied load. The rotor hardware, and the
remaining frame of the test stand can be represented by lumped masses. With this
simplistic model of the system in mind, it is easy to understand that excitation of any
vibrational mode would result in oscillatory inertial forces or moments being generated
between the rotor hardware and the rest of the test stand, adding harmonic content to
the measured loads.

If the variance exhibits strongly non-monotonic behavior, this indicates time varying
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Figure 2.7. Running variance of rotor thrust for each rotational speed measurement at an
ambient pressure of 8 atm, normalized as a fraction of the variance of the entire sample.

excitation of the system close to one of the resonant modes. Given that the sources of
vibration are the motor, potential imbalances in the rotating mass, and aerodynamic
effects on the rotor, this suggests that the time-varying nature of the loads are the result
of changes in the rotational speed of the rotor, or unsteadiness in the aerodynamics.
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Figure 2.8. Running variance of rotor torque for each rotational speed measurement at an
ambient pressure of 8 atm, normalized as a fraction of the variance of the entire sample.
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Dimension Symbol Tolerance (±)
Blade Chord c 1× 10−4 m
Rotor Radius R 5× 10−5 m

Table 2.3. Dimensional tolerances on the rotor geometry due to the manufacturing process.
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Chapter 3 |
Procedure

This chapter outlines the methodology used to conduct the experiments, and to collect
and process any relevant data used for analysis in chapter 4. This includes information
on general procedures, data sampling, and post-processing steps.

3.1 Experimental Methodology

The procedure used to conduct the experiments will be explained here. Details of the
setup, calibration and testing for the various phases of the experiment are provided. The
main experimental study of a rotor operating in a range of ambient pressures will be
described, along with several complimentary experiments which serve to improve the
confidence in the results. A check of the accuracy of the load cell used in the rotor
experiments was conducted, along with a comparison between data from the PARTS-I
and another similar rotor testing facility at The Pennsylvania State University.

3.1.1 Load Cell Verification

Prior to assembling the PARTS-I, the accuracy of the axial force measurement of the
load cell, corresponding to the rotor thrust axis, was verified. The load cell was first
positioned flat on a level surface, the calibration file was loaded into the data acquisition
software, and the device was tared using the LabVIEW acquisition code provided by
the manufacturer. Weights were then placed on top of the load cell, in order to load
it in compression along the z axis, normal to the surface of the interface plate. The
corresponding force measurements were recorded an compared to their actual weights,
as determined by a digital balance which was accurate to within ± 0.1 g. The load cell
was then fixed to a rigid surface and loaded in tension. A steel bar was bolted to the
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load cell’s measurement plate, from which a strap could be attached. This strap was fed
around a pulley, such that the tensile load was applied directly along the z axis, and
weights could be hung from the other end without interfering with the mechanical setup.
Force measurements were then recorded as before.

3.1.2 Verification Study

Since the rotor testing stand used in this study was newly developed, a verification
study was done to ensure accuracy and repeatability of the data. The study involved
comparing data from the PARTS-I against the existing CATS facility, which was designed
to investigate both performance and noise on small-scale coaxial rotor systems [58]. The
CATS stand serves as a reference against which to compare data from the PARTS-I to
ensure the accuracy of our measurements. Since the CATS stand can only operate with
ambient air conditions, all comparison data from the PARTS-I was also taken with the
rotor operating in ambient air. All experiments in this study involve the rotor operating
in a hover conditions; the rotor was driven by a motor in otherwise stagnant air, with no
mean flow being produced by any of the wind tunnel facilities being used. The hardware
used on the PARTS-I was then removed from the CAWT, and mounted in the open
to rule out potential effects relating to confinement of the rotor’s inflow or wake, and
recirculation issues. Within the CAWT, the direction of the rotor wake was also switched,
in order to rule out any effects of the structural elements of the rotor stand affecting the
wake or inflow, as outlined in Fig. 3.1. The normal wake configuration shown in Fig. 3.1(a)
was used for the compressed air testing outlined in § 3.1.3. In addition, comparisons

~Fz
~uw

(a) Normal wake configuration.

~Fz
~uw

(b) Flipped wake configuration.

Figure 3.1. Illustration of the different rotor configurations examined in the verification study,
indicating the orientation of the streamtube, and the direction of the wake velocity and thrust
vector.
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were made between the 3D-printed and stainless-steel rotor models on the PARTS-I, to
ensure any differences in geometry did not significantly influence performance. For the
duration of the verification study, the 3D-printed rotors were set to a collective pitch of
15°, as defined by the airfoil pitch angle at the 75% radial station, in order to match the
geometry of the stainless-steel rotor. The 3D-printed rotor was used for the majority of
the testing, and was the only rotor tested on all facilities.

The 3D-printed rotor was then tested in the PARTS-I, with the rotor oriented such
that its wake was blowing away from the frame of the test stand, as shown in Fig. 3.1(a).
This configuration most closely resembled that of the CATS from a geometric perspective,
with the wake of the rotor blowing away from the measurement equipment, and being as
unobstructed as possible given the available space. The same rotor was also tested facing
the other direction in the PARTS-I, to quantify any changes in performance that might
arise due to the test stand obstructing the rotor’s wake or inflow. The 3D-printed rotor
was then tested on the open-air rotor stand, in order to rule out any recirculation or wake
confinement effects due to the enclosed aerodynamic environment within the CAWT
in which the rotor was operating during the high-pressure tests. The open-air rotor
stand allowed the rotor to operate in a much larger space than either the CATS or the
PARTS-I, reducing the likelihood of the rotor’s wake affecting its own inflow, or the wake
being obstructed by a wall or other surface. Finally, the stainless-steel rotor was tested
in the PARTS-I, exactly replicating one of the configurations in which the 3D-printed
rotor was tested which allowed for a direct comparison between the two rotors.

3.1.3 Compressed Air Rotor Testing

The compressed air rotor tests exclusively used the stainless-steel rotor on the PARTS-I
mounted within the CAWT. The rotor was oriented such that all of the test stand
hardware were on the inflow-side, and nothing was obstructing the wake, as in Fig. 3.1(a).
The test stand was positioned within the CAWT such that the distance to the beginning
of the nearest elbow was approximately 12 rotor diameters, as shown in Fig. 2.3, providing
ample room for the wake to avoid wake blockage or constriction effects as will be shown
in the results of the verification study in § 4.3. After being mounted on the PARTS-I,
the rotor blades were wiped with a lint-free rag soaked in a brake-cleaner solution to
remove any contaminants or oils which may be on the surface. The CAWT’s access port
was then closed to prepare for pressurization.

The compressor system was activated to increase the static pressure to 8.5 atm gage
pressure, in order to increase the density to be able to control the Reynolds number. After
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reaching the target pressure, all valves were closed and the compressor was disengaged to
allow the tank to maintain it’s pressure. The load cell was then tared while the rotor was
still, to account for the effects of the weight of the rotor, motor, and any other hardware
mounted to the load cell. The rotor was then swept through a range of speeds, from
approximately 1000 rpm to 5000 rpm. At each speed, a 20 s sample of all 6 force and
torque components was collected at a rate of 40 kHz per channel. At the same time, data
from the rotor speed sensor was sampled at 100 kHz. These datasets were displayed on
the data-acquisition computer to monitor rotor performance in real time, and recorded
to files for later processing. The on-screen display was used by the operator to visually
determine when unsteady effects due to the ramping from one rotational speed to the
next had subsided. Once the time series plot of load data looked sufficiently steady,
acquisition was started, which automatically collected sample of the specified length. No
closed-loop control of the rotational speed was available. The ESC was cycled through a
number of preset command points, and the corresponding rotor rpm was measured, and
displayed on screen along with the rest of the measurements.

Measurements of the ambient pressure and temperature in the CAWT were taken at
the beginning and end of each rotational speed sweep and recorded to be able to precisely
calculate the air density. Once a sweep of rotor speed at a particular pressure had been
completed, the bleed valve on the CAWT was opened to allow the pressure inside to
drop to the next point on the test matrix. Data was collected for pressure increments of
0.5 atm, from 2.5 atm to 8.5 atm, with one additional test at 1 atm. Data at pressures of
1.5 atm and 2.0 atm are not available, due to time constraints on the experiments.

