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ABSTRACT

Axial descent, specifically the vortex ring state (VRS), poses great challenges for ro-
torcraft operation as this flight stage is typically accompanied by severe aerodynamic
losses and excessive vibrational loads due to the re-ingestion of rotor downwash.
Given the hazardous nature of this flight stage, its fluid dynamic properties in re-
gards to single, large-scale rotors have been extensively investigated since the early
stages of manned helicopter flight. In light of the rapidly expanding use of small-
scale multirotor systems, the field of VRS research has recently received increased
interest, with a shifted focus towards small-scale rotors, as the thrust generation and
stability of these aerial systems have also been shown to be adversely affected by
complex descent aerodynamics. While experimental studies have started examining
low Reynolds number rotor aerodynamics in steep or vertical descent, the influ-
ence of small-scale rotor geometry and aerodynamic coupling between neighboring
rotors have not yet been sufficiently explored.

The objective of this work is, therefore, to extend the current understanding of
rotorcraft vortex ring state aerodynamics to low Reynolds number multirotor sys-
tems. A series of experimental studies employing various wind tunnel setups and
flow visualization techniques is presented with the aim of identifying the under-
lying fluid-structure interactions, and quantifying rotor performance losses during
multirotor axial descent. The work is divided into two fundamental experimental ap-
proaches, one utilizing statically mounted rotor systems and one utilizing free-flight
testing.

The first part of this work (Chapters 4 and 5) presents the results of wind-tunnel
tested statically-mounted rotors for precise aerodynamic identification of rotor per-
formance under simulated descent conditions. Chapter 4 covers a parametric anal-
ysis to comprehensively assess the extent to which relevant geometric parameters
of a small-scale rotor influence its descent characteristic. Chapter 5 then explores
the influence of separation between rotors and identifies potential rotor-rotor inter-
actions in the VRS. The studies in this part of the thesis also make use of PIV setups
for visualizing the flow field around small-scale rotors in the axial descent regime,
subject to changing geometric parameters and rotor separation.

In the second part (Chapters 6 and 7), a series of free-flight investigations is de-
scribed for realistically simulated axial descent scenarios. Chapter 6 introduces the
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methodology for quantifying thrust generation of a multirotor in free-flight without
rigid attachment to a load cell, and presents the results of exploratory axial flight
studies. Chapter 7 discusses a study on axial descent of variable-pitch multirotor
configurations, which was carried out to evaluate the feasibility of deploying a fu-
ture Mars helicopter in mid air. Findings from this study helped to inform the entry
descent and landing (EDL) strategy for JPL’s future Martian rotorcraft missions.
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C h a p t e r 1

INTRODUCTION

Unmanned multirotor systems are seeing a rapidly expanding use in recent years due
to their wide range of applications, spanning recreational, industrial, and academic
utilization. Current projections foresee that by the year 2030, up to one billion
units will be in use around the world [1], making multirotors the most rapidly
developing technology in the aerospace sector. While starting out as platforms
predominantly designed for hobbyists, these vehicles now serve the niche market of
transporting light payloads far more cost effectively than their manned, large-scale
helicopter counterparts. Having VTOL capabilities allows these systems to operate
completely independent of dedicated infrastructure and their simplistic mechanical
design requires almost no maintenance. These aerial systems, furthermore, require
minimal expertise to operate, and with their increasing level of autonomy, complete
flights without pilot intervention are becoming common practice [2], which further
adds to their widespread popularity.

Outgrowing their purely-recreational beginnings, multirotor vehicles have fully es-
tablished themselves as valuable platforms for research and scientific missions in
recent years, with a near-unlimited range of applications including employment for
mobile data acquisitions and aerial surveying. As Amazon is seeking new means to
automate their delivery process while simultaneously reducing shipping time, they
are looking towards a range of differently sized multirotor systems for autonomous
package delivery [3]. Other industries (e.g., medical transports [4], military surveil-
lance) are similarly trying to capitalize on the rapid advancements of these aerial
systems, which is why their number and economic significance is only set to increase
in years to come. On April 19, 2021, the Ingenuity Mars Helicopter accompanying
the Perseverance rover of the Mars 2020 mission successfully demonstrated self-
propelled flight on a different planet for the first time [5, 6], expanding rotorcraft
operation even to extraterrestrial applications and adding a completely new approach
for space exploration. Building on the success of Ingenuity, the Dragonfly mobile
lander designed for Titan [7] and the Mars Science Helicopter for future Martian
explorations [6, 8] are both multirotor concepts in preparation at Johns Hopkins
Applied Physics Laboratory (APL) and Caltech’s Jet Propulsion Laboratory (JPL),
respectively.
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Initial aerodynamic optimizations of multirotor vehicles were largely driven by
hobbyists’ demand and predominantly sought to improve hover efficiency for longer
flight timeswhile increasing the total power output of the propulsion unit for enabling
more dynamic flight maneuvers. However, with these crafts being increasingly
employed for more sophisticated scientific and industrial missions where they are
carrying sensitive and valuable payloads, safety and stability play an increasing
role. Particularly rotorcraft-based space explorations, which preclude any physical
intervention after launch, demand reliability and safety over all other concerns.
Added to this, multirotor operation typically occurs in close proximity to the ground,
where the vehicles are subject to a wide range of complex flow features (e.g., vortical
flows, gusts). Given the small mass of these aerial vehicles and their low flight
speeds, they can be especially sensitive to these inflow conditions, which can lead
to serious stability issues [1]. Consequently, these multirotor systems are beginning
to undergo more extensive scientific examinations using wind tunnel facilities to
investigate their response to uniform as well as unsteady and non-uniform flow
conditions.

One particularly critical flight condition that poses great challenges to these rotor-
driven vehicles and severely affects stability is the descent stage of the flight profile.
That is, when a rotorcraft descends vertically (or at low forward speed), it inevitably
starts to encounter its own wake. At moderate descent rates of similar magnitude
as the rotor induced velocity, the flow field becomes highly turbulent and is char-
acterized by the deflected downwash forming a toroidal vortex ring system which
engulfs the rotor disk [9]. This flight stage is commonly referred to as vortex ring
state (VRS) [10]. The large amount of recirculation leads to a highly unsteady
flow field with adverse effects on the rotor performance, causing a serious loss
in aerodynamic lift [11]. Rotorcraft that enter the VRS are, furthermore, subject
to excessive, low-frequency vibrational airloads [12–14]. From a fluid mechanics
perspective, it is generally believed that, due to the relative upflow around a rotor
and reduced vorticity transport in axial descent, the rotor tip vortices, which are
continuously trailed into the rotor wake, are no longer sufficiently convected away
from the rotor disk. Instead, they accumulate to form the vortex ring system and
recirculating flow [15]. With the tip vortices accumulating in the rotor plane, they
are encountered by subsequently passing rotor blades and cause local inflow dis-
turbances. A periodic rotor wake buildup and sporadic breakdown leads to strong
fluctuations in the rotor thrust, manifesting themselves in low-frequency vibrations.
Thus, without significantly increasing the rotor power output or pitching the rotor to
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initiate a sideways motion, the aerodynamic losses associated with the rotor operat-
ing in its own recirculating wake can lead to an increase in the aircraft’s descent rate,
potentially further aggravating the problem. Small unmanned multirotor systems
can be particularly susceptible to the instabilities caused by the VRS phenomenon
due to their small size and experience large vehicle attitude fluctuations [6, 16] that
significantly impair controllability [17] and may lead to unrecoverable flight condi-
tions. Consequently, the vortex ring state (VRS) is generally considered a hazardous
flight condition and is avoided by trained pilots by descending at an angle with a
forward velocity. Since multirotor systems are regularly operated by amateur pilots,
manufacturers frequently limit the maximum descent rate of their commercially
available, recreational products to circumvent the destabilizing effects of entering
the VRS altogether [18]. However, lower descent rates inevitably prolong the total
descent and landing process, resulting in an increased power demand for this flight
stage.

These axial descent aerodynamics are not restricted to small-scale multirotor plat-
forms, but equally adverse effects are also observed on large-scale rotorcraft, being
believed to be the leading cause for multiple, at times fatal, accidents [12, 19]. In
fact, it has been known that the VRS phenomenon is an intrinsic problem to all
rotor-based vehicles since early stages of manned rotorcraft flight. Accordingly
large amounts of research have been dedicated towards its analysis over the years.
However, whilst prior research has extensively documented VRS characteristics and
the fundamental nature of the flow in this flight stage is well understood, the ma-
jority of early studies only considered large-scale, variable-pitch rotors. Thus, the
understanding of the rotorcraft aerodynamics in vertical descent was largely limited
to single rotors associated with manned helicopter systems until recently. Given the
rapidly expanding use of multirotor systems in the last decade, a steadily growing
stream of research is being directed towards the investigation of small-scale rotor
performance in the VRS for a deeper understanding of this rotor flow state and to
better predict when small rotary aircraft enter the VRS [20]. However, experimental
studies were mostly fundamental and investigative in nature, analyzing the aerody-
namic performance of specific blade geometries or providing insights into the flow
field around small-scale [21, 22]. Only few studies have started to explore the influ-
ence of selected rotor parameters [23]. Thus, comprehensive information regarding
the influence of the rotor geometry of small-scale, fixed-pitch rotors have up to date
remained largely deficient. Furthermore, most existing studies for small-scale rotors
in descent also simplify the investigation by studying single rotors only, without ex-
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panding on potential inter-rotor effects within this flight regime and whether single
rotor experiments accurately describe multirotor operation. A closer examination
of the VRS aerodynamics of small-scale, closely arranged rotors will help to pre-
dict the performance and limitations of terrestrial multirotor systems to enhance
the safety of future unmanned aviation. Proposed rotorcraft mission to Mars and
Titan will also benefit from newly gained insights, as both of these mission concepts
anticipate novel entry, descent and landing (EDL) techniques where the rotorcraft
will be deployed in mid air from the entry capsule and will therefore be subject to
axial descent conditions during deployment [6, 7].

The objective of this work is, therefore, to extend the current understanding of ro-
torcraft vortex ring state aerodynamics to low Reynolds number multirotor systems.
The influence of relevant geometric parameters of small-scale rotors is comprehen-
sively examined and the extent of aerodynamic coupling between neighboring rotors
is assessed. Various wind tunnel examinations and flow visualization techniques
with statically mounted rotors were utilized to precisely study the complex flow
mechanisms in the vortex ring state and implications on the rotor performance. A
series of free-flight experiments was also carried out to replicate axial descent sce-
narios more realistically. By establishing a method for predicting the in-flight forces
acting on the vehicle, the rotor performance could be quantified without relying on
rigid attachments to a load cell. Findings of these free-flight studies were directly
used to inform the aerial deployment of future Mars helicopter missions.

Chapter 2 provides a fundamental description of rotorcraft aerodynamics in vertical
flight, further specifying the challenges associated with the vortex ring state. The
chapter also summarizes the state-of-the-art of VRS research and introduces relevant
variables and performance coefficients used throughout this work. Chapter 3 de-
scribes the experimental equipment and methodology utilized in statically-mounted
identifications for establishing the rotor performance in descent, including verti-
cal multi-fan wind tunnel installations for aerodynamic measurements and various
particle image velocimetry (PIV) setups for mapping out the flow fields around
small-scale rotors in axial descent. Chapter 4 presents a parametric study of fixed-
pitch, small-scale rotors under simulated descent conditions, investigating the effect
of a rotor’s parameterization on its performance when subject to simulated VRS
conditions. Chapter 5 explores the influence of rotor separation on the descent
characteristic using a counter-rotating dual-rotor arrangement. In Chapter 6, a tech-
nique is established, allowing to quantify the rotor forces of a free-flying multirotor
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without rigid attachments to a load cell. The chapter provides the foundation for
this measurement technique and presents a series of test flights to validate its ca-
pabilities. Next, Chapter 7 leverages the methodology developed for in-flight force
measurements and presents a comparative, experimental and computational study
of variable-pitch multirotor configurations in axial descent for informing future
Mars deployment applications. Lastly, Chapter 8 offers concluding remarks and an
outlook for future research directions.
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C h a p t e r 2

ROTOR AERODYNAMICS REVIEW

The following section briefly reviews relevant rotorcraft aerodynamics including
rotorcraft operation in axial flight and introduces relevant performance parameters
used throughout this work.

2.1 Fundamentals of Rotor Aerodynamics in Axial Flight
The flow field and basic performance of an actuator disk can in its simplest form
be described by the momentum theory. The momentum theory is an idealized
mathematical model approximating the rotor as a solid pressure disk, that allows to
derive an analytic expression for the rotor induced velocity fluid velocity and power
consumption [1] based on control volume analysis. Even though the momentum
theory is a rather primitive model for the rotor, employing numerous simplifying
assumptions that do not capture local flowphysics, it provides a first order assessment
of the critical axial descent velocity range for a rotorcraft.

Based on the definitions of the momentum theory, the axial flight regime of a rotor
can be classified into four fundamental flow states which are illustrated in Fig. 2.1.
In the normal working state, corresponding to ascent and hover (E2 ≥ 0), the ideal
induced fluid velocity at the rotor plane and power demand of the rotor to generate
a given thrust are given by [1]:

E8 = −
1
2
E2 +

1
2

√
E2
2 +

2)
d�

(2.1a)

% = ) E = ) (E2 + E8) =
1
2
)E2 +

)

2

√
E2
2 +

2)
d�

(2.1b)

where E8 is the rotor induced velocity, E2 is the climb velocity, ) is the rotor thrust,
and � is the disk area (i.e. the area swept out by the rotor blades). Under hover
conditions (E2 = 0), Eqn. 2.1 yields:
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√
)

2d�
(2.2a)
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)3/2√
2d�
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Figure 2.1: Schematic flow fields of a rotor in different working states in axial flight
(adapted from [2]).

where ) = )ℎ is the rotor thrust under hover conditions. The induced velocity of a
rotor in hover, Eℎ, is commonly serving as a velocity reference or velocity scale for
rotors in axial flight. Note here, that one can either choose to use the true induced
velocity where the thrust is measured under hover conditions for the given operating
conditions ()ℎ) or alternatively, one may chose to calculate an equivalent hover
induced velocity for the a given thrust ()) at a non-zero climb velocity. While )ℎ is
a constant, ) varies in axial flight for constant operating parameters subject to the
external flow conditions as will be shown later.
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Due to flow contraction downstream of the rotor, flow accelerates with downstream
distance based on the continuity equation, resulting in a theoretical wake velocity
which is twice that of the velocity at the rotor (F = 2Eℎ). In axial descent (E2 < 0),
where the relative freestream velocity, introduced by the vehicles downward motion,
is directed upward, a different descent model of the momentum theory needs to be
applied to calculate the induced velocity:

E8 = −
1
2
E2 −

1
2

√
E2
2 −

2)
d�

. (2.3)

This descent model, however, only provides physical values for high descent rates
of E2 < −2 Eℎ (windmill brake state, see Fig. 2.1 (d)), where all flow is nominally
directed upward since the external freestream velocity is greater than the rotor wake
velocity. In this case, a distinctive rotor flow slipstream exists and the conservation
equations can be applied. However, due to non-physical flow conditions of the
model at moderate descent rates (i.e., upward directed flow at the rotor disk while
the far wake flow is still directed downwards), the momentum theory loses validity
within the range −2Eℎ < E2 < 0, where flow direction within the rotor slipstream
is not clearly defined and no definitive control volume can be established [2]. This
critical region−2Eℎ < E2 < 0, characterized by both upward and downward directed
flow, is further distinguished into two states based on their nominal flow direction
through the disk: at lower descent rates, with the rotor induced velocity greater
than the opposing freestream climb velocity (E2 + E8 > 0), the flow is nominally
directed downward through the rotor and subsequently re-ingested. The flow pattern
around the disk resembles concentric sets of vortex rings, giving this state the name
vortex ring state (VRS). In the VRS, the flow at the rotor exhibits large amounts
of recirculation and high levels of unsteadiness leading to mean thrust losses and
strong thrust and rotor torque fluctuations [1, 3]. As descent rates increase and flow
direction through the actuator disk changes sign to being upward (E2 + E8 < 0), the
unsteadiness of the flow pattern shifts to thewake above the rotor, known as turbulent
wake state (TWS). The flow in the TWS still has an unsteady character, however,
thrust losses and vibrations are considerably lower than in the VRS. Therefore, the
VRS is generally considered the most critical operating stage.

Based on previous studies, it is generally believed that the opposing freestream in
axial descent reduces the vorticity transport of the rotor flow leading to conditions
where tip vortices remain and accumulate in the rotor plane [4] and introduce strong
blade-vortex interaction (BVI) [2]. This is becausewhen the trailed vorticity remains
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in close proximity to the rotor, it can induce relatively high velocities with upwash
and downwash components, disturbing the following blade’s inflow conditions.
These vortex-induced upwash and downwash velocities have been shown to be quite
significant for small-scale rotors, and can be asmuch as 25%of the rotor tip speed [5].
The relative tip vortex strength on small-scale rotors has also been found to be much
larger on low aspect ratio, small-scale rotors than those found on larger scale rotors,
suggesting that rotor blades of this smaller size may be particularly affected by VRS
aerodynamics. The VRS-flow-field is furthermore marked by a periodic collapse
of the rotor wake, when the vorticity accumulation in the rotor plane becomes too
large. The collapse of the rotor wake allows the freestream to clear the vorticity
trapped within the vortex ring flow patterns, removing the vorticity build-up from
the rotor plane. Subsequently, as the rotor wake reestablishes, the accumulation
starts again. This repetitive process of vorticity build-up and discharge leads to
the distinctive low-frequency thrust fluctuations [1]. Experimental studies on small-
scale rotors have indicated that the oscillatory behavior of the airloads occurs at very
low frequencies [6] that are on the order of multiple rotor rotations [7]. Given that
overarching flow pattern is predominantly determined by the magnitude of the rotor
induced velocity and the opposing freestream, the non-dimensional descent rate ratio
E2/Eℎ is generally considered the primary velocity scale for VRS aerodynamics [8].
However, it is clear that relevant geometric and operational parameters of the rotor
can have secondary, but not insignificant, effects on the rotor’s thrust generation in
axial descent. These operational parameters include the overall thrust level the rotors
operate at, the rotational rate (tip speed), Reynolds and Mach number. Geometric
parameters include the collective pitch, chord length, solidity, taper ratio, rotor
diameter and number of blades. Additional parameters introduced in the context of
multirotor operation are the rotor spacing and the number of rotors in the flow field.

), f() ′) = 5 (E2, )ℎ,Ω, '4, "0, \, 2, )', �, #1, (, #A) (2.4)

where ) denotes the rotor’s mean thrust and f() ′) is the thrust standard deviation
as a measure for thrust fluctuations. Although selected studies in the past have
attempted to assess influence and significance of isolated blade parameters such as
pitch, twist and solidity [9, 10], results are either sparse or inconclusive, especially
in regards to small-scale, low Reynolds number propellers and multirotor operation.
The work presented in this thesis, therefore, aims to comprehensively assess the
influence of the aforementioned parameters.
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2.2 Prior Studies
As the complications regarding the vortex ring stage were known since the early
stages of rotorcraft flight, many researchers have sought to understand the complex
rotor aerodynamics in axial descent. Since the momentum theory is not valid within
−2Eℎ < E2 < 0, with Eqn. 2.3 not providing any physical results, their initial
efforts have been focused on expanding the model into this regime using primarily
experimental methods [3]. The velocity induced by a rotor, E8, is commonly used
as the metric to describe a rotor’s performance across all flight stages (see Fig. 2.2).
Castles [11], for instance, performed some of the first horizontal wind tunnel tests
on single rotors (6ft and 4ft) operating in the VRS and found a strong increase in the
induced velocity in descent compared to hover conditions. This suggests that a rotor
needs to induce higher fluid velocities into the flow for generating the same thrust.
These results were confirmed over the years by various alternative experimental
approaches such as carriage driven experiments [12]. The acquired experimental
data over the years led to empirically-derived expressions describing the induced
velocity within axial descent [2]:

E8 = −Eℎ

[
^ + :1

(
E2

Eℎ

)
+ :2

(
E2
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+ :3
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E2
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)4
]

(2.5)

with :1 = −1.125, :2 = −1.372, :3 = −1.718, :4 = −0.655, or alternatively:

E8
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= ^

E2
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[
0.373

(
E2

Eℎ

)2
− 1.991

]
(2.6)

for the range of −2 < E2/Eℎ < −1 [1]. The factor ^ is the empirical inflow factor
that is frequently used to account for non-ideal inflow losses and is generally found
to be around ^ = 1.15. However, due to flow field unsteadiness, the average induced
velocity is in practice rarely directly measured [13], but can be approximated using
experimental data and by using the definition of induced rotor power [2]:

%8 = % − %0 = ) (E2 + E8) (2.7)

with total power % and profile power %0. The latter can be modelled as:

%0 = d�Ω
3'3�%0 (2.8)

�%0 =
f�30

8
(2.9)

where Ω is the rotor rotational rate and f = #12'
�

is the rotor solidity.
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Figure 2.2: Normalized induced velocity of a rotor in axial flight derived from
momentum theory (adapted from [2]).

While the total power and thrust can be measured with relative ease, the profile
power is frequently assumed to be constant across all climb and descent rates for
first order approximations of induced velocity. An alternative approach is using the
blade element theory for rigid rotors, which requires knowledge of the rotor blade
geometry a prior and provides an estimate of E8 based on rotor thrust and collective
pitch measurements [8, 14]:
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=
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Ω'

for axial descent. (2.12)

Here, EG , EH are the horizontal velocities, E2 is the vertical climb velocity, \ .75 is the
rotor pitch at 75% of the rotor radius (for an untwisted rotor: \ .75 = \), , A2 the root
cutout, �;U the lift slope curve, and � is the tip loss factor to account for non-ideal
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flow conditions. The tip loss factor, �, is, broadly speaking, treated as an effective
reduction in the blade radius, with � usually between 0.95 and 0.98 for full-scale
helicopters [2]. However, on low aspect ratio rotors � can be considerably lower.
Previously, various methods for calculating the tip loss factor based on the rotor
loading or geometry have been suggested [1, 15]:

� =1 −
√
�)

#1
(2.13a)

� =1 −
√

2�)
#1

(2.13b)

� =1 − 2(A = 1)
2'

(2.13c)

� =1 − 22(A = 0.7)
3'

. (2.13d)

Frequently, the lift-slope curve, �;U , is assumed to be constant with a theoretically
ideal value of �;U = 2c [1]. Equations 2.10-2.12 can be used to calculate E8 for a
given set of geometric parameters (f, \ .75, ', A2), operational parameters (Ω, �) ),
and descent rates (E2), which can be compared to empirical VRS models for E8 as a
function of E2, such as [8, Table. 3]. In practice, the correction factor ^ is generally
applied to these models to account for additional induced losses with: E8 = ^E8,8340; .
Typically ^ is found to be around 1.15 in hover.

While early rotorcraft research primarily focused on the VRS investigations of large-
scale and full-scale helicopter rotors with variable-pitch, more recent efforts such
as [14] have expanded this research topic towards low-Reynolds number, fixed-pitch
rotor blades. In addition to fixed-pitched rotors, small, variable-pitch rotors have also
been considered for aerodynamic characterization in hover and descent [9, 16, 17].
Aside from severe reductions in mean rotor thrust, low-frequency thrust oscillations
were observed for fixed and variable-pitch rotors, whichwere on the order ofmultiple
revolutions. These studies could show that the oscillatory behavior in vertical
descent was predominantly aperiodic and less severe than during angled descent.
Alongside aerodynamic force measurements, single rotors operating in the VRS
have been studied with qualitative flow visualization [17, 18] as well as quantitative
PIV analysis [19]. These flow visualisations could clearly capture the characteristic
vortex rings forming at moderate descent rate and verify an accumulation of vorticity
in the rotor plane when undergoing VRS conditions. In the more recent past,
computational efforts have started to be employed [20] to better approximate the
full extent of the VRS and give additional insights into the flow dynamics in this
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state [21]. However, due to flow complexity in the VRS, conditions are challenging
to model appropriately.

So far, most experimental studies on small-scale rotor VRS characteristics have
only investigated single-rotor configurations for reasons of simplicity, without con-
sideration of any inter-rotor effects in axial descent. Up to date, any attempts to
understand small-scale and large-scale multirotor aerodynamics and the intricate
interactions between rotor flows have largely been limited to hover conditions [22].
For instance, [23, 24] studied inter-rotor effects in hover and found that if rotors are
separated by more than two diameters they operate at isolated performance. One of
the few experimental multirotor studies in axial descent [25] compared the descent
behavior of a tandem rotor to single rotor performance. They concluded that the
results for the tandem rotor system were nearly the same as for an isolated rotor.
However, the investigated rotors of this study were semi-overlapping, significantly
larger than those associated with unmanned multirotor vehicles, and rotor sepa-
ration remained unchanged. Conversely, in an alternative experimental approach,
researchers simulated the effect of a second rotor in the flow field by using an im-
age plane [6] and findings suggested that two-rotor configurations may significantly
differ from the descent characteristics of single rotors. This could, however, not be
confirmed with certainty. Experimental studies specifically investigating multirotor
configurations of more than two rotors in axial descent using wind tunnels are very
limited and the ones that were performed (either statically mounting [26] or free-
flight experiments [27]) were done for a fixed rotor separation and rotor geometry,
without capability of altering either to explore their significance. It is worth men-
tioning that some VRS research is starting to be conducted on coaxial rotors, which
are increasingly found on multirotor vehicles for increasing their payload capability.
Results suggested that coaxial arrangements are less affected by VRS aerodynamics,
showing lesser thrust losses in axial descent [28]. Consequently, these results imply
that oncemultiple rotors in the flow field start to overlap, their descent characteristics
are expected to change.

Reviewing the current state of rotorcraft research makes it evident that the past
research focus for small-scale multirotors has mostly been on hover conditions and
rotor optimizations are accordingly predominantly carried for this flight stage. Stud-
ies of small-scale rotor performance in axial descent have, for the most part, sought
to understand the fundamental fluid mechanics of this flight stage for a fixed rotor
geometry without comprehensively examining the influence of relevant geometric
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rotor blade parameters. Furthermore, the few experimental studies of multirotors
in axial descent have by and large, missed to thoroughly analyze potential rotor-
rotor interaction and the significance of the rotor spacing on the overall multirotor
performance.

2.3 Rotor Characterization
Not limited to axial flight, further relevant non-dimensional quantities frequently
used in this work for rotor characterization and comparisons are the thrust coefficient
and power coefficient, which are defined as:
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)
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An efficient strategy for establishing these coefficients for small-scale rotors is to use
dedicated thrust stands and least-square fitting measurements of generated thrust,
) , and power, %, as a function of rotation rate Ω for a given rotor geometry and
atmospheric conditions. The rotor efficiency is then expressed by the figure of merit,
which is the ratio of ideal power of hovering to the actual mechanical power to drive
the rotor and is defined as [2]:
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The thrust coefficient can furthermore be reduced by the rotor’s solidity, f, result-
ing in the blade loading coefficient �)/f for a better description of the local lift
loading [2], with the rotor solidity being:

f =
�1

�
≈ #1 2 '

c'2 (2.17)

where �1 ≈ #1'2 denotes the total bladed area of a rotor. In this work, the bladed
area was chosen based on the rotor’s planform area, excluding the rotor hub. It
should be noted that the definition of f can be quite sensitive to the selection of the
appropriate blade area for these rotors with relatively large rotor hubs. The rotor
aspect ratio can then be defined as:
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C h a p t e r 3

METHODOLOGY

The first half of this work covers a comprehensive investigation of statically mounted
rotors for precise aerodynamic identification of rotor performance under simulated
axial descent conditions. By contrast, in the second half of this work, free-flight
experiments were used for a more representative replication of true descent scenar-
ios. The following chapter describes the experimental setups and methodologies of
various statically-mounted tests utilized for the studies presented in Chapter 4 (ex-
amining the influence of rotor geometry) and Chapter 5 (examining the influence of
rotor separation). Both studies adopted a near-identical wind tunnel setup and testing
procedure to establish the rotors’ descent characteristics subject to variations in the
geometry or rotor separation. Furthermore, separate flow visualization techniques
were used during each of these two studies, which were meant to complement the
wind tunnel results by providing insights into how the character of the flow around
descending rotors is affected by these parameters.

3.1 Statically-Mounted Vertical Wind Tunnel Investigations
Experimental Apparatus
The aerodynamic descent performance of the examined small-scale rotors was eval-
uated in wind tunnel experiments. The experimental setup and its key parameters
are schematically illustrated in Fig. 3.1. The rotors were placed in a vertical, low-
turbulence, multi-fan wind tunnel facility to simulate the relative freestream velocity
of a steady, axial descent. This open-jet wind tunnel is composed of 121 DC fan
units and can deliver flow speeds of up to 9.6 m/s. While each fan of this wind
tunnel can be individually controlled, all fans were assigned identical duty cycles for
a uniform flow field. A flow straightener, perforated plates, and wire meshes were
installed for flow conditioning and turbulence intensity values of approximately
0.4% were measured using a hot-wire anemometer in the part of the flow, where
the rotor assembly was located. For consistency with published rotorcraft literature
presented in section 2.1, the naming convention for velocity directions was that pos-
itive velocities were directed downward (i.e., the rotor flow, E8, is positive, while the
vertically rising flow of the wind tunnel, E2, is negative). Thrust measurements were
obtained by a one-dimensional load cell at 2000 Hz, which was located upstream of
the rotor assembly.
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Two separate rotor assemblies were designed to support the rotors and provide
a connection to the load cell, one for single-rotor and one for dual-rotor tests.
Minimal flow interference by the support structure assured that results were not
masked by fluid-structure interactions and allowed to conclusively establish the
rotor performance as a function of descent rate. Therefore, designs were chosen
without components in the rotor wake and wind tunnel inflow. The rotors also

Figure 3.1: Experimental setup of various rotor assemblies in a vertical, low-
turbulence multi-fan wind tunnel (flow manipulators and structural elements of the
wind tunnel not displayed for illustration purposes).
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operated in the pusher configuration to furtherminimize the obstruction of rotorwake
and minimize any potential structure related aerodynamic influence. This design
was anticipated to closely resemble idealized rotors in axial flight which are often
modelled without any auxiliary structure and with an undisturbed freestream flow.
For single-rotor experiments presented in Chapter 4, the rotor-motor combination
was mounted directly to the load cell via a rotor-flow-upstream, streamwise-oriented
tube. For dual-rotor tests (Chapter 5), two counter-rotating motors were used, which
were similarly mounted on streamwise-oriented tubes. The streamwise tubes could
translate along an upstream located, horizontal cross-member for adjusting the
rotor spacing. The cross member was rigidly mounted to the load cell via a load
cell coupler in the center between both rotors. Baseline measurements of single
rotors to compare the dual-rotor performance were conducted using the single-rotor
assembly. Both assemblies were placed sufficiently far downstream in the test
section (approximately 1 m off the wind tunnel fans) to circumvent potential ground
effect aerodynamics at low simulated descent rates. The motors were supplied
with continuous power by a 12VDC power supply and their rotational speed was
controlled by a microcontroller via pulse width modulation (PWM) signals. The
setup was further instrumented with a power meter and electrical/optical RPM
counters. Since the wind tunnel setup lacked a torque sensor, an extensive hover
characterization of all rotor blades was performed on a dedicated RC Benchmark
Series 1580 thrust stand for more precise and conclusive identification of rotor
constants (e.g. �) , �%, & �").

