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Summary

Recent advancements in electric propulsion technology have paved theway for alternative
transportation systems aimed at revolutionizing travel times in congested metropolitan
areas. The proposed electric Vertical and Take-Off and Landing (eVTOL) aircraft configu-
rations exist in great diversity, but can be classified depending on their overall propulsion
andwing layout. An example is the tilt-wing eVTOL, which combines themaneuverability
of a helicopter with the cruise efficiency of an aircraft and therefore provides a promising
vehicle architecture for this market. Nonetheless, future eVTOL vehicles face challenges
regarding public acceptance and safe operation in urban environments, and successful
implementation therefore relies on performance enhancement strategies.

The high power-to-weight ratio and efficiency of electric motors provide an excellent
platform to explore disruptive propulsion system configurations. An observable design
trend here is the tight integration of distributed, fixed-pitched rotors with aerodynamic
surfaces, aimed at generating beneficial aerodynamic coupling effects to increase the air-
craft’s efficiency and reduce acoustic emissions.

An auspicious integrated tilt-wing propulsion system layout is known as Over-The-
Wing propulsion, which promises favorable aerodynamic effects by the rotor-induced flow
and reduced noise signature during fly-over by shielding. However, during the operation
of Over-The-Wing propulsion in eVTOL flight conditions, several multi-rotor-surface in-
teractions are encountered, resulting in unexplored aerodynamic and aeroacoustic effects.
As a consequence, design guidelines to maximize aerodynamic performance andminimize
noise signature for Over-The-Wing propulsion for eVTOL flight conditions are missing in
the public domain. This thesis focuses on enabling Over-The-Wing propulsion for vertical
flight through experimentation and low-order modeling of the fundamental aerodynamic
interactions between distributed rotors and surfaces.

The first rotor-surface interaction concerns the initial stages of take-off where the
wake of the distributed rotors interacts with the ground surface. The three-dimensional
flow topology of side-by-side rotors in these conditions is studied using Lagrangian Par-
ticle Tracking. The radial deflection of subsequent rotor slipstreams generates opposing
wall jets that interact and separate with the flow emerging from the wall in a fountain-like
pattern. From a parametric study on rotor spacing and ground standoff height, a generic
classification of flow regimes is proposed. Re-ingestion of the fountain flow occurs when
the rotors are sufficiently far apart. During this condition, the flow exhibits a tendency to-
wards asymmetric states, where the fountain flow column and the domain of re-ingestion
shift closer to one of the rotors. Moreover, temporal dynamic features are involved in
the wake re-ingestion state, resulting in lateral shifting of the fountain flow, which deter-
mines a location switch of re-ingestion from one rotor disk to the other. These unsteady
phenomena are observed at a frequency that is approximately two orders of magnitude
lower than the blade passing frequency. The dominant characteristic time scale is linked
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to the flow re-circulation path, relating this to system parameters of thrust and ground
stand-off height. Results from a modal analysis by proper orthogonal decomposition are
used to formulate a simple dynamic flow model of the re-ingestion switching cycle.

In the second part of the thesis, interactions between distributed rotors and the lifting
surface in an Over-The-Wing orientation are investigated, and the performance is pre-
dicted using a first-order model approach. A formulation for the aero-propulsive perfor-
mance incorporates aerodynamic interactions between the rotor-and-wing-induced flow
fields. Subsequently, the tonal noise of the rotor is modelled through an analytical descrip-
tion of the inviscid potential effects of the wing’s circulation. The related steady inflow
distortion serves as input to an aeroacoustic noise prediction chain that computes the un-
steady loading on the blades and the resulting tonal noise emission by Helicoidal Surface
Theory. Hypotheses about the flow behavior, as well as the final predictions, are validated
through experiments performed with an array of five rotors (for the aero-propulsive per-
formance) and a single rotor (for the aeroacoustics) above an airfoil. At moderate angles
of attack, the propulsive thrust is reduced by the wing’s circulation, in particular for the
rotor positioned close to the wing’s leading edge. Around the stall angle of the isolated
wing, the rotors delay leading edge separation when operated in low-thrust conditions.
By increasing the thrust, a pronounced region of reverse flow between the rotors and
wing is induced, which cancels any effects of leading-edge separation delay. Under these
conditions, the system exhibits increased thrust due to ingestion of low-momentum flow.
The rotor-induced flow over the wing augments suction, while the pressure side sees a
pressure increase, ascribed to flow entrainment from the rotors’ streamtubes. The aero-
propulsive model predictions accurately describe the experimental observations for thrust
and lift. However, discrepancies in the lift force are present when the rotors are operated
in low-thrust conditions. Aeroacoustic measurements below the wing show a reduction
of the first BPF with 10 dB compared to an isolated rotor. The high-frequency broadband
noise for these emission directions is also reduced. On the suction side of the wing, the
predictions and experimental data show a comparable increase in the tonal components
relative to the isolated rotor. Around the rotor disk plane, this increase is primarily the
result of the reflections due to the presence of the wing. Both experiments and model pre-
dictions show a minimization of the tonal noise for a mid-chord rotor position, for these
emission directions. The noise increase by unsteady loading is shown to be sensitive to
the angle of attack and is primarily radiated downstream, showing an increase of 3-7 dB.
Consequently, variations in tonal noise with rotor positioning are enhanced in this direc-
tion with a predicted maximization for a 40% chord rotor position.

The final study of the thesis concerns the unsteady three-dimensional aerodynamic in-
teractions during a reference take-off mission of the Over-The-Wing mounted rotor array.
Thewing’s geometric angle of attack and wind tunnel velocity change dynamically during
acquisition, corresponding to a steep ascent take-off trajectory. Simultaneously, the flow
is characterized using large-scale Lagrangian Particle Tracking employing helium-filled
soap bubbles as tracer particles. An analysis of the time-averaged velocity field shows
that the most pronounced variations in span direction are found downstream of the ro-
tor disks. The combined swirl of the wakes produced by the counter-rotating rotor array
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generates alternating regions of downwash and low vertical velocity between the rotors.
Instantaneous results obtained under dynamic operating conditions show a similar flow
topology to those where a fixed angle of attack has been prescribed. However, variations
in the position of the separated flow regions suggest a change in the effective angle of
attack for the dynamic measurements. The behavior is linked to the classical theory of
the unsteady angle of attack for thin airfoils; however, a more detailed analysis is required
to conclude this.

The studies show that confined rotors under high thrust conditions or large angles of
attack generate re-circulating flow patterns that are unsteady and lead to an enhancement
in broadband noise and the haystacking phenomenon. Moreover, such flow phenomena re-
duce the separation delay capabilities of Over-The-Wing propulsion, and therefore careful
design of the propulsion system is required to mitigate this.