3.2 Data Post-Processing

After the measurements were read in through the DAQ device, various computations
were done to produce more meaningful representations of the data to analyze trends in
the rotor performance. Some such calculations were done in real-time in the LabVIEW
program used to collect the data in order to provide feedback to the experimenter, and
others took place after the experiments were complete.

3.2.1 Rotor Performance Measurements

The raw data from the load cell consists of voltage measurements from the internal strain
gauges. A LabVIEW Virtual Instrument provided by the load cell manufacturer was
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used to convert these voltage values to force and torque measurements using the supplied
calibration data. Each dataset spanned 20 s of measurement and was averaged to produce
a single load value for each rotational speed. The averaged values of thrust and torque,
which each aligned with one of the load cell axes of measurement, were used to calculate
the thrust and power coefficient data discussed in § 4.5. The data are interpolated in
order to obtain groups of data at constant Mach numbers, to facilitate analysis of any
potential trends in rotor performance with variations in Mach number separate from
changes in Reynolds number. More details of the interpolation process are provided in
appendix C.

In addition to the measured performance data, estimates of the measurement un-
certainty were also calculated for each data point, in order to produce the error bars
and other uncertainty data discussed along with the experimental results. Details of the
uncertainty analysis and the procedure for estimating the uncertainty can be found in
§ 2.4, with additional discussion of the load cell’s measurement error given in appendix A.

The rotor speed measurement data is effectively a time series of single-bit digital data,
the high and low states of which corresponded to whether or not a blade was detected in
front of the sensor as each blade rotated through its field of view. This data was read in
to LabVIEW as an analog voltage signal, and an edge detection algorithm was developed
to calculate the rotational speed of the rotor real time. The calculated rotor speed data
was also saved alongside the load cell measurements for later use in analyzing the data
and generating plots.
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Chapter 4 |
Results

4.1 Overview of Results

This chapter includes a summary of the results of all the experiments conducted as a part
of this study, including the verification of a new rotor testing facility at The Pennsylvania
State University, the PARTS-I, and performance measurements on an isolated UAM
rotor in hover over a range of ambient air densities. The results hereafter are divided into
two sections; § 4.3 presents a verification study at atmospheric pressure outlining the
ability of the PARTS-I to accurately quantify a rotor’s performance, and § 4.5 outlines
variations in a UAM rotor’s performance with changes in the equivalent scale of the rotor.
The latter experiments span an equivalent scale range from the model diameter of 0.36 m
to the effective full-scale of a UAM vehicle rotor of 2.9 m in diameter.

4.2 Load Cell Accuracy Test

The ATI-Delta load cell is one of the main sensing elements in the PARTS-I; given its
age and unknown history, it was decided to check the accuracy of its calibration. As
discussed in § 3.1.1, the load cell’s calibration was partially verified by loading it in both
tension and compression to evaluate the response of the linear force axis used to measure
thrust. Due to the limitations of the available testing equipment, accurate torque loading
conditions could not be achieved, nor could combined loading conditions in which forces
or moments are applied simultaneously on multiple axes. These sorts of multi-axis loading
conditions typically lead to larger errors in measurement due to the coupling between
measurement axes inherent in the design of the load cell, as was discussed in § 2.4, along
with an explanation of how the measurement uncertainty values were determined. The
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load cell was calibrated by the manufacturer using static loads of known magnitude,
whereas in use for testing rotors the load cell is subjected to time-varying oscillatory
loads over a wide range of frequencies. The dynamic response of the load cell was not
considered during the calibration checks, and no data is available from the manufacturer
on the transducer’s response to oscillatory or time varying loading conditions.

With these caveats in mind, the testing that was accomplished with the load cell
yielded good results; the measured loads correlated well with the reference weights used
for calibration, and the load cell produced a linear response over a range from −80 N to
80 N, as shown in Fig. 4.1. The measured load along the z axis is plotted against the
weight of the masses used in the test. A linear fit of the data gives a slope 0.989, with
an intercept on the vertical axis of −0.158 N, with an RMS residual of 0.163 N. This
is almost an order of magnitude less than the nominal measurement uncertainty of the
z axis load measurement of ±0.99 N. This apparent improvement accuracy is due to
the loads being applied directly along a single axis, a condition for which the load cell’s
calibration data indicate a high degree of accuracy. The nominal value of 0.99 N is based
on a condition where the load cell experiences loads of large magnitudes in multiple axes
simultaneously, making it a very conservative estimate for this calibration test. The full
details of the load cell’s calibration data are provided in appendix A.

The load cell was mounted on the PARTS-I such that positive rotor thrust produced
a negative reading for the force component along the z axis when the rotor was oriented
with its wake blowing away from the rotor stand, as in Fig. 3.1(a). With the wake
blowing towards the stand as shown in Fig. 3.1(b), the raw thrust measurement was
positive. The latter configuration was only used in one of the test cases in the verification
study. All of the data at varying pressures, which will be discussed in § 4.5, were acquired
with the wake blowing away from the stand. All data presented in this thesis will be
normalized such that both thrust and torque are positive, regardless of the sign of the
actual load-cell measurements.

4.3 Rotor Stand Verification Study

The PARTS-I rotor stand was developed from the ground up to be able to test small-scale
hovering rotors in the CAWT for this study. The verification study was designed to
evaluate the accuracy and repeatability with which it could characterize the performance
of a rotor. The details of this study and the test matrix involved are outlined in § 3.1.2.
This section provides a comparison between data from the PARTS-I and the CATS
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Figure 4.1. Force measured by the load cell for a series of static loading conditions along the
Fz axis, which was used to measure the thrust produced by the rotor.

facility which will serve as a reference. It was chosen as a reference as it had been used
for previous experimental studies involving rotors of approximately the same scale as
the UAM rotor used in the current study [58]. A series of tests were conducted with the
3D-printed rotor, and the machined stainless-steel rotor on both the PARTS-I and the
CATS. The raw performance data from the various configurations are plotted in Fig. 4.2,
directly comparing all the test cases. The performance curves from the 3D-printed rotor
operating in the CATS was then used as a reference to calculate deviation values for
each of the other configurations, by simply interpolating the results from another test
to the same set of rotational speeds as the CATS data, taking the difference between
the two performance curves, and normalizing the result relative to the value observed in
the CATS data for that particular test condition. These curves are plotted in Fig. 4.3,
in order to more easily visualize the difference between the datasets as a function of
rotational speed.

The thrust data shown in Fig. 4.2(a) aligns with the CATS facility to within the
margins of experimental error. There is some overlap between the error bars of the data
from the CATS stand, and the PARTS-I in each of its configurations. The open-air
facility was the closest match to the CATS data, showing the smallest deviation across
the range of rotor speeds tested. This can more clearly be seen in Fig. 4.3(a). The
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(a) Thrust profile for each of the configurations tested in the facility verification study.
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(b) Power profile for each of the configurations tested in the facility verification study.

Figure 4.2. Performance results from the facility verification study, including both thrust (a)
and power (b), comparing the PARTS-I, the CATS, and the open-air rotor stand, as well as
both the 3D printed and stainless-steel rotors.

power data, shown in Fig. 4.2(b), shows a different variation between the test cases
than was observed in the thrust data, with less relative scatter between the new facility
configurations. Fig. 4.3(b) shows that the power measurements from all the new facility
and rotor configurations deviate from the CATS in a very similar way, and the differences
between the power measured in the various new facility configurations is small relative
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Figure 4.3. Deviation of performance values for each case in the verification study, relative to
the values from the CATS, showing both thrust (a) and power (b).

to the average deviation from the CATS stand, particularly for higher rotational speeds.
The power measurements from the PARTS-I and the open-air stand deviate from each
other by no more than 2.3%, which indicates good repeatability of the results. There
is a wider spread in the thrust measurements, with the various configurations of the
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PARTS-I deviating from each other by as much as 10%, although any differences are
within the error bars associated with the measurement uncertainty of the load cell. The
uncertainties present in this dataset are large in comparison to the magnitude of the
loads being measured, with the measurements of thrust at lower rotational speeds being
on the order of 1 N, the same order of magnitude of the uncertainty on that measurement,
of ±0.99 N. As density increases in the experiments described in § 4.5, the magnitude of
the loads also increases while the absolute uncertainty remains the same. This results in
much smaller relative error percentages of as low as 0.98% for thrust and 1.2% for power.