Experimental Procedure
The testing strategy for examining the effect of rotor geometry and rotor separation
on the descent aerodynamics followed an identical procedure. This procedure was
based on a constant rotor rotation rate throughout a test run and quasi-steady-state
descent operation and was as follows: with the wind tunnel at rest, predetermined
PWM signals were sent to the motors, spooling up the rotors to a corresponding
rotation rate. The generated mean rotor thrust was measured over a 10 s interval,
equating to the thrust of the rotor in hover, )ℎ (i.e., no external freestream flow).
Simultaneously, the standard deviation of the trust was determined over the same
interval. Subsequently, while maintaining a constant rotor rotation rate, the wind
tunnel velocity was incrementally increased in approximately 0.5 m/s-increments up
to amaximumvelocity of 9.6 m/s to simulate increasing descent rates. Each velocity
increment was maintained for a 10 s period, and the mean and standard deviation
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of the thrust were quantified. Accordingly, these measurements correspond to
quasi-steady-state descent performance for a given rotor rotational rate and descent
rate. The notation used from hereon is that ) ′ represents the continuous thrust
measurements over the interval and ) denotes the average.

) (E2) = ) ′(E2) (3.1a)

)ℎ = ) (0) = ) ′(0) . (3.1b)

A representative thrust-time history of a sample test for illustrating this process is
shown in Fig. 3.2. The figure shows the step-wise increasing wind tunnel velocity
and a decrease in the mean of the thrust, with a minimum at approximately C = 265B.
One can also clearly see the presence of increased vibrational loads with descent
rate, which are introduced by VRS aerodynamics. For each rotor geometry and
rotor separation, this test procedure was repeated for a series of discrete rotation
rates corresponding to predefined PWM-motor-inputs starting from 1200 µs up to
1400 µs in 50 µs steps, resulting in rotation rates ranging from around 5000 RPM to
10000RPM.To facilitate comparisons between data series, the recordedmean thrust,
) , was normalized by the hover thrust,)ℎ to identify the relative thrust loss compared
to hover conditions for constant rotation rates as a function of descent velocity.
Meanwhile, the simulated descent velocity (i.e., thewind tunnel freestreamvelocity),
E2, was normalized by the equivalent induced velocity in hover, Eℎ =

√
)ℎ/2d�.

Parasitic drag forces acting on the supporting structure of the rotor assembly were
taken into account and were subtracted from the raw thrust data. For this, drag
baselines were established by measuring the generated forces of the rotor assembly
after removing the rotor blade(s) (including motor(s), connection tubes to the load
cell, wiring). As will be shown later in Fig. 4.2, normalization of the data helps
to collapse all measurements to a single, characteristic curve. Note that the true
hover induced velocity was used for the velocity normalization (i.e., using )ℎ as
the thrust input), which is a slight deviation from standard practice in rotorcraft
literature, where the velocity scale is typically an equivalent induced velocity which
is calculated based on the instantaneous thrust and which is non-constant throughout
a test run. To differentiate, the two distinct velocity scales are denoted from hereon
as:
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Eℎ =

√
)ℎ

2d�
(constant) (3.2a)

E′ℎ =

√
)

2d�
(non-constant) (3.2b)

One may alternatively choose the latter as the appropriate velocity scale in the
experiments, which will result in a similar characteristic behavior as shown in
Fig. 4.2. However, this velocity scale resulted in changes of the critical descent
rate ratio across rotor platforms, which is why the constant, true induced velocity
was chosen for normalization. Using different rotation rates (and therefore thrust
levels) across test runs helps to explore the effects of varying thrust levels and tip
Reynolds numbers on the descent performance. Simultaneously, different ratios of
E2/Eℎ could be attained for pre-specified values of E2 by varying the initial hover
thrust, )ℎ, for a more accurate identification of the critical descent rate ratio and
associated maximum thrust losses. Exact results and findings regarding the descent
behavior are described in more detail in following chapters.

Analogous to the mean thrust, the thrust fluctuations were examined as a function of
descent rate. Since VRS-induced fluctuations are characteristically low-frequency
fluctuations [1, 2] and were reported to be on the order of multiple rotor rotations [3],
the recorded thrust history was low-pass filtered to 50 Hz, lower than the rotor lowest
rotor rotational frequency to isolate the fluctuations induced by the VRS behavior
from the rotational frequencies. The measured standard deviation of the low-
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Figure 3.2: Time histories of simulated descent velocity and measured thrust for a
sample test run (config.: 6” rotors, ( = 2).
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pass filtered thrust for each velocity increment, f() ′), was also normalized by the
arithmetic mean, ) , over the same interval.

3.2 Flow Visualization Techniques
In addition to aerodynamic wind tunnel experiments, complementary flow visual-
ization was performed in Chapters 4 and 5 using two different PIV setups. The
flow field analysis proved to be a useful resource in confirming a tendency of the
tip vortices to remain within the rotor plane in VRS and provided insight into how
the rotor geometry and rotor separation influence the resulting flow field in axial
descent.

Water Tunnel PIV Setup
The study presented in Chapter 4 (influence of geometry) utilized a two-dimensional
PIV setup in a horizontal water tunnel for flow field measurements. The PIV setup
is schematically shown in Fig. 3.3. A water tunnel was selected for these flow
visualizations, as opposed to a wind tunnel, because rotational speeds and flow
velocities at comparable Reynolds numbers were significantly reduced, allowing us
to better capture the dynamic behavior of the highly time dependent, disordered
flow field. Throughout the PIV study, particular interest was dedicated towards
the formation and trajectories of the trailed rotor tip vortices. All rotor blade
geometries of this study were investigated under hover conditions (no external flow)
for comparison purposes and the reference blade of this study was furthermore
subjected to a counter-flow to simulate descent conditions. All rotors operated fully
submerged in the horizontal water tunnel at identical PWM-motor-inputs resulting
in rotational speeds of approximately 5 rotations per second. The flow field was
illuminated with a continuous 2D laser sheet and imaged using a high speed camera
at 1000 fps. Ensemble averaged (2000 frames) and phase averaged (1000 frames)
data sets were collected and subsequently processed using a PIV software for every
rotor. Phase averaging was enabled by a magnetic trigger and 4 phased averaged
data sets at azimuth angles relative to the laser sheet (k = 15◦, 30◦, 45◦, 90◦) were
recorded for each rotor. Because no equipment for force measurements under water
was available, the generated thrust (via Eqn. 2.14) and theoretical induced velocity
in hover was calculated by:
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Figure 3.3: Schematic illustration of the horizontal water tunnel PIV setup.

) = dF �) c'
2(Ω ')2 (3.3)

Eℎ =

√
)ℎ

2dF�
(3.4)

where dF is the density of water. As previously mentioned, �) -coefficients for each
rotor geometry were separately established using the RC Benchmark rotor test stand.
These �) -coefficients should be representative, as rotors operated under similar
Reynolds numbers in air and water.

Wind Tunnel PIV Setup
PIV analysis was performed in the dual-rotor study of Chapter 5, directly alongside
the vertical wind tunnel experiments for visualizing the ensemble averaged flow
field around two interacting rotors in axial descent. The experimental setup is
schematically depicted in Fig. 3.4. A double-pulsed Ni-Yag laser provided the
illumination and light sheet optics generated a two-dimensional laser sheet with a
usable region of interest (ROI) of approximately 490 mm × 255 mm. The wind
tunnel flow was seeded with microscopic soap bubbles as tracer particles, which
were introduced upstream of the wind tunnel. Given that the rotor support structure
(motors and streamwise tubes) obscured direct optical access for the laser between
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Figure 3.4: Schematic PIV setup in air using soap bubbles as tracer particles (flow
manipulators and structural elements of the wind tunnel not displayed for illustration
purposes).

the rotors, the laser plane was shifted in front of these components (see Fig. 3.4,
bottom view) to achieve illumination across the full image plane, allowing to observe
the rotor flow of both rotors as well as the flow in the inter-rotor region. Sets of
image pairs, shifted by ΔC =100 µs were recorded at various descent rate ratios at the
maximum frequency of 15 Hz and subsequently processed in PIV software. Wind
tunnel velocities and thrust measurements were recorded alongside for determining
the descent rate ratio, E2/Eℎ and for identifying the critical descent rate ratio where
maximum thrust losses occurred. Given the maximum laser pulse frequency of
15 Hz, which is far lower than the rotational frequencies of the rotors, this PIV study
could only deliver ensemble averaged results, without the possibility of observing
flow dynamics.
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C h a p t e r 4

PARAMETRIC STUDY OF SMALL-SCALE ROTORS IN AXIAL
DESCENT

This chapter was adapted from:

M. Veismann, D. Yos, M. Gharib (2021). “Parametric Study of Small-Scale
Rotors in Axial Descent.” Awaiting submission to: Physics of Fluids

4.1 Introduction
Multirotor craft, easily adaptable and low-cost vehicles, have established themselves
as valuable platforms for academia, industry, and consumers in the recent past.
However, despite extensive research to improve flight characteristics and optimize
performance, the challenges regarding axial descent of small-scale rotors have up
to date remained largely unaddressed. That is, while descending at a steep angle,
the rotor flow downwash is re-ingested through the actuator disk, which greatly
compromises the thrust generation of a rotorcraft. At descent rates close to the rotor
induced velocity, the recirculation of the rotor flow results in the formation of a
toroidal vortex ring system around the rotor disk, leading to the most pronounced
performance losses across the axial descent regime. This particularly critical flow
condition is commonly referred to as the vortex ring state (VRS) [1, 2]. Based on
available research on small-scale rotors, significant reductions in mean rotor thrust
for a given rotation rate can be expected when operating under VRS conditions [3].
Additionally, a strong low-frequency oscillatory behavior of the airloads is generally
observed [4], leading to severe vibrations that can ultimately manifest themselves
in large vehicle attitude oscillations [5]. This performance degradation and the
increased vibrational loads in axial descent can considerably limit the controllability
and operational margins of multirotor platforms.

While prior research has extensively investigated the nature of the unsteadiness in
the disk loading of rotorcraft in the VRS, it was done so predominantly with respect
to large-scale helicopter rotors [6]. Accordingly, the fundamental fluid mechanics
of the VRS are mostly understood and it is generally believed that blade-vortex
interactions (BVI) are the leading cause for rotor performance losses. Meanwhile,
this subject matter is recently gaining renewed interest with a shifted focus towards
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low Reynolds number rotors as the VRS phenomenon has shown to pose similar
challenges for the emerging multirotor systems as it does for large-scale helicopters.

Up to date, large amounts of research have been dedicated towards blade geometry
optimizations of small-scale rotors for hover and forward flight conditions [7–11],
but optimizations for axial descent have so far been given little consideration. A focus
on hover and forward scenarios in the rotor blade design process is understandable as
these flight stages typically constitute themajority of amultirotor’s flight profile. The
descent stage on the other hand generally assumes amuch smaller part in comparison
and efficiency in this flight stage is therefore less critical for the system’s overall
range/endurance. Nonetheless, a rotor blade should also be adequately adapted for
descent to ensure safe operation, since this is considered the most hazardous flight
stage. Consequently, a growing stream of research is slowly being dedicated towards
more comprehensive characterization of fluid mechanics around small-scale rotors
in VRS and the implications on the thrust generation. However, existing studies of
small-scale rotorcraft operating in the VRS are largely fundamental and investigative
in nature, providing insights into the fluid dynamics of a single, specific blade
geometry used within the study without systematically identifying the significance
of design parameters of these fixed-pitch rotors and with no attempts to improve
or optimize the descent performance [3, 4, 12]. Hence, until now, not enough
data is available to reliably establish the influence of the specific blade variables on
VRS behavior [13], especially in regards to low Reynolds number rotors commonly
employed on multirotor systems.

Given this lack of information, this study presents a parametric analysis to provide an
experimental assessment of the influence of relevant rotor blade design parameters
on the descent performance of a small-scale rotor. The sensitivity analysis was
conducted by independently varying the collective pitch, taper ratio, chord length,
number of blades, as well as the tip geometry of a rectangular reference blade
with linear twist. A separate rotor for each parameter variation was 3D printed and
evaluated under simulated descent conditions in wind tunnel tests. Measurements of
the generated mean thrust and thrust fluctuations at constant rotation rate were used
to characterize the rotor performance. In total, 18 different rotor geometries were
investigated (see Chapter 3 for the experimental setup and methodology). Water-
based PIV flow visualization was performed as well to provide further insights into
the flow characteristics around small-scale rotors in axial descent and to quantify
differences in the rotor flow structure of the various rotor designs. While this study
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primarily aims at comprehensively establishing the dependence of rotor descent
characteristics upon its geometric variables, it also seeks to expand the fundamental
understanding of the fluid mechanics causing the unsteadiness in the VRS. Findings
of this study may find practical applications in the design process of future rotor
blades by providing guidelines for more stable multirotor platforms. Moreover,
these results can have additional implications for rotorcraft noise reductions, as the
dominating aerodynamic rotor noise is similarly caused by BVI [14].

4.2 Investigated Rotor Designs
Based on the presumption that the adverse rotor aerodynamics related to the VRS
are a consequence of vortex induced inflow disturbances, it is believed that reducing
the tip vortex strength or increasing vorticity transport away from the actuator disk
may have a beneficial impact on the rotor performance in axial flight. The design of
small-scale rotor blades should therefore have intrinsic potential for improving the
descent performance by seekingmeans to attenuate the BVI. Since loading on a rotor
blade is highly concentrated in the tip region, the design of the rotor tip geometry
lends itself as one critical design parameter for performance improvements [15].
In practice, advanced blade tip shapes generally attempt to modify the tip vortex
structure for performance enhancement and/or noise/vibration reduction [16]. In
this context, we investigated how various tip shapes can help to moderate tip vortex
strength or alter evolutional characteristics for minimizing vorticity deposition in the
rotor plane during VRS to, thus, reduce performance losses and roughness in this
flight stage. Beyond examination of selected tip shape modifications, a parameter
space of relevant blade geometry variables and their significance on the descent
performance was explored, which has up-to-date only sparsely been attempted,
particularly for low Reynolds number rotor operation.

Figure 4.1 schematically illustrates selected rotor blade designs investigated through-
out the study. All designs were manufactured using a stereographic 3D printer and
a resin reinforced with microscopic glass fibers for an adequate surface finish at
high stiffness. The reference rotor, serving as the baseline, was a two-bladed rotor
with rectangular blades, a diameter of 6" (152.4 mm), linear twist from root to tip,
and had a NACA0012 airfoil. A rotor size of 6" was chosen as it was the largest
printable size within the 3D printer dimensions. Relevant geometric parameters
of this reference blade are listed in Table 4.1. All other blade designs were mod-
ifications of this baseline with each variant exploring a single, isolated parameter
variation (or tip change). For consistency, all investigated rotors were designed with
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Ref b1 b2 b3 b4 b5 b6.1 b6.2 b7.3 b8.1 b8.6 Com

Figure 4.1: Selected top and side views of investigated rotor blade designs.

the same diameter of 6" (152.4 mm)—keeping the disk area constant—and used
the same NACA 0012 airfoil. An overview and more detailed description of the
various investigated rotor designs is provided in Table 4.2. In this context, it is
convenient to group the rotor blade modifications into three categories: (1) blade tip
changes, included sweep, anhedral and dihedral winglets, Ogee, and Vane tips [16],
(2) variations of relevant geometric parameters including chord length, taper ratio,
and collective pitch and (3) rotors with different blade count, namely a four bladed
rotor. A commercial blade (Com) was also tested to examine how off-the-shelf rotor
blades compare to 3D printed ones. This rotor had the designation 6x3 (diameter x
pitch) and was provided by HQProp. Since the exact rotor geometry was not fully
known, its results are not discussed in greater detail in this chapter, but are merely
used for comparison purposes. However, this rotor blade is more closely evaluated
in Chapter 5, studying potential inter-rotor effects in axial descent.

Table 4.1: Key parameters of the reference blade.

Reference Blade Parameters
Airfoil NACA 0012
Blade Count 2
Chord Length 15 mm
Rotor Diameter 6" (152.4 mm)
Tip Pitch 11 deg
Twist -15 deg
'4C8?,<0G (at 10000 RPM) 7.90 × 104
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Table 4.2: Rotor blade parameter variation.

Identifier Variation Description
b1 Sweep 20 deg sweep-back at 0.85R
b2 Anhedral Blade tip anhedral at 0.85R
b3 Dihedral Blade tip dihedral
b4 Ogee Ogee tip at 0.85R
b5 Vane Vane tip at 0.85R
b6.1-b6.2 Chord length Chord length variation in mm

(-2, +5)
b7.1-b7.3 Taper Linear blade taper, taper ratio

(1.2, 1.5, 3)
b8.1-b8.6 Pitch Collective pitch variation in deg.

(-6, -4, -2, +2, +4, +6)
b9 Number of blades 4 bladed rotor, identical blade

geometry as Ref.

The selection of geometric parameters to modify was primarily guided by previous
studies on tip vortex characteristics of rotating wings with the explored blade pa-
rameters (and tip shapes) being the most promising solutions for improving VRS
behavior by reducing the extent of BVIs. A brief review of each blade parame-
ter (and tip shape) is given in the following, placing a particular emphasis on the
influence on tip vortex characteristics and figure of merit (i.e., hover efficiency):

• Tip Sweep: Rotor blade tip sweep has been introduced as a popular design
to delay compressibility drag rise and therefore reduce the rotor power re-
quirements. A proven parametrization is an approximately 20% sweepback at
0.85R [15]. Previous computational optimization studies showed that sweep
decreases profile power requirements due to lower effective tip Mach num-
bers and that the reduced effective chord of the blade tip can result in a more
uniform lift distribution [7]. Meanwhile, experimental measurements on sub-
scale models showed that the lift distribution and vortex strength is close to
that of a rectangular blade, but vortex cores appeared to be trailed further
outboard and away from the rotor [17]. Hence, blade tip sweep is believed to
alter tip vortex formation and overall vortex structure [2]. It should be noted,
that tip sweep is predominantly employed for full-scale rotor blades, where
tip Mach numbers are significant.

• Winglet (Dihedral/Anhedral): Blade tip winglets on wind turbine blades have
shown to be a viable solution for reducing the effect of vorticity trailing on
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rotating wings by reduction in spanwise flow at the tip [18]. On full-scale
helicopters, however, large angles of dihedral have so far shown to be prob-
lematic, particularly in forward flight [16]. Conversely, small amounts of
anhedral have been shown to provide minor hover efficiency improvements
due to reduced loading in the tip region and a larger downwards displace-
ment of tip vortices in the wake. Consequently, anhedral tips are sometimes
employed on rotor blades in complex, often swept and tapered, geometries.
Numerical studies confirmed that small angles of anhedral can beneficially
impact hover performance while being less efficient in forward flight [19].
Unlike their large-scale counterparts, a study on low-Reynolds number micro
air vehicles found that employing small winglets at heights of about 6% of the
rotor radius promotes minor improvements in hover efficiency [20]. It was
concluded that this can be attributed to the winglet diffusing the tip vortices
and improvements from upwards and downwards winglets were reported to
be comparable. Experiments of this study showed that the sizing of winglets
is determined by competing factors of induced power reduction, via more
effective tip vortex diffusion, and increasing profile power.

• Ogee: The Ogee tip was designed as an option for low-noise rotor blades due
to reduction of peak swirl velocities of the tip vortex, i.e., creating a more
diffused tip vortex. In terms of its effects on performance it is unclear whether
the reduction of area at the tip is advantageous for improving the figure of
merit or if this design promotes early stall and results in growth in profile
power [16].

• Vane Tip: Vane tips follow the approach of splitting the tip vortex into two
separate, but smaller vortices and are traditionally used to reduce BVI-induced
rotor noise. Smoke visualization experiments have shown that these twin
vortices can remain distinct for a relatively long time without merging [16].
It is so far unclear whether or not generating smaller, but more vortices is
advantageous for the axial descent behavior. However, the efficiency is likely
negatively impacted by this tipmodifications, as the area near the tip is reduced
significantly along with the tip chord Reynolds number.

• Chord Length: According to Eqn. 2.17, rotor solidity can be regulated via
chord length or the number of blades. Solidity on full-scale helicopters gener-
ally varies from about 0.08 to 0.12 [2], where decreasing solidity usually leads
to �" improvements, but reduces stall margins. For small-scale, low Re ro-
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tors on the other hand, experimental investigations showed that higher solidity
by increasing the chord length (from f = 0.17 to considerable f = 0.32) had
a beneficial effect on the figure of merit [9]. While solidity changes through
chord length modifications showed significant �" improvements, changes
by increasing the number of blades resulted merely in minor performance
gains. The observed performance gains due to elongated chord lengths are
believed to derive from increased Reynolds number or more uniform inflow
distribution arising from 3D-effects from smaller aspect ratios [20]. The
reason for these contradicting findings between full-scale and small-scale ro-
tors is that the performance for small-scale rotors with short chords and tip
Reynolds numbers under 106 is particularly sensitive to changes in Reynolds
number [2]. While increasing chord length is anticipated to yield an overall
higher figure of merit by increasing the Reynolds number, the reduced aspect
ratio promote a greater induced drag and tip vortex strength.

• Taper: Blade taper, generally employed in combination with blade twist,
is used for designing the optimum rotor with minimal induced losses [16].
The primary effect of a tapered blade planform is to achieve a more uniform
lift distribution by decreasing bound circulation near the blade tip and by
loading the inboard region more heavily. In theory, this results in a more
uniform inflow leading to a reduced tip vortex strength for a given blade
loading [17] and improvements in the figure of merit. To study the effect of
blade tapering on VRS behavior, we opted for maintaining a constant root
chord and employing a simple linear taper by decreasing tip chord length.
This approach required the least modifications of the reference blade. The
taper ratio was defined as the ratio of the two chord lengths:

)' =
2A>>C

2C8?
. (4.1)

An alternative approach would be to maintain a constant thrust weighted blade
solidity, which is defined as [7]:∫ '

0
A2 2(A) 3A = 2>=BC. (4.2)

This approach, however, would require a more extensive modifications of the
reference blade geometry than just simply reducing the tip chord length and
could potentially introduce other effects as well.
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• Blade Pitch: During experimental full-scale flight tests, increasing blade pitch
(i.e. collective pitch on full-scale helicopters) has been reported to mitigate,
and at times even suppress, VRS behavior [13]. Studies on small-scale
multirotor platforms corroborated these findings by showing that increased
collective pitch can reduce variation in the thrust for a given rotation rate in
vertical flight [5, 12].

• Number of Blades: The sparse amount of available data does not support
drawing any reliable conclusions about the influence of the number of blades
on the VRS behavior of a rotor [13]. In this regard, the effect of increasing
the blade count may have conflicting aerodynamic characteristics: a larger
number of blades leads to weaker tip vortices for a constant rotor thrust, thus
potentially reducing the magnitude of disturbances caused by interaction of
tip vortices and the rotor blade in VRS. However, with more blades, which
are closer azimuthally, the number of BVI events also increases and blades
are more likely to interact with vortices of the previous blade [2]. Meanwhile,
hover efficiency of a rotor has shown to be relatively insensitive to the number
of blades given certain constraints based the Reynolds number it is operating
at: for low Reynolds number rotors if the constant chord length remains
constant (and thus varying disk solidity) [20] and for full-scale systems, if
solidity remains constant (by decreasing chord length) [2]. Consequently, the
number of blades in helicopter designs are primarily determined by dynamic
considerations, rather than aerodynamics.

• Rotor Thrust: Previous experiments noted that variations in rotor thrust had
no significant impact on the inflow properties of rotors in VRS [6]. This is
strictly speaking, however, only true if thrust variation occurs by adjustment
of rotation rate (without drastically changing the Reynolds number), thus
keeping rotor parameterization fixed as was explained in the previous item.
Meanwhile, thrust modulation at constant rotation rate and therefore by chang-
ing the thrust coefficient via collective pitch, has shown potential influence
on VRS behavior, where rotors with lower pitch (and lower thrust coefficient)
showed larger variations in the inflow curves during axial descent [21].
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4.3 Discussion of Results
Wind Tunnel Experiments
To examine how geometric parameters influence the axial descent performance of
a rotor, the mean thrust and thrust standard deviation were evaluated as a function
of descent rate ratio for all modifications of the rectangular reference blade listed in
Table 4.2 by following the experimental procedure described in Section 3.1.

Figure 4.2, showing the mean thrust measurements of the reference blade (Ref )
against the climb velocity, E2, helps to illustrate the experimental procedure. A
total of 5 data sets were collected for this rotor, corresponding to 5 separate test
runs at their respective, constant RPM, with each data point denoting a 10 s thrust
average at a given climb velocity. Note that climb velocities are negative, which is
why descent rates increase from right to left in the plots. The data normalization in
Fig. 4.2b brings all measurements into alignment to a single, characteristic curve.
These results indicate that for a constant rotation rate, this blade geometry exhibits
a reduction in mean rotor thrust of up to 20% compared to hover conditions at a
descent rate ratio of E2/Eℎ = −1.2, which can be attributed to the aerodynamic
losses associated with the rotor operating in its own recirculating wake. This
intrinsic minimum (<8=()/)ℎ)), defined as the point of largest relative thrust loss,
was observed in every characteristic curve for each rotor geometry and was used as
one metric for comparing the different rotor designs. Even though constant rotation
rates were expected by using fixedmotor control inputs, minor variations in the RPM
were noted over the course of a test run. Hence, alternatively to plotting the thrust
relative to hover conditions, one may directly plot the absolute thrust coefficient,
�) , of the rotor as a function of descent rate (Fig. 4.2c), which helps to account
for these minor variations in the rotor rotation rate. While the �) -measurements of
the different test runs also collapse to a single curve around the thrust minimum,
slightly deviating values at the hover point (E2 = 0) can be observed, where lower-
thrust runs (due to lower rotation rates) tend to display lower thrust coefficient. The
increasing thrust coefficients with rotor rotation rate can be attributed to an increase
in the chord Reynolds number [22], which is explained in greater detail in Chapter 6.
Further normalizing the thrust coefficient by hover conditions (�)/�),ℎ) in Fig. 4.2d
removes this Re-dependence, yielding near-identical results to the one previously
shown in Fig. 4.2b. Thus, the representation of the relative thrust loss, )/)ℎ was
chosen in the following as a basis for comparison across the investigated rotors. As
was shown, one may just as well use the values of�)/�),ℎ for comparison and reach
very similar conclusions.
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Figure 4.2: Mean thrust measurements and resulting thrust coefficients over descent
velocities of the reference rotor (measurement interval: 10s). Each marker denotes
a separate test run at a constant rotation rate.

Normalized mean thrust curves for three representative rotor blade designs of this
study are shown in Fig. 4.3 and a collection of measurement data for all blade
modifications is separately provided in the appendix. Despite the high amount of
turbulence and unsteadiness in axial descent, all thrust-ratio-curves exhibit a similar
non-dimensional behavior, where measurements are brought into close alignment
by normalizing the mean thrust and descent velocities (as shown in Fig. 4.2). Each
rotor blade design, similarly, features a descent rate domain of deleterious trust
generation, where the measured thrust for a constant rotation rate falls considerably
below hover values ()/)ℎ < 1). The region of thrust deterioration predominantly
lies within the range of −0.5 > E2/Eℎ > −1.7, with peak losses consistently found
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at around −1.2 > E2/Eℎ > −1.4. This non-dimensional behavior implies that in-
creasing the thrust of these fixed-geometry rotors by increasing rotation rates does
not alter the )/)ℎ vs. E2/Eℎ curve and confirms that E2/Eℎ can indeed be considered
the primary scaling of VRS aerodynamics as previously claimed by literature. This
notwithstanding, the geometry of the rotor blade has a secondary, but significant
influence and clearly determines the extent of the maximum thrust losses: for in-
stance, compared to the reference blade’s losses of 20% (Fig. 4.3, left), the rotor
blade b7.3 employing a linear taper ()' = 3) does not experience a thrust reduc-
tion of more than 6% (Fig. 4.3, center), whereas relative losses of up to 33% were
recorded for blade b8.1 (−6◦ collective pitch) (Fig. 4.3, right). Rather surprising,
the critical descent rate ratio, where peak losses occur, remains largely unaffected
by these geometry variations. These findings regarding the critical descent rate ratio
are largely consistent with similar experimental studies of low Reynolds number
rotors in axial descent [3, 4], while mean thrust losses were reported to be much
greater in [4]. However, a direct comparison of the descent characteristic is not
possible across studies, unless a near-identical rotor geometry is used, as can be
seen in Fig. 4.3. Qualitatively similar results with coinciding mean thrust losses
and thrust fluctuations independent of the rotor geometry were also reported in [23].
Note that in this study, a slightly different normalization of the descent velocity was
applied.
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Figure 4.3: Mean thrust measurements as a function of descent rate ratio for selected
blade designs (measurement interval: 10 s).
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Figure 4.4 shows the normalized standard deviation (coefficient of variation) of
the low-pass filtered thrust-time history as a function of descent rate ratio for the
three representative rotor blades. Results for all rotor blades can be found in the
appendix as well. Broadly speaking, all normalized standard deviation curves
display a similar non-dimensional behavior, much like the arithmetic mean of the
thrust, where measurements can be observed to collapse to a single, characteristic
curve, independent of the initial hover thrust level (i.e., rotation rate). However, the
amount of data scatter is somewhat higher, particularly for designs that experience
large amounts of fluctuations, as may be seen for the blade b8.1. In contrast to the
mean thrust, the standard deviation data indicates an increasing trend as the VRS
establishes, with peaks consistently found at the same critical descent rate ratio of
around−1.2 > E2/Eℎ > −1.4, coincidingwithmaximummean thrust losses. Hence,
as was observed for the mean thrust curves, the critical descent rate ratio with the
greatest fluctuations appears to be largely unaffected by changes in the rotor blade
geometry. When comparing Figs. 4.3 & 4.4 (as well as results of all rotor blades in
the appendix) one can generally observe that rotor designs with greater mean thrust
losses simultaneously experience higher levels of fluctuations when subjected to
VRS conditions.
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Figure 4.4: Normalized low-frequency fluctuationsmeasurements andmovingmean
(red line) as a function of descent velocity for selected blades designs ( 5?0BB < 50 Hz,
measurement interval: 10 s).
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A graphical comparison between all rotor geometries is provided in Fig. 4.5 by
plotting their maximum mean trust losses (i.e. lowest ratio of )/)ℎ of all test
runs for a rotor design) against the hover efficiency, figure of merit (�"). These
quantities were chosen as metrics for comparison in this case, to allow assessment
of the practical usefulness of the different rotor modifications; more precisely,
an advantageous rotor design is expected to experience minimal thrust losses in
descent without compromising its efficiency in hover. Results show that none
of the investigated rotor designs provides improvement in both categories, hover
efficiency and thrust losses in VRS over the reference blade (Ref ). Conversely,
there are selected modification approaches that are clearly disadvantageous such as
b3, yielding deleterious results in �" as well as <8=()/)ℎ). Despite a certain
degree of scattering in the measurements, the data in Fig. 4.5 is indicative of
an underlying trend for the here investigated low Reynolds number rotor blade
designs, where the rotor’s efficiency in hover is inversely related to its capability
of generating thrust in vertical descent. This implies that potential improvements
in the descent characteristics come at an expense of �" . For instance, consider
b7.3 (linearly tapering of the rectangular blade): the data indicates a significant
improvement regarding <8=()/)ℎ) of 14.5% compared to Ref, which, however,
comes at a substantial �"-reduction from 0.47 to 0.20. In contrast, extending the
chord length of Ref by 5 mm (b6.2), yields much greater aerodynamic losses in the
VRS with mean thrust reductions of 28% compared to hover conditions (a reduction
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Figure 4.5: Comparison between all rotor blade modifications regarding figure of
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in <8=()/)ℎ) by 7% compared to Ref ), but a concomitant �" improvement to
0.51. Given the sparse amount of scattered data and very simple rotor geometries
investigated in this study, it is unclear if this underlying relationship between �"
and <8=()/)ℎ) is universally true and will hold for a wide range of rotor blade
design and Reynolds numbers.