Based on the thrust, lift and rotor noise sources of Over-The-Wing propulsion at in-
cidence, a rotor position towards the wing trailing edge seems most favorable. On the
other hand, the shielding potential is higher for a mid-chord positioned rotor, and a rotor
towards the trailing edge increases the likelihood of acoustic scattering of the blade har-
monics and gives the largest drag penalty of the wing. Hence, the optimal rotor position
is a trade-off between the aforementioned effects and therefore depends on the specific
requirements of the system. The proposed low-fidelity tools allow for efficient optimiza-
tion by varying the geometric and performance parameters of the propulsion system and
are therefore particularly useful in the early design phase. Nonetheless, the methods fail
to account for complex viscous effects and vortex-induced velocities, thus complementary
experiments or high-fidelity simulations are still required.
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Samenvatting

Innovaties in elektrische voortstuwing hebben een nieuw conceptueel vervoersysteem
mogelijk gemaakt, gericht op het verkorten van reistijden in drukke stedelijke gebieden.
Hierbij wordt gebruik gemaakt van vliegtuig configuraties die verticaal opstijgen en lan-
den, en elektrisch worden aangedreven (eVTOLs). Concepten voor eVTOLs bestaan in
grote verscheidenheid maar kunnen geclassificeerd worden op basis van hun algehele
voortstuwings- en vleugelindeling. Een veelbelovend concept is de ’tilt-wing’ eVTOL, wat
gebruik maakt van een kantelbare vleugel-rotor combinatie met als doel om de flexibiliteit
van een helikopter te combinerenmet de cruise-efficiëntie van een conventioneel vliegtuig.
De succesvolle implementatie van eVTOLs in het publieke domein is echter afhankelijk
van het oplossen van maatschappelijke vraagstukken op het gebied van geluidshinder en
veiligheid. Om dit mogelijk te maken, zullen de prestaties van dit soort vliegtuigen aan-
zienlijk verbeterd moeten worden. Het lage gewicht en de hoge efficiëntie van elektromo-
toren zorgt voor toegenomen flexibiliteit in de inrichting van het voortstuwingsysteem.
Een markt trend die hierdoor waarneembaar is, is het verdelen van de voortstuwing over
kleinere rotoren die zich dichtbij de romp of vleugels bevinden. Dit wordt gedaan om
positieve synergie tussen de stroming van het voortstuwingsysteem en aerodynamische
oppervlakken te genereren, met als doel de efficiëntie te verhogen. Daarnaast kunnen
de oppervlakken gebruikt worden om de afstraling van het rotor geluid te veranderen
en daardoor akoestische emissies te verminderen. Een veelbelovend ontwerp wat van dit
soort effecten gebruik maakt is ’Over-The-Wing’ voortstuwing waarbij een rij rotoren zich
boven een vleugel oppervlak bevindt. Hierdoor wordt, enerzijds, een rotor-geïnduceerde
stroming over het vleugel gegenereerd, wat de draagkracht verhoogd, terwijl het vleugel-
oppervlak voor afscherming van het rotor geluid zorgt. Tijdens een eVTOL vlucht zijn er
echter verschillende interacties tussen de rotoren en oppervlakken te verwachten, die re-
sulteren in onbekende aerodynamische en aero-akoestische neveneffecten. Dit betekent
dat richtlijnen voor het maximaliseren van de efficiëntie en minimaliseren van het ge-
luid momenteel ontbreken in het publieke domein. Dit proefschrift richt zich daarom op
het instaat stellen van ’Over-The-Wing’ voortstuwing voor eVTOLs, door middel van het
uitvoeren van experimenteren op, en het lage-orde modelleren van, fundamentele aerody-
namische interacties tussen rotoren en oppervlakken.

De eerste rotor-oppervlak interactie richt zich op de beginfase van het verticaal opstij-
gen, waarin de rotoren zich haaks boven een grondoppervlak bevinden. Het driedimensi-
onale stromingsveld rond twee-rotoren in deze condities wordt gemeten door middel van
de ’Lagrangian Particle Tracking’-techniek, gebruikmakend van helium-gevulde zeepbel-
len als stromingsdeeltjes. De resultaten laten de expansie van de twee rotor zoggen zien,
wat leidt tot radiale stromingen die parallel aan, en vlak boven, het grondoppervlak voort-
bewegen. Wanneer deze tegengestelde stromingen op elkaar inwerken, zorgt dit voor
loslating vanaf de grond, wat resulteert in een fontein-achtige stromingsorganisatie. Op
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basis van een parametrisch onderzoek naar de relatieve afstand tussen de rotoren en de
hoogte ten opzichte van de grond, wordt een indeling van verschillende stromingsregimes
voorgesteld. Als de rotoren voldoende ver van elkaar verwijderd zijn, wordt de fontein-
stroming vanaf de grond opnieuw ingezogen. In deze situatie is er duidelijke asymmetrie
aanwezig in het stromingsveld, waarbij de fontein naar een van de rotoren verschuift en
daar wordt ingezogen. Bovendien zijn er dynamische zijwaartse verschuivingen van de
fonteinstroming aanwezig, waardoor de aanzuiging van de ene naar de andere rotor wis-
selt. Dit verschijnsel wordt waargenomen met een frequentie die ongeveer twee orde van
grootte lager is dan de bladpasseer-frequentie. Deze dominante karakteristieke tijdschaal
is gerelateerd aan het stromings-recirculatie pad, dat weer gekoppeld is aan de rotor stuw-
kracht en de afstand tot de grond.

Het tweede deel van dit proefschrift richt zich op het modelleren van verschillende ae-
rodynamische interacties tussen rotoren en een vleugelprofiel die zich bij ’Over-The-Wing’
voortstuwing voordoen. Een formulering voor de stuw- en draagkracht wordt gevormd
op basis van het rotor- en vleugel-geïnduceerde stromingsveld. Vervolgens wordt het to-
nale geluid van de rotor gemodelleerd door middel van een analytische beschrijving op
basis van de niet-viskeuze potentiaalstroming over de vleugel. De bijbehorende constante
instroomverstoring wordt als input gebruikt voor een geluid voorspellingsketen die de
wisselbelasting en de daaruit voortvloeiende aerodynamische geluidsbronnen berekent
met ’Helicoidal Surface Theory’. Hypothesen over de aerodynamische interacties, evenals
de uiteindelijke voorspellingen, worden gevalideerd door middel van experimenten uitge-
voerd met een array van vijf rotoren (voor de aero-propulsive prestaties) en een enkele
rotor (voor de aero-akoestiek) boven een profiel. Bij gematigde invalshoeken wordt de
stuwkracht verminderd door de ge-induceerde stroming van de vleugel. Dit met name re-
levant wanneer de rotor zich dicht bij de voorkant van de vleugel zij geplaatst. Bij grotere
invalshoeken, en wanneer de rotoren relatief weinig stuwkracht leveren, wordt loslatings-
hoek van het vleugelprofiel verhoogd. Echter, wanneer de stuwkracht toeneemt, wordt er
een recirculatie stroom tussen het vleugeloppervlak en de rotoren gevormd, wat resulteert
in globale loslating van de stroming over het vleugelprofiel. Onder deze omstandigheden
neemt de stuwkracht verder toe als gevolg van de aanzuiging van langzame, turbulente
stroming. De door de rotor geïnduceerde stroming verlaagt de druk aan de zuigkant van de
vleugel, terwijl de druk aan de andere kant toeneemt door een vergroting van de effectieve
invalshoek. De voorspellingen van het aerodynamische model komen overeen met expe-
rimentele waardes voor stuwkracht en lift. Er zijn echter afwijkingen in de draagkracht
van de vleugel wanneer de rotoren weinig stuwkracht leveren. Aero-akoestische metin-
gen onder de vleugel tonen een vermindering van het niveau van de eerste bladpasseer-
frequentie met 10 dB, in vergelijking met een geïsoleerde rotor. Het hoogfrequente breed-
bandgeluid voor deze uitstralingsrichting wordt eveneens verminderd. Aan de zuigkant
van de vleugel laten de voorspellingen en de experimenten een vergelijkbare toename van
het tonale geluid ten opzichte van de geïsoleerde rotor zien. In het rotorvlak is deze toe-
name voornamelijk het gevolg van de akoestische reflecties door de aanwezigheid van de
vleugel. Zowel experimenten als voorspellingen tonen een minimalisatie van het tonale
geluid voor een rotorpositie in het midden van de vleugelkoorde, voor deze uitstraalrich-
ting. De geluidsverhoging door de wisselbelasting is afhankelijk van de invalshoek en
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wordt voornamelijk stroomafwaarts uitgestraald, resulterend in een geluidstoename van
3-7 dB. Het tonale geluid in deze afstralingrichting is gevoeliger voor de rotorpositie; een
maximalisatie voor een rotor op 40% van de koorde wordt voorspeld.