The fact that all the results from the verification study align within the margins of
experimental uncertainty suggests that any possible aerodynamic confinement effects
caused by the pressure vessel do not have a significant effect on the overall performance
of the rotor. The open-air rotor stand provided a minimally-confined environment, with
the rotor operating in a large indoor space containing otherwise stagnant air. It is
hypothesized that the room was sufficiently large that any recirculation of the rotor
wake back into its own inflow would be negligible, and so the space could be considered
quasi-infinite. The CAWT, being a closed-loop wind tunnel by design, presents a more
restricted environment, through which the wake produced by the rotor will circulate,
potentially affecting its own inflow. Given that there is no significant difference between
rotor power measurements in the open-air rotor stand and the PARTS-I mounted within
the CAWT, it can be concluded that the effects of aerodynamic confinement are no
greater than the error bars associated with these data. Quantitative data on the influence
of the rotor’s wake on its own inflow is not available, which is a shortcoming that will be
discussed further in chapter 5.

The structural elements and instrumentation equipment included in the PARTS-I
also have the potential to impose a blockage on the rotor’s inflow or wake, which if severe
enough, could affect the performance measurements. Such blockage effects should result
in an increase in the spread of performance values between the different configurations.
The blockage of the test stand would affect each of the configurations in a different way,
and blockage effects should become more severe as the inflow or wake velocities increase.
Such an effect was not observed, rather the opposite trend was seen. As rotational speed
increased, the different configurations trend towards each other as seen in Fig. 4.3.

In addition to examining the repeatability of the experimental setups, the verification
study data also provided some preliminary results to outline the behavior of the rotor in
general. The thrust profile shown in Fig. 4.2(a) has a quadratic dependence on rotor
speed, and the power profile in Fig. 4.2(b) has a cubic dependence on rotor speed. These
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trends generally hold true for rotorcraft performance data, a trend which manifests itself
in the definitions of the nondimensionalized thrust and power coefficients. These data
show that the rotor is performing in accordance with typical theoretical predictions for
rotorcraft behavior. This serves as another indicator that the PARTS-I is suitable for
measuring the performance of a rotor, as it does not interfere with any important physical
effects, and is able to characterize the resulting operational characteristics of the rotor.

4.4 Propagated Uncertainty in Thrust and Power
Coefficient Data

After verification of the testing facility had been completed, performance data from the
stainless-steel rotor operating in a range of ambient pressures from 1 atm to 8.5 atm,
was analyzed. The densities observed correspond to a range of equivalent rotor scales
from the physical size of the model, 0.36 m in diameter, up to 2.9 m, the size of the
full-scale rotor after which the model was designed. Before attempting to analyze the
data, however, an uncertainty analysis was performed to quantify the errors in the values
of the thrust and power coefficients. The absolute thrust and power measurements are
displayed over a range of rotational speeds and ambient pressure in Fig. 4.4. The error
bars on these plots represent estimates of the uncertainty associated with the thrust and
power data, the magnitude of which corresponds to the uncertainty estimates based on
the predicted measurement error of the load cell as discussed in § 2.4.

For the smaller load magnitudes observed at lower ambient pressures and/or rotational
speeds, the relative error expressed as a percentage of the measured load is on the order
of magnitude of the load measurements themselves. As the ambient pressure or rotational
speed increase, the measured loads increase, causing the relative errors to decrease. Each
measurement of thrust and power was used to calculate a corresponding thrust coefficient
and power coefficient, and the errors associated with the measurements were used to
calculate a propagated uncertainty in the performance coefficient values. The resulting
relative uncertainties are outlined in Fig. 4.5, expressed as a percentage of the magnitude
of the respective performance coefficient for that particular measurement. The data
are plotted in terms of the Reynolds and Mach numbers at which data was collected.
The greyscale shade represents the relative uncertainty of a particular data point, and
each set of points along a dotted line corresponds to a sweep of rotational speeds at
a given ambient density. It was decided to restrict any further analysis to a subset of
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Figure 4.4. Time-averaged performance data including thrust (a), and power (b) from the
stainless-steel rotor tested under a range of rotational speeds and ambient pressures, with each
line representing a constant ambient pressure, and therefore density.
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the data for which the relative error was less than 10%, in order to ensure a greater
degree of confidence in the results, and therefore the conclusions drawn from them. The
data points for which the propagated error is less than 10% of the calculated thrust
coefficient values are indicated in Fig. 4.5(a), and likewise for the power coefficient data
in Fig. 4.5(b). The data points for which the uncertainty on the thrust and power
coefficients are less than 10% are subsets of the available experimental data, with the
latter being a more restrictive subset of the former. The data for which the uncertainty
on the power coefficient was deemed acceptable will be used for any further analysis. This
decision was made to ensure consistency between the different results and plots displayed,
and focus on single set of data while maintaining acceptable uncertainty margins. As a
consequence of this, the maximum error in the power coefficient data presented is larger
in magnitude than that for the thrust coefficient data.

During the experiments, precise control of the rotational speed of the rotor, and
therefore the tip Mach number, was not possible. In order to be able to quantify potential
trends in the data with varying Mach number, the data needed to be interpolated to a
series of constant Mach numbers. This was another factor that went into selecting the
particular subset of data to use. It was desired that the interpolated data points maintain
a relative error less than the specified value of 10%. Since the data was interpolated in
Mach number, the upper Mach number bound was chosen to avoid extrapolating beyond
the range of available data. The lower Mach number bound was chosen such that it
was above the minimum Mach number for which data with an acceptable uncertainty
was available, to ensure each resulting point was interpolated between two points with
satisfactory uncertainty values. Based on the uncertainty data in Fig. 4.5(b), a subset of
the data was selected including Mach numbers from 0.16 to 0.23, and Reynolds numbers
from 1.75× 105 to 5.75× 105.

4.5 Performance Scaling

The raw performance results shown in Fig. 4.4 display the expected quadratic and cubic
dependence of rotor thrust and power on rotational speed, but with the overall magnitude
of the curves increasing with ambient density. This increase in magnitude with density is
to be expected from a simple scaling analysis. Based on the BET analysis in chapter 1,
thrust and power were shown to be dependent on the lift and drag coefficients of the
airfoils which constitute the blades, as in Eqn. 1.12 and Eqn. 1.13. The lift and drag
coefficients of a blade-element, defined in Eqn. 4.1 and Eqn. 4.2, normalize the lift and
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(a) Propagated uncertainty in the thrust coefficient.
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(b) Propagated uncertainty in the power coefficient.

Figure 4.5. A graphical representation of all the data points in the experimental test matrix,
displaying the relative propagated uncertainty in the thrust (a) and power (b) coefficient values,
expressed as a percentage of the magnitude of the respective performance coefficient.
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drag produced by an airfoil in terms of a number of quantities, including the density.

Cl = L
1
2ρU

2cδr
(4.1)

Cd = D
1
2ρU

2cδr
(4.2)

As the ambient density increases, if the lift and drag coefficients do not vary significantly,
the magnitude of the lift and drag forces will increase. As discussed in § 1.5.2, this
assumption does not hold for large variations in Reynolds number. However, the variations
in the lift and drag coefficients with Reynolds number would not typically be greater
than a variation in density that caused a change in Reynolds number [26, 46]; a doubling
of Reynolds number would not typically cause a doubling, or halving, of the lift or drag
coefficient.