On a side note, a prevailing observation in Fig. 4.5 is that measured �"-values
are comparatively low for all rotor blade designs and generally below �" = 0.5.
It should be noted, however, that hover optimization and achieving high figures of
merit was not a key priority of this study. The low values of �" , for one, are likely
due to choosing a symmetric and relatively thick NACA0012-airfoil, but are without
doubt also due to operating the rotors in a particularly low Re number regime [9]. As
a matter of fact, these low Reynolds number effects appear to be heavily influencing
the rotor aerodynamics here, as many conventional design guidelines for improving
the rotor efficiency do not seem to translate to these small-scale rotors of this study
with tip Reynolds numbers generally lower than 105. For instance, blade taper is
generally employed for increasing the hover efficiency by providing a more uniform
inflow on full-scale systems, but large amount of taper showed the poorest �"
in this study, which is believed to be attributed to higher profile drag coefficients
due to a decrease in tip chord Reynolds number [2]. Equal findings were reported
in earlier studies [24] which compared small-scale tapered blades to rectangular
blades. By contrast, increasing the chord length, which is generally not desired
for full-scale systems, improved the �" , likely due to operation at increased chord
Reynolds number. This is in accordance with other experimental studies of micro
air vehicle aerodynamics [9]. The �" can be seen to degrade for both, increasing
and decreasing in collective pitch compared to the reference blade. It is believed that
this is due to the small stall margins of the rotor blades at low Reynolds numbers and
that the reference blade operated close to the optimum�)/f for this blade geometry
and Reynolds number.

Figure 4.6a allows assessment of the most decisive design parameters for a rotor’s
descent characteristics by showing the experimentally determined maximum thrust
losses, <8=()/)ℎ), as a function of the product of the blade loading coefficient and
the aspect ratio, �)/f ∗ �'. For convenience, this product is denoted in the text as
the dimensionless variable Z and can alternatively be expressed as:

Z =
�)

f
�' ≈ �)c#1'

4

�2
1

(4.3)
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where �1 is the planform bladed area of the rotor, excluding the hub, which was
determined using the CADmodels of the rotor blades. The data in Fig. 4.6a indicates
that <8=()/)ℎ) is highly correlated with Z , suggesting that rotor blades with larger
values of Z , i.e. large aspect ratio rotor blades and/or operating at high blade loading
coefficients, generally experience reduced maximummean thrust losses in the VRS.
For a given rotor diameter, increasing Z can be achieved by reducing the chord
length, tapering the rotor blade towards the tip, increasing the collective pitch, and
reducing the number of rotor blades. All of these parameter trends are corroborated
by the data. The correlation is particularly strongwhen only considering rotor blades
with a conventional, rectangular tip (triangle and cross markers), but appears to be
valid even for more complex planform shapes, as can be seen for the commercial
blade. Meanwhile rotors with highly complex tip shapes (b3-5) diverge from this
correlation. It is believed that this may be due to significant differences in the tip
vortex characteristics, as will be discussed later. Omitting the results of the modified
tip shapes, the results from Fig. 4.6a allow to construct a simplistic linear model
for estimating the maximum mean thrust losses for a given blade during a fully
developed vortex ring state (dashed line):

<8=()/)ℎ) = 0.35 Z + 0.55, 0.3 < Z < 1. (4.4)

This observed relationship between <8=()/)ℎ) and Z allows a first order estimate of
the maximum thrust losses for a given rotor blade design and known �) -coefficient
without having to perform dedicated wind tunnel tests to simulate descent scenarios.
This can be highly valuable when developing new rotorcraft platforms and ensuring
a sufficient thrust budget under all flight scenarios. Given the sparse amount of
investigated rotor geometries in this study, more extensive analyses are necessary to
establish the range of rotor geometries that this model is applicable for. So far, it
appears that it applies to rotors with rectangular tip shapes, but also holds for more
complex planform areas with simple tip shapes as can be seen for the commercial
blade, which was investigated alongside the 3D printed rotors. Surprisingly, this
commercial rotor geometry exhibits the largest thrust losses out of all blades, which
is likely due to the rotor having a very low collective pitch and therefore low thrust
coefficient. In future, more research is needed to confirm a general applicability
of this model towards a wide range of differently sized rotors operating at higher
Reynolds number and with more complex geometries. At this point, it is believed
that the validity of the expression from Eqn. 4.4 is largely limited to the range
of the here investigated values of 0.3 < Z < 1. A reasonable assumption for
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very high Z is that values of <8=()/)ℎ) converge towards the asymptotic value of
limZ→∞<8=()/)ℎ) = 1 (i.e. no aerodynamic losses during VRS) or perhaps even
limZ→∞<8=()/)ℎ) > 1, which may be due to additional momentum introduced by
the relative freestream. In these cases, any model predicting the maximum losses
would, however, break down regardless due to the fact that no global thrust minimum
exists anymore within the range of the VRS.

Analogously, the maximum low-frequency thrust fluctuations, <0G(f() ′)/)), are
shown as a function of Z in Fig. 4.6b for all rotor blades. Note here that ) ′ denotes
the continuous thrust-time history over a 10 second interval at a given simulated
descent velocity and ) denotes the mean thrust over said interval. Because the
measurements of the normalized standard deviations show considerable scatter (see
Fig. 4.4), particularly around the maximum observed fluctuations when the vortex
ring state is fully developed (−1.2 > E2/Eℎ > −1.4), the values for <0G(f() ′)/))
in Fig. 4.6b were obtained by using the moving mean curves (shown as the red line
in Fig. 4.4) for more reliable and robust assessment. It has to be kept in mind,
however, that moving mean averaging reduces the peaks of the recorded fluctuation
and that true values for the maximum fluctuations are consistently higher than the
reported ones in Fig. 4.6b. Therefore, values for <0G(f() ′)/)) are meant to only
serve as a qualitative assessment of rotor thrust oscillations in descent. Results
suggest a strong negative correlation between <0G(f() ′)/)) and Z . This directly
implies that a careful selection of the blade geometry for increasing Z can not only
help to limit the mean losses in rotor thrust (as was shown in Fig. 4.6a), but can
simultaneously reduce vibrational loads in axial descent considerably. Based on
the fact that moving mean information were used for determining <0G(f() ′)/))
rather than the raw data, establishing a model similar to Eqn. 4.4 is not appropriate
here, since the true values of the thrust fluctuations were consistently higher. This
notwithstanding, Fig. 4.6b evidently shows the connection between rotor geometry
and magnitude of encountered fluctuations in descent.

PIV Study
Two-dimensional PIV flow visualization in a water tunnel was performed on all
rotors listed in Table 4.2 to provide an explanation for the observed differences in
their VRS performance. The experimental setup for this PIV study is described in
greater detail in Section 3.2. Previous computation and experimental studies have
accredited the arising aerodynamic losses in axial descent to rotor blade tip vortices
no longer being sufficiently transported away from the rotor during VRS due to the
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opposing freestream, causing strong BVI. Consequently, the characteristics of the
vorticity trailed at the blade tips and the rotor tip vortex dynamics were of particular
interest in this flow visualization.

Figure 4.7 illustrates the reference blade’s (Ref ) ensemble averaged vorticity fields
and instantaneous particle pathlines near the rotor tip for three descent rate ratios
as representative for the fundamental working states: hover, vortex ring state and
turbulent wake state. Note that the rotor was oriented horizontally in the PIV study,
driving the flow from left to right (refer to Section 3.2). The vorticity fields of
the different rotor working states are found to be profoundly dissimilar. For the
hovering rotor (normal working state), the tip vortices are transported by the rotor
flow along the rotor flow slipstream downstream of the rotor disk. The vorticity
plot on the LHS helps to visualize the vortex trajectory, showing high amounts
of vorticity along the slipstream. The particle streak lines on the RHS show the
overall flow pattern and tip vortex locations. In the VRS, the opposing freestream
reduces the axial vorticity transport and forces the tip vortices inboard, towards the
rotor hub, indicated by the concentration of vorticity inboard of the rotor tip. As a
consequence, tip vortices remain within the rotor plane, where they are encountered
by the subsequently passing blade. It is believed that the vorticity is being trapped
in the core of the vortex ring system, which has been reported to be at the rotor tips
in a fully developed VRS [25, 26]. In the turbulent wake state (TWS), the tip vortex
trajectory turns outboard and away from the rotor following the external freestream
direction without interacting with subsequent blades. These results provide the
verification that the aerodynamic losses in the VRS derive from strong BVI events.
In light of these findings, a logical presumption is therefore that any improvements
in the descent performance is brought about by a reduction of the BVI in VRS.

Following the results of the reference blade, PIVflowvisualizationwas carried out on
all 3D printed rotor blades of this study to gain better understanding of the formation
and evolutional characteristic of trailed vorticity for different rotor geometries. For
more reliable inter-rotor comparisons and in an attempt to correlate the magnitude
of a rotor’s thrust losses in VRS to its flow characteristics, phase as well as ensemble
averaged vorticity fields for all blades were obtained under hover conditions, with
selected results shown in Fig. 4.8 and 4.9, respectively. Hover conditions, without
external freestream flow, were chosen for this comparison, because the chaotic flow
nature of the VRS precludes any useful insights into the rotor flow structure and
because of inadequate facility capabilities for real-time thrust- and descent-rate-
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Figure 4.7: Ensemble averaged vorticity fields and particle streak lines of the
reference blade for different descent ratios (zoomed in view on the rotor tip, x- and
y-coordinates correspond to the global coordinate frame). The blade is indicated by
the black line.

matching across all investigated blade models. It was anticipated that the general
flow structure and tip vortex characteristics under hover conditions can provide
sufficient clues to how rotor geometry modification can alter the VRS performance.
Lacking the ability for thrust matching across rotor designs, identical PWM motor-
control signals were used instead, driving the rotor blades at similar rotation rates
of approximately 300 RPM, but not at equal disk loading, which was depending on
the �) -coefficient and was accounted for at a later step.

The obtained vorticity fields in Figs. 4.8 and 4.9 evidently show that different blade
parameterization has a profound impact on the characteristics of the rotor flow
structure, particularly on the magnitude and trajectory of trailed vorticity for a given
RPM. In Fig. 4.8 the individual tip vortices of each rotor can clearly be identified,
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confirming that the rotor flow fields are dominated by these vorticity structures. One
can also make the qualitative observation that rotor designs with minor thrust losses
in axial descent (e.g., b7.3 and b8.6) display only a single discrete tip vortex in the
entire vorticity field, leading to believe that these rotors generate diffused tip vortex
structures and experience a more rapid vortex decay, which helps to improved VRS
characteristics. Meanwhile, blade tip vortices produced by rotors with greater thrust
losses remain clearly distinguishable over multiple complete rotor rotations as can
be seen for blade b8.1, displaying the largest number of discrete tip vortices with
large, concentrated amounts of vorticity in close proximity to the rotor. Similar
findings can be made in the ensemble averaged vorticity fields of Fig. 4.9, where the
continuously trailed tip vortices travel along the rotor slipstream and trace out the
rotor wake geometry in the averaging process. The variants b7.3 and b8.6 display
relatively diffused vorticity fields, whereas the other blades with higher VRS-related

Figure 4.8: Phase averaged vorticity fields for selected rotor designs under hover
conditions obtained at blade azimuth angles (wake age) of Ψ ≈ 45◦ (i.e. the blade
is rotated 45◦ into the PIV image plane). The dashed boxes outline the integration
region for calculating the circulation and the black area illustrates the rotor hub.
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Figure 4.9: Ensemble averaged vorticity fields for selected rotor designs under
hover conditions. The dashed boxes outline the integration region for calculating
the circulation and the black area illustrates the rotor hub.

losses show strong and concentrated vorticity sheets along the rotor flow slipstream.
Since the reference blade was designed without taper and a linear lift distribution,
it is believed that this blade is already heavily tip loaded and thus has considerable
tip losses. However, even higher peaks of vorticity can be found in the ensemble
averaged flow fields for blades b3 and b9 (dihedral tip and 4-bladed rotor). Note that
individual tip vortex strength of the 4-bladed rotormay be lower than forRef, however
there are twice the number of vortices, leading to a greater ensemble averaged result.
For the ensemble averaged flow fields, particularly the linearly tapered blade (b7.3)
stands out by displaying a spread out vorticity structure with low local peak values
and an initially strong radial tip vortex trajectory. It is concluded that blade taper
reduces peak swirl velocities very effectively which is believed to derive from
decreased bound circulation near the tip. Very similar conclusions were drawn in
previous flow studies of comparably shaped rotor blades [17, 24]. However, it also
has to be considered that the thrust of the tapered blade for a given RPM is the lowest
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compared to the other blades since it has the lowest thrust coefficient.

For a more quantitative and informative comparison between rotor blade designs,
the circulation in the obtained vorticity fields was considered, which is defined as:

Γ =

∬
(

l 3B =

∮
D3G + E3H . (4.5)

The area of integration is outlined by the dashed boxes in Fig 4.8 and 4.9. The
measured circulation in the phase averaged PIV data was meant to inform about
the strength of individual vortex filaments which is why the integration area was
defined to only include the most recently trailed vortex. Phase averaged circulation
was determined for all rotor designs at azimuth angles of k = 15◦, 30◦, 45◦& 90◦.
The ensemble averaged circulation informed about the amount of vorticity locally
deposited around the rotor and the integration area included the full rotor slipstream
up to half the rotor radius in the radial direction (> 38.1<<), excluding the noisy
PIV data near the rotor hub. Because the ensemble averaged vortex structure
was not fully contained within the integration area and changing its size would
alter the measured circulation, the integration area remained constant in size for
all rotors. Furthermore, to avoid strong positive vorticity canceling out strong
negative contributions, the ensemble averaged circulation was computed based on
the absolute values of vorticity:

Γ4 =

∬
(

|l4 | 3B . (4.6)

By using absolute quantities of vorticity, the computed values of Γ4 were meant to
provide a qualitative comparisons of the local flow non-uniformity introduced by
the various blade designs.

Prior to directly comparing the circulation measurements, it must be recognized that
the PIV study was performed at similar rotation rates, but at different rotor blade
loading. Thus, to account for varying thrust levels between tests, the definition for
the tip vortex strength can be used: from the Kutta-Joukowski theorem, the bound
local blade circulation, Γ1, can be linked to the local lift per unit span (L’) and the
thrust of an ideally twisted rotor via:

!′(A) = d* (A)Γ = dΩAΓ1 (4.7)

) = #1

∫ '

0
!′(A) 3A = 1

2
#1dΩ'

2Γ1 (4.8)

with �) =
)

cdΩ2'4 . (4.9)
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Under the simplistic assumption that circulation contained within a tip vortex is
equal to maximum sectional bound circulation, a simple connection between rotor
operating state and circulation (i.e. strength) of a tip vortex filament, ΓE, can be
made:

ΓE = :Ω2'(
�)

f
) ≈ :Ω'

2

�'
(�)
f
) . (4.10)

The vortex Reynolds number can then be defined as:

'4E =
ΓE

a
=
:Ω2'

a
(�)
f
) (4.11)

where : is a constant. Following the definition from Eqn. 4.10, which states that
the tip vortex circulation increases linearly with rotation rate and blade loading
coefficient, the experimental circulation measurements can be normalized by the
rotor operational parameters, yielding the normalized tip vortex strength, ::

: =
ΓE �' f

Ω'2�)
(4.12)

with typical values under hover being : = 2 for an ideally twisted rectangular blade
with constant bound circulation and : = 3 for an untwisted rectangular blade [2, 17,
24, 27]. Figure 4.10 corroborates the established relationship between tip vortex
strength and operational parameters, by plotting the measured ΓE as a function of
Ω'2/�' (�)/f). ΓE was obtained using the phase averaged data and results for
each rotor test were averaged over the azimuth angles k = 15◦, 30◦, 45◦, 90◦ for a
more robust assessment. The values closely follow a linear trend, as predicted by
Eqn. 4.10. One can observe that the normalized circulation for most investigated
rotors is around : ≈ 3 and above, with the theoretical value of : = 3 corresponding
to an untwisted, heavily tip loaded blade. This implies that these small-scale rotors
are characterized by relatively strong tip vortex strength, which was already shown
in earlier studies [24]. Given the relatively strong tip vortices, rotors of this size
may therefore be even more affected by VRS aerodynamics than their large-scale
counterparts. It was previously hypothesized that improvements in the descent
performance by increasing Z may come from a reduction of the BVI in VRS.
However, closer inspection of Eqn. 4.10 does not directly support these claims:
while larger aspect ratios increase Z (leading to reduced mean thrust losses) and
decrease tip vortex strength, increasing the blade loading coefficient, �)/f, also
increases Z , but simultaneously increases the tip vortex circulation for a given RPM.
Since it was previously shown that rotors with higher blade loading coefficients
demonstrate less thrust losses, additional factors must play a significant role aside
from the circulation of the tip vortices.
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Figure 4.10: Dependency of tip vortex strength on the rotor operational state (aver-
aged over measurements at [k = 15◦, 30◦, 45◦, 90◦]).

It should be mentioned that the process of normalizing the circulation is only
appropriate for the phase averaged data, ΓE, which is dependent on the operational
state of the rotor. The ensemble averaged results, Γ4, on the other hand, also
take the rate of vorticity transport away from the rotor into account, which is
primarily a function of the rotor induced velocity and therefore rotor thrust. This
means that blades operating at a lower thrust generate tip vortices at lower strength,
but also lower rotor induced velocities, causing the vortices to remain longer in
the integration area, which will again increase the ensemble averaged vorticity.
Because both factors, the hover induced velocity, Eℎ (via to Eqn. 2.2a and 2.14), and
the individual tip vortex circulation, ΓE (via Equation 4.12), linearly scale with the
rotation rate, Ω, for a given rotor thrust coefficient, �) , the opposing factor should
largely balance each other out. Hence, the measurements of Γ4 were not normalized
to allow assessments of the amount of vorticity in the vicinity of the rotor for a given
rotation rate and were used here for qualitative comparison purposes.

Figure 4.11 helps correlate maximum mean losses in the rotor thrust with the rotor
flow characteristics of each rotor test by plotting <8=()/)ℎ) as a function of the
normalized tip vortex strength, : , as well as ensemble averaged circulation, Γ4.
Rather surprisingly, the normalized circulation, : , on the left shows no apparent
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correlation, indicating that the relative strength of tip vortices is not necessarily
related to the thrust losses. Therefore, increased normalized tip vortex strength does
not automatically translate to higher performance degradation in VRS. Conversely,
a stronger correlation (ignoring a single outlier) can be found between <8=()/)ℎ)
and Γ4 on the right, implying that tip vortex strength for a given RPM alone is not the
sole decisive factor for thrust losses in VRS, but also the rate of how fast the vortices
are transported away from the rotor. The data suggest that rotor blades with less total
vorticity deposited in close proximity to the blade leads to better VRS performance.
One has to recognize in this regard, that Γ4 was determined over a much larger
ROI including the entire vorticity structure along the rotor slipstream compared to
the value of : , which was manually specified to include the most recently trailed
tip vortex. Therefore, the value of : is significantly more noise prone, which may
contribute to the lack of correlation shown in Fig. 4.11. Future studies, averaged
over larger data sets, may help to confirm the observed trends.

An explanation for these findings may be provided by the fact that the vortex
induced velocities on the rotor inflow are determined not only by the strength of the
vortices, but also by the miss-distance between rotor and vortex core. Consequently,
for a given rotation rate, higher �) -coefficients imply stronger tip vortex strength,
but also leads to increased convection rates due to higher induced velocities and,
thus, larger miss-distances. Hence, the net effect of rotor thrust is a result of two
competing factors, namely increasing strength and accelerated convection away
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Figure 4.11: Comparison between measured circulation (ensemble and normalized
phase average) and thrust losses.
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from the rotor disk [21]. This added convection is accounted for when ensemble
averaging the vorticity fields, since a greater convection leads to a reduction in
the average vorticity. For instance, a blade trailing strong tip vortices does not
automatically lead to large ensemble averaged circulation measurements due to
increased convection rate. It is worth mentioning that these results are for hover,
and more research is required to conclude the same mechanism would apply during
VRS. Alternative research on tip vortex formation with PIV analysis suggests that
high �) leads to local outboard blade stall resulting in a vortex breakdown despite
steady increase in thrust [28]. This means that increasing blade loading beyond a
critical point leads to progressive weaker vortex shedding due to the absence of an
outboard pressure gradient. However, this theory could so far not be corroborated
by the here performed flow visualization.

In sum, the obtained PIV flow visualization results provide further compelling
evidence that the aerodynamic losses in theVRS derive from blade vortex interaction
(BVI). The PIV data obtained for the reference blade for the characteristic descent
stages corroborate that tip vortices tend to remain within the rotor plane in the
VRS, and in contrast, convect away from it along with the rotor flow or the external
freestream in hover and the TWS, respectively, without considerable interaction.
Comparing the hover flow fields of all parametric variations of the reference blade
suggests that rotor blades with weaker and more diffused tip vortices, as well as
with an increased separation between consecutive vortices (i.e., higher convection
rate) at a given rotation rate perform better during axial descent and experience
a less compromised thrust generation. Although flow visualization for inter-rotor
comparisons was performed at hover and flow during VRS is governed by highly
dynamic behavior, the obtained results provided sufficient insight into the general
rotor flow structure of a rotor blade which appears to be influencing the strength of
BVI events during axial descent.

4.4 Findings of Parameter Biases
The following section provides a summary of the discovered influence of geometric
parameters of low-Reynolds number rotor blades on the descent performance and
figure of merit. These results were established in the wind tunnel experiments
(including thrust stand measurements) and the PIV study:

• Rectangular Blade (Reference): The fixed-pitch, rectangular reference blade
experienced a mean thrust loss of approximately 20% in the VRS when
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operating at a constant RPM. The minimum thrust occurred at a descent rate
ratio of E2/Eℎ = −1.2.

• Tip Sweep: Rotor blade tip sweep has been shown to have only minor impacts
on the �" and mean thrust generation in descent (reduction of about 1%
for both) as overall aspect ratio, thrust coefficient, and solidity remain nearly
unaffected.

• Winglet (Dihedral/Anhedral): Small amounts of anhedral have shown to im-
prove hover efficiency by 2%, but thrust losses in vertical descent increased
due to reduced blade loading coefficients. Winglets (dihedral) on a rotor blade
decreased the �" as well as <8=()/)ℎ), which is believed to derive from
increased frictional drag and heavier tip loading of the blade, respectively.
Flow visualization showed strong tip vortices for a given rotation rates, which
remain distinct for more than a full rotor rotation.

• Ogee/Vane: Ogee and Vane tips have been shown to yield better rotor perfor-
mance in axial descent, which is believed to be due to reduced tip loading and
more diffused tip vortices. These tip shape modifications, however, come at
an efficiency penalty due to reduced tip chord Reynolds number.

• Chord Length: Increasing the chord has been shown to increase hover ef-
ficiency due to higher chord Reynolds numbers, but thrust losses the VRS
also increased due to reduced aspect ratios. Opposite trends were found for
reduced chord lengths compared to the reference blade.

• Taper: Increasing blade taper showed the lowest thrust losses in axial descent
by decreasing the rotor solidity near the tip and increasing the AR. It is
believed that this effect is due to a more uniform lift distribution by decreasing
bound circulation near the blade tip and loading the inboard region more
heavily. However, blade taper also showed the greatest reduction in the �" ,
which is believed to be due to the reduction in chord Reynolds number. PIV
measurements of the rotor blade with a taper ratio of )' = 3 showed diffused
rotor tip vortices and a low ensemble averaged circulation.

• Blade Pitch: Increasing blade pitch yielded decreasing aerodynamic losses
associated with the VRS, manifesting itself in reduced mean thrust variations
and fluctuations in vertical flight, due to the increasing blade loading coef-
ficient with increasing collective pitch, while aspect ratios remain constant.
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This observation is consistent with previous research [5, 12, 13, 29] and it
is here believed that the increasing pitch increases the induced velocity for
a given RPM, further displacing the rotor tip vortices before a subsequent
rotor blade passes. Meanwhile the �" decreases for increasing as well as
decreasing collective pitch angles relative to the reference blade.

• Number of Blades: Increasing the blade count while keeping the individual
blade geometries constant negatively affects the rotor’s descent characteris-
tics, which can be attributed to decreasing blade loading coefficients. When
doubling the blade count, the aspect ratio remains constant and f doubles,
while �) does not increase proportionately. This is because the downwash
increases for the four-bladed rotor and with it the downwash induced angle
leading to the decrease in �)/f for a constant blade parameterization.

4.5 Implications and Future Research
As the parametric domain of the study is highly multidimensional, the sensitivity
analysis of this study was exclusively limited to isolated parameter modifications,
without any considerations of potentially interdependencies. Further efforts shall
therefore investigate the effects of combining these parameters into a single design,
optimized for axial descent performance. This notwithstanding, the here presented
findings can be relevant for future research in various aspects: for one, the conducted
experiments provide a valuable background for more sophisticated analyses of VRS
aerodynamics and comprehensive blade optimization processes for improved verti-
cal descent performance of small-scale rotor blades. By outlining general parameter
bias on the descent behavior, this study can considerably reduce the parameter space
for future optimizations. Apart from this, findings may serve as design guidelines
when developing new multirotor systems for given rotor blade geometries. Know-
ing the rotor geometry and �) coefficient under hover conditions will now permit a
rough estimate of the maximum thrust losses under the most severe VRS conditions
without having to perform dedicated wind tunnel tests. This allows one to budget
sufficient thrust overhead in the design process for ensuring sustained safe operation
across the entire descent regime.

Even though this study predominantly addressed axial flight aerodynamics, it may
also have further relevance in the field of noise control for multirotor platforms
since this discipline equally seeks to reduce the amount of BVI. Interestingly, a
computational parameter study of small-scale rotors was previously conducted [30]
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on very similar rotor blade geometries, with a key focus on rotor blade aeroacous-
tics. Comparing their findings with the here presented results reveals remarkable
commonalities between a blade’s VRS behavior and its acoustic properties under
hover conditions. For instance, the computational study indicated that tip changes
such as Ogee and vane tips result in acoustical improvement, while a dihedral tip
produced more noise than the rectangular-blade-baseline. In terms of the sensitivity
of blade parameters, it was equally discovered that blade taper has a beneficial effect
on the noise characteristics. Furthermore, it was shown that to increase thrust while
minimizing noise is best done by means of increasing the blade pitch rather than the
blade count or chord length, with both parameters increasing the acoustic signature
of the rotor.

4.6 Conclusions
This study presents the results of a parametric analysis, which evaluates the influ-
ence of rotor blade design parameters on the performance of small-scale rotors in
axial descent, with a special emphasis on the vortex ring state. Experimental wind
tunnel tests indicated that the rotor blade design offers a range of critical parame-
ters that can help to improve rotor performance during axial flight conditions. A
rectangular reference blade experienced mean thrust losses of up to 20% compared
to hover conditions while maintaining a constant rotation rate. Maximum thrust
losses were found at a descent rate ratio of E2/Eℎ = −1.2, independent of the rotor
thrust or rotation rate at hover. These thrust losses were accompanied by severe
thrust fluctuations, peaking at the same descent rate ratio. Isolated parameters of
the reference blade were individually modified and the performance was similarly
evaluated in equivalent wind tunnel tests. A significant reduction in the mean thrust
losses and thrust fluctuations was observed when increasing the blade loading co-
efficient and/or blade aspect ratio. For a given rotor diameter, this corresponded
to fewer blade numbers, higher collective pitch, shorter chord, and increased blade
taper. Furthermore, different blade tips (anhedral, dihedral, sweep, vane, Ogee)
were investigated, out of which the vane and Ogee tip showed reduced losses in
rotor thrust during descent. This is believed to be due to a decrease in the tip loading
and the generation of more diffused and weaker tip vortices. Another observation
of this study was that blade designs with greater mean thrust losses also displayed
more severe low-frequency thrust fluctuations in VRS, suggesting the same param-
eters beneficial for maintaining mean thrust in vertical descent also help to limit the
amount of vibrations in this flight stage. Meanwhile, the critical descent rate ratio
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where the rotor experiences the maximummean thrust losses and thrust fluctuations
was largely invariant to the geometric parameter variations and was consistently
found in a range of −1.4 < E2/Eℎ < −1.2 for all tested rotors. Characterizations
of the investigated rotor blades under hover conditions showed that improvements
in the vertical descent performance tend to come at the expense of hover efficiency
(figure of merit).

PIV flow visualization was performed and provided compelling evidence that the
arising aerodynamic losses in the VRS are caused by blade vortex interactions
(BVI). This is because the opposing freestream prevents the trailed rotor tip vortices
from convecting away from the rotor. Instead, they remain within the rotor plane
and are encountered by subsequently passing blades. Comparison of the rotor flow
structure of all investigated rotor blade designs under hover conditions suggested that
the benefits in the descent performance gained from parameter modifications and tip
shape variations appear to derive from the reduction of BVI by means of lessening
relative tip vortex strength and/or increasing the vortex convection rate away from
the rotor. In this context, a reduced ensemble average circulation corresponded
to reduced mean thrust losses in descent. A more qualitative observation beside
this was that rotor blades with superior VRS behavior showed significantly more
diffused rotor blade tip vortices.