De afsluitende studie van dit proefschrift betreft de dynamische, driedimensionale ae-
rodynamische interacties tijdens het opstijgen van een ’Over-The-Wing’ voortstuwings-
systeem. De invalshoek van de vleugel en de snelheid van de windtunnel veranderen dy-
namisch, wat overeenkomt met een steile klim in de begin fase van een referentie vlucht
pad. Tijdens de test wordt de stroming gemeten met behulp van ’Lagrangian Particle Trac-
king’ en helium-gevulde zeepbellen als stromingsdeeltjes. Een analyse van het tijdgemid-
delde snelheidsveld toont aan dat de meest uitgesproken variaties in de span-richting zich
stroomafwaarts van de rotoren bevinden. Hier worden afwisselende gebieden van op- en
neerwaartse stroming tussen de rotoren gevormd, als gevolg van de gecombineerde swirl
in het zog van de rotor array. Instantane resultaten onder dynamische condities laten een
soortgelijke stromingstopologie zien als die waarbij een vaste, maar overeenkomende, in-
valshoek is voorgeschreven. Variaties in de positie van de loslatingsgebieden wijzen echter
op een verandering in de effectieve invalshoek voor de dynamische metingen. Een link
met dit gedrag en bestaande theorie voor de voorspelling van invalshoeken in dynamische
condities voor dunne vleugelprofielen is gevonden. Echter, is een grondigere analyse no-
dig om hier conclusies over te trekken.

Uit de studies is gebleken dat geïntegreerde rotoren, met een hoge stuwkracht of grote
invalshoek, recirculerende en onstabiele stromingspatronen kunnen veroorzaken. Wan-
neer deze worden aangezogen door de rotor, zorgt dit door een toename van het breed-
band geluid door spectrale verbreding. Bovendien verminderen dergelijke stromingsver-
schijnselen het potentieel van ’Over-The-Wing’ voortstuwing om de loslatingshoek van
de vleugel te verhogen en daarom is zorgvuldig ontwerp van het voortstuwingssysteem
vereist om recirculatie te beperken.

Op basis van de stuwkracht, draagkracht en de rotor geluidsbronnen van ’Over-The-
Wing’ voortstuwing blijkt een rotorpositie rond de achterrand van de vleugel het gun-
stigst. Echter, verhoogt deze positie de waarschijnlijkheid van akoestische verstrooiing
via de achterrand en geeft het de grootste luchtweerstand van de vleugel, terwijl het
schild potentieel van de vleugel verhoogd wordt voor een rotor in het midden van de
koorde. De optimale rotorpositie is dus een afweging tussen bovengenoemde effecten en
is daarom afhankelijk van de specifieke eisen van het voortstuwingssysteem. De voorge-
stelde voorspellings-tools maken optimalisatie mogelijk door de geometrische en presta-
tieparameters van het voortstuwingssysteem efficiënt te variëren en zijn daarom nuttig
in de vroege ontwerpfase van dit soort vliegtuigen. De methoden omvatten echter geen
complexe viskeuze effecten of door vortex-geïnduceerde snelheden, dus aanvullende ex-
perimenten of numerieke simulaties zijn nog steeds vereist.
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Nomenclature

Symbols
a axial induced velocity factor [-]
ai POD temporal coefficients [-]
An auto-power average [-]
b tangential induced velocity factor [-]
B number of blades [-]
BPF blade passing frequency [Hz]
c chord length [m]
c0 speed of sound [m⋅s−1]
cl two-dimensional lift coefficient (cl = L/(qcS)) [-]
cd two-dimensional drag coefficient (cd = D/(qcS)) [-]
C generic coefficient [-], seeding concentration [mm−3]C cross-spectral matrix [-]
Cn complex average [-]
Cp pressure coefficient (Cp = (p−p∞)/q) [-]
CSL shear layer correction term [-]
CT thrust coefficient (CT = T /(�n

2D4)) [-]
C′T sectional thrust coefficient (C′T = T

′/(�n2D3)) [-]
CQ torque coefficient (CQ = Q/(�n2D5)) [-]
C′Q sectional torque coefficient (C′Q = Q

′/(�n2D4)) [-]

d diameter [m]di, dix , diy , diz disparity vector and disparity vector components [px]
dy offset from surface [m]
D rotor diameter [m], drag force [N]
DI interrogation window size [px2]
DSR dynamic spatial range (DSR = L/DI ) [-]
DVR dynamic velocity range (DVR = V /�V ) [-]
E total resolved kinetic energy [m2⋅s−2]
f objective focal length [mm], frequency [Hz]
f# numerical aperture
f ∗ normalized frequency [-]
g steering function [-]
G Green’s function in free space [-]
Gxx ,Gxy power spectrum and cross-power spectrum [Hz−1]
GF Gauge Factor [-]
ℎ grid spacing [m]
H ground stand-off distance [m], vertical displacement [m]
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He Helmholtz number (He = 2�L/�) [-]

Ĥ complex normalized thickness of the displaced fluid [-]
I intensity [-], intensity map [-]
J rotor advance ratio (J = V∞/(nD)) [-], Light pulse energy [J]

Ĵn, K̂n n-th order Bessel function of the first and second kind [-]
JT 0 zero thrust rotor advance ratio [-]
k wavenumber [m−1]
L lift force [N], characteristic length of measurement domain [m],

sensor size length [m]
M Mach number (M = V/c0) [-], Optical magnification [-],

mapping function [-]
Mx flight Mach number [-]
n shaft frequency [Hz], loading harmonic number [-]n unit normal vector [-]
N number of uncorrelated recordings [-]
Nr number of rotors [-]
OASPL Overall Sound Pressure Level [dB]
p acoustic pressure [Pa]
pref acoustic reference pressure (20�Pa) [Pa]
ps static pressure [Pa]
ppp particles per pixel [px−1]
P complex acoustic pressure, [Pa]
q dynamic pressure [Pa]
Q rotor torque [N⋅m]
Q′ sectional rotor torque [N]
r radial coordinate [m]
r0, r0,ℎub normalized radial coordinate (r/R) and normalized hub radius [-]
rc wing nose radius [m]
R rotor radius [m], source-observer distance [m],

electrical resistance [Ohm]R covariance matrix [-], correlation map [-]
Reb, Rec (3/4)R rotor blade chord and wing chord

Reynolds number (Re = V c/�) [-]
Rs local radius of streamtube [m]s Cartesian coordinates of vortex lines line coordinates in reference frame [m], spatial shift [-]
S tip-to-tip rotor separation distance [m], wingspan [m],

horizontal displacement [m], surface area [m2]