In order to more effectively analyze the variation in rotor performance as a function
of Reynolds number, the data were then normalized into thrust and power coefficients,
plotted in Fig. 4.6. The Reynolds number varies along the blade span due to the changing
velocity and chord length, so the Reynolds number based on the properties at the 75%
radial station was used as a reference value to identify each test point. This corresponds to
the approximate spanwise location at which the Reynolds number reaches its maximum,
due to the chord distribution of the particular rotor used. The data displayed are
interpolated from that presented in Fig. 4.4 to create a series of datasets at constant
rotational speeds, and therefore tip Mach numbers. In this case, the variation in Reynolds
number within a constant-Mach number dataset is solely the effect of the change in
density of the air in which the rotor is operating, as the relative velocity observed by the
blade elements is proportional to the Mach number. These plots allow for visualization
of the effects of Mach number and Reynolds number independently of one another. More
detail on the interpolation and data reduction scheme is given in appendix C.2.

For the sake of improving legibility of the data in Fig. 4.6 and Fig. 4.7, some error
bars were omitted from the plots. The error bars which are shown are representative of
the predicted margins of error for the data in their immediate vicinity.

The plot of the rotor thrust coefficient in Fig. 4.6(a) displays a general increasing
trend with Reynolds number, the linear fit results in a sensitivity of 1.7% increase in
thrust coefficient for an increase of 1× 105 in Reynolds number. This increase in thrust
coefficient represents an improvement in the rotor’s ability to produce thrust as the
Reynolds number along the blade span increases. From this plot, there does not appear
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Figure 4.6. Coefficients of thrust (a), and power (b) plotted as a function of Reynolds number,
with each set of points corresponding to a fixed tip Mach number such that variations in
Reynolds number along a given line are purely a function of ambient density.
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to be a consistent trend of variation with the Mach number. Some of the lines at lower
Mach numbers appear to spike upwards as the Reynolds number increases, but it is
hypothesized that this is simply an artefact of the experimental uncertainty.

A similar plot for the power coefficient is shown in Fig. 4.6(b). This plot also displays
an increasing trend with Reynolds number, albeit with a lower sensitivity of 0.85% per
1× 105 Reynolds number. In addition, the error bars on this data are larger relative to
the trends observed. This is due to the choice to use a fixed subset of the data for these
plots, as described in § 4.4, which resulted in a larger maximum uncertainty in the power
coefficient data than the thrust coefficient data. Despite the larger error margins, the data
does suggest a general increasing trend in power coefficient with Reynolds number. This
indicates the rotor is consuming more power relative to its effective scale as the density
of the air increases. Because of the lack of more detailed data on the rotor aerodynamics,
the exact source of the power increase cannot be determined conclusively. The induced
drag, and therefore power must increase somewhat due to the rotor producing more
thrust, although this effect would likely scale in proportion to the increase in density,
producing no net change in the power coefficient. There may also be other effects at play
including changes in the pressure drag caused by separated boundary layers, and skin
friction drag due to turbulence, as will be discussed further in § 4.5.1.

Fig. 4.7 shows a plot of the ratio of the thrust and power coefficients, which can
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Figure 4.7. Ratio of thrust coefficient to power coefficient.
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be interpreted as a metric for the overall efficiency of the rotor. Like the individual
performance coefficient plots, an increasing trend is also observed, with an increase of
0.91% per 1× 105 Reynolds number, indicating the efficiency of the rotor improves with
increasing Reynolds number. This was to be expected from the data in Fig. 4.6(a) and
Fig. 4.6(b), as the increase in the thrust coefficient was stronger than that in the power
coefficient.

The figure of merit is a common metric for the hover efficiency of a rotor compared to
ideal conditions. Fig. 4.8 displays the figure of merit for varying blade loading coefficients
and Reynolds numbers. These data were interpolated from the experimental results to
achieve groups at constant Reynolds numbers in order to attempt to highlight Reynolds
number effects on rotor efficiency. Each data point for a given Reynolds number was
interpolated from a dataset at a different ambient pressure, such that the product of
rotational speed and ambient density was held constant. Variation in the figure of
merit with changes in the thrust coefficient is expected, and indeed seen in these data,
with increases as great as 25% for a 10% increase in the blade loading coefficient. The
magnitude of the error bars on CT/σ is on the same order as the variation in CT/σ

observed in the data.
Due to the relative scale of these error bars it is difficult to conclusively attribute the
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variation in FM to the change in CT/σ, or to account for any difference as Reynolds
number varies. Linear fits of the data are plotted for each Reynolds number, which
appears to show a slight decrease in the figure of merit with increasing Reynolds number,
though it is difficult to quantify from this plot. In addition, the datasets interpolated
at the higher Reynolds numbers of 4× 105 and 5× 105 contain fewer points than those
at lower Reynolds numbers. More data points in this range would help improve the
confidence on the accuracy of the curve fits.

In an attempt to show the scaling trends more explicitly, the figure of merit data is
also plotted as a function of the Reynolds number for various blade loading coefficients
in Fig. 4.9. When represented in this way, the decreasing trend in figure of merit with
Reynolds number becomes more clear. A linear fit of the data shows a 0.81% decrease in
figure of merit for an increase of 1× 105 in Reynolds number. This decrease in figure of
merit appears at odds with the increase in the ratio of the thrust coefficient to power
coefficient shown in Fig. 4.7, as both metrics effectively represent the efficiency of the
rotor.
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4.5.1 Predictions of Airfoil Boundary Layer Behavior

The only experimental data available to quantify the performance of the rotor are the
force and torque measurements, and the rotational speed data. Detailed aerodynamic
data along the blades and in the inflow and wake are not available, but predictions can
be made for some of the more detailed phenomena based on analysis of the available
data in combination with analytical tools such as airfoil theory and BET. Variations
in the normalized rotor performance were observed as the Reynolds number changed.
This indicates the performance of the rotor is linked to one or more aerodynamic
phenomena with a dependence on Reynolds number, which vary in such a way that
the rotor performance improves as the Reynolds number increases, at least over the
range of conditions tested. Based on the discussion of § 1.5.2, this performance gain
indicates an overall improvement in the average glide ratio of the airfoils along the blade
span. The increase in thrust coefficient for a given Mach number indicates the rotor
airfoils are producing more lift, and therefore the lift coefficient must be increasing. It is
hypothesized that the increase in power is linked to the induced power increasing faster
than the profile power is decreasing.

One possible explanation for this behavior is the behavior of the boundary layers
on the blades, and the possibility of separated flow, either fully stalled or in the form
of an LSB. LSBs can have strong effects on the aerodynamic behavior of an airfoil,
especially at chord Reynolds numbers of less than one million [47]. For more aggressive
angles of attack, or lower Reynolds numbers, the size of an LSB will increase, covering a
larger portion of the chord [46]. A short bubble does not have a significant effect on
the pressure distribution along the surface of the airfoil, with the exception of a small
region local to the position of the bubble. The presence of a short bubble should not
result in a significant loss of lift relative to an unseparated boundary layer [47, 48, 61].
Longer bubbles, or completely separated flow which does not reattach, can have a more
significant effect on lift, drastically altering the pressure distribution along the upper
surface [48,61]. It is hypothesized that the improvement in performance of the rotor with
increasing Reynolds number can be attributed to shortening of LSBs which are present
along the rotor blade, or reattachment of completely separated flow. As the boundary
layers begin to reattach and the severity of LSBs decrease, the lift penalty associated
with these effects is reduced, causing the thrust coefficient to increase.

As discussed in § 1.5.2, the increase in power can be tied to an increase in the drag
coefficient, an increase in the lift coefficient, or some combination of the two. The increase
in thrust coefficient implies the lift coefficient of the rotor airfoils is improving, but what
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cannot be determined conclusively is the relative influence of lift and drag on the overall
power increase. The airfoil data presented in § 1.5.2 would suggest that the profile drag
should decrease with increasing Reynolds number, at least in the vicinity of the 75%
radial station where data was presented. However, the airfoil data shown is the result
of a simulation using XFOIL, and may not perfectly represent the phenomena at play
on the physical rotor model used in the experiments. Several factors which may not
have been perfectly represented in the XFOIL simulations, such as the surface roughness,
inflow conditions, and three-dimensional effects such as tip losses, could have caused the
performance of the rotor to deviate from the simulation results.