The experimental data obtained in this study can be used as a predictive tool in
future to estimate the maximum extent of mean thrust losses of rotor blades in
vertical descent based on the blade geometry and thrust coefficient in hover without
having to perform dedicated wind tunnel tests. It may also serve as a guideline
for more comprehensive experimental and computational studies, which aim at
improving the flight characteristics of a rotor blade in axial flight.
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C h a p t e r 5

EFFECTS OF ROTOR SEPARATION ON THE COLLECTIVE
AXIAL DESCENT PERFORMANCE OF MULTIROTOR

CONFIGURATIONS

This chapter was adapted from:

M. Veismann, c. Dougherty, M. Gharib (2021). “Experimental Study of Rotor
Separation on Multirotor Performance in Axial Descent.” (In preparation)

5.1 Introduction
Previous research efforts to better understand rotorcraft performance across various
flight stages, including axial descent, have largely been limited to the analysis of
large-scale, single rotor systems, associated with full-scale helicopters. Given the
few number of operational manned multi-rotor systems (e.g., the CH-47 Chinook
tandem rotor or the V-22 Osprey tiltrotor), studies on rotor-rotor interactions have
only been sparsely performed, and if so, with a primary focus on hover conditions.
For instance, attempts have been made to characterize inter-rotor effects in hover
scenarios. Early studies found that non-overlapping twin rotors operate essentially
at isolated performance, while overlapping rotors require more induced power to
generate the same thrust as isolated ones [1]. More recent and sophisticated studies
investigated closely arranged rotors [2, 3] during which it was found that if rotors
are separated by more than two diameters, they operated at isolated performance,
without any appreciable interference. At lower separations, minor performance
deterioration were noted, even though these rotors were not overlapping. So far, the
effects of rotor-rotor interactions in axial descent have only been sparsely explored.
One of the few experimental studies comparing the descent behavior of a tandem
rotor to single rotors was performed by Washizu [4], who found that the overall
performance between single and tandem rotors comparable [5]. Meanwhile, changes
to the oscillatory behavior of the airloads were noted for the tandem rotor, where the
the periodicity of thrust fluctuations on the tandem rotor was no longer observable
and that the velocity range associatedwith theVRSbecamewider. However, thiswas
not a direct comparison as the investigated rotors of this studywere semi-overlapping
and rotor separation remained unchanged. Furthermore, the rotors were significantly
larger than those associated with unmanned multirotor craft. For investigating the
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effect of non-overlapping twin-rotors associated with tiltrotor arrangements similar
to the V-22 on the descent performance, wind tunnel tests have been conducted by
using an image plane to simulate the effect of a second rotor [6]. In this case, results
showed that adding an image plane significantly changed the descent characteristic
compared to a single rotor. These results suggest potential rotor-rotor interactions in
descent, such that two-rotor configurations behave differently than isolated rotors.
It should be noted, however, the largest inflow discrepancies between single rotor
and rotor with image plane occurred at descent angles from 50 to 70 deg, while
results at 90 deg (i.e. axial descent) were much closer to one another. Furthermore,
it was hypothesised that using an image plane may not be an accurate aerodynamic
representation of a two-rotor system. This was confirmed by [7], where results for
a dual-rotor vehicle were considerably different than for a single-rotor with image
plane. Nonetheless, this study also confirmed a change in the descent characteristic
when introducing additional rotors. Free flight experiments on a V-22 were also
performed to establish the VRS boundaries on tiltrotor vehicles [8]. While the
tests confirmed the typical thrust deficit and thrust fluctuations inherent to rotorcraft
descent, pronounced VRS-induced roll rates were observed for this rotorcraft class
due to thrust asymmetry between the two rotors, which are located far from the center
of gravity. Meanwhile, findings showed that previous models for the VRS boundary
developed for conventional helicopters are applicable to tiltrotors as well, confirming
that disk loading (i.e., induced velocity) is the primary scaling, rather than rotor-
rotor interference or rotor geometry. Up to date, only few computational efforts
have been dedicated to the investigation of the behavior and flow field properties of
twin-rotors in descent. One of the few computational studies for non-overlapping
twin-rotor vehicles was similarly performed for a V-22 airframe [9]. Note that all
aforementioned studies exclusively considered counter-rotating rotor arrangements,
as this is used in practice for torque canceling. Given the sparsity of data regarding
twin-rotors or multi-rotors in axial descent and the, at times, conflicting results,
more research is needed to fully establish aerodynamics of multiple rotors in the
VRS.

With the steadily growing use of multirotor platforms in research, industrial, and
private settings, a closer examination of potential rotor-rotor interaction in vertical
flight becomes increasingly significant. Key parameters that are introduced in this
context compared to single rotor systems are the number of rotors in the flow field as
well as their separation. Furthermore, it has to be considered that these unmanned
rotor systems operate within a relatively low Reynolds numbers regime, which is on
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the order of < 106. Similar to large-scale rotorcraft research, attempts to understand
rotor-rotor aerodynamics have predominantly focused on hover conditions [10],
which concluded also that the performance of a tandem rotor system was the same
as for two isolated rotors. Studies of multiple small-scale rotors in descent have so
far been limited to systems with a fixed rotor separation, without selectively varying
the separation. Reviewing the current state of rotorcraft research makes it evident
that the past research has so far missed to outline potential rotor-rotor interaction
and the significance of the rotor spacing on the multirotor performance in vertical
flight.

This study therefore aims to understand the aerodynamic coupling between closely
arranged rotors in steady axial descent and is intended to assess the extent to which
small-scale rotors operating in close proximity influence their neighbors in VRS.
Experimentswere performed on a small-scale dual-rotor systemwith adjustable rotor
separation in a low-speed, open-jet vertical wind tunnel. Load cell measurements
were used to quantify the mean thrust and thrust fluctuations as a function of the
simulated descent velocity. While the static mean thrust is a critical metric that
directly reflects a craft’s capability of remaining airborne, measurements of thrust
oscillations allow indirect assessment of the controllability level in this flight regime.
Furthermore, secondary effects of the rotor size and combined rotor thrust were also
considered. By comparing the dual-rotor measurements to single-rotor experiments
and models developed in previous studies, the validity of characterizing multirotor
VRSbehavior via single-rotor experimentswas examined. Two-dimensional particle
image velocimetry (PIV) analysis of the flowfield around two closely arranged rotors
in simulated descent was conducted to inform about the underlying flow patterns
and identify potential interactions. While the key objective of this study is to expand
the field of VRS research to multi-rotor applications, it may also help to provide a
deeper understanding of the flow nature in axial descent.

5.2 Investigated Rotors
Three sets of commercially available small-scale rotor blades (6", 5", and 4" two-
bladed rotors) were investigated in this study (see Fig. 5.1). Geometric and opera-
tional properties of the three rotor types are listed in Table 5.1 under the designation
(diameter x pitch), with each of the rotor blades having a slightly different ge-
ometry. Geometric parameters were obtained by manual measurements and the
�) -coefficients were established on a dedicated RC Benchmark rotor test stand. For
each rotor size, a pair of rotors, one designed for clockwise and one for counter-
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Figure 5.1: Investigated rotors.

clockwise rotation, were mounted on the dual-rotor setup described in Section 3.1.
This study only considered counter-rotating systems, as this is generally required
on tiltrotor or multirotor configurations for torque balancing. Commercial products
were chosen in this study instead of custom 3D printed rotors, as they are precisely
manufactured as geometrically matched pairs. A further incentive was to examine
how products that are already in general use are affected by the VRS characteristics.
Note that the results of a single, 6" rotor were briefly mentioned in Chapter 4. The
adjustable, normalized rotor separation between rotors, (, was defined by the ratio
of the distance between rotation axes to the rotor diameter, with values examined
within the range of:

( =
3

�
, ( = [1.0, 1.5, 2.0] . (5.1)

This range of rotor separations was selected as it is consistent with the majority of
commercially available recreational multirotor platforms.

Designation Rotor Solidity f [-] \ .75 [deg] �) -Coefficient [-] Manufacturer
6x3 0.1070 10.82 0.0077 HQProp
5x4 0.1261 18.15 0.0116 HQProp
4x4.5 0.1221 15.91 0.0063 Gemfan

Table 5.1: Rotor blade parameters

5.3 Results
Thrust measurements
Wind tunnel experiments for counter-rotating pairs of all three rotor sizes with
varying separation and thrust level were performed in accordance with the procedure
described in Section 3.1, where the rotor performance (i.e., mean and standard
deviation of the measured thrust) was evaluated as a function of descent rate. The
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mean rotor thrust ) , corresponding to the collective thrust of both rotors, and the
simulated descent velocity E2 were normalized by the initial hover thrust )ℎ and the
initial hover induced velocity Eℎ =

√
()ℎ/2d�), respectively. As discussed earlier,

one may alternatively choose to normalize the descent velocity by an equivalent
induced hover velocity based on the mean thrust measured at each descent rate,
E′
ℎ
=

√
()/2d�), resulting in a similar, yet slightly different characteristic thrust-

descent-rate-curve. Figure 5.2, showing the combined thrust of two rotors measured
by the load cell for a representative configuration (6" rotors, ( = 2), illustrates the
process of data normalization once again. As was the case for the single-rotor
experiments presented in Chapter 4, the ratio-scaled thrust values are all brought
into close alignment to a universal mean thrust curve with an intrinsic global thrust
minimum. The scaling technique helps to eliminate the influence of the initial thrust
level (i.e., rotation rate) and rotor size, and proves once more that thrust losses in
vertical flight for constant rotor rotation rate are proportional to the hover thrust (i.e.,
relative losses are independent of the hover thrust). The figure clearly shows that,
even though the two rotors are operated in close proximity, the combined descent
characteristic of both rotors still remains a non-dimensional character with respect
to the initial hover thrust, similar to the single-rotor findings presented in Chapter 4.
Interestingly, the critical descent rate ratio and maximum relative thrust loss remains
largely unchanged compared to the findings obtained by single-rotor tests of this
rotor model obtained in Chapter 4. This will be expanded upon in the following.

Figure 5.3 shows the collectivemean thrust of the dual-rotor assembly for all obtained
data sets of varying rotor size, separation, and hover thrust levels as a function of
descent rate ratio. Single rotor measurements are also added for comparison, which
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Figure 5.2: Representative raw and normalized mean thrust data for three test runs
at different rotation rates (6” rotors, ( = 2).
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were obtained using the separate, single-rotor assembly, as described in Section 3.1.
Remarkably, in spite of a wide range of investigated rotor separations, rotation rates,
and number of rotors, the thrust response of all data sets for a given rotor size main-
tains a non-dimensional character, where all measurements collapse to a universal
curve independent of these parameters. Under consideration of these results, it
appears that the mean thrust generation in axial descent is largely independent of the
rotor separation and the number of rotors in the flow (as well as previously shown the
thrust level or rotor rotation rate for fixed-pitched rotors). Meanwhile, discrepancies
can be observed between the different rotor sizes regarding the overall shape of
the thrust-descent-rate-curve and magnitude of the peak thrust losses for a constant
rotation rate, ranging from 0.67)ℎ − 0.76)ℎ. These discrepancies across the various
rotors can be attributed to changes in the blade geometry, as was evidently shown in
Chapter 4. In this case, the greatest thrust reduction of up to 33% compared to hover
conditions was recorded on the 6" rotor and it can be shown that a greater geometric
pitch, \ .75 (compare with Table 4.2) reduces variation of the mean thrust with de-
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Figure 5.3: Normalized mean thrust of two counter-rotating rotors with varying
separation distances and hover thrust as a function of descent velocity.
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scent rate. This is consistent with previous studies of large-scale [11] and small-scale
rotors [12–14] and with the findings obtained in Chapter 4. Another noteworthy
observation from Fig. 5.3 is that neither the rotor separation, number of rotors, rotor
size, or rotor geometry change the critical descent rate ratio, which remains largely
invariant at approximately −1.2 > E2/Eℎ > −1.3 for all test runs. This is consistent
with results from previous studies for axial descent conditions [6, 15]. Based on the
here obtained measurements, the mean thrust response of the dual-rotor assembly
(and single rotors) can be roughly classified into three fundamental states across the
normalized descent regime: (1) an initial thrust rise for a constant rotation rate at
low descent rates (0 > E2/Eℎ > −0.75), (2) the vortex ring state with severe reduc-
tions in rotor thrust (−0.75 > E2/Eℎ > −1.8), and (3) the turbulent wake state at
higher descent velocities where aerodynamic loads of the rotors recover and exceed
hover conditions (E2/Eℎ < −1.8). Flow field results corresponding to each of these
states are described in more detail in the subsequent section. It should be noted,
that the results regarding the invariance of rotor separation contradict findings of
some previous studies [6, 7], where the descent performance of a twin-rotor system
deviated from the isolated rotor results. Meanwhile, other studies determined that
rotor-rotor interactions only play a secondary role the VRS [8], which is in line with
the presented results. Thus, future studies shall continue to analyze the aerodynam-
ics of rotor-rotor interactions in axial descent and aim to identify the sources that
could have caused the discrepancies in some studies.

According to rotorcraft literature, a low-frequency oscillatory behavior of the rotor
airloads is a further indicator of VRS conditions [16], which is the result of a periodic
collapse and subsequent reestablishment of the rotor wake. The time periods of these
thrust oscillations has been reported on the order of multiple revolutions [17] (see
Section 2.1 for more information). Figure 5.4 displays the recorded normalized
standard deviation of the measured thrust as a function of descent rate. As was the
case in Chapter 4, the thrust histories were low-pass filtered prior for isolating the
specific low-frequency content introduced by the VRS aerodynamics from the rotor
rotational frequencies. A passing frequency of 50 Hz was selected, which was lower
than the lowest rotor rotational frequency. Note that Varying the passing frequency
within the range of 10 Hz-100 Hz did not change the results of Fig. 5.4 appreciably,
which validates the low-frequency nature of the VRS induced vibrations. It can be
seen in the graphic that, as descent rate increases, the coefficients of variation for all
data series grow linearly by an order of magnitude compared to hover conditions:
from f() ′)/) < 0.02 at E2 = 0 to peak values of 0.14− 0.20. Peak fluctuations can
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Figure 5.4: Normalized standard deviation of measured thrust of two counter-
rotating rotors with varying separation distances as a function of descent velocity.
The thrust data was low-pass filtered to 50 Hz prior, which is sufficiently below the
rotor rotational frequencies of all tests.

be found again at the same critical descent rate ratio of −1.2 > E2/Eℎ > −1.3, where
peak mean losses were recorded. As was the case for the mean thrust measurements,
the fluctuations as a function of descent rate appear to be largely unaffected by rotor
separation, number of rotors and hover thrust (rotation rate). However, the data
in Fig. 5.4 shows a larger amount of scatter, compared to Fig. 5.3, particularly at
higher descent rates after the VRS has been fully established (E2/Eℎ < −1.2). Then
again, the rotor geometry assumes a much greater role, determining the extent of
the maximum thrust losses and maximum thrust fluctuations, which was evidently
shown in Chapter 4.

The observations obtained in the wind tunnel tests suggest that, despite the turbulent
flow conditions in steady axial descent, the averaged performance parameters of
multiple, closely arranged rotors follow a universal trend, with E2/Eℎ being the
primary scaling. A fully developed vortex ring state can be expected consistently
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at a critical descent rate ratio of −1.2 > E2/Eℎ > −1.3 with thrust losses of up to
33% for a constant RPM for the here investigated rotors (see Fig. 5.1). These thrust
reductions coincide with increased low-frequency vibrations, reaching their highest
extent at similar descent rates. The results of this study are in accordancewith the one
presented in Chapter 4, where rotors with higher mean thrust losses also generally
show higher levels of vibrations. These findings indicate that relative performance
of these rotor pairs can, in an averaged sense, be largely assumed independent of
rotor separation, as well as the number of rotors and hover thrust. It is important
to note, however, that these claims can only be made for the average performance
at this point. Whether the instantaneous behavior is affected by these parameters
cannot be determined from these results. Meanwhile, a secondary influence of the
rotor geometry on magnitude of thrust losses and strength of fluctuation in vertical
flight can be observed with the critical descent rate ratio remaining unchanged for
all rotors.

Flow field analysis
Two-dimensional flow visualization was performed using a PIV setup described in
Section 3.2 to identify the underlying flow patterns around two rotors operating
in close proximity in axial descent. These PIV measurements were performed
alongside the aerodynamic force measurements in air, utilizing the same dual-rotor
wind tunnel setup. Figure 5.5 displays representative, ensemble averaged flow fields
of two 4”-rotors at different rotor separations, showing streamlines and vorticity
contours at selected descent rates ratios. These descent rate ratios were chosen as
representatives for low descent rates, the vortex ring state, and the turbulent wake
state. Additional streamline patterns for this rotor pair spanning the full descent
regime are provided in the appendix. Since this PIV study was performed in air
with much higher rotation rates compared to water and with a maximum laser-pulse
frequency of 15 Hz, the flow field data of this study is limited to time averaged results
without being able to observe dynamic behavior. However, the region of interest
(ROI) is much greater in this study compared to the results shown in Fig. 4.7,
allowing us to observe the entire rotor flow field and the full extent of the arising
vortex ring patterns.

At low descent rates, both rotor near-wakes are fully established for both separations
with the axial velocity component of the rotor flow being able to overcome the
opposing freestream within the ROI. The trailed vorticity is transported away from
the rotors along the rotor flow slipstream. The wakes are slightly inclined towards
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(a) ( = 1.0 (b) ( = 2.0

Figure 5.5: Ensemble averaged flow fields (streamlines and vorticity contours) of
two counter-rotating rotors at selected simulated descent rates.

each other, but they are not redirected by the freestreamflow. Instead, thewind tunnel
freestream flow is entrained into the rotor wakes. For larger separations (( = 2.0),
the flow direction between the wakes matches that of the rotor flow, which can also
be attributed to fluid entrainment and relatively low freestream velocities. Slight
asymmetries in the streamline pattern can be observed for ( = 2.0 at E2/Eℎ = −0.47,
which may be due to insufficient sample set size used for the ensemble averaging or
due to slight differences in the rotors’ operational state.

In the VRS (E2/Eℎ = −1.33), streamlines of the ensemble averaged flow field clearly
outline the anticipated vortex ring system forming around the rotor disks. As the
descent velocity increases starting from hover, the cores of these vortex rings can be
observed to move upward, closer to the rotor disks (see collection of all streamlines
in the appendix). In accordance with other studies from rotorcraft literature [18–21],
the cores of the vortex ring system are located in the rotor plane and close to the
rotor blade tips during the fully establishedVRS,where thrust losses and fluctuations
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peak (E2/Eℎ ≈ −1.3). As the descent rate further increases beyond this point, these
cores start to propagate above the rotor disks. The superimposed vorticity contours,
furthermore, indicate a strong vorticity build-upwithin the rotor plane in the VRS, as
was shown in the flow visualization of Chapter 4. These observations are consistent
with measurements of a single rotor [22], where the cores of the vortex ring systems
were in the rotor plane at E2/Eℎ = −1.35. However, closer investigation of the PIV
data for the two rotor separations in this descent stage yields interesting differences
in the flow patterns: at larger separation (( = 2.0), the toroidal vortex systems are
observable on both sides of each rotor disk in this two-dimensional view, much like
they develop for isolated rotors duringVRS.However, at small separations (( = 1.0),
the flow field is lacking these distinct vortex rings in between rotors. Since the two
remaining outboard vortex filaments must be a continuous structure and cannot just
be truncated, they are assumed to be connected to one another. This leads to the
conclusion that the vortex ring systems of two rotors, which are sufficiently close to
one another, merge in the inter-rotor region, resulting in the formation of a single,
continuous ”0/8”-shaped vortex ring structure, as illustrated in Fig. 5.6. An analogy
for visualizing this phenomenon may be provided by two under-water vortex rings
colliding and merging to a continuous ring. The exact geometry of the resulting
vortex structure could not be determined by the two-dimensional PIV data and is
left for future studies. When the rotors are spaced sufficiently far apart on the other
hand, these vortex ring systems are assumed to be distinct from one another, with
each of them fully encompassing their respective rotor without merging. It has to
be noted that, while the obtained flow fields in the VRS display well-defined and
orderly vortex rings, the instantaneous behavior is marked by a highly unsteady
flow and periodic wake break-down. Only by averaging over a large data set size,
the vortex structures can be clearly identified. This notwithstanding, these averaged
measurements still provide valuable insight into the underlying flow structure around
multirotors in the VRS. It should also be noted that these measurements were
performed for counter-rotating rotors. Whether the same observations can be made
for a co-rotating system is left for future investigations. Only few flow field results
around two closely arranged rotors in the vortex ring state are available in rotorcraft
literature. One of them, being computational flow field results around a V-22, are
provided in [9]. At a rotor separation of ( ≈ 1.2, the calculated flow field does
show a vortex ring system in the inter-rotor region, albeit it much smaller than on
the outside of the rotors. However, one has to consider that in this case, the wing
structure of the V-22 introduces significant interference, which has to be accounted
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for. Computational results for a quadrotor vehicle [23] also show reduced vorticity
built ups between rotors in a fully developed VRS, but this study also includes
the vehicle fuselage, which is likely having an effect on the overall flow field and
aerodynamics (e.g., shifting the critical descent rate ratio).

At high descent velocities associated with the turbulent wake state (E2/Eℎ = −1.94),
nearly all fluid flow is directed upward except near the rotor tips, where the rotor flow
is sharply redirected outboard and aligned with the freestream flow. In contrast to
the VRS, the rotor flow is not directly recirculated as the cores of the vortex rings are
generally located far above the rotors. The vorticity trailed by the rotors is therefore
convected outboard and away from the rotor disks, which explains the observed
decrease in the vibrations and the recovery of thrust. One may note however, the
smaller vortex rings and localized vorticity at the rotor tips for ( = 1.0. This shows
again that the flow field of two rotors undergoes significant changes in all descent
stages when rotors are brought closely together.

(a) ( = 1.0 (b) ( = 2.0

Figure 5.6: Artistic interpretation of the presumed vortex ring system geometry
(vortex tubes) of two rotors arising in the VRS at different rotor separation based on
results from Fig. 5.5.

5.4 Discussion
The thrust response of a dual-rotor system in axial descent was found to be largely
invariant upon the rotor separation, number of rotors, and initial thrust level of the
rotors, being near-identical to that of equivalent single rotors. Meanwhile, the rotor
geometry was again found to have a non-negligible, secondary effect on the VRS be-
havior, determining the magnitude of maximum thrust losses and peak fluctuations
(see Chapter 4). Because constant rotor rotational speeds were enforced throughout
test runs, the observed thrust reductions and increased vibrational loads must derive
purely from aerodynamic effects. These findings regarding the invariance upon
rotor separation are somewhat surprising, especially when considering the clearly
observed disparities between flow structure between of the the rotor pair with dif-
ferent separation in Fig. 5.5.
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A clue to why these rotors appeared to operate nearly unaffected by each other
might be provided by the fact that the induced velocity is the predominant scaling
for the VRS aerodynamic. In this context, previous studies have analyzed the hover
performance of closely arranged rotors in hover [3, 24] and found that the thrust
output (and induced velocity) is onlymarginally affected, evenwhen rotors operate in
proximity without overlapping. Thus, it is believed that, similar to hover conditions,
rotors operate in a highly localized area of influence in VRS without affecting each
other’s inflow considerably. It is worth pointing out that this hypothesis is expected to
lose validity when rotors start to overlap. However, up to date, not much research has
been dedicated towards investigating the descent of partially overlapping and coaxial
rotors. With multirotor systems increasingly employing coaxial rotor arrangements
for lifting heavier payloads while minimizing the footprint, this may become more
and more relevant in the future.

Given the equivalence of results from single and dual-rotor tests, one may also
examine howmeasurements of these small-scale rotors compare to established VRS
models for larger-scale, single rotors. In this regard, the induced velocity of the rotor
as a function of descent rate is traditionally used by rotorcraft literature as a metric
to compare rotor performance. However, it is in practice generally not possible to
directly measure the induced velocity of the rotors. Instead, it can be approximated
using the definitions of the blade element theory from Eqns. 2.10& 2.12 [5]. Similar
results can also be obtained when using the approach of calculating the induced
velocity via the induced power from Eqn. 2.7. Figure 5.7 shows the experimentally
determined induced velocities of all rotor tests in comparison to empirically obtained
vortex ring models for large-scale systems as suggested by Johnson [5, Table 3]
using a ^ = 1.15. Note that the descent velocity was normalized with the equivalent
hover induced velocity based on the mean thrust for each descent velocity (as is
typically done in rotorcraft literature): E′

ℎ
=

√
)/2d� instead of the previously

used Eℎ =
√
)ℎ/2d�. The computed values in Fig. 5.7 are marginally lower than

the established model at low descent rates, but generally in good agreement. At
higher descent rates (E2/E′ℎ > 1.8), the trends start to diverge more significantly,
with the experimental values exceeding the VRS model. It is worth mentioning that
the expression of Eqn. 2.10 for calculating E8 is highly sensitive to the geometric
pitch, \ .75 and therefore, imprecise geometry measurements, which were done by
hand, can have a large effects. The discrepancies at higher descent rates were
largely attributed to the parasite drag of the support structure. In this study, the drag
baselines of the support structure introduced by the freestream flowwere established
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by removing the rotors and were simply subtracted from the aerodynamic force
measurements. However, a simple subtraction of the force baseline may not be
necessarily appropriate in this case. For example, at higher descent rates, the rotors
extract momentum from the fluid and the support structure therefore experiences
reduced freestream drag. This becomes more clear when comparing the 6" rotor
results with those of the 4" rotors. The larger rotors generally operate at higher
thrust levels, and are therefore less affected by the parasite structure drag. Reducing
the drag compensation at higher descent rates has shown to yield lower values of
(E8 + E2)/E′ℎ, being much closer aligned with the established model. Thus, future
studies should target decoupling the rotors from the structure more effectively, either
by placing the load cells directly at the motors or by increasing the ratio of rotor
thrust over structure drag.

Particularly noteworthy in Fig. 5.7 is that the obtained induced velocity ratios from
all data sets of single as well as dual-rotors with different separations are close to
one another. Thus, in combination with the aerodynamic force data presented in
Section 5.3, it can be concluded that, regarding mean propulsive forces and averaged
low-frequency thrust fluctuations, the behavior of two unobstructed rotors in axial
descent can be modeled appropriately using single rotor experiments.

Concomitant flow visualization, intended to provide further insights into the under-
lying causes for the unsteadiness of the airloads, can be consulted for an explanation
as to why the critical descent rate ratio remains largely invariant for all test cases.
The generally agreed upon leading cause of VRS behavior, which was reported by
experimental as well as computational research [17, 25], is a strong vorticity build-
up at the rotor disk leading to disturbed rotor inflow conditions. In addition, some
studies [11, 26] suggest that a localized stall at the inboard portions of the rotor
blades may be contributing to the thrust loss, but acknowledge that it is unlikely that
the VRS effects on rotors arise from a global stall. Correspondingly, flow field anal-
ysis from Fig. 5.5 supports these claims of BVI-induced thrust losses by displaying
large quantities of vorticity within the rotor plane when undergoing VRS conditions
in Fig. 6.18a. The vortex cores were observed to move upwards in the axial direction
with increasing descent rate. For various rotor sizes, thrust levels and separations,
it could be shown that the vortex cores are consistently found within the rotor plane
at E2/Eℎ ≈ 1.3 or where maximum thrust losses and fluctuations occur. As the
ratio of the rotor induced velocity to opposing freestream predominantly determines
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Figure 5.7: Comparison of the calculated induced velocity for single and dual rotors
in descent with established VRS models for single rotors.

global flow pattern, it is logical that the maximum performance degradation occurs
consistently at similar ratios.

An alternative explanation about why themost pronounced blade-vortex interactions
take place at this intrinsic critical descent rate may be found by considering the axial
convection rate of the trailed tip vortex filaments, EE, under hover conditions. For
the sake of simplicity, it is assumed that this transport velocity of the rotor flow,
EE, remains constant across all descent velocities, since a constant rotor rotation
rate was enforced throughout tests and that the opposing freestream flow directly
counteracts it. With this, a model may then be constructed, stating that the net axial
transport velocity of trailing vortices in vertical flight and rotor centered frame is
the sum of the axial vortex transport velocity by the rotor wake and the freestream.

EC = EE + E2 . (5.2)

Consequently, for axial descent (E2 < 0), the relative opposing freestream reduces
the net vorticity transport, reducing the distance between a tip vortex filament and
the subsequently following blade for a constant rotation rate. With knowledge about
EE, one may predict what descent velocity yields EC = 0, where the rotor tip vortices
remain in the rotor plane. Under idealized circumstances and a uniform rotor flow
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field in hover, the tip vortices are theoretically transported with the rotor flow at
the average rotor flow velocity Eℎ. However, due to fluid mechanical losses in
real scenarios, a rotor requires larger average induced fluid velocities to generate a
nominal thrust. Furthermore, the velocity distribution of the rotor flow is far from
uniform, with flow speeds lower in the center than further outboard. This implies
that the transport velocity of tip vortices in real scenarios is expected to exceed ideal
settings:

EE,8340; = Eℎ (5.3a)

EE,A40; > Eℎ . (5.3b)

To experimentally determine EE, i.e., the velocity at which vorticity is being trailed
from the disk in an undisturbed fluid, instantaneous vorticity field around hovering
rotor pair were used (see Fig. 5.8). Because the laser-pulse frequency was limited
to 15 Hz, EE could not be determined directly, but had to be inferred by measuring
the displacement of two consecutive vortices, 3E and using:

EE ≈ 3E #1
Ω

2c
(5.4)

where #1 = 2 is the number of blades and Ω is the rotor rotational rate. Because
rotor wakes typically contract with downstream distance resulting in a mean flow
acceleration, a similar acceleration of the vortex filaments is expected. Therefore,
only consecutive vortices in close proximity to the rotor disk were considered for
determining 3E. The vortex spacing was experimentally sampled from multiple
sets of 100 instantaneous vorticity fields with varying rotor thrust, rotor separa-
tion and rotor size. Results for one selected configuration (6" rotor, ( = 2.0) are
shown in Fig. 5.9. It could be shown the vortex transport rate in hover, normal-
ized by the induced hover velocity, EE/Eℎ, closely resembles a normal distribution
EE/Eℎ ∼ N(1.24, 0.282), largely independent of the average induced velocity (i.e.,
hover thrust). Similar findings were obtained for varying rotor separation and rotor
size. Overlaying the previously discussed load cell measurements from Figs. 5.3
& 5.4, points to a possible relationship between the distribution of EE and aero-
dynamic performances depreciation. That being, if the net vorticity transport is
expressed as the linear combination of the velocity vectors, EE and E2, a descent
rate of E2 = −1.24Eℎ yields EC = 0 for the largest fraction of vortex filaments, which
would result in the highest amount of vorticity remaining at the rotor. As reported in
literature, the vorticity build-up is then periodically cleared from the rotor disk due
to wake breakdown, leading to the characteristic low-frequency vibrations [16] (see
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Figure 5.8: Representative instantaneous vorticity field of the 6" rotor pair in hover.
The initial tip vortex spacing is denoted by 3E.