Ŝ Sears function [-]
SPL sound-pressure level [dB]
St Stokes number (St = �u/L) [-]
t time [s]
T rotor thrust [N], total time [s], timescale [s]
T ′ sectional rotor thrust [N⋅m−1]
Tij Lighthill stress tensor [Pa]
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TKE Turbulent Kinetic Energy [m2⋅s−2]
t̂b complex blade thickness [m]
tSL shear layer thickness [m]
u,v,w Cartesian velocity components [m⋅s−1]û reconstructed velocity field [m⋅s−1]
uk windowing function [-]
Utip rotor tip speed [m⋅s−1]
V velocity magnitude [m⋅s−1], voltage [V]
wind induced velocity in hover [m⋅s−1]
x,y,z Cartesian coordinates in reference frame [m]
xi,yi image coordinates [px]x observer position vector [m]
x′ x-position from the rotor (x′ = x −xr ) [m]
xr x-position of the rotor tip from wing’s leading edge [m]
X normalized blade chord coordinates (X = x/c-1/2) [-], distance [m]y source position coordinates [m]
yo y-position of far-field observer [m]
yr y-position of the rotor shaft from wing’s surface [m]
ySL shear layer height [m]
yt rotor tip gap from wing’s surface (yt = yr - R) [m]
zr axis-to-axis rotor separation [m]
z ground stand-off distance [m]
Z distance [m]
� geometric angle of attack [rad], weighing coefficient [-]
�0, �1 blade’s trailing edge and leading edge separation angle [rad]
�c stall angle [rad]� blade pitch angle [rad]
 blade lean [m]
2 linear coherence [-]
Γ circulation [m2⋅s−1]�99 boundary layer thickness [m]�z laser sheet thickness [m]
Δ� difference in effective angle of attack from isolated wing

(Δ� = �ef f −�w) [rad]
Δt pulse separation [s], sample interval [s]
Δx,Δy,Δz measurement domain [m]� streamtube deflection angle [rad], measurement uncertainty [-]

mechanical strain [-]� Prandtl-Glauert compressibility factor [-]� azimuthal coordinate [rad]�o far-field observer direction [rad]� wavelength [m], Eigenvalue [-], blade sweep [m]�̃ relative energy fraction [-]�2 �2-criterion [s2]� dynamic viscocity [Pa⋅s]



xx Nomenclature

� kinematic viscocity [m2⋅s−1]� gridpoint coordinates [m]� density of air [kg⋅m−3]� reduced frequency [-], standard deviation [-]�SL shear layer spreading coefficient [-]� emission time [s], time delay [s], relaxation time [s]�∗ retarded time [s]� inflow angle [rad], POD spatial mode [-]�0, �s phase-lag due to blade lean and blade sweep [rad] phase offset [rad], Wagner function [-] V ,n,  L,n,  D,n normalized thickness, lift and drag source transforms [-]! angular frequency [rad⋅s−1], vorticity, [s−1]
Ω shaft frequency (Ω = 2�n) [rad⋅s−1]
A wing aspect ratio [-]

Acronyms
2D2C two-dimensional two-component
AWT Aeroacoustic Wind Tunnel
BEMT Blade Element Momentum Theory
BFS Bubble Flow Solution
CCD Charge-Coupled Device
CMOS Complementary Metal–Oxide–Semiconductor
CNC Computer Numerical Control
DEHS Di-Ethyl-Hexyl-Sebacat
DEP Distributed Electric Propulsion
eVTOL electric Vertical Take-off and Landing
HFSB Helium-Filled Soap Bubbles
IPR Iterative Particle Reconstruction
LE-DEP Leading-Edge Distributed Electric Propulsion
LPT Lagrangian Particle Tracking
OJF Open-Jet Facility
OTF Optical Transfer Function
OTW Over-The-Wing
OTW-DEP Over-The-Wing Distributed Electric Propulsion
PIV Particle Image Velocimetry
POD Proper Orthogonal Decomposition
PTU Programmable Timing Unit
PTV Particle Tracking Velocimetry
RO Rated-Output
sCMOS scientific Complementary Metal–Oxide–Semiconductor
sPIV stereoscopic-Particle Image Velocimetry
UAM Urban Air Mobility
VDC Volts of Direct Current
VIC+ Vortex-In-Cell



Nomenclature xxi

Sub- and Superscripts
ax axial direction
b blade
BPF Blade Passing Frequency
conv convective flow
d rotor disk
e streamtube outlet
ef f effective
f fluid
ℎ grid value
iso isolated rotor
I illumination
IGE in-ground effect
max maximum value
O objective
OGE out-of-ground effect
p particle
QS quasi-steady condition
r radial position
rms root-mean-square
SL shear layer
t blade-tip condition
U unsteady condition
V velocity
w isolated wing value
x x-direction
y y-direction
Γ circulation
� azimuthal direction
∞ free-stream condition
′ perturbation
̂ complex value
̄ averaged value
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1
Introduction

T
he potential of electric flight [1] has paved the way for a novel transportation system,
known as Urban Air Mobility (UAM) [2–5]. This upcomingmarket aims at revolution-

izing travel times in congested metropolitan areas, by enabling air-linked destinations in
closer proximity to one another than regular airports. UAM is intended to utilize a vast
number of small-scale (capacities of up to ten passengers) piloted or autonomous electric
aircraft as transportation devices for personnel or cargo. The proposed vehicles apply
an electric Vertical Take-Off and Landing (eVTOL) approach to optimize versatility and
manoeuvrability in confined environments.

Through reduced urban traffic congestion, societal benefits in terms of a reduced envi-
ronmental footprint and enhanced local air quality are expected. Additionally, such tech-
nologies can serve the community by more efficient medical and emergency transport
[6] or improved connectivity with remote and rural areas. However, considering that the
eVTOL vehicles are intended to be operated in populous areas, a larger number of commu-
nities will be impacted by their implementation. This leads to revived societal challenges
in terms of safety, noise and impact on wildlife [7, 8]. The aircraft design can play a pivotal
role in minimizing such adverse environmental effects.

1.1 eVTOL aircraft design
An electric motor has, besides no gaseous emissions, another key advantage compared to
an internal combustion engine: its small size, high power-to-weight ratio and efficiency,
and minimal mechanical parts provide excellent scalability characteristics. This offers
greater flexibility in the placement, size and operation of the propulsors. Such enhanced
design freedom leverages the development of disruptive configurations of the propulsion
system [9] to elevate the performance with respect to traditional aircraft layouts or heli-
copter. As a consequence, conceptual eVTOL designs exist in great diversity, although the
majority of them can be placed into four categories:
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1. Multi-copter: Wingless vehicles that makes use of rotors for both vertical and for-
ward flight. These vehicles generally have a high hover efficiency but provide lim-
ited cruise speed and are therefore intended for short ranges up to 50 km.

2. Lift+cruise: Similar to themulti-rotor configuration but include a horizontalmounted
propeller and wings to increase the forward flight efficiency.

3. Tilt-rotor: Applies vectored thrust to use the same rotors for vertical and forward
flight.

4. Tilt-wing: The rotors are connected to tilt-able, large aspect ratio, wings. The tilt-
wing vehicles promise to give the longest range (≈ 200 km), since these combine
take-off and landing flexibility with an efficient forward flight.

(a) multi-copter: Volocopter VoloCity Volocopter [10](b) lift+cruise: Aurora Flight Sciences Pegasus PAV
Sciences [11]

(c) tilt-rotor: Joby S4 Aviation [12] (d) tilt-wing: Airbus A3 Vahana Airbus [13]
Figure 1.1: Electric Vertical Take-off and Landing (eVTOL) systems

Examples of the different eVTOL vehicle classes are shown in figure 1.1. A general
trend can be observed here: the thrust is distributed over multiple but smaller sized (ducted
or open), fixed-pitch, rotors. This brings advantages in terms of safety and controllability,



1.1 eVTOL aircraft design

1

5

as well as reduced noise emissions through lower tip speeds. The disruptive designs of the
eVTOL vehicles lead to formidable complexity in the aerodynamic and acoustic interac-
tions between rotors, airframe and lifting surfaces. This is most apparent for the tilt-wing
configuration using open rotors, which is focused on exclusively in this thesis.