The rotor’s inflow can affect its performance in a number of ways. The turbulence
intensity of the incoming free-stream air can have a considerable effect on the performance
of an airfoil section, and the rotor as a whole. XFOIL accounts for this by means of the
eN transition prediction method, for which a single parameter, Ncrit, is used to specify
the rate of amplification of instabilities which result in transition to turbulence [62].
The simulations presented here used a value of 9 for Ncrit, which is common though
not necessarily correct in all cases. Smaller values of Ncrit correspond to more incoming
turbulence, and faster transition, while greater values correspond to flow which is like to
remain laminar longer. An inappropriate choice of this value would produce a shift in the
resulting airfoil stall characteristics similar to a change in Reynolds number as observed
in Fig. 1.2 and Fig. 1.3. In addition, the inflow may contain larger-scale unsteady flow
structures resulting from aerodynamic interactions with the hardware supporting the
rotor, or the rotor ingesting the remnants of its own wake which may have recirculated
around the loop of the wind tunnel. XFOIL simulations are by nature two-dimensional
and steady ant thus could not account directly for unsteady effects, which often involve
three-dimensional vortex structures as well. There is no data available to quantify
unsteadiness or turbulence intensity in the rotor inflow, though it is hypothesized from
the results of the verification study presented in § 4.3 that any such effects would not
affect the rotor performance significantly.

The increase in power coefficient observed in the experimental data could also be
explained by other aerodynamic effects. As the Reynolds number increases, the boundary
layer becomes more prone to transition, leading to the onset of turbulence sooner after
separation occurs, or even before the boundary layer separates in the first place. This
increase in turbulence in the boundary layer leads to an increase in skin friction drag [46].
Short separation bubbles will affect the drag and consequently the power consumed by
the rotor by causing the boundary layer to transition from laminar to turbulent, after the
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initial separation point [47,48,61]. An increase in the Reynolds number has the potential
to shift the point of transition towards the leading edge, by one of two main mechanisms.
Higher Reynolds numbers typically result in the location of an LSB moving closer to the
leading edge of an airfoil [47], and can also cause the boundary layer to transition before
an LSB has the chance to form [44,46]. A shift in the transition location to a point further
upstream will result in an increase in skin-friction drag, but potentially a reduction in
pressure drag due to less severe boundary layer separation effects. The observed increase
in power suggests that any affects causing drag to increase dominate those which work to
decrease drag. It is possible such an interaction between the decreased severity of pressure
drag from LSBs along the blade, and increased skin-friction drag could be responsible for
the increase in power.

While useful for providing some insight into the physical phenomena at play, the
simulated airfoil data cannot conclusively prove the aerodynamic behavior of the rotor.
Ultimately, more detailed information on the aerodynamics at play will be required to
draw any definitive conclusions about the cause of the increase in the thrust and power
coefficients of the rotor. Even data on the rotor inflow and an accurate characterization of
the roughness of the airfoil surface could better inform a series of simulations which could
characterize the rotor behavior with greater confidence, and provide more insight into the
source of the changes in rotor performance. Some characteristics of airfoil performance
are likely to remain similar, at least over a portion of the operating space, such as the
existence of an LSB, and the general changes in its behavior with Reynolds number.

The pressure distribution on the surface of an airfoil can provide information about
the presence and characteristics of an LSB. Fig. 4.10 and Fig. 4.11 displays the variation
in surface pressure coefficient distribution along the airfoil at the 75% radial station, for a
range of Reynolds numbers from 2× 105 , to 5.6× 105 , at selected angles of attack. The
pressure coefficient, defined in Eqn. 4.3 is often used as a means to describe the variation
in pressure along the surface of an airfoil relative to the free stream static pressure The
subscript ∞ denotes the specified quantity is in reference to the undisturbed free-stream
medium. Some of the data show a prominent plateau in the pressure coefficient plots,
which indicates the presence of an LSB [47]. The sharp increase in pressure after the
plateau indicates the location of turbulent reattachment. While not necessarily an exact
representation of the behavior of the boundary layer on the rotor in these experiments,
the simulation data provides insight into the general trends and physical phenomena
which may affect the performance of the rotor.
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Figure 4.10. Surface pressure coefficient distribution for the airfoil at the 75% radial station,
at an angle of attack of 5°.

Cp = p− p∞
1
2ρ∞V

2
∞

(4.3)

The plots of the pressure coefficient along the airfoil surface indicate that at low
Reynolds numbers, an LSB may be present on the rotor even at angles of attack of 5°.
Given the collective pitch setting of the rotor blades at 15° and the linear twist variation
of 34° from root to tip, it is hypothesized that the resulting angles of attack on the blade
are such that LSBs are present over a portion of the blade span.
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Figure 4.11. Surface pressure coefficient distribution for the airfoil at the 75% radial station,
at an angle of attack of 10°.
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Chapter 5 |
Conclusion

This chapter will provide a brief summary of the results presented in chapter 4, outlining
the overall scaling behavior seen in the experimental data. Some discussion will also be
presented on the broader implications of this work, and its potential impacts in academia
and the rotorcraft industry. Lastly, recommendations for improvement to the present
experiments will be given, as well as some suggestion of next steps to be taken.

5.1 Summary of Rotor Scaling Trends

The results presented in chapter 4 clearly demonstrate that the performance characteristics
of a rotor can be a function of the Reynolds number at which the rotor is operating.
Due to the relative changes in Reynolds number and Mach number when attempting to
study the performance of a rotor using a small-scale experimental model, they cannot
both be replicated simultaneously while testing in ambient air. This will ultimately
lead to differences between the model-scale and full-scale aerodynamic behavior. By
conducting experiments with a rotor inside a compressed-air environment, the density
can be adjusted in order to more closely match both the Reynolds and Mach numbers
to the desired full-scale conditions, leading to more accurate replication of the physical
phenomena of interest.

The data in this study displays variations in performance which could have a mean-
ingful impact on the accuracy of an experiment, and the validity of the results derived
from it. For the rotor geometry and conditions tested, an increase in Reynolds number
of 1.0× 105 resulted in an increase in the thrust coefficient of 1.7%, and an increase in
the power coefficient of 0.85%, corresponding to an overall improvement of efficiency, as
quantified by the ratio of CT/CP . When considering the design of a vehicle, a difference
in thrust as seemingly small as 1.7% can be detrimental to its ability to perform its task
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or mission. A 1.7% decrease in thrust can limit the gross takeoff weight of a vehicle,
reducing its capacity to carry passengers or cargo. Likewise, an under prediction of
power during the design stage can result in the finished vehicle underperforming in terms
of efficiency, range, or maneuverability. If the difference in Reynolds number between
the experimental model and full-scale vehicle is greater, an even stronger impact on the
performance would be observed. If a faulty experiment leads to an inaccurate estimate
of a vehicle’s performance early on in the design process, it can result in increased
costs as preventable design iteration is required, or even outright rejection of a design
candidate which may have been feasible. Worse still, if the performance of the system
is over-predicted by an experiment, it may lead to a vehicle being put into production
or use which cannot achieve the performance characteristics expected of it, which could
pose a significant safety risk to those in or around the vehicle during flight.

Conversely, the ability to more accurately characterize the performance of a vehicle
based on testing of small-scale models in compressed air could revolutionize the design
process of rotary wing aircraft. This is especially true for new or unusual design concepts
for which there may not be enough representative full-scale experimental data available
to validate analytical or numerical models. Compressed-air scale-model testing is a novel
experimental technique in the context of rotary wing aerodynamics. Further development
of this method has the potential to facilitate more rapid and cost effective innovation
in this industry, as well as unlocking new experimental capabilities from an academic
research perspective. In order to reach this stage, more experimentation and validation
is required. The work discussed in this thesis represents an important first step in the
ability to more accurately replicate full-scale aerodynamic effects on a small-scale model.