Fig. 5.4). Since the measured values of EE are represented by a normal distribution,
instead of assuming a single value, provides an explanation for the gradually increas-
ing thrust losses and fluctuations, rather than a sudden effect. While the trajectories
of trailed vortices in this highly complex flowfieldmay not necessarily correspond to
a basic linear combination of the velocity vectors EE and E2, the observed correlation
is, nonetheless, indicative of why the largest thrust losses and strongest vibrations
are consistently found around a descent rate ratio of approximately E2/Eℎ = −1.3.

5.5 Conclusions and Outlook
Thrust measurements and flow visualization were performed on a small-scale, dual-
rotor model in a vertical wind tunnel under simulated steady-state, axial descent
conditions. Rotor separation, rotor size, and hover thrust were varied in order to
explore their influence on the thrust generation in descent. To establish a baseline,
single-rotor tests were conducted and compared with measurements from dual-rotor
tests. The most relevant contributions of this study are:

1. Load cell measurements indicated that, given a constant rotor rotation rate,
the collective mean thrust of the here investigated rotor models decreased up
to 30% in simulated descent compared to hover conditions. The data suggests
that the operation of these small-scale rotors in VRS is largely independent
of the number of rotors, their separation, as well as thrust level, but the
rotor geometry plays a much more significant role. Peak thrust reductions
consistently occurred at normalized descent rate ratios of E2/Eℎ = −1.2 to
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Figure 5.9: Individual and combined distribution of initial vortex convection rate
for a 6” rotor (( = 2) with various thrust levels (total of 400 samples). Data is
compared to load cell measurements (mean thrust and standard deviation, data from
Fig. 5.3 & 5.4). All velocities on the abscissa are normalized by Eℎ.

−1.3 independent of any of the aforementioned parameters.

2. Low-frequency vibrations were observed to grow in severity as descent rate
increased, with the largest fluctuations occurring within the critical ratio range
of E2/Eℎ = −1.2 to −1.3. Much like the arithmetical mean, oscillations in the
thrust history displayed a general non-dimensional behavior, independent of
the number of rotors, separation, and thrust level. The maximum extent of the
fluctuations was also determined by the rotor geometry, with designs experi-
encing larger mean thrust losses also displaying larger amounts of vibrations.

3. Measurements obtained by a single rotor model closely matched those of the
dual rotor model, thus suggesting that single rotor studies can be used to
describe multirotor systems in descent without significant loss of accuracy.
Discrepancies to previous studies were generally attributed to non-linear par-
asitic drag forces on the rotor support structure by the freestream.

4. Rotor geometry (i.e. planform shape, pitch, airfoil selection) appeared to have
a non-negligible effect on the rotor’s performance in axial flight. Increased
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collective pitch was found to reduce variations in mean thrust and fluctuations
in vertical flight. However, the critical descent ratio remained unchanged.

5. Flow field analysis in VRS captured the formation of distinctive vortex ring
systems, with the ring center attached to the rotor tips and in-plane vorticity
build-up when thrust losses and fluctuations were most severe. When un-
dergoing turbulent wake state conditions, the vorticity was observed to be
transported outboard and away from the actuator disks.

6. Averaged PIV measurements of the dual rotor model in VRS indicated the
absence of vortex rings between the rotors at small separations (( = 1).
This leads to the conclusion that, as the inter-rotor spacing is decreased, the
individual vortex ring systems associated with the two rotors merge and form
a single, continuous vortex ring structure enclosing both actuator disks.

7. All experiments were performed on a counter-rotating setup. Further research
is required if the same observations can be made on an identical, co-rating
system. This pertains the aerodynamic measurements as well as the flow field
analysis.

8. Since current capabilities limited the experimental setup to a dual rotor system,
further efforts will expand the investigation to four or more rotors, to validate
that trends hold independent of the number of rotors in the flow field. By
showing the independence of the rotor descent characteristics on the rotor
separation, this study provides the needed verification that separate, single
rotor tests can be used for modeling multirotor performance. However, this
is strictly speaking only true for unobstructed rotors. It may therefore also be
worth considering interference by the craft’s structure (e.g. fuselage or rotor
arms) itself in future studies, in order to simulate more realistic conditions.
As will be shown in the following section, the vehicle’s airframe can have
large effects on the descent characteristic.
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C h a p t e r 6

HIGH FIDELITY AERODYNAMIC FORCE ESTIMATION FOR
MULTIROTOR CRAFTS IN FREE FLIGHT

This chapter was adapted from:

M. Veismann,M.Gharib (2020). “HighFidelityAerodynamicForceEstimation
for Multirotor Crafts in Free Flight.” In: AIAA SciTech 2020 Forum pp. 0303.
doi: 10.2514/6.2020-0303.

6.1 Introduction
The rapidly expanding and multidisciplinary use of multirotor systems demands
increasingly more precise identification of their aerodynamics for performance op-
timization and to better adapt these systems for their specific application. In this
regard, aerodynamic tests of non-hover conditions play a particularly important role
for developing safer and more stable platforms. These non-hover conditions span
all flight regimes a craft might encounter during operation, from predictable cases
(e.g., forward flight) to control-challenging scenarios such as gusts or axial descent.
For their investigation, dedicated wind tunnel facilities are required to simulate the
relative freestream during these scenarios. However, despite the unique ability of
multirotor systems to perform airborne operationswithin confined laboratory spaces,
experimental fluid mechanical investigations of these vehicles predominantly relies
on rigid installations of full systems [1, 2] or specially designed static test beds [3],
fully constraining the vehicle’s dynamics during testing. Furthermore, the sup-
port structure of these rigid mountings generally introduces additional aerodynamic
interference, which needs to be accounted for.

Given these drawbacks of rigid installations, it may be advantageous in selected
cases to opt for an in-flight examination for replicating true flight conditions more
realistically [4]. However, without attachment to a static load cell, determining
the forces acting on the rotorcraft becomes inherently challenging. Furthermore,
one has to consider that, without the rigid mounting, the vehicle’s position no
longer remains perfectly stationary in the laboratory. Past attempts to estimate
multirotor aerodynamic forces in free flight used indirectmeasures, such as displaced
airflow [5] or were based exclusively on rotor speeds [6]. These approaches may
provide useful results in near-hover conditions, but are not suited for scenarios,
when wind tunnel facilities introduce a relative freestream and rotor performance
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departs from hover values. Furthermore, rotor-force estimates based on the rotation
rate generally assume that non-overlapping rotors operate at isolated performance
without interaction losses, which obviously fails to capture true flow physics of
multirotor systems and limits the fidelity of the measurements.

This study establishes the framework for estimating rotor forces to a high degree
of accuracy, and the technique can be used for any flight scenario, even when rotor
performance deviates from hover conditions. The developed methodology jointly
measures the forces acting on the craft via inertial measurements obtained bymotion
capture (mocap) pose information as well as via rotational states of each rotor to
provide a relative comparison. Only by simultaneously adopting these two distinct
estimates, with the inertial measurements serving as a ground truth reference and
the rotor based thrust measurements serving as a measure for equivalent hover con-
ditions, the rotor forces can be adequately quantified under all flight scenarios. The
estimation based on rotational states of the rotors required an extensive calibration
process prior to test flights to account for rotor-rotor interactions and Reynolds
number effects. After validating the accuracy under near-hover conditions, ground
effect aerodynamics and axial descent were closely investigated under free-flight
conditions using the developed methodology. Furthermore, PIV measurements of
two closely arranged rotors in hover were used in an attempt to better understand
the intricate interactions between rotor flows and identify the primary cause for
performance losses associated with rotor-rotor interactions.

6.2 Experimental Apparatus
The in-flight rotor force measurements were performed using a quadrotor (see
Fig. 6.1), which was custom-built and outfitted with RPM-sensors and optical mark-
ers for mocap tracking. The vehicle’s body, housing a flight controller (Pixracer)
and onboard computer (OrangePi Zero), was designed with a minimal footprint to
minimize its aerodynamic effects. The onboard computer operated a version of
ROS (Robotic Operating System), which provided the interface for streaming all
operational parameters back to a central control station via a WiFi link. Further-
more, ROS offers the functions “setpoint control”, through which the multirotor
craft remains stationary at a specified x,y,z-location. For this, an external mocap
system provided the vehicle’s position in 3D space and streamed the data back to
the central computer at 30 Hz. All four rotors on this vehicle were fixed-pitched,
off-the-shell rotor blades with the designation 6x3 and were spaced 13.25" apart.
These rotor blades were previously analyzed in axial descent in Chapters 4 and 5.
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Figure 6.1: Multirotor model including notation for equations of motion.

To precisely establish the rotor performance of the quadrotor and to calibrate the
rotor-speed based estimator prior to test flights, a calibration campaign was per-
formed using a custom thrust measurement rig, as shown in Fig. 6.2. The multirotor
could be directly mounted to the thrust stand along the rotor arms, close to the
fuselage to minimize rotor flow obstruction. A load cell recorded the total generated
thrust along the vertical axis and air bearings allowed for the frictionless transmis-
sion of aerodynamic forces to the load cell while suppressing all moments. For
closer and universal examination of rotor-rotor interactions and Reynolds number
effects, the dual-rotor setup previously used in Chapter 5 and described in Section 5.3
was directly mounted on the thrust stand instead of the quadrotor. The dual-rotor
setup allowed for easy adjustments of the rotor spacing and therefore also permitted
investigating rotors of various sizes (5", 6", 7" & 8").
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Figure 6.2: Calibration setup for the multirotor.

6.3 Force Estimation Based on Rotor Speed and Calibration
The net vehicle thrust force and moments arising from the aerodynamics can be
determined using the individual rotor forces [7]:
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(6.1)

For fixed-pitch rotors, which are typically employed on these small-scale multirotor
systems, the thrust output of each rotor is regulated by adjusting its rotation rate
while the rotor geometry remains unchanged. Broadly speaking, the steady-state
thrust force of the rotor is then assumed to be proportional to the fluid density and
increases with the square of the rotor’s rotation speed ) = 5 (d,Ω2) and can be
expressed using the non-dimensional thrust coefficient �) [8]:

58 = �),8d�8 (Ω8'8)2 . (6.2)

where d is the fluid density, � the rotor disk area, Ω the rotor rotation rates, ' the
rotor radius and the subscript 8 designates the rotor number. Alternatively, since �
and ' remain invariant for a given rotor throughout a test, one may alternatively use
a dimensional form of the thrust coefficient 2C :

58 = 2C8 dΩ
2
8 (6.3)
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Combining Eqns. 6.1 and 6.3, the thrust andmoments of a multirotor system become
a function of the rotational rates:
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(6.4)

As the inertia of fluid particles is considerably less than the inertia of the rotors, the
thrust estimation using rotor speed as a metric can capture transient effects without
expecting delays in the thrust response. To establish the 2C coefficients and thereby
provide the mapping from rotational states of the rotors to their generated thrust, a
calibration needs to be performed prior to test flights. As the calibration is performed
without external flow, the obtained force estimates based on the rotational states of
the rotors correspond to the thrust that the quadrotor would be producing if under
hover conditions ()ℎ). For the calibration, the thrust coefficients were individually
established for each rotor using the previously described thrust measurement stand
(see Fig. 6.2). Since all all moments were suppressed by the air bearings, Eqn. 6.4
reduces to:

)Σ = d

[
2C1 2C2 2C3 2C4

] 
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3
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4


(6.5)

Placing the full quadrotor system directly on the calibration rig, instead of single
unobstructed rotors, provided realistic 2C-values, accounting for rotor installation
orientations and vehicle structure interference. The individual dimensional thrust
coefficients, 2C8 , were determined by gradually increasing the rotation rate of each
rotor while measuring the thrust output and least squares fitting the results. Each
thrust coefficient was established separately, without operation of the other rotors
(i.e., assuming no rotor flow interaction). The determined thrust coefficients at
isolated performance are plotted in Fig. 6.3. It can be seen that Eqn. 6.2 generally
captures the true thrust response of each rotor when operating independently. One
can also observe that the 2C-coefficients are slightly different, which may be due to
geometric variations or different installation orientation of the rotors.

To verify if these isolated thrust coefficients appropriately describe the total thrust
output when operating all four rotors simultaneously, two test sets were generated. In
the first test set, random rotational rates were applied to each rotor, while the second
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Figure 6.3: Measured thrust output vs. rotation rate of each rotor on the quadrotor.

test set was generated by assigning an equal speed to all rotors. Figure 6.4 compares
the total thrust generated by all rotors, as measured by the load cell, in the different
test sets to predictions using Eqn. 6.5 based on simultaneously recorded rotation
rates and the isolated thrust coefficients. The predicted thrust associated with the
RPM assignment are found to be consistently higher than the measured thrust in
both test sets. This indicates that additional aerodynamic interference between
rotors take place when operating multiple rotors, which reduces the thrust (and
therefore the individual thrust coefficient) compared to isolated performance. These
interactions have to be taken into consideration for an accurate force estimation in
free-flight. Furthermore, one can observe a nonlinear offset between true response
and predicted response in Fig. 6.4 (right), which increases towards the median of
the investigated thrust levels, suggesting that a purely quadratic fit of Eqn. 6.5 is not
particularly exact. The deviation from a quadratic fit is believed to be associated
with Reynolds number effects due to changing rotation rates. These simple test sets
provide the verification that using isolated thrust coefficients is too simplistic and
does not capture rotor interactions as well as Reynolds number effects which have
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Figure 6.4: Test sets with randomly normal distributed Ω8 around the mid-throttle
point (left) and uniform Ω8 (right) to compare the corresponding generated thrust
)Σ to estimates )4BC derived via Eqn. 6.5 using isolated 2C values.

to be incorporated into the rotor-speed-to-thrust mapping. These two effects are
closely investigated in the following.

Reynolds number effect
Accuratelymeasuring the rotor-generated thrust in free flight requires deeper analysis
of the ongoing aerodynamic mechanisms, including Reynolds number effects. The
characteristic thrust curve of an isolated rotor of the quadrotor is displayed in
Fig. 6.5a. A purely quadratic fit according to Eqn. 6.3 is shown to be generally in
good agreement with the measured data. However, a quadratic fit over-predicts and
under-predicts the thrust forces at low and high rotation rates, respectively. This
becomes particularly evident when examining the residual between measurement
and prediction in Fig 6.5b. These deviations can be attributed to an increase in
Reynolds number with increasing rotor rotational speeds, with Reynolds number
being defined as [9, 10]:

'4 =
d+∞2

`
=
dΩ'2

`
(6.6)
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Figure 6.5: Thrust generation of an isolated rotor as a function of rotational speed.

where the characteristic length is the chord at the 75% radial position and the
characteristic velocity is the tip speed. Past research could show that an increasing
Reynolds number results in higher thrust coefficients, which is due to an increasing
sectional lift coefficient and decreasing sectional drag coefficient [9]. This effect
has been reported to be particularly pronounced for the small-scale rotors, which
operate in relatively lowReynolds number regimes [11]. In addition, theseRe-effects
are typically only observable during operation on small-scale, fixed-pitch rotors,
since larger, variable-pitch rotors achieve thrust modulation through variation of the
effective angle of attack of airfoil sections, while the rotor spins at a constant RPM
(and therefore operates at a constant Re number). A suggested correction to account
for Reynolds number related changes in the sectional drag and lift coefficients of
rotors relative to tabulated results, is:

23 (U) =
1
 
23C01;4 (U) (6.7)

2; (U) =  2;C01;4 (U/ ) (6.8)

where  = ('4/'4C01;4)= is the Reynolds number correction factor [12, 13]. The
exponent, =, was experimentally determined to be 1

8 < = <
1
5 , with = =

1
5 being the

established 1/5-th power law for a turbulent flat plate boundary layer. In accordance
with the suggested correction, Fig. 6.6 illustrates the changes in thrust coefficient
with regards to the Reynolds number formultiple lowReynolds number rotors. Here,
the thrust coefficient was directly determined for various rotor sizes for each Ω − )
combination that was recorded on the calibration stand for a range of rotation rates
instead of least squares fitting across the entire data set. The data closely follows the
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Figure 6.6: Effect of Reynolds number onto thrust coefficient.

trend of  = ('4/'4<0G)0.125 for most cases (i.e., decreasing thrust coefficient with
decreasing Reynolds number compared to maximum Reynolds number operation)
and therefore confirms an exponent = of approximately 1/8. The large amount of
scatter at lower values of '4/'4<0G is largely due to a poor signal-to-noise ratio
at the low thrust settings. Using Eqn. 6.6, the Reynolds number correction factor
 from Eqn. 6.8 can be incorporated into the thrust coefficient, accounting for Re
effects when mapping rotation rates to the generated thrust:

58 = 2CA4 5  dΩ
2
8 = 2CA4 5 (

'48

'4A4 5
)= dΩ2

8 = 2CA4 5 (
Ω8

ΩA4 5
)= dΩ2

8 . (6.9)

Because the reference Reynolds number '4A4 5 (or alternatively the reference rota-
tional speed ΩA4 5 ) is a constant factor, it can be absorbed into the constant, adjusted
thrust coefficient.

58 = 2C8 dΩ
2+=
8 = 2C8 dΩ

2.125
8 . (6.10)

Figures 6.5a and 6.5b verify the improved accuracy between the Re-effect corrected
fit with adjusted exponent and the experimental data. When accounting for the
Re-effects, the residual is nearly zero across the full operational range.
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Figure 6.7: Data adapted from previous studies regarding interaction thrust reduc-
tions based on the rotor separation [14–17].

Rotor-Rotor Interaction
Similar to Reynolds number considerations, rotor-rotor interactions must be ac-
counted for when predicting the collective rotor forces of a multirotor system.
Figure 6.4 showed that thrust predictions consistently exceed the true response if
establishing the individual thrust coefficients at isolated performance. This indicates
that the collective operation of all four rotors results in a decreased thrust output
when compared to isolated rotor performance. Previous studies have attempted to
assess these rotor-rotor interactions in hover as a function of rotor separation ana-
lytically, experimentally, or computationally [14–17]. These studies unanimously
asserted that a rotor’s thrust coefficient (or alternatively the generated thrust at given
rotational speeds) decreases compared to isolated performance with decreasing sep-
aration distance between neighboring rotors (see Fig. 6.7). However, most studies
exclusively consider rotor separation as the only variable affecting the thrust losses,
completely neglecting the operational state of the rotors (e.g,. rotational speeds,
induced velocity of the rotor disk, or disk loading). Instead, a constant depreciation
of the rotor thrust is assumed for a given rotor separation.

Thus, a dedicated experimental study was performed, during which the thrust losses
for closely arranged rotors was examined for developing a suitable model on rotor-
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rotor interactions, which considers the rotor separation as well as their operational
state. For simplicity this study was performed on a dual-rotor setup with two
counter-rotating rotors. The rotor assembly, which was previously described in
Section 3.1, was mounted directly on the test stand shown in Fig. 6.2. Findings
were later extended to quadrotor systems. Using this setup with only two rotors
greatly simplified the analysis and allowed to study rotor-interaction effects without
significant structure interference. Tests involved sweeps of rotational speeds for
various rotor separations. Initially, both rotors of the dual-rotor assembly were
operated independently up to rotation rates of Ω = 350B−1 and the isolated thrust
coefficient of each rotor was established based on Eqn. 6.10. Subsequently, both
rotors were operated together and gradually spun up the same rate to Ω = 350B−1

and the resulting thrust was compared to the sum of the isolated rotors for a given
rotor RPM. The results of the average thrust coefficient (averaged over all rotation
speeds) are included in Fig. 6.7 for two rotor sizes and are in qualitative agreement
with the previous studies. Meanwhile, Fig. 6.8 also considers the operational states,
showing the absolute and relative thrust loss compared to isolated performance as
a function of rotational speed and rotor separation for matched rotational speeds
between a 6" rotor pair. The relative change in generated thrust for a given rotational
speed is given by:

2C''

2C�
=
5''

5�
=
5� + Δ 5
5�

= 1 + Δ 5
5�
. (6.11)
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Figure 6.8: Measurement of absolute (top) and relative (bottom) thrust reduction
for two rotors compared to isolated performance as a function of rotational speed
and rotor separation (6x3 commercial rotor blade).
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Figure 6.9: Thrust reduction curve slope as a function of rotor separation compared
to fitted curve.

Interestingly, it can be seen in Fig. 6.8, that the relative change 5''/ 5� is not constant
across all rotational speeds for a given rotor separation as previously assumed by
other studies. While the absolute thrust loss Δ 5 increases near-linearly with rotation
rate, the relative thrust loss 5''/ 5� decreases. These results evidently show that, in
addition to rotor separation, the operational state of a rotor pair with close lateral
spacing has a profound effect on the relative performance reduction

5'',8

5�,8
= 5 (Ω8,Ω 9 , 38 9 ) ,

5''

5�
≤ 0 , (6.12)

where 38 9 is the physical separation between rotor shafts, which can alternatively
be expressed in normalized form as ( = 3/�. In this case, Ω was selected for
describing the operational state of the rotors, however, one may just as well use the
generated thrust or induced velocity, E8. Based on the results for a matched rotor
pair in Fig. 6.8, the absolute thrust loss Δ 5 can be roughly approximated as a linear
function

Δ8 5 = <Ω8 with Ω8 = Ω 9 and < = 5 ((). (6.13)

As to be expected, the slope < describing the absolute thrust loss with rotation rate
decreases with rotor separation, satisfying the limit established by previous studies,
stating that the relative losses tend to zero at large rotor separations, independent of
the operational state:

lim
(→∞

2C''

2C�
((,Ω) = 1. (6.14)
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Further statements about the physical enforced constraints for matched rotational
states (Ω8 = Ω 9 ) can be made:

lim
(→1

2C''

2C�
((,Ω) ≠ 0, lim

Ω 9→0
Δ 58 ((,Ω) = 0. (6.15)

An expression satisfying these constraints is given by

Δ 5 = 2 (_8 9 Ω8 (6.16)

where ( = 3/� is the non-dimensional rotor-shaft separation, _ is the exponential
decay coefficient (_ = −1.49), and 2 is a constant (2 = 1.7 ∗ 10−4). Both _ and 2
were established by curve fitting the results from Fig. 6.9.

By combining Eqn. 6.14 with Eqn. 6.10, an expression for the relative thrust loss is
found:

5''

5� 8

= 1 +
2 (_

8 9
Ω8

2C8 dΩ
2.125
8

for Ω8 = Ω 9 . (6.17)

This expression satisfies all experimentally observed trends: when ( or Ω become
large, the relative losses compared to isolated performance asymptote towards zero.

However, matched rotational states can generally not be assumed during multirotor
flight, as differential rotation rates are necessary for controlling moments. Thus a
similar experimental campaign was performed for an unmatched pair of counter-
rotating rotors. Figure 6.10 shows the results for thrust losses of a rotor pair with
unmatched rotational speeds. The results for the matched cases derived from this
data set (dotted line) agree well with the previous results. The data shows that if
Ω8 � Ω 9 then 5''/ 5� = 1. Similar outcomes are found if Ω8 = Ω 9 >> 1.

We find that Eqn. 6.17 can be extended to unmatched cases by considering the rotor
speed ratio:

5''

5� 8

= 1 +
2 (_

8 9
Ω8

2C8 dΩ
2.125
8

(Ω 9

Ω8

)0.75 (6.18)

as can be shown by the reconstruction of the loss term, obtained by this expression,
illustrated in Fig. (6.10) (bottom). The reconstruction (bottom) shows very good
correlation with the measurements (top).

These rotor-rotor effects can ultimately be implemented into Eqn. 6.5. Extending
the expression from Eqn. 6.18 for the tandem rotors to quadrotor configurations was
done by multiplying the correction terms 5''/ 5� for each rotor pair of the quadrotor.
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Figure 6.10: Measurement of thrust reduction for an unmatched counter-rotating
rotor pair as a function of rotor separation and rotational states (top), extracted
hover-line values (measurements for matched rotational speeds) (middle), and re-
construction using empirical correlation (bottom).

This effectively means a multiplication of all three loss terms (losses for a given
rotor introduced by all three other rotors):

)Σ =

4∑
8=1

2C8 dΩ
2.125
8

( 4∏
9=1, 9≠8

1 +
2 (_

8 9
Ω8

2C8 dΩ
2.125
8

(Ω 9

Ω8

)0.75
)
. (6.19)

The accuracy of this updated mapping was evaluated using the previously described
test sets (see Fig. 6.11). Despite the complex aerodynamics at hand, incorporation
of the correction terms ( 5''/ 5�) and consideration of the Re number effects allows
to accurately estimate the measured thrust across the full range of rotational speeds.
Lastly, one has to consider that the quadrotor vehicle does not remain stationary
and perfectly level during operation. The estimated combined thrust force can be
transformed from the body to the lab frame using the vehicle’s attitude:

®� = )Σ '43 = )Σ


2>B(k)B8=(\) + 2>B(\)B8=(q)B8=(k)
B8=(k)B8=(\) − 2>B(k)2>B(\)B8=(q)

2>B(k)2>B(\)

 . (6.20)

It should be noted that when using the traditional mapping from Eqn. 6.5, Re number
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Figure 6.11: Comparison between predicted and true response for two test sets
(random and uniform RPM). The prediction is corrected for Re effects and rotor-
rotor interaction.

effect and rotor interaction losses cancel each other out at high rotation rates, leading
to a nonlinear residual between estimation and measurement (see Fig. 6.4).

6.4 Dynamics-Based Estimator
A secondary method for measuring free-flight forces was based on the vehicle
accelerations, which can either be measured directly using an onboard inertial
measurement unit (IMU) or can be derived from external position measurements
obtained by the mocap system. Using the rigid body dynamics [7]:

< ¥A = <643 − )Σ'43 (6.21a)

" = � ¤l + l × �l (6.21b)
¤' = 'l̂ , (6.21c)

Equation 6.21a can be modified to find the forces on the body in the inertial coordi-
nate frame: 

�G

�H

�I

 = <
©«

¥G
¥H
¥I

 +

0
0
6


ª®®®¬ . (6.22)

The forces derived from these rigid body dynamics serve as a ground truth case, as
they represent the true resulting forces which accelerate the vehicle, independent of
the external flow conditions (i.e., referred to as the actual thrust) during flight tests).
It is important to note that Eqn. 6.22 is strictly speaking only valid for low flight
velocities, as the vehicle drag needs to be considered otherwise. Since the mocap
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system recorded discrete position information at specified sampling frequencies, the
acceleration and, therefore forces on the body, can be approximated using a second
order finite difference scheme [18]. Illustrating this process, the thrust force in the
z-direction is approximated via a central scheme:

¥I: =
(−I:+2 + 16I:+1 − 30I: + 16I:−1 − I:−2

12ΔC2
)
+ O(ΔC4) (6.23)

�I,: = <( ¥I: + 6). (6.24)

Because finite difference schemes introduce undesired noise into the approximations,
the raw position data needs to be low-pass filtered prior to differentiation to eliminate
small fluctuations, which become amplified during differentiation if not removed
(see Fig. 6.13).

6.5 Results
A free-flight test campaign, consisting of multiple flights with purely axial flight
trajectories, was conducted in order to validate the accuracy of the developed in-
flight force estimation technique. Thesemeasurements were performed at the Center
for Autonomous Systems and Technologies at Caltech with the quadrotor shown
in Fig. 6.1, which was previously mounted on the calibration rig. Position and
attitude of the quadrotor were recorded using an installed motion capture system
at a sampling frequency of 30 Hz along with the rotational rates of all rotors.
Figure 6.12 schematically depicts the experimental setup and data pipelines. In
the first series of tests, the rotorcraft was manually piloted to follow an axial flight
trajectory. Figure 6.13 illustrates the profile of one selected flight, showing the
vertical position, velocity, and acceleration as a function of time. The flight profile
features low vertical accelerations at the beginning (i.e., close to hover conditions) as
well as dynamic flightwith strong accelerations but lowvelocities (| ¤I | < 2 m/s) at the
later stages of the flight. The vertical velocity and acceleration were computed using
the discrete position information obtained by the mocap system. Equation 6.24 as
well as Eqns. 6.19 and 6.20 were used to provide the force estimates based on vehicle
acceleration measurements and rotor rotational speeds, respectively. Because these
tests were performed in a semi-outdoor environment, local atmospheric data was
recorded during the experiment and incorporated into Eqn. 6.19.

Inspection of the net lift estimates, �I, in Fig. 6.14 confirms that both estimates
are in good agreement throughout the flight, and particularly within segments with
near-hover scenarios and low accelerations (C = 12B − 35B). Since the rotor-speed-
calibration was performed without external freestream, it was expected that both
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Figure 6.12: Schematic experimental setup of the free-flight test campaign
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Figure 6.13: Z-trajectory of a sample flight (position: motion capture measurement,
velocity and acceleration estimated using finite difference schemes, low-pass filter
cutoff: 5 Hz).

force measurement approaches produce similar thrust values when the craft is hov-
ering or in near-hover conditions (i.e., experiencing low velocities). Meanwhile,
dynamic flight with large vertical acceleration and deceleration (C = 36B − 46B) is
equally captured. Departures of the force values can be found when the vehicle is in
close proximity to the ground (C = 8−11B) and when the vehicle is descending (e.g.,
C = 37B). These departures are due to changes in the rotor performance (thrust co-
efficient) due to interactions with the ground [19] or downwash, respectively. These
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differences between the predicted thrust values can be exploited for quantifying the
relative rotor performance under non-hover conditions with more dynamic flight,
which is only made possible by employing two independent estimators simultane-
ously, where the estimation based on vehicle acceleration serves as a continuously
updated, ground truth reference of forces acting on the vehicle. The applicability of
this technique for analyzing non-hover condition is explained in more detail in the
following in case studies on ground effect aerodynamics and axial descent.
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Figure 6.14: Comparison of the net lift estimation provided by the mocap-estimator
and rotor-speed-estimator. Note that both force histories were low-pass filtered for
better comparison.

Ground Effect
Aside from capturing dynamic flight, the developed technique proved to be well
suited for investigation of flight scenarios under ground effect aerodynamics. The
experimental setup is identical to the one shown in Fig. 6.12. However, in this
case, the quadrotor was controlled in an offboard mode and the setpoint altitude was
progressively reduced. Figure 6.15 (left) shows the flight profile’s altitude in red
and quantifies the changes in force performance due to the interaction between the
ground and the rotor flow. Note that the quadrotor is not in contact with the ground
at C = 80B−100B. One can clearly observe that as the craft approaches the proximity
of the ground, the forces predicted by the rotor rotational states decrease compared
to the near-constant acceleration-based forces. This implies that the rotors operate
at lower rotation rates as the vehicle approaches the ground while generating the
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same, constant thrust for maintaining the same altitude. Comparing the ratio of
both estimators in Fig. 6.15 (right) ()/)ℎ =rotor-speed estimator/dynamics-based
estimator) confirms that the thrust generation for a given rotation rate is becoming
increasingly more effective as the normalized vehicle altitude, A/', is reduced,
producing the a constant thrust at lower rotation rates than during hover in free space.
Despite some data scattering, the trend of the rotor performance over normalized
ground clearance, I/', agrees well with analytic solutions [8]:

)

)ℎ
=

1
1 − ('/(4I))2

. (6.25)

It is also worth pointing out that for large I/', the moving mean of the experimental
data converges towards )/)ℎ = 1, which is again a confirmation for the accuracy of
the developed thrust estimation procedure.
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Figure 6.15: Time series force measurements for a quadcopter in ground effect (left)
and resulting relative thrust compared to normalized distance to the ground (right).