Tilt-wing configuration

Conceptual tilt-wing vehicles employ an array of span-wise distributed propulsors ar-
ranged along the wing, which is known to bring beneficial aero-propulsive coupling ef-
fects [9]. The widely used example of such a layout is the Leading-Edge Distributed Elec-
tric Propulsion (LE-DEP), where open rotors are installed on pylons alignedwith the chord
and connected to thewing’s leading edge, see figure 1.2a. By the induced flow downstream
of the disks, LE-DEP is known to increase the wing’s lift curve slope, the maximum lift
coefficient and stall angle [14, 15].

(a) Leading Edge Distributed Propulsion (b) Over-The-Wing Distributed Propulsion

Figure 1.2: Tilt-wing propulsion system architectures

An alternative to LE-DEP is to mount the rotors over the suction side of the wing, with
their axes aligned with the wing’s chord line, as illustrated in figure 1.2b. This is labeled
as Over-The-Wing Distributed Electric Propulsion (OTW-DEP). While OTW-DEP is more
complex from a structural viewpoint, it is considered superior in aeroacoustic terms (com-
pared to LE-DEP) due to the potential to use the wing to shield the ground from the rotor
noise, effectively reducing fly-over noise [16]. This characteristic can be vital to tackle
the societal challenges concerning future eVTOL vehicles. The premise of OTW-DEP also
consists of aero-propulsive gains through the rotor-induced flow, leading to greater aero-
dynamic efficiency of the wing and reduced span-wise lift and drag variations compared
to leading-edge propulsion [17]. On the other hand, adverse effects on the rotor perfor-
mance are to be expected. The wing’s aerodynamics generate a non-uniform inflow for
the rotor resulting in variation in blade loading during a rotation. Such unsteady loads
on the blades can reduce the propulsive efficiency and increase the emitted noise of the
rotors. To maximize the potential of OTW-DEP, a proper balance between the adverse and
favorable rotor-wing interactions is therefore required.
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Flight operation

The aforementioned installation effects of OTW-DEP are well understood for cruise con-
ditions. However, during the vertical take-off of a tilt-wing configuration, the operating
conditions radically change. A notional reference flight mission [18] is presented in figure
1.3 and shows a trajectory that consists of multiple stages [19].

1

2

3
4 5

6

7

8

9

1   Vertical take-off

2   Transition

3   Climb to cruise level

4   Horizontal cruise

5   Loiter (Horizontal)

6   Descent

7   Transition

8   Loiter (hover)

9   Vertical landing

Figure 1.3: Flight path of typical tilt-wing eVTOL vehicle. Figure adapted from [18].

1. Vertical take-off: In the initial stages of flight, the rotors are in vertical orienta-
tion and are operated at a high thrust level, in close proximity to the ground and
nearby infrastructure. As the vehicle gains vertical speed, the effects of these ob-
structions diminishes, resulting in free-hover conditions. Vertical flight is the most
energy-intensive path of the flight envelope; the required power is typically 3 to 6
times higher [20] (dependent on the disk loading [21]) than during cruise.

2. Transition: In the transition phase, the vehicle gains horizontal speed by thrust
vectoring, during which the dominant lift force gradually changes from propulsive
thrust to the wing’s circulation. The transition phase typically is completed within
a couple of seconds but is challenging due to the shifting angle of attack, close to
stall conditions, as the aircraft accelerates [22, 23].

3. Climb: After the transition to forward flight, the vehicle ascends towards cruise
altitude, which ranges from 300 to 3000 meters [22, 24].

4. Horziontal cruise: In cruise flight, the airspeed is high while the thrust of the ro-
tors is minimized. The time spent in cruise generally accounts for the majority of
the flight, though it varies depending on the mission length. It can range from 40%
of the total flight time for missions of 7 km to as much as 95% for long-range mis-
sions (approximately 100 km) [20, 25, 26].

During landing, the flight phases prior to cruise are performed in reversed order and
opposite vertical direction. This can include two loitering procedures, indicated by the
circular arrows in figure 1.3, if landing space is not immediately available; one at cruise
altitude and another when hovering close to the intended landing area [18].
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The conditions in the initial and latter stages of the flight envelope are characterized
by null-to-low velocity, high thrust and large angles of attack. This could lead to rad-
ical changes in the known installation effects of Over-The-Wing propulsion for cruise
conditions. Furthermore, additional rotor-surface interactions are expected to contribute,
particularly the interaction with the ground surface during near-ground hovering. Such
aerodynamic interactions need to be understood extensively to ensure the safe and quiet
operation of the Over-The-Wing propulsion system, and to inspire design guidelines to
mitigate the adverse and enhance the favorable installation effects.

1.2 Objectives
To enable Over-The-Wing propulsion for vertical flight, the fundamental aerodynamic
interactions between the distributed rotors and surfaces need to be understood. The main
objective for this thesis is therefore as follows:

Understand the key aerodynamic rotor-surface interactions, and their

performance impact, of Over-The-Wing propulsion for vertical flight

The goal is achieved through experimental investigations of the fundamental aerody-
namic interactions between distributed rotors and surfaces that occur in the initial stages
of flight for a tilt-wing eVTOL vehicle employing Over-The-Wing propulsion. The experi-
mental data are used to formulate and validate a low-fidelity model of the aero-propulsive
performance and the rotor noise sources, allowing efficient parameter variations and the
decoupling of separate aerodynamic effects. Consequently, the main aim can be split into
a number of sub-goals:

1. Identify the fundamental aerodynamic interactions between distributed rotors and
surfaces that occur along the tilt-wing flight trajectory, making use of novel flow
measurement techniques.

2. Understand the beneficial and detrimental effects that result from the multi-rotor–
surface interactions.

3. Develop a low-order model for the aero-propulsive and aeroacoustic performance
of Over-The-Wing propulsion at incidence, to inspire design guidelines.

1.3 Thesis outline
The thesis is split into 4 parts, as presented in figure 1.4.

Part 1 introduces background theory required to understand the problems and results
in the thesis in detail. In chapter 2 the fundamentals of rotors are introduced. This con-
cerns the isolated rotor’s aero-propulsive and aeroacoustic properties, modeling strategies
and critical multi-rotor–surface interactions. Chapter 2 is concluded by the definition of
challenges and fundamental research questions related to the main aim of the thesis.

Since an experimental approach is considered, the research methodologies are ex-
plained in Part 2. Theoretical background on the measurements techniques is introduced
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in chapter 3 while the research facilities are presented in chapter 4.

Part 3 is the main part of the thesis and deals with the experimental and modeled re-
sults. Each chapter in this part is dedicated to answering one of the research questions that
are defined in chapter 2, and therefore concerns a different part of the flight envelope as
schematically illustrated in figure 1.4. This starts with an experimental investigation of the
three-dimensional flow topology of multi-rotors in ground proximity in chapter 5, where
the effect of the wing is disregarded. Chapter 6 builds on this but focuses on the unsteady
flow behavior around the multi-rotor configuration. In chapter 7, the aero-propulsive per-
formance of the OTW-DEP is investigated and modeled for operating conditions that are
typically observed between vertical take-off and forward flight. Chapter 8 deals with sim-
ilar operating conditions, but instead focuses on the aeroacoustic installation effects and,
in particular, the tonal noise sources of the installed rotor. Finally, in chapter 9, a refer-
ence take-off trajectory is experimentally simulated, to study the three-dimensional flow
interactions and to identify transient aerodynamic effects.