On rotors for which the flow can safely be assumed to be incompressible, the Reynolds
number is one of the dominant factors influencing rotor performance, and rotors of
different scales have been shown to exhibit the same performance at the same Reynolds
numbers. The stainless-steel rotor which was used to collect the main experimental data
was designed not only to be able to withstand the increased loading due to the high
density, but to do so with minimal bending or deflection. The rigidity of this rotor allows
for the ruling out of any aeroelastic effects on performance, and puts the focus on pure
aerodynamic changes with Reynolds number.
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5.2 Future Work

The results presented in chapter 4 display a definite trend of rotor performance with
Reynolds number, but there is still room for improvements to be made. Such improve-
ments include the accuracy of the instrumentation equipment used, improvements to the
rotor models and/or additional testing hardware, and adding the capability for more
types of measurements to the system.

5.2.1 Improvements to Experimental Setup

The large error margins on the performance data discussed in chapter 4 outline the need
for better experimental accuracy in order to conclusively analyze trends in the data,
particularly for the cases of low Reynolds and Mach numbers where the relative effects
of the uncertainty are much more significant. A new load cell has been acquired which
will enable measurements with lower absolute error, allowing more accurate data to
be collected for conditions of lower thrust and power. No single load cell will be able
to achieve the accuracy required for use over such a large range of ambient densities,
so the test equipment must be somewhat modular to allow for the most appropriate
transducer to be used under any given condition. In addition to using more accurate
sensors, the relative uncertainty can be reduced by increasing the magnitude of the loads
being measured. Future experiments will involve ambient densities even greater than
those achieved in the present study, making full use of the CAWT’s 34 atm pressure
capability. This will lead to larger Reynolds numbers, but also increased forces and
moments on the load cell.

Larger load magnitudes could also be achieved by using a larger diameter rotor, which
would have the effect of increasing the thrust produced for a given test point, defined by a
fixed Reynolds and Mach number. By rearranging the equation for the thrust coefficient,
as defined by Eqn. 1.2, and substituting in the definition of the Mach number M = ωR/c,
Eqn. 5.1 can be obtained.

Fz = π

2CTM
2c2ρR2 (5.1)

If the Reynolds number is held constant as the rotor radius R increases, the density
must change with inverse proportionality to the change in radius, leading to a linear
dependence of thrust on the rotor radius, as Reynolds and Mach numbers are held
constant, assuming the thrust coefficient does not change appreciably. In this case, the
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true thrust coefficient should remain constant, as the geometry of the rotor and the
Reynolds number at which it is operating are being held fixed. Any apparent changes
from such an experiment would be due to the increased accuracy of measurement. The
same logic applies when considering the power coefficient, but with an even greater effect.
By using substituting the definition of the Mach number into Eqn. 1.3 as done before
with the thrust coefficient, and using the definition of power, P = Mzω, Eqn. 5.2 can be
obtained, which describes a similar expression for the shaft torque as a function of rotor
scale.

Mz = π

2CPM
2c3ρR3 (5.2)

The difference here being the effective quadratic dependence of torque on rotor scale,
due to the aforementioned inverse relationship between density and rotor scale in order
to maintain a constant Reynolds number. The error margins on the power coefficient
data were considerably worse than that of the thrust coefficient data, so this quadratic
dependence of torque on rotor scale provides a strong incentive to increase the scale of
the rotor used in an experimental study.

The suggestion of increasing the scale of the experimental models may seem to
contradict the purpose of this work, but the author believes it simply outlines the need
for careful design of an experimental study to ensure the experiments being conducted can
provide sufficient data to analyze the desired phenomena. The uncertainty on the load
measurements in this study is higher than would be desired, partly due to the sub-optimal
choice of measurement equipment. The load cell used had a larger measurement range
than was necessary, and as is often the case with transducers, a trade-off must be made
between range and resolution. A load cell with a finer resolution could improve the
accuracy of measurements significantly. In order to further improve the accuracy of the
data, of future studies, the author suggests the use of multiple load cells with different
ranges, and therefore resolutions, to acquire sufficiently accurate data over the entire
desired range of operating conditions. The conditions for which the uncertainty will likely
continue to be unacceptably high represent the operational edge-cases of a realistic rotor
design. Vehicles are unlikely to operate with Reynolds numbers and Mach numbers in
the low range of these data, as typical in-flight Reynolds numbers for helicopters tend to
be on the order of several million. For UAM configurations with smaller rotor diameters
and chord lengths, Reynolds numbers may drop to below one million but will still be
considerably higher than those observed on the small-scale models in atmospheric air.

As discussed in chapter 4, the mean values of the measurements converged well within
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the samples of data available, but some of the variances did not, alluding to potential
issues with resonance, or aerodynamic unsteadiness. Additional analysis of the testing
equipment can be performed to better quantify its resonant modes and frequencies, and
the data can be sampled for longer periods of time to improve the ability for the statistics
to converge. Further study into the optimal design of the PARTS-I, as well as testing
methodology to ensure sufficient data is recorded in real time is warranted. More detailed
aerodynamic data, such as measurements of the inflow or wake profile and the flow
induced by the rotor which then recirculates through the loop of the wind tunnel, may
also be helpful in diagnosing the cause of the issues.

5.2.2 Future Validation Experiments

In order to better quantify the scaling behavior of the performance of the rotor, and
the ability to achieve accurate scaling by matching the Mach and Reynolds numbers,
accurate full-scale performance data will be required for validation purposes. A full-scale
rotor 2.9 m in diameter has been tested in a wind tunnel in hover as well as forward flight
over a range of velocities and incidence angles. Once available, this data will be used
for comparison against the data from the CAWT, at ambient densities which produce
Reynolds numbers equivalent to the full-scale operation.

In addition to experimental data, a numerical Blade Element Momentum Theory
solver is being developed to provide numerical performance predictions, and compare the
scaling behavior seen experimentally to that from the computational results. In order to
account for the differences in rotor scale, airfoil polar data will be required at a range
of Reynolds and Mach numbers, to form a lookup-table that can be used to interpolate
airfoil data based on the actual conditions computed by the solver.

5.2.3 Additional Scaling Behavior of Interest

The structure and behavior of the rotor’s wake can have a significant influence on it’s
overall performance, as the vortex structure can affect the inflow and bringing about
the potential for interactional effects. The vortex dynamics in the wake are the main
mechanism for coupling the aerodynamics between multiple rotors, or a rotor and some
other body such as a wing or fuselage, or the ground. More detailed data on the behavior
of the wake over a wide range of Reynolds numbers would provide insight into more
complex scaling behavior which performance measurements alone cannot.

Given that analytical models to quantify interactional aerodynamic effects involving
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multiple rotors are not as well established as models for isolated rotors, building on the
current study to include multirotor configurations could provide valuable data to future
model designers and experimentalists alike.

5.3 Concluding Remarks

One of the major benefits of small-scale testing is that the vastly reduced cost of
experiments can be taken advantage of to investigate complex systems earlier on in the
design phase. Accurate and meaningful experimental data can be collected to inform
design choices with greater confidence and lower risk. The current boom in multirotor
aircraft development brought on by the eVTOL and UAM markets represents one possible
use of this new testing method, as it would allow for more rapid and ambitious innovation.
The results of this study have added to the wealth of information available establishing a
link between a rotor’s performance and the Reynolds number at which it is operating,
outlining the need to accurately replicate full-scale physical behavior in an experimental
model. In addition, this thesis provides a proof of concept for a new experimental method
for quantifying rotor performance which has great potential for utility in future studies.
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Appendix A|
Load Cell Measurement Error
Data and Experimental Uncer-
tainty Estimation

This appendix will provide a quantitative characterization of the load cell’s measurement
error resulting from testing done by the manufacturer, along with information about how
these data were used to estimate the uncertainty associated with the rotor performance
data discussed in the results of this study.

A.1 Quantification of Measurement Error

Load cell: talk about calibration data, dependence of uncertainty on loading
conditions, validity of assumption that it’s constant.

The load cell’s manufacturer conducted a detailed calibration of the transducer, by
subjecting it to a series of single-axis and multi-axis loading conditions. This allowed the
accuracy of the device to be evaluated over a range of conditions the device may encounter
during what the manufacturer anticipates to be normal use. The uncertainty data is
specified as a percentage of the maximum rated load for each axis of the transducer.
These maximum loads are given for reference in table A.1.