Axial Descent
Axial descent at moderate descent rates, commonly described as vortex ring state
(VRS), is generally associated with deteriorating rotor performance due to aerody-
namic losses as a result of the re-ingestion of rotor downwash [11]. For investigating
the descent characteristics of the quadrotor in free-flight, the craft was flown in the
vertical freestream of a multi-fan wind tunnel at the Center for Autonomous Systems
and Technologies at Caltech (see Fig. 6.16). This open-jet wind tunnel has a test
section size of 2.88 m × 2.88 m and can deliver flow speeds of up to 15 m/s. The
quadrotor was positioned in a stationary hover, approximately 2 m over the wind
tunnel and was controlled via the ROS featured setpoint control, which provided
significantly better station keeping capabilities compared to manual control. Af-
ter reaching a steady hover, the velocity of the uniformly, vertically rising wind
tunnel flow was incrementally increased while the quadrotor maintained its con-
stant position (i.e., hovered in the freestream). Therefore, the acceleration-based
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Figure 6.16: Schematic experimental setup and data pipelines of the free-flight axial
descent investigation using a multi-fan wind tunnel facility to simulate the relative
freestream.

force measurements were anticipated to remain near-constant, while the rotor-speed
based thrust estimates were predicted to diverge from it due to the aerodynamic
losses. Performing these tests using a wind tunnel facility, as opposed to physically
descending the craft, allowed for greatly extended testing times under laboratory
settings where mocap tracking is readily available.

Figure 6.17 (left) shows the time history of force measurements associated with both
estimators in simulated axial descent for a selected flight. The flight profile with
a relatively constant z-position is plotted in red and the incrementally increasing
wind tunnel velocity is plotted as the black dashed line. In contrast to the previ-
ously investigated ground effects, the rotor-speed-based estimator ()ℎ) progressively
exceeds the dynamics-based estimator ()) as the wind tunnel velocity increases, in-
dicating a compromised thrust generation due to aerodynamic losses from the rotors
operating in their own recirculating wake. Figure 6.17 (right) illustrates the ratio
of both estimators ()/)ℎ) as a function of descent rate ratio for four separate test
flights. Values were averaged for each discrete descent rate and the descent velocity
was normalized by the induced hover velocity, Eℎ =

√
)ℎ/2d� ≈

√
< 6/2d�. Since

the velocities introduced by the wind tunnel were significant in these scenarios, the
drag of the vehicle’s fuselage and rotor arms had to be accounted for by updating
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Eqn. 6.23:
�I,: = <( ¥I: − 6) −

1
2
d 23 (1>3H E

2
2,: . (6.26)

The drag of the craft, without rotors, was recorded in prior tests to establish the drag
coefficient (23). This first order approximation of drag forces Eqn. 6.26 operates
under the assumptions that the vehicle stayed level and the 23-coefficient as well as
the cross-sectional area (1>3H remained unchanged throughout tests. When plotting
the ratios of both estimators as a function of descent rate in Fig. 6.17 (right) one
can clearly see the relative loss in rotor thrust compared to hover conditions, with
maximum losses of <8=()/)ℎ) = 0.83. This implies that for the same RPM, rotors
generate up to 17% lower thrust compared to hover conditions. Consequently, rotors
have to spin faster to maintain a constant thrust for hovering, which is why the rotor-
speed estimator increases with descent rate due to increased rotation rates. For
comparison, the results of a statically mounted quadrotor are superimposed in gray.
The free-flight results agree well with the statically mounted results in terms of
magnitude and location of the minimum thrust, however the fixed mounted results
show a small bump at E2/Eℎ = −0.7, which ismissing in the free-flight data. Since all
free-flight data over multiple tests can be collapsed to a single line by normalization,
it is believed that this inconsistency between free-flight and fixed-mounted thrust
measurements cannot be attributed to inaccuracies in the measurement technique.
Instead, this offset may be due to physical differences derived from the craft’s
attitude fluctuations, the flight controller’s contribution in increased differential
rotor speed control during this turbulent flight regime, or other reasons outside the
scope of this paper. Another noteworthy observation in Fig. 6.17 (right) is that the
introduction of the vehicle fuselage has a profound impact on the critical descent
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rate ratio, where maximum thrust losses occur. In Chapters 4 and 5, it was evidently
shown that neither the rotor geometry nor the rotor separation on multirotor systems
influence the critical descent rate ratio of unobstructed rotors, which remained
largely unchanged at −1.2 > E2/Eℎ > −1.4. In contrast, including the vehicle
fuselage and rotor arms considerably reduced it, in this case to E2/Eℎ = −1.0.
Preliminary studies showed that shift of the critical descent rate ratio becomes even
more significant when rotor separation decreases and rotors are brought closer to
the fuselage. More focused studies are therefore necessary for thoroughly analyzing
the impact of fuselage size and geometry on the flow field and resulting rotor forces
in axial descent.

6.6 Discussion
The following section briefly elaborates on the key findings presented above. With
the main objective being a precise force estimation in free flight, considerable efforts
were dedicated towards quantifying the complex inter-rotor aerodynamics for allow-
ing accurate results across a wide range of thrust settings. Previous studies found
that side-by-side, non-overlapping rotors exhibit thrust reductions not exceeding 3%
for tandem rotors and 5% for quadrotors compared to the isolated performance (see
Fig. 6.7). Using the results obtained on the thrust stand, it could be confirmed that
these effects are minor, but still have to be considered for an accurate estimation
of the rotor thrust. Accounting for the rotor-interactional effects (and Re number
effects) during free-flight experiments, showed a near-identical thrust response com-
pared to true forces acting on the craft derived from vehicle accelerations around the
hover point as well as during dynamic maneuvers. However, while the expression
in Eqn. 6.19 yields accurate thrust estimates for any operational speed as well as
rotor separation, a time intensive calibration process is needed. Furthermore, for
basic system in-flight identification, the majority of the flight envelope will be close
to a trim condition, in a narrow band of thrust values equal to the weight of the
vehicle and with all rotors operating at a similar RPM. Hence, a less sophisticated,
yet more time-effective estimation of the thrust in free-flight can be achieved by
using a black-box model for comparably satisfactory result:

)Σ ≈ d
[
2′
C1 2′

C2 2′
C3 2′

C4

]
︸                   ︷︷                   ︸

®2′C

[
Ω2.125

1 Ω2.125
2 Ω2.125

3 Ω2.125
4

]>︸                                       ︷︷                                       ︸
®Ω

. (6.27)

This approach incorporates a constant deficit due to rotor-rotor interaction losses
into the thrust coefficient, which is a fair assumption when operating within a small
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range of rotational speeds. The corrected thrust coefficients can be established
when operating all rotors simultaneously and using least squares fitting. Since
this method converges with comparably little training data, a calibration can also
be performed in-flight rather than on a dedicated calibration rig where the force
estimates fromvehicle accelerations could be used as the ground truth for calibrating.
The Re-number effect, denoted by the increased exponent, still has to be included as
otherwise the residual at low as well as high rotational speeds would be significant.

Aside from providing a more accurate quantification of the rotor thrust under con-
sideration of Re-effects and rotor-rotor interactions, new insights into the underlying
flow mechanism present during operation of multiple rotors with near lateral place-
ment can be gained from this study. Previously, Young [16] suggested that the
observed thrust reductions for closely arranged rotors derive from a skewed up-
stream far-wake and constructed the analytic expression

2C''

2C�
≈ cos

[√32
3c

(
2 −

( 1
2'

)2)]
(6.28)

where 1 is the rotor shaft half distance and ' the rotor radius. A comparison
with the here obtained results shows, however, that this analytical approximation
greatly over-predicts the interactional losses. Thus, the hypothesis that rotor-rotor
interactional thrust losses stem from a skewed momentum flux was closer examined.
However, instead of the inflow, the downstream conditions were considered here.
When arguing that the vertical momentum of the flow is reduced when the rotor
wakes are skewed, with the relative thrust loss being:

5''

5�
= 2>B(k) (6.29)

where k is the wake convergence angle (i.e. the angle between the wake center
path and the vertical). To experimentally determine the downstream wake direction
a PIV study was performed using the PIV setup described in Section 3.2. Hover
flow fields of a counter-rotating tandem rotor setup were recorded for a total of 16
different combinations of rotor size (4" and 6" rotors), rotor separations and thrust
levels. A representative flow field of two counter-rotating rotors operating in close
proximity is displayed in Fig. 6.18a. A deflection of the rotor wakes from the vertical
can evidently be observed as the rotor flows are inclined towards each other and start
to merge towards the bottom of the region of interest.

Determining the wake angle for each configuration was done by first establishing
the rotor flow core paths by identifying the center coordinates (G2) of both wakes.
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(a) Flow field (velocity magnitude) of two closely arranged counter-rotating rotors (incl.
approximate wake center).

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Horizontal Distance, x [m]

0

50

100

150

200

250

V
e

rt
ic

a
l 
M

o
m

e
n

tu
m

, 
v

2
 [

(m
/s

)2
]

Measurements

Gaussian Fit

x
c1

x
c2

(b) Gaussian fit of vertical momentum to
approximate wake center (values extracted
from the flow field along a row-wise line,
denoted as A-A in Fig. (6.18a))

0.2 0.25 0.3 0.35 0.4

Vertical Distance, y [m]

-20

-15

-10

-5

0

5

W
a

k
e

 D
is

ta
n

c
e

 (
x

c
2
-x

c
1
)-

D
 [

m
] 10-3

dx
w

/dy=-0.0806

(c) Distance of wake centers as a function
of vertical distance

Figure 6.18: Determination of the downstream wake convergence of a 4” rotor
(( = 1.1, Eℎ = 3.9</B).

These coordinates were found by row-wise extracting the vertical momentum (E2)
from the PIV measurements and approximating the momentum distribution of the
wakes as a Gaussian distribution (see Fig. 6.18b):

E(G)2 = 21 4
(−((G−G21)/22)2) + 23 4

(−((G−G22)/24)2) (6.30)

where G21 and G22 correspond to the location of peak momentum (i.e., the center
of the rotor flow momentum) for each rotor wake, respectively. The approach of
approximating the momentum as a Gaussian distribution was chosen as it yielded
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more robust results of the wake center. Figure 6.18c shows the distance between
both wake-centers, GF = G22−G21, as a function of vertical location. One can clearly
observe that the center distance decreases near-linearly with downstream distance,
therefore allowing establish the convergence angle by means of a linear fit and via:

k = C0=−1 (1
2
mGF

mH

)
(6.31)

where mGF/mH is the slope of the wake center distance with vertical distance shown
in Fig. 6.18c. Table 6.1 lists the measured wake angle for all explored config-

Table 6.1: Experimentally determined wake convergence angle.

4" rotor 6" rotor
vℎ [m/s] 3/� = 1.10 3/� = 2.06 vℎ [m/s] 3/� = 1.05 3/� = 1.38

1.2 3.0◦ −0.7◦ 2.0 3.7◦ −0.2◦
2.1 1.4◦ 0.3◦ 3.2 3.9◦ 0.4◦
3.0 2.1◦ 0.2◦ 4.4 4.6◦ 0.9◦
3.9 2.3◦ 0.3◦ 5.6 4.5◦ 0.6◦

urations. Instead of the rotor thrust, the induced velocity was used as a metric
for the rotor operational state for better comparison between rotor sizes. The in-
duced velocity, Eℎ =

√
)ℎ/2d�, was determined using the measured thrust for each

case [8]. Results suggest an increase of the wake deflection from the vertical with
decreasing rotor separation. Correspondingly, a decrease in the produced rotor
thrust (vertical lift) is expected as the wakes’ mean momentum vector is no longer
oriented vertically, which is in accordance with the force measurements. For in-
stance, the magnitude of thrust losses for the separation of 3/� = 1.05 is around
5''/ 5� = 2>B(4.5◦) = 0.9969, which is close, yet marginally lower than measure-
ments shown in Fig 6.9. Thus, there must be additional factors at play, which need
to be considered. Nonetheless, the strong correlation between rotor separation and
wake convergence angle is indicative that thrust losses may derive to some degree
from a skewed rotor flow. While the dependency of the rotor separation becomes
apparent from experimental PIV study, definite conclusions about the influence of
the rotor thrust or induced velocity cannot be drawn from the data.

It should be noted that these PIV measurements were performed on a tandem rotor
setup. Previously, it was shown that the resulting overall losses can best be extended
to quadrotor systems by multiplying the loss terms for each rotor-combination, as
shown in Eqn. 6.19. The explanation that the wake skew angle leads to thrust losses
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is consistent with the concept of multiplicity, as it is expected that one rotor (in
a tandem rotor setup) causes deflection into one direction, while adding a second
rotor pair (for four total rotors) deflects each wake into the second, orthogonal
direction. In this case, the effect of the diagonal rotor pairs is assumed to be
minimal. Furthermore, previous studies have shown that similar thrust reductions
can also be observed for rotors in close proximity to a wall [20]. These studies
attempt to simulate rotor-rotor interactions with a single rotor, where the wall acted
as an image plane. While in this case no actual flow is induced by neighboring
rotors, researchers have identified a wake inclination towards the wall, which is
another indicator that the observed thrust losses are caused by a skewed, no longer
axial rotor flow.

6.7 Conclusion
This study presents a method for accurately estimating free-flight forces acting on
a rotor-based vehicle without relying on rigid attachments to a load cell. The
methodology simultaneously employs two self-contained force estimates: one using
the vehicle’s rigid body accelerations obtained by external motion capture tracking
and the other using rotor rotational speed measurements as an approximation of the
generated rotor forces. The two resulting estimates can be compared to one another
during different flight stages, allowing an evaluation of rotor performance in various
non-hover scenarios.

Whenmapping rotor-rotation rates for fixed-pitch rotors to the generated rotor thrust,
interactions between neighboring rotors and Reynolds number effects needed to be
considered. Results indicated that Re number effects can be accounted for by incor-
porating an additional exponential factor in the traditional, quadratic RPM-to-force
mapping. Furthermore, it was shown that rotor interaction losses are determined
by the separation distance as well as the operational state of the rotors. Based on
these findings, a close-form expression describing multirotor force generation was
established. Using thrust data from test sets generated on a thrust measurement
rig, it could be demonstrated that this expression accurately estimates the generated
rotor forces for any combination of rotor speeds.

A validation flight tests campaign consisting of various flights with purely axial
trajectories was performed to assess the accuracy of the developed force estima-
tion strategy and its applicability for investigating characteristic multirotor flight
scenarios. With the rotor-speed estimator being calibrated under hover conditions,
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both force values of both methods were in close agreement when the vehicle was in
hover, providing the needed verification for sufficient measurement accuracy. An-
ticipated departures of measurements obtained by the two methods under non-hover
conditions (e.g. vertical descent, ground effect), provided insight into the relative
rotor performance in these flight stages. More precisely, when in ground effect,
the predicted rotor thrust based on RPM for a given rotation rate decreased as the
clearance height to the ground decreased, indicating that lower RPM are required
to maintain a constant position with zero net acceleration than for hover in free air.
Trends closely followed those of traditional theoretical models for rotors in ground
effect. Furthermore, the study presented preliminary investigations of the descent
behavior of multirotor crafts in free-flight, where a thrust deficit compared to hover
conditions could clearly be observed. Average thrust values obtained from the here
presented descent study were in good agreement with analogous, statically mounted
tests. Only by combining these two force measurement methods, where the intro-
duction of the dynamics-based estimates serves as a continuously updated ground
truth, enabled accurate and instantaneous force estimation in free-flight, even when
the craft is undergoing dynamic flight maneuvers.

Implications of this study are that vehicle and rotor forces are now quantifiable in-
flight allowing replication of realistic flight scenarios where the craft’s dynamics and
rotor flow are not affected by rigid load cell attachments. Without the reliance on
external mounting structures, whichmay require continuous adjustments throughout
a campaign (e.g., adjusting the vehicle angle in forward flight based on the veloc-
ity), one is now able to perform these tests more time-effectively. Furthermore,
direct comparisons are now possible between wind tunnel-aided experiments and
physically translating investigations of forward flight or axial descent.
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C h a p t e r 7

AXIAL DESCENT OF VARIABLE-PITCH MULTIROTOR
CONFIGURATIONS: AN EXPERIMENTAL AND

COMPUTATIONAL STUDY FOR MARS DEPLOYMENT
APPLICATIONS

This chapter was adapted from:

M. Veismann, S. Wei, S. Conley, L. Young, J. Delaune, J. Burdick, M. Gharib,
J. Izraelivitz (2021). “Axial Descent of Variable-Pitch Multirotor Configu-
rations: An Experimental and Computational Study for Mars Deployment
Applications.” In: Vertical Flight Society’s 77th Annual Forum And Technol-
ogy Display

7.1 Introduction
The Ingenuity Mars Helicopter [1, 2], accompanying the Mars 2020 rover mission,
demonstrated the first powered flight on another planet on April 19, 2021, open-
ing up new approaches of extraterrestrial exploration. While this mission is still
ongoing, research is already underway to prepare a future helicopter-only science
mission. This mission anticipates a dedicated science rotorcraft, significantly larger
than the current Ingenuity system, to support the increased weight of an additional
science payload. One concept, the Mars Highland Helicopter (MHH) [3], leverages
the design heritage of the Ingenuity system, by adopting a similar, counter-rotating,
co-axial rotor arrangement. More recent developments also consider multirotor
platforms instead of a co-axial rotorcraft for the design of the second generation
of Mars helicopter [4]. All of the currently circulating concepts for a future Mars
helicopter adopt relatively large rotors for their weight (' > 0.6 m) in order to
sustain flight on Mars, and it is likely that they will utilize variable-pitch control,
also known as variable collective or collective control due to control bandwidth
considerations. Traditionally, terrestrial hobby multirotor vehicles employ fixed-
pitch, variable-RPM control, which is mechanically simple and robust; however,
there is a fundamental limit as rotor size increases, beyond which fixed-pitch sys-
tem are no longer able to overcome the large moment of inertia for quick RPM
adjustments [5] and safely controlling the rotor performance by varying RPM alone
becomes infeasible.
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A dedicated rotorcraft mission without accompanying surface vehicles is currently
being considered as it opens up new possibilities for future Martian explorations:
aside from apparent advantages over rover-type explorers regarding traversing rough
terrain and covering larger surface areas, a helicopter-only mission offers new alter-
natives to the traditional atmospheric entry, descent, and landing (EDL) procedure.
Up to date, Mars surface missions have all landed via dedicated landing systems
such as high-G airbags or rocket thrusters, which typically require 100+ kg (220 lb)
of specialized hardware to decelerate from ∼30 m/s (98 ft/s) parachute terminal ve-
locity to almost 0 m/s before touch-down. Since a helicopter can readily slow itself
down over this velocity range, NASA-JPL has proposed a novel EDL technique,
in which the rotorcraft is instead deployed from the aeroshell in mid-air at the end
of the parachute phase before landing. By doing so, traditional landing systems
could be omitted entirely. Initial Mid-Air Deployment (MAD) concepts propose
the following sequence: lowering of the rotorcraft from the stowed configuration
inside the aeroshell after heatshield separation, rotor spool up, and subsequent sep-
aration from the entry capsule backshell before transitioning to stable controlled
flight. The Mars-MAD sequence is visualized in Fig. 7.1. The Dragonfly mobile
lander designed for Titan [6] plans to use a similar sequence, although much slower
timeline. By not relying on dedicated landing hardware, MAD offers the potential
to drastically reduce the total mission mass and cost. Furthermore, low-mass entry
vehicles on Mars decelerate at higher altitudes, enabling missions to the Martian
highlands currently deemed unreachable by traditional Mars entry systems. These
highlands are the oldest terrains on Mars, accounting for 50% of the surface, have
never been explored. They could solve outstanding questions in planetary science
today related to the operation of the Mars dynamo, the formation of the early crust,
and the evolution of the early environments [7]. For more motivation of the MAD
concept as well as the deployment and descent details, readers can refer to prior
publications [3, 8].

One of the most pressing engineering challenges associated with MAD is the fact
that the entry configuration is descending at parachute velocity during deployment,
and the rotorcraft will therefore experience axial (and possibly non-axial) flight con-
ditions, potentially subjecting it to adverse descent aerodynamics, generally referred
to as vortex ring state (VRS) [9]. These aerodynamic disturbances typically arise
when a rotorcraft descends into its own wake, introducing significant unsteadiness
in the rotor loads, leading to severe lift losses and reduced control authority. The
deployment is further complicated by the presence of the entry capsule backshell,
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Figure 7.1: Proposed EDL-sequence of a Mars science rotorcraft with Mid-Air
Deployment: the helicopter is lowered from the backshell at the end of the parachute
phase, rotors are spun up, the rotorcraft is released and transitions to a controlled
flight for landing. Reproduced from [8].

which presents a risk of vehicle damage in the event of recontact and has to be
avoided at all costs during rotorcraft separation. In addition, the convex geometry
of the backshell increases the complexity of the local flow field around the rotorcraft
in the initial stages of deployment.

Consequently, the MAD project utilizes Earth-analog experiments and computa-
tional efforts to assess the feasibility of deploying a rotorcraft in mid-air and outline
the most promising deployment strategies. Of key interest were a comprehensive
evaluation of rotor aerodynamics and vehicle dynamics during deployment. A
scaled backshell was also constructed to specifically study rotorcraft-backshell flow
interactions, but this is still on-going work. This study presents work conducted for
investigating the post-release, free-flight, vertical-descent phase of the MAD flight
envelope, without considering the backshell aerodynamics. In particular, the thrust
loss and thrust fluctuation experienced by variable-pitch multirotor craft in axial
descent was quantified and the stability and controllability were studied.

Previously, considerable research efforts have been dedicated to investigating the
effect of the VRS aerodynamics on the rotor performance, universally observing
losses in the mean rotor thrust combined with significant increasing thrust fluctu-
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ations. However, previous studies have been largely limited to large-scale, single-
rotor helicopters. More recent efforts have also started examining the performance
of small-scale, low Reynolds number rotors in the VRS with fixed pitch [10, 11] as
well as variable pitch [12, 13], but these studies are, similarly, limited to statically
mounted, single rotors only. Therefore, this work seeks to fill this knowledge gap
for low Reynolds number, variable-pitch multirotor platforms. Of further interest
was how variations in the rotor pitch angle affect the overall rotor performance in
the VRS and to understand the degree of agreement with simulation tools.

An experimental campaign was carried out consisting of free-flight experiments
of a variable-pitch quadrotor in a vertical wind tunnel to simulate axial descent
scenarios (see Figs. 7.5 and 7.15 for illustration). Without rigid connections to a
load cell, nominal in-flight forces were predicted using rotor pitch commands sent
by the vehicle flight controller. This estimated thrust could be compared against
the instantaneous thrust generated by the vehicle in descent based on acceleration
measurements to quantify the thrust loss as a function of descent rate. Thus, in-
flight forces could be quantified without relying on a rigid mounting and without
restricting vehicle dynamics, to obtain new insights into the true axial descent
characteristics of a variable-pitch multirotor. Parallel to the experiments, mid-
fidelity computational fluid dynamics simulations were performed using the tool
RotCFD [14] for a wide range of rotor pitch angles (5°-15°) and descent rates (0 m/s-
6 m/s). To facilitate comparisons between simulations and the experimental results,
a near-identical vehicle geometry as well as identical operational parameters were
used. The computational environment, furthermore, allowed to perform a sensitivity
analysis involving a single rotor and four rotors without fuselage to assess rotor-rotor
interactions and effects of the vehicle fuselage on the overall descent performance.
All experimental and computational efforts throughout the study were performed
under Earth relevant atmospheric conditions, but scaling considerations of rotor
parameters to the Ingenuity system and the proposed MHH are presented to assess
the research’s applicability for future Mars scenarios. The goal of this study is to
use the experiments for validation of the analogous computational analysis, which
can ultimately be performed for Martian conditions. Meanwhile, research presented
in this paper also has direct applicability for any terrestrial variable-pitch multirotor
vehicle in axial descent. This will become increasingly relevant when multirotor
systems are scaled up to a point (e.g. for cargo transportation), where a traditional
fixed-pitch, variable-RPM control is no longer feasible.
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7.2 Experimental Apparatus
Free-flight experiments were performed on a variable-pitch quadrotor within a ver-
tical wind tunnel to investigate the VRS aerodynamics and characterize the relative
thrust loss for this type of rotorcraft. The following section provides a comprehen-
sive description of the rotorcraft platform and equipment utilized throughout the
study.

Rotorcraft
A modified Stingray 500 quadrotor (see Fig. 7.2) was used as the test platform in
this study. This commercial-off-the-shelf product, generally used for aerial acro-
batics, is equipped with independent pitch control for each rotor within the range
of approximately −35° < \ < 35°. Unlike conventional fixed-pitch multirotors,
which are controlled via differential rotor speed, this vehicle is powered by a single
electric motor, driving all four rotors via a belt and pulley transmission system at the
same, constant rotation rate of 6316 RPM. The vehicle has a total mass of 1.68 kg,
including all onboard equipment added for this experiment and the major dimen-
sions are illustrated in Fig. 7.2. While the drivetrain of the Stingray 500 (motor,
belt-pulley-system, rotor blades, rotor shafts, and swashplates) was left unchanged,
the central fuselage was modified to incorporate a Pixhawk flight controller (FC),
a Raspberry Pi onboard computer, and an electric RPM sensor. The battery posi-
tion was adjusted to align the center of gravity with the vehicle’s geometric center.
Furthermore, motion capture markers were placed on the craft to allow for rigid
body tracking of the vehicle within the laboratory space. All relevant vehicle and
rotor parameters are also listed in Table 7.1 and compared to the Ingenuity Mars
Helicopter and the Mars Highland Helicopter (MHH) designed by NASA Ames [3].

Rotor Blade Pitch Control
The pitch of each rotor on the Stingray can be independently controlled by separate
swashplates, allowing positive as well as negative blade pitch angles. During this
study, the rotor pitch was limited to positive angles only for a better representation
of future Mars helicopter concepts which were deemed unlikely to require acrobatic
powered-descent. Each swashplate is actuated by a servo via pushrods, which is
mounted on the rotor arms, close to the fuselage (see Fig. 7.2). Because only
collective and no cyclic rotor pitch control was employed, a single servo per rotor
was sufficient to raise or lower the swashplate for increasing or decreasing blade
pitch, respectively. Each servo position is controlled by the flight controller via
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(a) Schematic illustration

(b) Physical system

Figure 7.2: Variable-pitch quadrotor platform including major dimensions, rotor
number assignment, and component description.
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Figure 7.3: Rotor pitchmeasurements based on pulsewidthmodulated servo signals.

a pulse width modulated (PWM) signal within the range of 1000 µs-2000 µs, with
increasing pulse width length resulting in a counter-clockwise servo rotation. Servo
arms and pushrods were adjusted such that a 1.5 millisecond pulse corresponded to
a 90-degree servo position and approximately zero rotor pitch. Figure 7.3 shows the
individual rotor pitch vs. PWM signal, which was measured using a RC pitch gauge
temporarily installed on the rotor. Given the installation orientation of each servo,
either a counter-clockwise (servos 1 and 2) or clockwise (servos 3 and 4) rotation
direction is needed to increase the blade pitch. The figure indicates that for a wide
range of pitch angles, which are also typically found during regular operation, a
near-linear relationship exists between the PWM signal and pitch. It is important
to note here, that the swashplate mechanism itself has a significant backlash of ±2°
for a given PWM input as indicated by the pitch gauge. Furthermore, installing
the pitch gauge generally caused a natural pitching up of the rotor blade within this
backlash range due to shifting the center of gravity behind the blade’s mounting
location. Thus, the measurements in Fig. 7.3 were expected to be marginally
overestimating the rotor pitch for a given PWM signal, as reflected by the error
bars extending further towards lower pitch values. It could later be confirmed
that the experimentally determined pitch angles were approximately 1° higher than
the theoretical and computational ones. Given the uncertainty in the rotor pitch
measurements, the raw PWM values were used directly to estimate the in-flight
rotor thrust.
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Figure 7.4: Rotor blade geometry based on manual measurements in mm (hatched
area: un-profiled, flat hub mounting face).

Rotor Geometry
Figure 7.4 displays the geometry of the rotor blades. These dimensions were
obtained by manual measurements since no official manufacturer specifications for
the rotor geometry was available. Each rotor is equipped with two rotor blades and
has a diameter of 286 mm (∼11.3 inches). The rotor blades are untwisted, marginally
linearly tapered between stations ‘A’ and ‘B’, and have symmetric airfoils (U0 = 0).
Maximum thickness and chord length were measured at stations ‘A’ and ‘B’. All
relevant rotor parameters are also listed in Table 7.1. Inboard of station ‘A’, the
rotor blade has a more complex shape with the flat mounting face (indicated as
the hatched area) protruding from the blade surface. It is worth mentioning that
defining the rotor solidity, f, for these low aspect ratio rotor blades can be quite
sensitive to the selection of the appropriate blade planform area. In this case the
rotor solidity was based on the blade’s profiled area, thus, excluding the mounting
face (hatched area). For simplicity, the computational approach approximated the
rotor blade geometry inboard of station ‘A’ as a constant-chord rotor up to the rotor
mounting hole at A = 32.2 mm, and also assumed a NACA0012 airfoil throughout
the blade.

Wind Tunnel Setup and Experimental Procedure
Figure 7.5 schematically depicts the setup of the experimental campaign. A multi-
fan wind tunnel facility at the Center for Autonomous Systems and Technologies
(CAST) at Caltech was used to simulate the external upflow of axial descent. This
allowed to study the rotorcraft’s VRS performance in a controlled laboratory setting.
The wind tunnel facility is composed of 1296 individual DC fan units, which were
all assigned identical duty cycles for a uniform flow, and is capable of generating
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Figure 7.5: Schematic wind tunnel setup and data pipelines (wind tunnel schematic
provided by WindShape LLC).

flow velocities between 0-14 m/s. The test section has an overall cross-sectional
area of 2.88 m × 2.88 m (9.5 ft × 9.5 ft) and can be oriented horizontally as well
as vertically. An external motion capture system was installed around the wind
tunnel to provide precise three-dimensional position and attitude information of the
quadrotor during flight by tracking dedicated infrared markers.