In Part 4, the thesis is completed by the conclusions and recommendations for future
work in chapter 10.
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Figure 1.4: Visual outline of the thesis.
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2
Fundamentals of rotors and

installation effects

R
otors are the preferred option for the propulsion system of eVTOL vehicles due to
their high propulsive efficiency and excellent compatibility with electric motors. In

this chapter, the fundamental aerodynamic and aeroacoustic properties of rotors are intro-
duced. This starts with the rotor’s aero-propulsive performance and wake aerodynamics
in section 2.1 and rotor noise source in section 2.2. After this, the installation effects of
multi-rotor configurations, based on recent literature, are elucidated in section 2.3. Special
attention here is given to the aerodynamic interactions of such configurations when op-
erated in ground proximity. In section 2.4, the aerodynamic and aeroacoustic installation
effects specific to the Over-The-Wing mounted rotor system are introduced. The chapter
is completed by the identification of scientific challenges based on multi-rotor–surface
interactions in section 2.5, and the definition of associated research questions in section
2.6.

2.1 Rotor aerodynamics
A rotor’s geometry is defined by an azimuthal distribution of a number of B blades that
stretch from the hub to the edge of the rotor disk with radius R, see figure 2.1. The ge-
ometry of the blades can be described using a similar planform as for wings, by the radial
distributions of the chord length c (r), pitch � (r), sweep � (r) and lean 
 (r), and the airfoil
geometry.

2.1.1 Aero-propulsive performance

Each rotor blade can be represented by a radial discretization of two-dimensional blade
sections with span dr . When the rotor is operated, an axial Vax and tangential V� velocity
is generated at the inflow of each blade section, as shown on the right-hand side of figure
2.1, that prescribes a local dynamic pressure q and angle of attack � that is defined by
equation 2.1:
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Figure 2.1: Rotor geometry and definition of aero-propulsive forces.

q = �√V 2ax +V 2�2 � = �−� = �− tan−1(VaxV� ) (2.1)

in which � is the density of the fluid and � the local inflow angle of the blade section.
The resulting lift and drag forces define the sectional thrust T ′ and torque Q′ for a blade
section located at a radial station r as:

T ′ = qc (cl cos(�)− cd sin(�))Bdr (2.2)

Q′ = qc (cl sin(�)+ cd cos(�))Brdr (2.3)

where cl and cd are the lift and drag coefficient of the given blade section for the local angle
of attack �.

The axial Vax and tangential velocity V� at the blade section are determined by the
combination of the free-stream and rotational velocity of the rotor. Moreover, the rotor
itself also induces a flow in the axial and tangential direction that should be considered:

Vax = V∞(1+ a) V� = Ωr (1− b) (2.4)

in which Ω is the rotational velocity of the rotor, and a and b are the axial and tangential
induced velocity factors, respectively. These rotor-induced velocities depend again on the
aero-propulsive forces of the blade sections through the conservation of axial and angular
momentum:

T ′ = 4�r�V 2∞ (1+ a)adr Q′ = 4�r3V∞ (1+ a)bΩdr (2.5)
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The thrust and torque for each blade section can therefore be predicted from equa-
tions 2.2, 2.3 and 2.5 using an iterative scheme. This approach is known as Blade Element
Momentum Theory (BEMT) [27, 28], which is an engineering tool for rotor and propeller
load prediction. Typically, corrections for compressibility, rotational flow [29] and tip loss
effects [30, 31] are also applied to the sectional aero-propulsive forces.

Radial variations in blade sectional chord, pitch, and rotational velocity lead to a distri-
bution of propulsive forces along the radial coordinate of the rotor blades. These variations
in blade loading influence both the emitted noise and slipstream characteristics, thereby
affecting the installation effects. Generally, thrust and torque forces are maximized around
80% of the rotor radius as is shown by the typical loading distributions presented in figure
2.2.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 2.2: Sectional thrust and torque distribution over the blade radius for J = 0.6.

The total thrust and torque of the rotor are returned from integration of the sectional
values:

T = ∫
R
T ′dr Q = ∫

R
Q′dr , (2.6)

To make the performance characteristics of rotors scalable, the integral thrust and
torque are typically normalized using a combination of the rotational velocity n, rotor
diameter D, and fluid density �:

CT = T

�n2D4
CQ = Q

�n2D5
(2.7)

Considering that the performance of fixed-pitch rotors is primarily defined by the in-
flow characteristics through the axial and tangential velocity, a key parameter that de-
scribes the operating condition, is the rotor’s advance ratio J . This is defined by the ratio
between the distance traveled during a rotation and the rotor diameter:

J = V∞
nD

(2.8)

The thrust coefficient CT and advance ratio J have a convenient linear relationship for
fixed pitch rotors when neglecting stall over the blades.
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2.1.2 Streamtube properties
As shown in the previous section, a flow is induced by the rotor through the conservation
of axial and angular momentum. The extent of the rotor-induced velocity is greater than
just the rotor disk, and affects the flow properties in streamwise direction in a domain
called the streamtube. To illustrate this, the rotor can be approached in a simplifiedway, by
a uniform pressure jump Δp over a disk with the same radius R as the rotor, and assuming
an inviscid and incompressible flow. The pressure jump is determined by the rotor thrust
T and the disk area Sd : Δp = T

Sd
= T

�R2
(2.9)

The variations in static pressure ps(x) in streamwise direction then follow from the
potential solution of the Laplace equation in cylindrical coordinates, through the uniform
distribution of pressure doublets Δp over the rotor disk, positioned at x = 0 [32]:

ps (x) = Δp2 ( x√
x2

− x√
R2+ x2) (2.10)

The position of the pressure doublets Δp and the resulting distribution of the static
pressure are presented in figure 2.3a and b, respectively.
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Figure 2.3: a) Rotor streamtube contraction for an induced velocity factor a = 1. b) Variations in axial direction
of the normalized induced velocity va/a and static pressure ps/Δp.

As is shown in figure 2.3b, the rotor generates a pressure field in the streamtube that
varies from free-stream conditions. Upstream of the disk, the pressure is reduced, while
downstream there is an increase in pressure. On both sides of the rotor disk, the pres-
sure recovers gradually to ambient conditions. The resulting pressure gradient in the
streamtube accelerates the flow. From the inviscid incompressible momentum equation
and equation 2.10, and by considering that the velocity is continuous through the disk,
the normalized axial-induced velocity of the rotor yields:
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va (x)
V∞

= a(1+ x√
R2+ x2) , a = va (0)

V∞
= Δp2�V 2∞ (2.11)

in which a is the induced velocity factor at the position of the disk (similar to equation
2.5). The distribution of the induced velocity is also presented in figure 2.3b and shows
the gradual acceleration of the flow both upstream and downstream of the disk. A conse-
quence of the acceleration of the flow in axial direction is that the streamtube contracts.
The streamtube radius Rs can be derived from the induced velocity va by the law of conti-
nuity:

Rs (x)
R

= √ 1+ a1+ a(1+ x√
R2+x2) (2.12)

The streamtube radius, normalized by the rotor radius, is presented in figure 2.3a for
a = 1. Note that an increase in a, due to a higher thrust or reduced free-stream velocity,
results in a stronger contraction of the streamtube. Furthermore, it must be noted that in
equations 2.11 and 2.12, a is normalized by the free-stream velocity, hence these relations
are not applicable to rotors in hover.

The results of figure 2.3 show a simplified presentation of the rotor streamtube prop-
erties, in which a uniform loading over the disk has been assumed. As already shown in
figure 2.2, radial variations in loading are present. Aside from this, unsteady, viscous and
rotational effects have been disregarded. In reality, such effects play a role in the wake
characteristics of rotors. This is illustrated in figure 2.4 by experimental flow measure-
ments around a rotor in hover condition.

Figure 2.4: a) Experimental time-averaged velocity magnitude slice and 3D vectors through the rotor axis and b)
slice extracted one diameter downstream, obtained from [33].