Fx Fy Fz Mx My Mz

330 N 330 N 990 N 30 N m 30 N m 30 N m

Table A.1. Maximum rated loads for each force and moment axis of the load cell used in this
study.

The measurement error is defined as the difference between the actual load applied to
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the transducer and the reported measurement. This difference depends on the specific
loading condition being applied, due to the coupling between the different measurement
axes inherent to the design of this type of transducer. The manufacturer specifies a
measurement uncertainty of 1.25% of the maximum rated load of each axis, with a 95%
confidence level. The rotor loads measured in this study involve magnitudes much less
than the rated limits of the load cell, and are so comparatively small that the load cell
manufacturer’s nominal uncertainty values are unacceptably large. 1.25% of the z axis
force measurement is 12.4 N. This would result in a relative uncertainty of between
approximately 12 % to 150 % for the range of thrust values observed in the present study.
The full test matrix of loading conditions evaluated is provided in table A.2, and the
resulting measurement errors are provided in table A.3. By examining these data in
more detail, it can be observed that the actual measurement errors seen over much of
the calibration were far smaller than 1.25%, often on the order of 0.05%.

The manufacturer includes a note stating that the actual uncertainty in a given
application is likely to fall somewhere between the data listed in table A.3 and the
nominal value of 1.25%. In addition to this disclaimer, a number of other factors may
influence the accuracy of the provided calibration data. The loads applied during the
manufacturer’s testing are static loads, while the present experiments by nature subjected
the load cell to oscillatory loads with harmonic content over a range of frequencies. The
validity of the calibration under these conditions is not known, as no data is provided
for the load cell’s behavior under vibrational loads. It is assumed that the influence of
vibration is small, due to the oscillatory component of the loads typically being smaller
than the mean values. In addition, none of the calibration test cases outlined in table A.2
involve simultaneous loading on the two main axes of interest for this study, Fz which
was used to measure thrust, and Mz which was used to measure torque. However, the
relative influence of these axes on one another does not appear to be large from the
data in table A.3. The maximum thrust measured is on the order of 100 N, and the
maximum torque 0.3 N m. These values are considerably smaller than the 889 N and
19.8 N m applied to the Fz and Mz axes respectively during calibration. Any effect on
the error due to cross coupling of these axes is therefore hypothesized to be at most equal
to the values available in table A.3.
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A.2 Estimating the Load Cell’s Measurement Error

The measurement error values reported in table A.3 range in magnitude from 0.00 %
to 0.39 %, depending on the applied loading conditions. In order to estimate a more
appropriate value for the measurement error, reasoning was used based on the particular
loading conditions seen during experiments, and the caveats discussed in § A.1. The
largest force observed during experiments was the rotor thrust, a force along the Fz axis
which ranged from approximately 1 N to 100 N. Likewise, the largest moment was the
rotor torque on the Mz axis, which was at most 2.5 N m. Examining test cases 9 w to
26 with applied force and moment along the z axis, the magnitude of the reported error
for the Fz and Mz axes in table A.3 is at most 0.07 %. In order to account for non-ideal
experimental conditions such as vibration due to the operation of the motor or rotor,
0.1 % was chosen as a more conservative estimate of the actual measurement error likely
to be observed during the experiments.
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Case No. Fx Fy Fz Mx My Mz

1 0.000 200.170 0.000 -22.864 0.000 0.000
2 -200.170 0.000 0.000 0.000 -22.864 0.000
3 0.000 -200.170 0.000 22.864 0.000 0.000
4 200.170 0.000 0.000 0.000 22.864 0.000
5 0.000 289.134 0.000 -10.997 0.000 0.000
6 -289.134 0.000 0.000 0.000 -10.997 0.000
7 0.000 -289.134 0.000 10.997 0.000 0.000
8 289.134 0.000 0.000 0.000 10.997 0.000
9 0.000 173.481 0.000 -2.203 0.000 -19.829
10 0.000 173.481 0.000 -2.203 0.000 19.829
11 -173.481 0.000 0.000 0.000 -2.203 -19.832
12 -173.481 0.000 0.000 0.000 -2.203 19.840
13 0.000 -173.481 0.000 2.203 0.000 -19.829
14 0.000 -173.481 0.000 2.203 0.000 19.829
15 173.481 0.000 0.000 0.000 2.203 -19.840
16 173.481 0.000 0.000 0.000 2.203 19.832
17 0.000 0.000 266.893 -20.337 0.000 0.000
18 0.000 0.000 266.893 0.000 -20.337 0.000
19 0.000 0.000 266.893 20.337 0.000 0.000
20 0.000 0.000 266.893 0.000 20.337 0.000
21 0.000 0.000 889.644 0.000 0.000 0.000
22 0.000 0.000 -889.644 0.000 0.000 0.000
23 0.000 0.000 -266.893 20.337 0.000 0.000
24 0.000 0.000 -266.893 0.000 20.337 0.000
25 0.000 0.000 -266.893 -20.337 0.000 0.000
26 0.000 0.000 -266.893 0.000 -20.337 0.000

Table A.2. The calibration test matrix for the ATI Delta load cell used in this experimental
study.
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Case No. Fx Fy Fz Mx My Mz

1 0.00% 0.00% 0.06% 0.04% 0.11% 0.12%
2 0.07% -0.04% 0.10% 0.00% 0.00% 0.03%
3 -0.03% 0.00% 0.08% 0.03% 0.10% 0.01%
4 0.11% -0.03% 0.06% -0.11% -0.01% 0.03%
5 -0.06% 0.06% 0.08% -0.05% 0.01% 0.05%
6 0.04% 0.00% 0.07% -0.02% -0.05% 0.11%
7 -0.07% 0.03% 0.08% 0.07% 0.02% 0.14%
8 0.06% -0.03% 0.09% -0.01% 0.03% 0.13%
9 -0.02% -0.01% 0.04% -0.02% 0.13% 0.02%
10 -0.02% 0.03% 0.04% 0.08% -0.11% 0.02%
11 0.02% -0.01% 0.03% -0.12% 0.09% 0.01%
12 0.02% -0.03% 0.02% 0.08% 0.03% 0.01%
13 -0.01% 0.04% 0.03% -0.04% -0.12% 0.00%
14 0.02% 0.04% 0.03% -0.08% 0.15% 0.01%
15 -0.01% 0.00% 0.03% 0.17% -0.01% 0.01%
16 -0.04% -0.02% 0.03% -0.10% 0.01% 0.00%
17 -0.04% -0.01% -0.02% 0.06% -0.04% -0.02%
18 0.09% -0.02% -0.03% -0.03% 0.17% -0.01%
19 -0.04% -0.02% 0.00% -0.03% 0.03% 0.04%
20 -0.04% -0.05% 0.01% 0.01% 0.11% 0.07%
21 0.06% -0.15% 0.02% -0.05% -0.39% -0.04%
22 0.05% -0.14% -0.04% -0.02% -0.24% -0.03%
23 0.00% -0.03% 0.02% 0.03% 0.04% 0.01%
24 0.06% -0.03% 0.04% -0.01% -0.17% -0.02%
25 -0.03% -0.04% 0.06% -0.04% 0.10% 0.00%
26 -0.03% -0.05% 0.04% -0.08% -0.20% 0.05%

Table A.3. Measurement error values for the ATI Delta load cell used in the experimental
study, corresponding to the calibration test matrix in table A.2. Values are expressed as a
percentage of the maximum rated load for the specific axis being referenced.
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Appendix B|
Rotor Models

For the sake of completeness and to facilitate the use of the results of this thesis in future
studies, a detailed description of the rotor geometry will be provided in this appendix.
This includes both the blade geometry and airfoil sections used, as well as the design of
the rotor models used in the experiments. The author hopes that this information will
be of use to future researchers who may seek to compare their own data to the results
presented in chapter 4.

B.1 Rotor Blade Geometry

The airfoil sections vary along the blade span, maintaining a similar camber profile but
changing in thickness. The section at the root has a thickness of approximately 23% of
the chord length, while near the tip, the airfoil the geometry tapers to a thickness of 9%
of the chord length. The chord length is also a function of the spanwise coordinate, and
is plotted alongside the twist in Fig. B.1(a). Much of the outboard section of the blade
is similar in thickness, with most of the variation taking place near the root of the blade.
Selected airfoil sections are plotted in Fig. B.2 to provide a representative overview of
the geometry.