A total of five free-flight tests were performed over the wind tunnel. During each
test, the rotorcraft was manually piloted and hovered approximately 4 m (13.1 ft)
above the vertical wind tunnel. The rotor pitch was adjusted based on a combination
of manual control inputs to maintain a constant position and FC commands for a
level attitude over the wind tunnel. After an initial hover period, the wind tunnel
freestream velocity, E,) , simulating the external flow of a steady descent, was
incrementally increased in 20 second intervals up to amaximumwind tunnel velocity
of approximately 6 m/s. During the test flight, the onboard computer, running a
version of ROS (Robotic Operating System) logged all relevant vehicle operational
parameters at a sampling frequency of approximately 30 Hz, including rotor rotation
rates, pitch servo signals (PWM), acceleration measurements by the onboard inertial
measurement unit (IMU), and position as well as attitude information provided by
the motion capture system. All parameters were time-stamped and streamed back
to a central control station via a WIFI link.
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7.3 Applicability of Research
Direct Applicability
All experimental and computational efforts of this study have been performed under
standard atmospheric conditions (d = 1.225 kg/m3, 6 = 9.81 m/s2). Consequently,
findings are directly applicable to conventional rotorcraft operation under Earth-
relevant scenarios. Specifically, the research presented here addresses terrestrial
low Reynolds number, variable-pitch multirotor aerodynamics in axial descent.

Similarity Considerations for Future Mars Mission
Because the study was motivated by the investigation of MAD in the Martian atmo-
sphere, the applicability of results for potential future Mars missions is here closer
examined. For this, a comparison of the Stingray’s key geometric and operational
parameters to the current Ingenuity system of the Mars 2020 mission and the pro-
posed Mars Highland Helicopter (MHH) is shown in Table 7.1. In the past, vacuum
chamber experiments with a similar wind tunnel facility were used for Ingenuity, to
avoid the challenge of aerodynamically scaling the problem. However, this chamber
was not available for this research project. Yet, even though experiments and com-
putations were performed under Earth-relevant conditions, appropriate scaling of
physical parameters can help translate results and make them applicable to Martian
scenarios. For this, fundamental requirements are generally the geometric (i.e., iden-
tical design) and dynamic similarity (Reynolds number and Mach number, among
others) between engineering models and the final design. However, in practice, it is
generally challenging to represent all relevant variables appropriately, which is why
it is advisable to establish an order of priority of the scaling requirements based on
the objectives of the experimental campaign.

Because the experiments were primarily used to address variable-pitch multirotor
aerodynamics in the VRS, special emphasis was given towards similarity require-
ments of rotor parameters in axial descent. As previously stated, axial descent is
primarily parameterized by the ratio of the descent speed, EI, to rotor induced veloc-
ity and Eℎ was given as the appropriate velocity scale [9]. Thus, the ratio EI/Eℎ was
considered the primary focus for non-dimensional matching between the Mars case
and the Earth-analog experiment. For reference, theMHH, deployed at the end of the
parachuted phase at 30 m/s, would experience a descent rate ratio of EI/Eℎ ≈ −1.16.
Accordingly, for descent-rate-ratio equivalence, simulated descent velocities of up
to ∼ 6 m/s (EI/Eℎ ≈ −1.17) were investigated during the Earth-relevant study of the
Stingray.
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Table 7.1: Key vehicle parameters of the Stingray compared to the current Ingenuity
system and proposed Mars Highland Helicopter (MHH).

Parameter Stingray Ingenuity1 MHH2

Vehicle Mass, < 1.68 kg 1.80 kg 4.14 kg
Rotor Radius, ' 0.143 m 0.605 m 0.605 m
No. of Rotors, #A 4 2 2
No. of Blades/Rotor, #1 2 2 4
Rotor Solidity, f 0.0893 0.148 0.404
Rotation Rate, Ω 6316 RPM 2575 RPM 2882 RPM
Tip Speed, EC8 ? 94.6 m/s 163 m/s 183 m/s
"0C8 ? 0.28 0.71 0.8
'4C8 ? 1.61 × 105 2.19 × 104 3.37 × 104

Hover Velocity, Eℎ 5.12 m/s 17.0 m/s 25.8 m/s
Descent Velocity, E2 ≥ −6 m/s - −30 m/s
Descent Rate Ratio, E2/Eℎ ≥ −1.17 - −1.16

1[1, 4], 2[3]

Further considerations should be given to the rotor and vehicle geometry as well
as Reynolds number and Mach number, all of which have been reported to have a
secondary significance on the axial descent performance of a rotorcraft. Currently,
no official design for a future Mars science rotorcraft exists, but the finalized design
is likely to be a variable-pitch multirotor platform. Thus, a variable-pitch quadrotor
was chosen as most suitable to help inform about control-related issues and was
assumed to be sufficiently close to any future Mars science helicopter design for
validating Mars flight simulation tools.

Satisfying full dynamic similarity can be challenging in this case, since the Mars
rotorcraft platforms generally operate at a relatively low Reynolds number (∼ 104),
and a high Mach number (∼ 0.7-0.8) compared Earth-relevant systems, due to the
low atmospheric density. While increasing rotation rates increases the"0 number, it
will also simultaneously increase the '4 number. Hence, it is generally not possible
to match both '4 and "0 using Earth-equivalent conditions without simulating the
appropriate atmosphere. Ultimately, the '4 number was presumed to have a greater
significance on the flow characteristics and rotation rates were chosen as low as
possible to minimize the '4 number differences between the Stingray experiments
and Mars rotorcraft.

Altogether, in the context of the test campaign, the descent rate ratio, EI/Eℎ, was
seen as the most critical non-dimensional variable, which is the primary influencing
factor of rotorcraft descent aerodynamics. Therefore, matching the descent rate
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ratio was believed to give a suitable representation of axial descent conditions on
Mars in this first-order approach. Meanwhile, the impact of geometry and other
non-dimensional parameters ('4, "0) is secondary, and future, more sophisticated
studies should seek to minimize the geometric and dynamic differences to the actual
Mars scenario. However, this may require dedicated environmental chambers to
scale Reynolds number and Mach number appropriately and simultaneously.

7.4 Variable-Pitch Rotor Aerodynamics in Hover
Unlike previously discussed fixed-pitch rotors that regulate the thrust by changing
the rotational speed, variable collective pitch control employed on a rotor allows
control of the thrust output by means of changing the local angle of attack of the
rotor blade elements via a swashplate mechanism, while the rotor spins at a constant
rate. Thus, the variations in rotor geometry affect the thrust coefficient and in turn
the resulting rotor thrust via: ) = d�) �(Ω')2. Large-scale helicopters typically
combine collective pitch control with cyclic pitch control to change the helicopter’s
direction of movement. In the case of a variable-pitch multirotor, each rotor features
independent collective pitch control to regulate attitude and direction of movement
through differential rotor thrust, thus not needing cyclic control. The total vehicle
thrust output is the sum of the thrust of each individual rotor.

Unlike the free-flight rotor force estimation based on rotational states fromChapter 6,
the geometric pitch needs to be considered for this vehicle. Using the blade element
theory, the individual rotor thrust can be estimated from operational parameters
based on the radial distribution of aerodynamic loading of the rotor blade. The
following analysis briefly summarizes analytic blade element theory rotor thrust
models suggested by [15, 16] and assumes untwisted blades with symmetric airfoils
(U0 = 0), which is representative of the rotor geometry utilized throughout the study.
The effective angle of attack of a blade element is defined as difference between the
geometric pitch angle, \, and the relative inflow angle, q:

U = \ − q, (7.1)

and the local blade lift coefficients is given by

�; = �!U (U − U0) = �!U (\ − q − U0). (7.2)

According to the local blade element theory, the local rotor thrust increment of a
blade element can be modeled as:

3�) =
1
2

( #1
c'

)
2(A)�;A2 3A, (7.3)
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where A is the radial distance fraction. The rotor’s total thrust coefficient is the
incremental thrust integrated along the blade:

�) =
1
2

( #1
c'

) ∫ 1

0
2(A)�;A2 3A (7.4)

with �) = )/d�(Ω')2. To evaluate �) generally requires information regarding
spanwise variations of the lift coefficient, �; = �; (U, '4, "0) as well as the inflow,
_ = (E8 + E2)/(Ω '), determining the relative inflow angle, which can typically not
be solved analytically. However, by making the assumption of a constant lift-curve-
slope, �;U , and uniform inflow velocity along the span

�!U ≈ 2c = 2>=BC. (7.5)

_ = q A = 2>=BC. (7.6)

yields the expression

�) =
1
2

( #1
c'

)
�!U

∫ 1

0
2(A)

(
\ A2 − _A

)
3A (7.7)

and for hover, _ℎ =
√
�)/2 [16]. Furthermore, to account for non-ideal flow

conditions, the tip loss factor � can be introduced, which is treated as a reduction
in the effective blade radius, with � usually between 0.95 and 0.98 for full-scale
helicopters. However, on low aspect ratio rotors � can be considerably lower.
Previously, various methods for calculating the tip loss factor based on the rotor
loading or geometry have been suggested [16]:

� =1 −
√

2�)
#1

(7.8a)

� =1 − 2(A = 1)
2'

(7.8b)

� =1 − 22(A = 0.7)
3'

(7.8c)

resulting in a wide range of values of approximately 0.88 < � < 0.94 for the given
rotor geometry and thrust coefficients found in this study. Incorporating the tip loss
factor, Eqn. 7.11 becomes

�) =
1
2

( #1
c'

)
�!U

∫ �

A2

2(A)
(
\ A2 −

√
�)

2
A

)
3A, (7.9)

which can be solved numerically and iteratively for �) for a set of given geometric
and operational rotor parameters (', 2(A), #1, \, A2, Ω). For the case of rectangular
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rotor blades (2 = 2>=BC.) and insignificant root cutout, the BET expressions can be
further simplified to yield a closed-form analytic solution:

�) =
1
2
f

∫ �

0
�;A

2 3A =
1
2
f�!U

∫ �

0
(\ A2 − _A) 3A (7.10)

�) =
1
2
f�!U�

2 ( \�
3
− 1

2

√
�)

2
)

with f =
#12

c'
. (7.11)

Note here, the models presented above describe the thrust of a single rotor. The
total vehicle thrust of the quadrotor is then the sum of the individual rotor thrust

)Σ =

4∑
8=1
)8 = d�(Ω')2

4∑
8=1

�)8 . (7.12)

The collective vehicle thrust for the rotor geometry of the quadrotor investigated in
this study based on Eqns. 7.9 and 7.12 is shown in Fig. 7.6 (middle) compared to
experimental and computational results. A tip loss factor of � = 0.88 fromEqn. 7.8c
resulted in the best agreement between the theoretical model and the computational
results. This is considerably lower than a � generally used for full-scale helicopters.
Note here that the blades also have a substantial root cutout, which could contribute
to the low values of � along with the low blade aspect ratio. The solution of the
model from Eqn. 7.9 suggests a near-linear relationship between the pitch angle and
the generated thrust of a rotor at high angles of attack and within the narrow range
of pitch angles typically found during hover (see Fig. 7.6 (middle)). Accordingly,
simple linear thrust models for a rotor in near-hover have previously been suggested
[5, 17, 18]

)8 = d2'
3Ω2�!U\/3. (7.13)

Since the term d2'3Ω�!U remains constant throughout a test run and thrust only
varies with the rotor’s collective pitch, this model can be rewritten

)8 = 1!,8\8 (7.14)

where 1! is a constant combining all rotor parameters, and can also encompass tip
losses as well as the effect of the relative inflow angle.

7.5 Experimental Hover Thrust Calibration
Since the experimental campaign was conducted with free-flight tests, the generated
rotor forces could not be measured directly, but had to be inferred from in-flight
vehicle parameters. Two separate approaches were used to independently determine
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the vehicle thrust, similar to Chapter 6. In this case, one estimate was similarly
based on vehicle acceleration data, here obtained by the IMU, and the second one
was based on the rotors’ geometric pitch, inferred by PWM values sent to the pitch-
actuation-servos. Both methods provided independent assessments of the total
vehicle thrust and could be compared against each other to characterize the relative
vehicle performance in axial descent.

Using the vehicle mass and accelerations along the vertical axis obtained by IMU
measurements, the forces acting on the craft and causing said acceleration could
easily be calculated. In theory, assuming negligible fuselage drag and other external
forces acting on the rotorcraft, this force measurement corresponds to the instanta-
neous net vehicle thrust, independent of the flight conditions. Since the acceleration
data is directly measured by the onboard IMU, the thrust value based on this method
is referred to as the measured thrust, )<.

In addition, the thrust of a rotor can be approximated based on the rotor blade pitch
angle, \, using the linear model suggested in Eqn. 7.14 () = 5 (\)). Since this
model is only valid for near-hover conditions, the thrust values predicted by this
method correspond to the thrust, which the vehicle would be generating for a set of
pitch angles if under hover conditions. Because this value is not measured directly,
but estimated from operational parameters, this thrust value is here referred to as
estimated thrust, )\ . In summary:

)< ≈ )
)\ ≈ )ℎ

(7.15)

and it follows that under near-hover conditions, the estimated total rotor thrust, )\ ,
equals the measured thrust, )<. Following the linear model for the individual rotor
thrust based on the geometric pitch angle from Eqn. 7.14

)< = )\ at hover (7.16)

)\ =

4∑
8=1

1!,8\8 (7.17)

)< = < ¥I1 (7.18)

where ¥I1 is the acceleration in the body frame and 1!,8 are constants for each
rotor. While the operational parameters are known and theoretical values for �!U,8
technically exist to approximate 1!,8, it is most convenient to directly determine
these constants from experimental data by means of least squares fitting. This can
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also significantly improve the accuracy of the thrust estimation. Here, instead of
using the less accurate, physical rotor pitch measurements, the PWM input signals
for each pitch servo (see Fig. 7.3) were utilized to find the estimated thrust with:

\8 = 08 %,"8 + 18 (7.19)

where 08 and 18 are constant for each rotor. As a result, Eqn. 7.17 becomes:

)\ =

4∑
8=1

08 %,"8 + 18 . (7.20)

Note here that the factor 1!,8 has been absorbed into the constants. Furthermore,
the constant term 18 was removed here by applying the simplifying assumption (see
Fig. 7.3)

14 = −11 & 13 = −12 (7.21)

which has proven to result in no significant loss of accuracy, reducing the linear
model to estimate the rotor thrust based on the pulse with modulated signal sent to
the servos to:

)\ =

4∑
8=1

08 %,"8 . (7.22)

To generate the training data for the least squares fitting, three free flights with
purely axial trajectories and without wind tunnel usage were performed. The craft
stayed horizontal throughout the flight and PWM as well as IMU data was recorded
at a sampling rate of 30 Hz. The goal of these flights was to generate parameter
sets with a wide range in PWM values and thrust levels, which can be achieved by
vertical acceleration/deceleration of the craft. For better results, only data points
close to hover conditions (0 m/s < E2 < 2 m/s) were considered during fitting to not
introduce VRS and rapid ascent aerodynamics. Altogether, a total of approximately
= = 1000 data points distributed over the three flights were collected and used for
fitting the coefficients.

Figure 7.6 illustrates the results of the experimental calibration campaign. The
developed linear regression model on the left indicates a good agreement ('2 =

0.975) between the observations ()<, based on IMU data) and the predicted values
()\ , based on the regression for the given PWMvalues) under near-hover conditions.
As previously stated, the constant term removed in Eqn. 7.21 or expanding themodel
by adding non-linear terms to the regression model in Eqn. 7.22 did not improve the
quality of the fit. Figure 7.6 (top right) shows the mean rotor pitch vs. measured
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total thrust of the vehicle, )<, for all data points obtained during the three flights.
The rotor pitch was based on the PWM control signals and the relationship shown
in Fig. 7.3. The experimental results are close to the computational data and
theoretical results of the same rotor geometry and operational parameters; however,
the experimental pitch angles are found to be consistently 1° higher for a given
thrust. This offset was largely attributed to the backlash in the swashplate design
and was corrected for in the following, where necessary. Note here that the thrust
measurements are not impacted by the inaccuracy of the rotor pitch measurements,
since the linear regression model for )\ utilizes the PWM values as the independent
variable without any consideration of the actual rotor pitch measurements.

Figure 7.6: Results of the hover thrust calibration (flights without wind tunnel use);
estimated vs measured thrust based on training data (top left), mean pitch angle
of all four rotors vs measured thrust (top right), and time series of a test set flight
(bottom).
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The time series of a separate validation flight with a similar axial flight trajectory
(Fig. 7.6 (bottom)) shows that the estimated thrust is in good agreement with the
measured thrust during the time of flight (10 s-50 s). Both values match particularly
well during hover (15 s-20 s) and the dynamic events at the later stage of the flight
are also captured to a reasonable accuracy. As this flight trajectory features exclu-
sively near-hover and low-velocity vertical flight scenarios, an agreement of the two
estimators was expected and provides the needed verification of the accuracy.

Both the estimated and measured thrust were subsequently used for the investigation
of the quadrotor’s performance in descent, where the rotor performance is predicted
to deviate from hover due to prevailing VRS aerodynamics. Therefore, the thrust
values were expected to likewise deviate from one another in axial descent, with the
measured thrust corresponding to the true vehicle thrust while the estimated thrust
served as a reference case for hover conditions.

7.6 Axial Descent Results
A total of five flights under simulated descent conditions were conducted with a key
focus on the thrust loss occurring during the vortex ring state compared to hover
conditions. Figure 7.7 illustrates the raw vehicle data ( 5B = 30 Hz) of one selected
flight with the rotorcraft hovering over the vertical wind tunnel at an altitude of
approximately 5 m. Wind tunnel velocities were incrementally increased with time,
from 0 to a maximum of 6 m/s; higher descent rates were not feasible due to reduced
controllability of the aircraft. Even though the position was intended to be stationary
within the wind tunnel flow, minor movements of the manually piloted vehicle were
inevitable, as seen in the altitude data. For correctness, any additional rotorcraft
vertical motion was accounted for and was added to the wind tunnel velocity for a
net simulated descent velocity, E2 = E′I − E,) . Here v′ denotes the vehicle velocity
vector in the laboratory frame relative to the wind tunnel, and E,) the wind tunnel
freestream velocity. This notation was selected to avoid confusion between the
vehicle velocity E′I and the net simulated descent velocity E2. It should be noted that
E2 is negative in descent, but is graphed as absolute values, |E2 |, in Fig. 7.7 for ease
of plotting.

Figure 7.7 indicates that during hover and at low descent rates, the measured and
estimated thrust agree well and are nearly identical, which is expected, given that the
calibration for )\ was performed under near-hover conditions. However, as descent
rates increase, the values increasingly deviate from one another, with )\ exceeding



126

)<. The time series of both thrust signals, furthermore, show that the fluctuations
become increasingly pronounced at higher descent rates. A similar increasing trend
with descent rate is found when inspecting the roll and pitch angle of the vehicle.
While these attitude fluctuations are limited to ±2° during hover, oscillations in
excess of ±10° occur at descent rates of 6 m/s.

For quantitative evaluation of the vehicle performance in descent, the raw flight data
sets were post-processed to exclude wind tunnel ramp-ups, the take-off, and landing
process and were analyzed as a function of descent velocity. In total, approximately
14,700 data points were collected across all five flights. Figure 7.8 shows the ratio of
measured over estimated thrust )</)\ and the normalized standard deviation of the
measured thrust, (� ()<)/)<, as a function of the descent velocity. The processed
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Figure 7.7: Raw in-flight data of a selected test flight with increasing wind tunnel
velocity (Flight 2).
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Figure 7.8: Relative thrust loss and normalized thrust standard deviation as a function
of descent rate.

data shows a significant amount of scatter, which can be attributed to the inherent
noise in IMU measurements and the unsteadiness arising from undergoing VRS
conditions. Despite the scatter in these observations, clear trends can be identified:
as the descent velocity increases, the ratio of the measured thrust over the estimated
thrust decreases monotonically to a minimum of )</)\ = 0.8 at EI = −6.5 m/s
(E2/Eℎ ≈ −1.2), suggesting that thrust losses of up to 20% compared to hover
conditions occur at this descent rate. Physically speaking, these results indicate
that maintaining a constant thrust equal to the vehicle weight () = )< = < 6)
for hovering in the vertical airflow requires a greater rotor pitch compared to that
for hover conditions. Therefore, )\ ≈ )ℎ increases with descent rate due to the
increase in rotor pitch, while the true thrust )< remains near-constant. Vice versa,
if maintaining a constant RPM and rotor pitch (i.e. constant )\) the rotorcraft
is expected to generate less thrust, )<, with increasing descent rate due to the
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aerodynamic disturbances associated with the VRS. This thrust loss of up to 20%
is considerable and will increase the descent rate further; thereby aggravating the
problem. It is worth mentioning that the vehicle drag has been assumed negligible
throughout the investigation. In reality, the drag of the vehicle fuselage due to the
wind tunnel flow adds to the thrust value )<, while )\ is left unaffected. Thus, if
corrected for the vehicle drag, the values for )< are expected to be reduced slightly,
resulting in even lower values of )</)\ .

These results regarding rotor performance in the VRS are largely consistent with
the findings in Chapter 4 and 5 as well as previous experimental research, which
have reported maximum thrust losses in vertical descent of comparable magnitude
occurring descent rate ratios of E2/Eℎ = −1.2, both for variable-pitch rotors [12] as
well as for fixed pitch rotors [11]. For the case of variable-pitch rotors, an increased
pitch was similarly required to maintain a constant thrust in vertical descent. Thus,
following these studies, the ratio of )</)\ is expected to recover at higher descent
rates when entering the turbulent wake and windmill brake state [9]. However,
higher descent rates could not be investigated during this experimental campaign
due to decreasing controllability with increasing descent rate, which did not allow
for the craft’s safe operation beyond this 6 m/s. The investigation of higher descent
rates is targeted in future studies. Moreover, the question of how the rotor pitch
influences the maximum losses could not be investigated here independently given
the constraints imposed by the free-flight campaign, but is discussed in more detail
in the computational result section.

In addition to an average loss of rotor thrust, the vehicle was observed to experience
strong thrust fluctuations and attitude oscillations, indicated by the normalized
standard deviation of the thrust, (� ()<)/)<, in Fig. 7.8 and qualitatively by the
vehicle pitch and roll information in Fig. 7.7. In this case, (� ()<) was determined
as the moving standard deviation of the )<-time-series for each flight and was
calculated over a sliding windowwith a length of 300-data-point, corresponding to a
10 s interval. The computed values are normalized by themean thrust over the sliding
window and are plotted over themean velocity over saidwindow, EI. The normalized
standard deviation can be observed to increase fourfold, from (� ()<)/)< = 0.025
at EI = 0 to (� ()<)/)< = 0.1, which is considerable. Given a flight-data sampling
rate of 30 Hz, this data does not allow the capture of higher frequency content above
15 Hz, far lower than the rotor rotation rate of 105 Hz. However, VRS behavior has
been reported tomanifest itself in characteristically low frequency thrust fluctuations
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on the order of multiple rotor rotations [11, 16], which appear to be captured here.
Similarly, growing vehicle roll and pitch oscillations are introduced with increasing
descent rate, even though the flight controller is enforcing a level attitude. This can
directly be explained by asynchronous thrust fluctuations occurring at the various
rotors. While these measured attitude information are assumed to be highly vehicle
specific, they can serve as a qualitative metric of vehicle stability as a function
of descent rate, suggesting that the stability and controllability of a rotorcraft can
seriously be impaired by prevailing VRS aerodynamics.

For comparison of the experimental results to established models of the VRS, the
rotor induced velocity, E8, was calculated via Eqn. 2.10 (� = 0.88) based on the
measured vehicle thrust ) = )< = < ¥I1 and the rotor pitch. For simplicity, the rotor
pitch was averaged across all rotors and corrected for the apparent offset introduced
by the imprecise pitch angle measurements as indicated in Fig. 7.6 (\ = \̄ − 1 deg).
All lateral vehicle movements were accounted for via ` =

√
E′2G + E′2H /(Ω') and

E′I was previously accounted for and added to the wind tunnel velocity (E2 = E′I −
E,) ). Figure 7.9 plots the calculated values of (E8 + E2)/Eℎ over the descent rate
ratio E2/Eℎ for all experimentally collected data points and compares them to an
established model of the VRS as suggested by Johnson [9, Table 3] using a ^ = 1.15.
Results are generally in agreement regarding magnitudes of the induced velocity
and development with increasing descent rate. While small discrepancies can be
found, such as a less pronounced local minimum in the presented experimental data
at E2/Eℎ = −0.5, it appears that previously established models regarding the VRS
performance of helicopters generally apply to these lowReynolds number multirotor
configurations as well. One can also observe an local maximum in the model at
E2/Eℎ = −1.5, slightly higher than what experimental data available, suggesting
that a further increase in descent rate would have resulted in a recovery of the rotor
thrust.

7.7 CFD Simulation
The mid-fidelity computational fluid dynamics (CFD) program RotCFD (Rotor-
craft CFD), developed by Sukra Helitek, Inc., was used to generate computational
predictions of the rotor performance and body forces and moments analogous to
the experiments. RotCFD has several modules that allow rotorcraft performance
metrics and flow fields to be simulated over time and analyzed in a Graphical User
Interface (GUI). This analysis used the Rotorcraft Unstructured Solver (RotUNS)
module which uses three-dimensional, Unsteady Reynolds Averaged Navier-Stokes
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Figure 7.9: Comparison of experimental data with the VRS model by Johnson [9].

equations (URANS) on a Cartesian unstructured grid with tetrahedral body-fitting
near the body [19]. The rotor blades are modeled using the blade element method
(BEM) and are represented through the momentum they impart on the flow. The
URANS equations provide the flow field near the rotors using the rotor induced
momentum sources and the blade element theory provides the forces on the rotor
blades from the local velocity vector field. These equations are coupled implic-
itly to yield a self-contained method for generating unsteady performance, as well
as the near and far wake including all the aerodynamic interferences present [14].
Additionally, RotCFD has SIMPLER, Semi-Implicit Method for Pressure-Linked
Equations Revised, which is a line of pressure based algorithms used with the under
relaxation factors to iteratively compute the flow field. Turbulence is accounted for
by the URANS equations combined with a two-equation realizable : − n turbulence
model with special wall treatment [19].

In a precursor to this work [3], RotCDF was used to study the mid-air release of a
co-axial rotorcraft from an entry backshell under Mars-like conditions. Previously,
RotCFD had also been validated against experimental test data of similar problems
to the one being studied in this paper, such as forward flight of multirotor configura-
tions [21] as well as isolated rotor performance atMartian atmospheric densities [22,
23].

For accurate representation of the experiments, a CAD model of the Stingray was
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Figure 7.10: Computational domain andmodel used in theRotCFD simulations [20].

created and imported into RotCFD. The CADmodel was kept as close to the original
Stingray as possible, yet small simplifications were made to reduce computational
complexity. The internal grid generator, UGen, was used to generate a Cartesian
octree grid, starting from the boundary and then intersecting the body. The cells
that intersect the geometry and the surrounding cells are sub-divided into tetrahedra,
resulting in a grid that approximately conforms to the surface of the body. The
objective, when defining the grid parameters, was to find a balance between the
accuracy of the results, computational budget, and time availability. However,
increasing the refinement of the grid did not always seem to yield more accurate
results. Several grid studies were performed to ensure that the grid around the body
of the Stingray and the rotors were refined enough to provide realistic results, while
not overtaxing the computer (limited by ∼ 2 million cells), and also not biasing the
flow field. The final grid with the simplified Stingray body, is illustrated in Fig. 7.10.
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It can also be seen in Fig. 7.16 that the refinement boxes did not bias the flow field,
i.e. there is no drastic change in the flow field at the boundaries of the refinement
boxes. Care was taken to ensure that the grid remained the same throughout all
cases in order to reduce the potential of additional inaccuracies and to increase the
confidence in the comparisons between cases.

The physical simulation time and the number of timesteps varied for each case,
however the ratio of timesteps to simulation time remained the same, i.e. 100
timesteps per second. The total simulation time was increased until a reasonable
convergence for the forces and moments on the Stingray and the resulting flow field
was reached. In all computational runs, the rotor operational parameters matched
the experimental testing conditions with the same rotor radius ' = 0.143 m, running
at a tipspeed of 94.6 m/s, and the descent rate and collective were varied from 0 m/s
to 6 m/s and 5 deg to 15 deg, respectively. As previously indicated in Section 7.2,
the rotor blade geometry was approximated in RotCFD as an untwisted blade with
a NACA0012 airfoil. The chord inboard of station ‘A’ (compare with Fig. 7.4) was
kept constant up to the root cutout (A2 = 0.225) and the blade was linearly tapered
between station ‘A’ and ‘B’. Table 7.2 provides an overview of the chord length at
the relevant stations.

Table 7.2: Chord length at characteristic blade stations based on the approximated
rotor geometry used in RotCFD.

A/' 0.225 (A2) 0.350 (‘A’) 1 (‘B’)
2/' 0.193 0.193 0.177

To further reduce computational complexity, the vehicle attitude was constrained
to remain level at all times, with the rotor planes perpendicular to the simulated
freestream flow of axial descent, while moments on the vehicle could still be ob-
served. It is important to mention that RotCFD did not include a feedback loop
for thrust matching, i.e. to maintain a constant thrust independent of the simulated
descent rate by actively varying the rotor pitch, similar to the experiments. Instead,
the rotor pitch was fixed at selected angles and changes to the overall vehicle thrust
for different descent rates were examined.

Rotor Performance Analysis
A total of 20 simulations were performed in RotCFD, at rotor pitch angles of
\ = 5°, 8°, 10°, 12°, 15° under hover conditions (E2 = 0), and \ = 8°, 10°, 12° at
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descent velocities within the range of −6 m/s < E2 < −1 m/s. Figure 7.11 depicts
the results of all computationally investigated configurations. Plotted here is the
converged, combined total vehicle thrust of all four rotors as a function of descent
speed. These thrust results represent the quasi-steady-state solution, similar to the
mean rotor thrust in descent without the strong rotor thrust fluctuations. These
results are qualitatively in agreement with the experimental study, where the rotor
thrust falls below hover performance as descent rate increases, regardless of the rotor
pitch. Because operational parameters (rotor pitch and RPM) remain constant along
the plotted curves, these thrust losses are presumed to stem from the aerodynamic
losses caused by the rotors operating in their own recirculating wake. At higher
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descent velocities the thrust undergoes a recovery for all pitch angles, which is
assumed to be due to the rotorcraft leaving VRS and entering the turbulent wake
state. In terms of absolute quantities, the critical descent rate, where the thrust
minimum occurs, increases with rotor pitch or alternatively, with rotor thrust. To
account for the varying rotor thrust with rotor pitch, Fig. 7.11 (bottom) represents the
normalized thrust curves for the investigated rotor pitch angles, where the descent
rate is normalized by the equivalent hover induced velocity Eℎ =

√
)ℎ/2d�. The

localminimumof all curves is consistently found at the same normalized descent rate
ratio of E2/Eℎ = −0.65, despite varying rotor pitch and vehicle thrust, supporting the
hypothesis that the induced velocity can indeed be considered the primary scaling
of VRS aerodynamics. Yet, while the location of the minimum remains unchained,
the extent of the thrust loss appears to reduce when the rotor pitch is increased.
This indicates a secondary influence introduced by the collective pitch of a rotor,
with higher pitch angles resulting in improved performance during VRS, which
is consistent with findings from Chapters 4 and 5 as well as previously reported
experimental test data [10, 13]. Note here that this observation is based on a
limited number of discrete data points and additional computational efforts with
higher sampling density are needed to confirm these findings. However, given the
considerable curve divergence at the local minimum, these findings are expected
to not change qualitatively. Interestingly, the critical descent rate ratio obtained
these computational results, is found at E2/Eℎ = −0.65, far lower than the relatively
invariant experimental results from Chapters 4 and 5 (−1.2 < E2/Eℎ < −1.4).
While it was shown in Chapter 6 that the introduction of the fuselage and rotor
arms can shift the critical descent rate ratio towards lower values, the relative shift
is found to be far greater here. Sources for the discrepancies are discussed in the
following.