Figure 2.4a depicts a slice through the axis of a two-bladed rotor, showing the time-
averaged flow field, where all presented velocities are self-induced by the rotor, as there
is no external free-stream. The data indicate that the velocity varies with radial position
within the streamtube, generally increasing from the center of the wake outward, which
correlates with the thrust distribution along the blade, as illustrated in figure 2.2. Besides
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the axial velocity of the rotor, the rotor also induces a flow in tangential direction, as is
shown by the velocity field extracted one diameter downstream of the rotor disk in figure
2.4b. The tangential induced velocity, or swirl, is the result of the rotor torque causing the
wake to rotate in the same direction as the rotor blades. This angular momentum in the
flow does not contribute to the thrust and is therefore a loss in propulsive efficiency.

The circulation of the rotor blades generates coherent structures in the flow that are
convected downstream, which are not captured in time-averaged flow results. To illustrate
this, a sketch of the rotorwake vortex system [32, 34] is presented in figure 2.5a. The bound
vorticity of the airfoil creates trailing vorticity that follows a helicoidal path downstream.
Radial variations in the blade circulation (recall figure 2.2) result in the rapid roll-up of the
trailing vorticity and cause the formation of a tip vortex at the edge and root vortex at the
center of the slipstream. Additionally, the blade’s boundary layer generates a shear layer
that is convected along a similar helical path.

tip vortex shear layer

bound

vorticity

root

vortex

Figure 2.5: a) Schematic of the rotor slipstream characteristics and vortex system, and b) phased-averaged �2
contour and iso-surfaces highlighting the coherent structures, obtained from [33].

This creates a time-dependent, three-dimensional wake which is visualized by phase-
averaging of the instantaneous, experimental velocity field in figure 2.4b. The contours
and iso-surfaces in figure 2.4b show the �2-criterion which is used to visualize vortex cores.
The iso-surfaces show the helicoidal path of the tip vortices and the root vortex. The tip
vortices are gradually reduced in strength while convected downstream through viscous
dissipation. Note that the low advance ratio reduces the spacing between the tip vortices,
and, combined with the random transverse motion of the vortex about its average path
known as wandering or meandering [35, 36], increases the likelihood of vortex merging.
Consequently, the vortices are broken after roughly one diameter.

2.1.3 Unsteady blade loading
The analysis has thus far considered isolated rotors, either in hover condition or with
the rotor axis parallel to the free-stream. In contrast, during an eVTOL take-off trajec-
tory, the rotors are often inclined relative to the flight direction, resulting in non-axial
flow conditions. Additionally, installed propulsion systems employing distributed elec-
tric propulsion can experience non-uniform inflow due to aerodynamic interactions with
surrounding components, such as fuselages, pylons, lifting surfaces, or the wake gener-
ated by other rotors, which create steady and unsteady inflow distortions. The axial and
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non-uniform flow leads to periodic variations in dynamic pressure and blade inflow angle
during a blade’s rotation, causing fluctuating forces along the azimuth, a phenomenon
referred to as unsteady blade loading. The response of an airfoil’s aero-propulsive forces
to varying inflow conditions is often not immediate and can result in a phase delay and
amplitude reduction relative to the inflow variations. An important scalability parameter
for such unsteady effects is the reduced frequency �, which is defined as the ratio of the
angular frequency ! of the oscillation to the amount of half-chord lengths traveled per
unit of time ( 2V∞c ):

� = !c2V∞ = �f c

V∞
(2.13)

in which f is the frequency of the oscillation. A value of � = 0 defines the steady aerody-
namic case, while positive values indicate unsteady effects. To determine the response of
the lift-force of an airfoil, different approaches in time- and frequency-domain are avail-
able.

Time-domain

From the classical theory of Wagner [37], the lift response of a thin airfoil can be approx-
imated through the definition of an effective angle of attack �U (t):

cl(t) = 2��U (t) (2.14)

The effective angle of attack �U (t) depends on the initial angle of attack �0 at t = 0,
and the product of the rate of change of the geometric angle of attack d�dt and the Wagner
function  (t), integrated in time:

�U (t) = �0+∫ t

0 d�dt  (t)dt (2.15)

The Wagner function  (t) can be approximated [38] as a function of the half-chord
lengths travelled:

 (t) = 1−0.165exp(−0.04552V∞tc )−0.335exp(−0.32V∞tc ) (2.16)

The distribution of the Wagner function is presented in figure 2.6a and shows an
asymptotic relation that starts at values of ( 12) and limits to unity.

To demonstrate the predicted unsteady response of an airfoil, a synthetic case is gen-
erated by an oscillation angle of attack with an amplitude of 5◦ and angular frequency of
! = 4� rad/s. The geometric angle of attack is shown by the black line in figure 2.6b. The
colored lines in figure 2.6b show the unsteady angle of attack, computed through equation
2.15 for two values of the reduced frequency. The corrected angles of attack have the same
starting position as the geometric angle of attack, but deviate after initializing through a
phase delay and reduced amplitude. As expected, phase and amplitude modulations are
greater for higher values of the reduced frequency.
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Figure 2.6: a) Wagner function  (t) as a function of the half-chord lengths travelled and b) geometric (black line)
and unsteady angle of attack according to equation 2.15, for � = 0.1 and � = 0.3.
Freqency-domain

Correctionmethods for the unsteady lift response in the frequency domain are particularly
useful for rotor applications. For the reduced frequency of a rotor blade section, the in-
duced and rotational velocity of the rotor should also be included. In this case, the reduced
frequency � for a wavenumber k for a local blade section at radius r yields [39]:

� (k, r) = kΩcb (r)2Vb (r) (2.17)

where Ω is the shaft-frequency of the rotor in rad/s, Vb the velocity of the local rotor blade
section, and cb the local blade chord length. Note that the velocity Vb, is a combination of
the rotational, free-stream and induced velocity of the rotor in steady-state conditions.

To correct the unsteady loads of the rotor in the frequency domain, the sectional lift co-
efficients during a rotation through the non-uniform inflow field are Fourier decomposed,
resulting in the quasi-steady complex lift coefficient ĉl,QS [39]. Such information can effec-
tively be obtained through analytical methods such as Blade Element Momentum Theory.
Then, by multiplication with the Sears function [40], the lift is corrected for the unsteady
effects:

ĉl(r ,�) = ĉl,QS(r ,�)Ŝ(r ,�) (2.18)

The Sears function for an incompressible flow is presented in equation 2.19, and de-
pends on the reduced frequency:

ŜM=0(�) = Ĵ0(�)K̂1(i�)+ iĴ1(�)K̂0(i�)
K̂1(i�)+ K̂0(i�) (2.19)

in which Ĵ0 and Ĵ1 are Bessel functions of the first kind and of the zeroth- and first-order,
respectively. Similarly, K̂0 and K̂1 are the zeroth and first-order Bessel functions of the
second kind. The incompressible Sears function has real and imaginary components that
are presented in figure 2.7a for different values of the reduced frequency. Note that the
magnitude of the Sears function is enhanced for decreasing reduced frequency to a limit
of one for � = 0, indicating steady-state conditions.

A compressibility correction [41] can be applied to the Sears function based on the
local Mach number M :
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Figure 2.7: a) Real and imaginary parts of the Sears function for subsonic flow. b) Sears correction applied to the
0.75R blade of a rotor at � = 25◦.