Parameter Value
Material Stainless-Steel (17-4PH)
Radius 0.18 m
Max. chord 2.04× 10−2 m
Number of blades 3
Twist angle 35.15°

Table B.1. Key parameters of the rotor model used for the high-pressure experiments.
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Figure B.1. Geometric properties of the rotor blades including chord length (a) and twist (b)
as a function of the radial station.
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Figure B.2. Airfoil geometry at select radial stations along the blade, normalized to unit
chord length.
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B.2 Experimental Model Design

Two different rotor models were used in this study, a model consisting of 3D-printed
blades mounted on a variable-pitch hub machined from aluminum, and a stainless-steel,
fixed pitch rotor model. The 3D-printed rotor was used primarily for early exploration of
the operating space of the rotor, and for comparison between several different facilities,
while the stainless-steel rotor was used for the compressed-air experiments. Both rotors
were based on the same blade design, and fabricated at the same scale to allow for direct
comparison between the results. The design details of both of these rotors will be outlined
here, and the differences in the two hub geometries will be highlighted.

The 3D-printed rotor blades were designed to interface with an existing variable-pitch
hub which has been used for previous studies involving similarly sized rotors. The
variable-pitch hub is modular, allowing for up to six blades to be attached through a
number of removable blade-grips. The blade-grips interface with the hub through a series
of threaded holes with a split on one end as shown in Fig. B.3. A screw is fed through
the tab shown in the detail view in Fig. B.3, causing the hashed area to deform to clamp
onto the threads of the blade grip. The friction due to the clamping force locks the pitch
angle during operation.

The blades were 3D-printed using Rigid 10K resin, a proprietary formula produced
by Formlabs. This material was chosen due to its improved stiffness and strength in
comparison to alternative resin options. Each blade was printed as a single piece with
a through-hole at the root, through which a pin would be driven to secure the blade
to the blade-grip, allowing it to resist centrifugal loads. A steel bushing was press-fit
into the hole to better distribute the centrifugal load over a larger area in order to avoid
fracturing the plastic. A detailed drawing of the blade is shown in Fig. B.4. Given the
rotor diameter of 0.36 m and the dimensions of the hub, the 3D printed blades were
designed with a root-cutout of 56.92 mm, or 32% of the rotor radius. In order to avoid
stress concentrations due to the thin trailing edge or potential sharp corners at the root,
the airfoil geometry was truncated at the root cutout location, and tapers to an elliptical
cross section at the surface of the rectangular block which interfaces with the blade-grip.
A fillet was also added to the elliptical edge at the mounting block.

The entire rotor assembly is shown in Fig. B.5, with the blades set to a collective
pitch of 15°, as used in the experiments.

The rotor used for the compressed-air experiments was fabricated out of stainless-steel
in order to withstand the greater loads due to the increased density of the air. In order
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Figure B.3. CAD drawing of the variable-pitch rotor hub used with the 3D-printed blades,
outlining the mechanism for pitch adjustment.

to simplify the design of the model and prevent failure due to the stresses at the blade
root, the rotor was designed to be machined from a single piece of material. The blades
therefore had to be set at a fixed pitch. The rotor was machined using a 5-axis CNC
mill, allowing for the complex geometry to be accurately recreated to within a tolerance
of ± 0.08 mm.

The hub was designed to attach to the motor through an adapter in order to improve
compatibility with different motors which may be used in the future. The cost and
complexity of designing and fabricating a new adapter would be far less than making an
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Figure B.4. CAD drawing of the 3D-printed rotor blade, highlighting the geometry at the
blade root. All dimensions are in mm.

entirely new rotor with a mounting interface specific to a given motor. The two-piece
hub assembly is shown in Fig. B.6. Due to the more simplified design, this hub could be
made smaller than that used for the 3D-printed blades, and the blades consequently had
a slightly smaller root-cutout of 41.22 mm, or 23% of the rotor radius. This allowed more
of the original blade geometry to be replicated, which was desired for future comparisons
with the full-scale rotor. Details of the full-scale rotor performance are not given in this
study. The blade geometry is truncated at the root-cutout location and tapers to an
elliptical cross section before intersecting with the hub, similar to the geometry of the
3D printed rotor shown in Fig. B.4. Since the stainless-steel rotor blades blend directly
into the cylindrical hub rather than a rectangular block, the elliptical cross section is
extruded outward from the hub in order to provide enough room for a suitable fillet
before transitioning into the airfoil cross-section.

B.3 Airfoil Geometry

As mentioned previously, the airfoil section geometry varies along the blade. Airfoil
geometry at discrete radial locations is shown in Fig. B.2 normalized to unit chord length.
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Figure B.5. CAD drawing of the variable pitch rotor assembly showing axial and edgewise
views, including the 3D-printed blades, and the aluminium blade grips and hub. All dimensions
are in mm.
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Figure B.6. CAD drawing of the stainless-steel rotor assembly showing axial and edgewise
views, including the motor mounting adapter used for the compressed-air experiments. All
dimensions are in mm.
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Appendix C|
Data Reduction and Post-
Processing

This appendix will outline the methods used to analyze the experimental data, and
produce the plots shown in chapter 4. The data was processed using GNU Octave [63].

C.1 Real Gas Relations

The density and the viscosity of the air were determined from measurements of the
temperature and pressure, and an empirically derived virial model developed by Za-
garola [57]. This model is a third order polynomial fit of the compressibility factor Z,
in both temperature and pressure. The coefficients of this fit were calculated from a
least-squares fit of data published in volume 2 of Thermodynamic Functions of Gases [64],
which in turn was interpolated from data published in a paper by Michels et al. [65].
The resulting model is described by Eqn. C.1a.

Z = 1 + Z1(pa − 1) + Z2(pa − 1)2 + Z3(pa − 1)3 (C.1a)

Where pa is the absolute pressure in units of atmospheres, and the values of Zi are defined
in Eqn. C.1b.

Z1 = B1,1 +B2,1T +B3,1T
2 +B4,1T

3

Z2 = B1,2 +B2,2T +B3,2T
2 +B4,2T

3

Z3 = B1,3 +B2,3T +B3,3T
2 +B4,3T

3

(C.1b)

Where T is the absolute temperature in units of Kelvin, and Bi,j are the empirically
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derived coefficients, whose values are listed in table C.1 [57].

B1,j atm−n B2,j atm−nK−1 B3,j atm−nK−2 B4,j atm−nK−3

Z1 −9.8378× 10−3 5.1986× 10−5 −7.0621× 10−8 0
Z2 3.1753× 10−5 −1.7155× 10−7 2.4630× 10−10 0
Z3 6.3764× 10−7 −6.4678× 10−9 2.1880× 10−11 −2.4691× 10−14

Table C.1. Empirical coefficients for the virial model of real gas compressibility. Units of each
coefficient are described in terms of n, the subscript on Z in the corresponding equation, and
row of the table.

C.2 Performance Coefficient Calculation and Interpo-
lation

The plots of thrust and power coefficients shown in chapter 4 display data which was
interpolated in Mach number from the experimental results. A suitable series of Mach
numbers was chosen based on the uncertainty criteria discussed in § 2.4. The Mach
number of each test point was calculated using the rotational speed measurements. The
thrust and power coefficients were calculated using Eqn. 2.6 and Eqn. 2.7 respectively.
This produced a different set of discrete thrust and power coefficient measurements as
a function of Mach number for each ambient pressure condition. These datasets were
then linearly interpolated to obtain thrust and power coefficients at the same set of
Mach numbers for each ambient pressure. The result is a set of data for which the Mach
number can more directly be used as an independent variable, allowing for potential
trends in performance with varying Mach number to be observed.

Estimates of the uncertainty of the thrust and power coefficients were calculated for
each measurement point based on the sensitivity coefficients in table 2.4. The uncertainty
values were then interpolated in Mach number using the same linear scheme described
for the performance coefficients.
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