Comparison to Experiments
A primary incentive of performing a duplicate computational study alongside the
experiments was to evaluate the fidelity and limitations of simulating axial descent
of multirotor configurations using RotCFD, as the computations can ultimately be
adapted for Martian applications with relative ease. To do so, the mean thrust losses
found in both studies were compared.

However, it has to be kept in mind that both studies followed different investigative
strategies. During experiments, a constant vehicle thrust was maintained by varying
the rotor pitch for a stationary hover over the wind tunnel. In RotCFD, the rotor
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Figure 7.12: Interpolation of the relative thrust loss for the MAD quadrotor as a
function of descent rate, EI, and thrust using the discrete data points (top), and
comparison to experimental results using inferred curve for ) = < 6 = 2>=BC.

(bottom).

pitch was fixed instead, resulting in a changing total vehicle thrust. Hence, prior
to directly comparing the results, a conversion of either data is required. Simply
normalizing the data similar to Fig. 7.11 (bottom) will account for differences in the
rotor thrust or the induced velocity, however, the previously discussed secondary
effects of the rotor pitch could not be accounted for. Hence, the RotCFD data was
converted from \ = 2>=BC. to ) = 2>=BC. This was done by determining the relative
thrust loss as a function of vehicle thrust and descent rate ()/)ℎ = 5 (E2, ))) using
the discrete RotCFD data points. Figure 7.12 (top) depicts the interpolated results
of the relative rotor thrust. This approach allows to account for the shifting of the
local thrust minimum towards higher descent velocities at higher thrust, as well as
the reduced thrust minimum at higher pitch angles. Using the interpolated results,
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the relative thrust loss based on RotCFD data can be estimated for) = < 6 = 2>=BC.,
by extracting the interpolated values along the dashed line. These results can then
be directly compared to the experimental data.

A comparison is shown in Fig. 7.12 (bottom). Even though the experiments and com-
putations both indicate a loss in thrust with increasing descent rate, the trends of the
relative thrust are quite dissimilar. The local thrust minimumwith subsequent recov-
ery in the RotCFD data is found at E2 = −3 m/s, with overall thrust losses ()/)ℎ < 1)
between −4 m/s < E2 < −2 m/s, whereas the experimental values monotonically
decrease up to E2 = −6 m/s without any indication of recovery at higher descent
rates. In previously conducted experiments of rotors operating in the VRS, the local
thrust minimum was generally found at approximately E2/Eℎ ≈ −1.2, which corre-
sponds to approximately E2 = −6 m/s for the experiments. Consequently, a similar
thrust recovery is expected in the experiments beyond this velocity. This compari-
son shows that, even though near-identical configurations were investigated in both
studies, the computational study predicts reduced thrust losses and a significantly
lower critical descent rate ratio. It appears that the experimental data aligns better
with previous experiments of rotor performance in axial descent, while the thrust
minimum is predicted at far lower velocities by the computational data compared to
those reported in literature.

Sources for Data Discrepancy
Discrepancies between the experimental and computational data were observed,
even though near-identical conditions were investigated. Potential systematic errors
of both studies, which could amount to these inconsistencies, are addressed and
discussed in the following.

Generally, a key difference were the simplifications and assumptions made for the
rotor and fuselage geometry in RotCFD. The simulated rotor geometry was similar
to the testing rotor geometry (see Fig. 7.4), but some of the differences could have
resulted in the observed discrepancies. The simulated rotor was assumed to have
a NACA0012 airfoil, which is similar, but different from the rotor used in testing.
Additionally, the simulated rotor geometry closer to the hub mounting face was
modeled as the same chord length as cross section ‘A’-‘A’. This should not have
resulted in a significant increase in thrust, seeing as the rotor produces significantly
less thrust as you get closer to the hub, but it could have contributed to the error. The
fuselage CADmodel was also simplified prior to implementing it into the simulation
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domain (covering holes and smoothing edges) so that the grid could more easily
render the body of the fuselage. However, the fuselage was still fairly detailed in the
simulation since a very fine grid was used around the body.

Potential oversights in the experimental efforts may have been (1) excessive craft
movements despite intended stationary hover (2) excessive attitude fluctuation re-
sulting in misalignment of the thrust vector and gravity vector. Even though the
quadrotor was intended to hover stationary over the wind tunnel freestream, it ex-
perienced both lateral as well as vertical motion due to reduced controllability. It
is well established that the horizontal velocity, along with the vertical velocity, is a
primary factor determining the flow state in VRS [9]. In fact, additional horizontal
flow velocities have been shown to increase the maximum thrust loss of a rotor
compared to axial conditions. While lateral movements were relatively small and
generally less than 0.2 m/s during experiments, they could have potentially caused
minor changes to the overall VRS performance. Additionally, while any vertical
craft motion was accounted for by adding it to the wind tunnel velocity, it is unclear if
this additional vertical motion could impact the formation of the vortex ring system
since the descent condition can no longer be considered fully steady. Lastly, while
the craft was commanded to stay perfectly level by the flight controller, large vehicle
attitude oscillations were recorded during experiments, most likely caused by strong
fluctuations in the individual rotor thrust. As a consequence, the thrust vector and
the gravity vector become misaligned, causing a loss of lift, even though the same
thrust is applied. As seen in Fig. 7.7, vehicle roll and pitch angles of up to 10° were
recorded, resulting a lift reduction to cos(10°) = 0.985. Note that the mean angle
between the gravity and thrust vector during the flight test in simulated descent was
smaller at approximately arccos (cos(Φ) cos(Θ)) = 6 deg, which corresponds to a
only relatively small mean loss in lift of cos(6°) = 0.995 for a given thrust. Though,
similarly to the vehicle translation, the excessive vehicle rotation could affect the
formation of the vortex system and, therefore, change the VRS characteristics.

Similarly, potential sources of systematic errors in the computational approach were
be outlined and explored in greater depth: (1) insufficient size of the computa-
tional domain, (2) increased levels of turbulence for the quadrotor due to additional
rotor-rotor interactions, resulting in longer convergence times, or (3) inadequate
gridding. With a size of 14 m × 14 m × 21 m the computational domain was cho-
sen significantly larger than the investigated quadrotor and boundary effects were
assumed to be negligible. This was confirmed by the flow field analysis where
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the local rotorcraft flow field was fully contained within the center of the domain.
Furthermore, it was examined if increased level of turbulence in the VRS could lead
to longer convergence times of the aerodynamic coefficients, and if computational
length potentially did not account for this. To investigate the convergence properties
of the solution, selected computations were performed with double the amount of
time steps, yielding only marginal differences. Computations were also performed
with varying levels of grid refinement, yielding only marginal differences as well.
However, RotCFD has limitations and can not run on a regular workstation with
more than about 2 million cells. In sum, none of the above mentioned scenarios
could be shown to amount to the discrepancies between experiments and computa-
tions and the exact reasons are still unclear. More data from both studies is needed
to identify the source of error with certainty. It may also be advisable to carry out
computational studies for selected studies with higher fidelity using LES simulations
for comparison purposes and to account for the unsteady character of the vortex ring
state.

Rotor-Rotor and Rotor-Body Interactions
An exploratory study involving four rotors and a single rotor, both without the ve-
hicle fuselage, was performed and compared to the computational results of the
full Stingray model (four rotors with vehicle fuselage) to identify rotor-interactional
effects and fuselage-interference in descent. All cases utilized the same rotor ge-
ometry and rotor operational parameters, with \ = 10° and EC8? = 94.6 m/s. For
comparison, the mean rotor thrust of all three cases (averaged over all rotors for the
4 rotor configurations) as a function of descent velocity is shown in Fig. 7.13. Note
here, that the trend lines were inferred from a limited number of data points as a
preliminary investigation and should be treated with caution, particularly the black
line at lower descent rates.

At hover and low descent rates the thrust values are nearly identical (referring to the
blue and red line for these values), however they start to diverge at descent rates of
E2 = −3 m/s and higher. While all configurations similarly display the characteristic
thrust minimum, the influence of multiple rotors and of the fuselage appears to be
profound, both of which shift the critical descent rate towards lower velocities and
simultaneously reduce the maximum extent of the thrust losses. Specifically, the
thrust of the Stingray reaches the lowest point at E2 = −3 m/s, after which it recovers,
exceeding the hover thrust at E2 = −5 m/s. Meanwhile, the single rotor minimum
thrust occurs at considerably higher velocities of around E2 = −5 m/s and increases
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Figure 7.13: Comparison between computational results of a single rotor and
quadrotor (both without the body), all at \ = 10°.

subsequently. Thus, it appears that, while all cases exhibit the same general trends,
these configurations are not equivalent in the computational environment when
regarding the axial descent performance. These findings are surprising, since a
closer agreement between the investigated cases with less influence of rotor-rotor
interactions and fuselage interference was expected. Since it was shown in Chapter 5
that introducing additional rotors into the flow field does not considerably alter the
VRS characteristics, identifying the discrepancies between the single rotor and the
four rotors without fuselage will be a key priority in further studies.

Radial Blade Loading in Descent
The radial blade loading of the single rotor configuration without fuselage was
analyzed in RotCFD for different descent velocities to identify the region of the blade
where the majority of thrust losses occur. Figure 7.14 plots the radial variations of
the thrust coefficient for selected descent speeds, where the total thrust of the rotor
is given by:

) = #1d�(Ω')2
∫ 1

0

3�)

3A
3A = #1d�(Ω')2

∫ 1

A2

3�)

3A
3A. (7.23)

Note that the rotor blades in RotCFD were modeled with a root cutout of A2 = 0.225
and the blade thrust is zero for A < A2. The single rotor configuration was selected
in this case to avoid rotor-rotor interactions and potentially varying blade loading
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Figure 7.14: Radial variation of the blade thrust coefficient for selected descent
rates.

distribution throughout the revolution of the rotor. Results indicate, that the small
thrust gains at low descent rates (E2 = −3 m/s) stem from a higher local blade
loading near the rotor tip, while the loading on the inboard region is nearly identical
to hover conditions. At E2 = −5 m/s, where the thrust losses are most pronounced
for the single rotor (compare with Fig. 7.13), the majority of thrust losses are found
to occur close to the tip, for A > 0.7, while the inboard region of the blade is
only showing minor differences compared to the hover performance. Meanwhile,
at E2 = −7 m/s blade loading increases uniformly along the span from the VRS
conditions as the rotor enters the turbulent wake state, but the thrust gradient at the
tip is still less than at hover.

These results indicate that the performance losses of a rotor in the VRS are a
localized effect, predominantly occurring in the near-tip region at A > 0.7. This
effect is assumed to be caused by blade-vortex interactions at the rotor tip, due to
the fact that rotor tip vortices are no longer transported away from the rotor disk
in axial descent, but instead they accumulate within the rotor plane. These strong
blade-vortex interactions are believed to cause local inflow variations leading to
reduced local thrust coefficients.

7.8 Flow Field Analysis
Visualization of the flow field around the Stingray during the experimental runs was
attempted using glycerol smoke, which was injected into the wind tunnel freestream
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flow, upstream of the wind tunnel. In practice, it proved generally challenging to
capture the complete rotor flow field using this visualization technique as smoke
was heavily dispersed by the wind tunnel, and most of the smoke was redirected
by the rotor flow to pass around the rotorcraft without being ingested through the
rotor. Figure 7.15 shows a selected snapshot at a simulated descent velocity of
approximately 3.5 m/s, in which the vortex ring system forming around the front-
left rotor appears to have been captured. The smoke, which passed through the rotor
and is subsequently re-directed by the external freestream, faintly outlines a ring-like
flowpath. The core of this vortex ring appears to be in, or very close to the rotor plane,
which is in qualitative agreement with the analogous computational results using
the same vehicle configuration and rotor platform, shown in Fig. 7.16. Here, the
computational vector field and overlaid streamlines, obtained at a descent velocity of
3 m/s where the rotor system experienced the most significant aerodynamic losses,
clearly reveal the toroidal vortex ring system, with a vortex core close to the rotor
plane.

The vector fields of a single rotor without fuselage shown in Fig. 7.17 similarly
feature this characteristic vortex ring system around the disk. The vortex ring

Figure 7.15: Flow visualisation during an experimental run using glycerol smoke
(E2 ≈ −3.5 m/s, E2/Eℎ ≈ −0.67).
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(a) Streamlines outlining the vortex ring system

(b) Zoomed-in vector field

Figure 7.16: Vector field of the Stingray at EI = −3 m/s, EI/Eℎ = −0.56 around the
front two rotors [20].
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(a) E2 = −3 m/s, E2/Eℎ = −0.56

(b) E2 = −4 m/s, E2/Eℎ = −0.75

(c) E2 = −5 m/s, E2/Eℎ = −0.94

Figure 7.17: Vector field of a single rotor at different descent velocities [20].
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starts to clearly form at descent rates of E2 = −4 m/s (E2/Eℎ = −0.75) and higher,
coinciding with the velocities, where the single rotor experienced reduced thrust
compared to hover conditions ()/)ℎ < 1, compare to Fig. 7.13). Furthermore,
the vortex core shifts upwards with increasing descent rate and is again found very
close to the rotor plane at the same descent velocity, where the most significant
thrust losses occur. This is in alignment with the experimental results provided in
Chapter 5.

One interesting qualitative distinction between the flow field of the single rotor
and the Stingray with four rotors in the VRS is that no clearly defined vortex
ring is observable between the individual rotors of the Stingray. This suggests
that the individual toroidal vortex rings of each rotor merge to form a much larger
continuous vortex ring system around the vehicle. This was also previously observed
in Chapter 5. Since the grid was heavily refined near the rotors, it is assumed here
that this observation is not an artifact of the gridding of the domain, where an
insufficiently refined grid may not be able to pick up this vortex structure in between
rotors.

7.9 Future Work
Findings and Recommendations for MAD in Upcoming Mars Missions
Contingent on the success of the currently operated Ingenuity system of the Mars
2020 mission, future exploration of the Martian surface will likely progress towards
utilizing dedicated science rotorcraft, which can cover significantly larger distances
than a comparable ground-based vehicle. This study sought to evaluate the feasibility
of an aerial deployment of this dedicated science rotorcraft during the atmospheric
EDL process. Results have shown that the adverse rotor aerodynamics during the
VRS can significantly impair the thrust generation with maximum thrust losses
of up to 20% compared to hover conditions. Furthermore, these thrust losses
are accompanied by strong rotor thrust fluctuations, inducing severe roll and pitch
oscillations of the vehicle and limiting stability and controllability. Consequently,
any future rotorcraft specifically designed for Mars MAD has to be sufficiently
margined in terms of overall thrust capability as well as control authority tominimize
the risk level of mission failure after rotorcraft release. More importantly, certain
adaptations to the deployment sequence and attempts to completely avoid VRS
conditions during MAD could further help to reduce the risks associated with this
novel EDL technique. Regardless, the MAD concepts offer many advantages over
traditional landing means and should be explored in greater depth.
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Noteworthy is that the presented findings largely followed thewell-established trends
for VRS, which can provide a first-order estimate for the design of a suitable vehicle
and the MAD sequence. Given appreciable differences between experiments and
computation, any future computational study of MAD scenarios should ultimately
be validated against experiments performed under equivalent conditions (i.e., in
environmental chambers) when possible and against analogous Earth-relevant ex-
periments when not possible. This will become particularly important if the Mars
science rotorcraft will utilize multiple rotors and/or feature a large fuselage planform
area compared to the overall rotor disk area since these cases resulted in the greatest
discrepancies between experimental and RotCFD data.

Limitations and Future Objectives
While this study provided valuable findings regarding the axial descent of variable-
pitch multirotors, in particular, the thrust loss due to the adverse VRS aerodynamics,
certain shortcomings were noted, which could be improved upon in subsequent in-
vestigations. One such shortcoming of the experimental approach was the fact that
test flights were performed under manual pilot control. This prevented the investi-
gation of higher descent rates beyond 6 m/s, due to reduced controllability. Thus, a
key objective for future and more sophisticated studies is the implementation of an
autonomous onboard controller to execute feedback setpoint control over the wind
tunnel for a more stable hover flight in the vertical freestream with significantly im-
proved position accuracy. This will allow the examination of higher descent rates,
spanning the entire critical axial descent regime from −2Eℎ < E2 < 0, while also
reducing vehicle movement over the wind tunnel to provide more accurate aerody-
namic data. Apart from this, supplementary fixed-mounted tests of the rotorcraft are
anticipated in the future, which can help to remove the constraints imposed by the
free-flight experimentation (e.g., thrust matching to the vehicle weight is no longer
necessary and collective pitch angles can remain constant throughout a test run).
This will allow a greater variety in the investigated scenarios and enables direct
comparisons between computations and experiments to identify the current sources
for discrepancies. Nonetheless, a continuation of the free-flight tests is anticipated
in future, to fully capture the vehicle dynamics in the VRS.

Future RotCFD efforts are expected to focus on improving the fidelity of the simula-
tions by continuing to investigate the effects of fuselage influence and rotor-to-rotor
interactions on the rotor performance and flow field. Once identified, analogous
axial descent studies under Mars relevant conditions can be performed. Overall,
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as future Mars rotorcraft designs become more concrete, experiments as well as
computations should incorporate the exact geometric design and should also aim for
dynamic similarity between the tests and Mars conditions. Furthermore, the inflow
blocking and other aerodynamic interferences by the backshell are critical during
the rotorcraft release. Initial RotCFD studies have already been published on this
topic [3] and experimental efforts are ongoing, using a scaled backshell model over
the vertical wind tunnel.

7.10 Conclusions
Experimental and computational efforts have been carried out in parallel, investigat-
ing the axial descent performance of a variable-pitch multirotor. The results of this
study are anticipated to inform the mid-air-release of future Mars rotorcraft from an
entry capsule backshell, evaluating the feasibility to first-order and identifying crit-
ical fields of research for more focused investigations. The key findings presented
throughout the paper are as follows:

1. Experimental approach:

a) Two methods were utilized for estimating the in-flight forces, one based
on IMU accelerations and a separate one based on PWM signals sent
to the servos for controlling the rotor pitch. Adopting two independent
thrust estimators allowed to quantify the relative thrust loss in simulated
descent compared to hover conditions without rigid attachment to a load
cell.

b) Increasingmean thrust losses with increasing descent rate were observed
during flights in a vertical wind tunnel freestream. Peak losses, recorded
at the highest descent rate of E2 = −6 m/s were up to 20% .

c) Rotor thrust fluctuations as well as roll and pitch oscillations were shown
to increase drastically with descent rate.

d) The induced velocity of the rotor system was calculated and compared
to established models of the VRS, indicating an overall good agreement.
This suggests that established VRS models apply to these multirotor
configurations as well.



147

2. Computational approach:

a) The rotor performance at three discrete pitch angles (\ = 8°, 10°, and
12°) was analyzed in RotCFD for various descent velocities. Results
showed mean thrust losses of up to 15%.

b) The maximum extent of mean thrust losses appeared to decrease when
increasing pitch, while the critical descent rate ratio, where maximum
losses occur, remained unchanged at E2/Eℎ = −0.65 for all pitch angles.

c) A comparison between the experimental and computational results showed
similar thrust losses for both studies, however the critical descent rate
ratio was found to be significantly lower in the computations.

d) A comparison study of a single rotor and four rotors, both without fuse-
lage, indicated considerable differences in the trends of thrust relative
to the hover thrust vs. descent rate, suggesting substantial fuselage
interference and rotor-rotor interactions in axial descent.

e) Flow field analysis helped to visualize the toroidal vortex ring system
characteristic for axial descent of rotorcraft. This vortex ring system
could be observed in experiments as well as in the computations. The
computational flow fields showed that once the vortex ring starts to
become clearly defined, thrust losses start to manifest themselves. The
core of this vortex system shifts upwards and closer to the rotor disk
as descent rate increases. At the critical descent rate, where the thrust
generation is most compromised, the vortex core is near the rotor plane.
At higher descent rates, it shifts above the rotor.

f) Analysis of the radial rotor blade loading suggests that the majority of
thrust loss occurs near the rotor tip (A > 0.7), which can be explained by
blade-vortex-interactions in this region.
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C h a p t e r 8

CONCLUSION

This thesis presents a series of experimental studies for providing a comprehensive
aerodynamic identification of small-scale rotor performance under axial descent
conditions, with particular focus on the vortex ring state (VRS). More specifically,
the first half of the document comprises two targeted studies for thoroughly evaluat-
ing the influence of the rotor blade geometry and rotor separation on a rotor’s axial
descent characteristics. The second half utilizes free-flight investigations of different
quadrotor vehicles to establish the flight behavior of multirotor configuration under
realistic descent scenarios while simultaneously quantifying the rotor operation. A
succinct overview of the most relevant findings and contributions of the work are
provided in the following.

8.1 Static, Isolated Rotor Wind Tunnel Investigations
In Chapters 4 and 5, statically-mounted rotor tests were carried out in a vertical,
low-turbulence multi-fan wind tunnel for a precise aerodynamic identification of
small-scale rotors under simulated steady-state, axial descent conditions. Sup-
plementary PIV flow visualization studies provided further insights into the flow
physics pertaining rotor operation in this flight stage. Chapter 4 presents a para-
metric analysis, evaluating the influence of the rotor blade design parameters on
the thrust generation of small-scale, fixed-pitch rotors in the VRS. A total of 18
different parametric variations of a rectangular reference blade were 3D printed and
wind-tunnel tested. The rotor design and blade parameterization were found to be
of decisive importance for the magnitude of maximum relative mean thrust losses
and peak fluctuations. In this respect, the product of blade loading coefficient times
aspect ratio was found to be highly correlated with the rotor’s descent performance,
where increasing it resulted in reduced performance losses and vibrational loads.
Peak losses and vibrations were consistently found at the same critical descent rate
ratio, which remained largely unaffected by changes in the rotor geometry. Mean-
while, the effects of rotor rotation rate and therefore thrust level on the normalized
descent characteristics appeared minuscule. Complementary PIV flow visualization
corroborated the commonly adopted explanation in rotorcraft literature that aerody-
namic losses in the VRS are caused by blade vortex interactions (BVI). From the
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ensemble averaged vorticity fields, it could be deduced that rotor designs with bet-
ter descent performance generally showing reduced local vorticity deposition near
the rotor blade, by generating proportionally weaker tip vortices and/or inducing a
higher vortex convection rate.

Building on this, Chapter 5 primarily explored the influence of rotor separation
on the thrust generation in vertical flight, while also considering rotor size as well
as the thrust level as an independent variable. Experiments were conducted on a
counter-rotating, dual-rotor setup with adjustable rotor separation. The key findings
of this study were that the characteristic descent performance of two closely ar-
ranged, small-scale rotors in the VRS is largely independent of the rotor separation,
and is near-identical to that of a single rotor, regarding magnitude of thrust losses
and fluctuations as well as the critical descent rate ratio where performance is most
compromised. Along with the separation, the thrust level of the rotors also proved
to be insignificant, while the rotor geometry assumed a much more significant role,
with rotors employing an increased collective pitch experiencing reduced perfor-
mance losses, which is in alignment with the previous chapter. Ensemble averaged
flow fields including streamline patterns and vorticity contours obtained by PIV
measurements for various descent rate and rotor separations captured the formation
of large scale coherent structures in the flow field, those being the distinctive vortex
rings characteristic of this flight stage. The vortex ring cores were observed to shift
upward with increasing descent rate resulting in deteriorating rotor performance
and were located in the rotor plane at maximum performance losses. The flow field
analysis, furthermore, suggested that the distinct vortex ring systems associated with
neighboring rotors can merge and form a single, continuous vortex ring structure
enclosing both actuator disks if the rotor separation falls below a critical threshold.

8.2 Free-Flight Campaigns
Chapters 6 and 7 present dedicated free-flight test campaigns that were performed
to replicate more realistic testing scenarios for multirotor configurations under non-
hover settings, with special emphasis given to the investigation of vertical descent.
In Chapter 6, the methodological framework was developed for determining in-flight
forces acting on a multirotor system to a high degree of certainty without relying on
rigid attachments to a load cell. Prior to test flights, the influence ofReynolds number
effects and rotor-rotor interactionswas comprehensively studied on a dedicated thrust
stand and results were used for providing a more accurate estimation of rotor thrust
forces based on their rotor rotational states. While being relatively insignificant,
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these aerodynamic considerations have to be accounted for to accurately predict
rotor forces over a wide range of operating conditions. Validation flights by a
generic quadrotor system with purely axial trajectory and near-hover operation
provided the verification that the developed technique adequately predicts the forces
at hover and even when the vehicle is undergoing dynamic maneuvers. A dedicated
flight test campaign utilizing a vertical multi-fan wind tunnel facility was used to
investigate axial descent scenarios of this vehicle. Results showed generally good
agreements with static, fixed-mounted results of the same system, further validating
the applicability of the measurement technique. The aerodynamic data obtained
in the fixed-mounted and free-flight tests indicated a significant influence of the
vehicle’s airframe (fuselage and rotor arms), shifting the critical descent rate ratio
towards lower values. This suggests that operation with a full multirotor system
including its airframe is more susceptible to VRS conditions than isolated rotors, as
a global performance minimum occurs at lower descent rates.

Finally, Chapter 7 covers an application study of variable-pitch multirotor con-
figurations in axial descent for Mars deployment applications. By leveraging the
developed technique for in-flight force measurements from Chapter 6, the variable-
pitch rotor performance could be quantified under simulated descent conditions.
The obtained data showed significant mean thrust losses of more than 20% within
the descent rate range investigated along with a fourfold increase in thrust fluctua-
tions compared to hover conditions. These thrust fluctuations primarily manifested
themselves in critical vehicle attitude oscillations, severely impacting stability and
controllability. An analogous CFD study was performed alongside the experiments
and results were compared to assess the capabilities and applicability of current
mid-fidelity CFD tools for simulating multirotor operation in vertical flight. While
the experimental and computational approach similarly identified a deteriorating
thrust generation with descent rate, the magnitude and critical descent rate ratio
where maximum thrust losses occur deviated significantly between studies and
more in-depth research is needed to identify the sources for the inconsistencies. An
exploratory study, comparing the computational results of an isolated single rotor to
four isolated rotors operating in close proximity without fuselage showed significant
discrepancies in the thrust generation as a function of descent rate, which is in direct
conflict with the experimental results presented in Chapter 5. Meanwhile, inclusion
of the vehicle fuselage proved to shift the critical descent rate ratio towards lower
ratios, which is in alignment with the findings of Chapter 6. The obtained CFD
flow field captured the characteristic vortex rings in axial flight, with cores shifting
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upwards with increasing descent rate and being in the rotor plane when the greatest
thrust losses were recorded.

8.3 Future Work
While numerous directions for further research can be derived from this work,
including more targeted and in-depth analyses of the presented studies as well as
computational comparative studies of similar settings, the research areas which may
prove to be most influential are described in the following.

The experimental research presented in this thesis was exclusively focused on small-
scale rotor aerodynamics in axial descent with the objective of expanding the current
understanding of the vortex ring state into the lowReynolds number regime. Further-
more, primarily fixed-pitch rotorswere investigated, which are typically employed on
small multirotor systems. Consequently, future potential research directions could
consider a more closely analysis of mid-scale multirotor descent characteristics for
bridging the fields of large-scale helicopters and small-scale UAVs. This may be-
come increasingly relevant, as multirotor systems are becoming progressively larger
for carrying greater payloads in scientific missions or for cargo delivery. Along
with the increase in size and Reynolds number, these larger-scale systems will also
start to rely on variable-pitch control when reaching a size where quickly varying
the rotation rate for thrust modulation becomes infeasible due to the increasing in-
ertia of the rotors. Consequently, the field of mid-scale, variable-pitch multirotor
aerodynamics will most certainly become increasingly relevant in years to come.

Next, Chapter 4 covered an extensive parametric study of small-scale rotors in axial
descent, however, with no interdependence between parameter variations consid-
ered. Thus, future research should be dedicated to outlining relationships between
the explored parameters and more strategically optimizing rotor geometries for axial
descent conditions. As this may require a wide range of parameter sweeps, this study
is likely performed most effectively in a computational environment.

While Chapters 4 and 5 could extensively outline isolated rotor performance in axial
flight, this may not be representative of realistic scenarios, as multirotor systems
inevitably require an airframe including a central fuselage for housing the electronics
and arms for connecting the propulsion units to the fuselage. Typically, the fuselage
can assume a significant fraction of the total rotor disk area and can therefore cause
considerable aerodynamic interference. An exploratory test campaign in Chapter 6
showed that the presence of these static elements can have a profound influence
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on the rotor performance in axial flight, shifting the critical descent rate ratio and
potentially affecting the magnitude of maximum thrust losses. However, more
sophisticated and comprehensive studies are necessary to outline the effects of the
vehicle fuselage.

Finally, the most significant observation when comparing a presented computational
study to analogous experiments were the large inconsistencies in the overall descent
characteristics, suggesting that simulatingmulti-rotor operation in axial descent may
be overreaching current capabilities of mid-fidelity CFD programs such as RotCFD.
It should be noted that this code has previously been successfully utilized for single
rotor applications in axial descent and multirotor forward flight scenarios. Thus,
identification of the sources of discrepancies is most crucial for being able to use
these codes to accurately model different rotorcraft configurations under all flight
scenarios. Future extraterrestrial multirotor missions will become increasingly re-
liant upon these simulation tools as replicating representative conditions on Earth
in experiments is challenging and typically requires dedicated environmental cham-
bers. Particularly mid-fidelity computations are of key interest as they facilitate
simulating a wide range of flight scenarios and rotorcraft configurations, which
becomes prohibitive using high-fidelity approaches due to excessive computational
costs.
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A p p e n d i x A

PARAMETRIC STUDY: COLLECTION OF AERODYNAMIC
MEASUREMENTS
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Figure A.1: Mean thrust measurements as a function of normalized descent rate for
all investigated rotor blade designs.
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Figure A.2: Normalized thrust standard deviation measurements as a function of
normalized descent rate for all investigated rotor blade designs.
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A p p e n d i x B

DUAL-ROTOR: ENSEMBLE AVERAGED FLOW FIELDS

Figure B.1: Streamline patterns for two rotors operating in steady axial descent at
different normalized descent rates (4” rotors, ( = 1.0).
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Figure B.2: Streamline patterns for two rotors operating in steady axial descent at
different normalized descent rates (4” rotors, ( = 2.0).