Ŝ(�,M) = ŜM=0 (�/� 2){J0(M2�
� 2 )+ iJ1(M2�

� 2 )
}e[−i�f (M)/� 2] (2.20)

in which the function f is based on the Prandtl-Glauert compressibility factor � :

f (M) = (1− � ) ln(M)+ � ln(1+ � )− ln(2) � = √1−M2 (2.21)

The Sears function correction is applied to the sectional lift force (0.75R), obtained
through BEMT, for a rotor at an angle of attack of � = 25◦ in figure 2.7b. The quasi-steady
results show a variation in lift during a rotation as a result of the varying local angle of
attack and dynamic pressure of the blade section. This generates a symmetric distribution,
with a maximization of the lift at � = 180◦. The Sears function causes both an amplitude
reduction and a phase offset, similar to the correction of Wagner (figure 2.6b). However,
since the method is computed in the frequency domain, the initial point (� = 0◦) is also
affected.

The aforementioned unsteady loading corrections are applied in this thesis in the pre-
dicting of the rotor tonal noise (chapter 8, frequency domain) and effective angle of attack
of the rotor-wing system during a reference flight trajectory (chapter 9, time domain).

2.2 Rotor aeroacoustics
Rotating blades generate aerodynamic noise that can be split into tonal or harmonic noise,
generated by repeating fluctuations in pressure due to the blades’ rotation, and broadband
noise which consists of a non-periodic, random signal. The two contributions will be
introduced separately in this section.

2.2.1 Harmonic noise
Tonal noise is observed at frequencies that are multitudes of the frequency of the blade
passages. The theoretical prediction of such noise sources follows from the inhomoge-
neous wave equation that includes the effect of moving bodies. The result is known as the
Ffowcs-Williams/Hawkings equation [42]:



2

20 2 Fundamentals of rotors and installation effects

�′(x, t)c2∞ = thickness noise
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
)

)t ∫So [ �∞Vjnj4�R |1−Mr | ]�=�∗ dS(y)
−

loading noise
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
)

)xi
∫
So [ pijnj4�R |1−Mr | ]�=�∗ dS(y)+

quadruple noise
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
)2

)xi)xj
∫
Vo [ Tij4�R |1−Mr | ]�=�∗ dV (y)

(2.22)

in which the acoustic field is presented on the left hand side, denoted by the density per-
turbation �′ at observer position x, multiplied by the speed of sound c∞. On the right hand
side of equation 2.22, multiple integrals are carried out over moving bodies at an emission
time � and differentiated in time and space. Each of the integrals on the right-hand side
of equation 2.22 represents a force term, corrected for the distance between source and
observer R and the Mach numberMr , which is carried out over the moving surface S(y) or
the surface velocity V (y). The force terms in equation 2.22 embody different tonal noise
sources of rotating blades:

• Thickness noise is caused by the volumetric displacement of fluid by the moving
blades and can be represented by a monopole source. In equation 2.22 it depends on
the blade surface velocity Vj , unit normal vector nj to the surface and fluid density
�∞ at the observer position. The amplitude is proportional to the blade volume and
rotational speed. Thickness noise is therefore dominant for high blade speeds [43]
and can be mitigated by using thin blades, in particular near the tip region.

• Loading noise is due to the blade’s surface loading pij . Loading noise can be rep-
resented by a dipole source and is often the dominant tonal noise source for low-
speed rotors. A method to mitigate loading noise is to increase the rotor’s solidity;
for example through more blades, longer blade chords or increased rotor diameter.
Loading noise can further be split into steady and unsteady components. The latter
is the result of aerodynamic installation effect or non-axial inflow conditions, and
is known to be a strong noise source for low-speed rotors [44].

• Quadruple noise sources are the result and flow inhomogeneities surrounding
the blades, such as turbulence in the wake of the blades or compressibility effects at
transonic speeds. Prediction of the quadrople noise sources depends on computing
the Lighthill stress tensor Tij [45].

Tonal noise modelling: Helicoidal Surface Theory

The use of low-fidelity tools allows for efficient optimization of the propulsion system
and is therefore particularly useful for minimizing the adverse effects on the aerodynamic
noise sources of the rotor. Multiple theories are available to predict the tonal noise sources
of rotating blades, both in the time and frequency domain. Methods in the frequency
domain often give themost elegant solutions due to the redundancy of calculating retarded
blade locations and numerical derivatives [46]. A generally applied method here is known
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as Helicoidal Surface Theory [47] which is valid for far-field noise predictions and gives
a convenient final solution. The derivation starts by adapting the acoustic analogy of
Goldstein [48], which is an extension of Ffowcs-Williams/Hawking (equation 2.22) where a
movingmedium is concerned instead. When neglecting quadruple noise termsGoldstein’s
acoustic analogy yields:

�′(x, t)c2∞ = ∫ T

−T ∫
S(�)(�0Vn )G)� + fi )G

)yi)dS (y)d� (2.23)

in which S are the source surfaces with coordinates y at a source time �. Vn the normal
component of the airfoil surface velocity and fi the i-th component of the force that is
exerted by the fluid on the airfoil. G is the Green’s function in a free space, that depends
on the distance R between the observer x and source y locations:

G = � (t − �−R/c0)4�R , R = |x−y| (2.24)

In the work of Hanson [47, 49], equation 2.23 is written in a form where the blade de-
sign parameters (such as blade thickness and sweep) appear explicitly. For brevity, the full
derivation is not shown, but it deals with the transformation of the integrals of equation
2.23 to an orthogonal helicoidal reference frame in which the rotor axis is aligned with
the free stream. The acoustic pressure p (t) is then returned as:

p (t) = ∞∑
m=−∞

∞∑
n=−∞(PV ,mn+PL,mn)exp(imBΩt) (2.25)

in which PV ,mn and PL,mn are the thickness and loading source terms for the m-th source
harmonic and n-th loading harmonic:{

PV ,mn
PL,mn

} = − 2R�c20B sin�O8�y (1−Mx cos�O) eimB( ΩR
c0 − sign(m)|mB−n|�2 )

×∫ 1
r0,ℎub e

i('0+'s)
⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟
phase
delay

M2
r

{
k2x t̂b,n V ,n

iky
ĉL,n2  L,n+ ikx ĉD,n2  D,n

}
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source terms

Ĵ|mB−n|(|m|Br0Mt sin�O1−Mx cos�O )
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Bessel function

dr0 (2.26)

Equation 2.26 consists of an initial term, where Mx is the flight Mach number, and �O
and y are the angle and vertical distance between the observer position and flight axis.
The initial term is multiplied by an integral over the normalized rotor radius r0 (from
hub to tip). The integrand consists of multiple terms in which the first denotes a phase
delay, caused by the blade lean �0 and sweep �s . The second term shows the thickness
and loading source terms. Here, kx and ky are wave numbers,  V ,n,  L,n and  D,n are the
source transforms of the blade’s thickness and lift and drag forces. ĉL,n and ĉD,n denote the
sectional, Fourier transformed, lift and drag coefficient. The final term in the integrand
of equation 2.26 concerns the Bessel function of the first kind, which acts as a weighting
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function to the blade harmonics. This term can therefore be used to analyze the radiation
efficiency of each mode. Values of the Bessel function Ĵn(x) (where n is the order and x is
the argument) are presented in figure 2.8.
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Figure 2.8: Bessel functions of the first kind Ĵn (x) for different orders n.
As shown in figure 2.8, the value of the Bessel function decays rapidly for arguments

less than the order of the function (i.e. |x |<|n|). For the Bessel function in equation 2.26,
low radiation efficiencies are therefore found for [49]:|||| mBr0Mt sin (�O)(mB−n)(1−Mx cos(�O)) |||| < 1 (2.27)

in which �O is the emission direction (�O = 0◦ in upstream direction). Hence, in the rotor
plane (�O = 90◦), equation 2.27 reduces to:|||| mBmB−n |||| r0Mt < 1, for �O = 90◦ (2.28)

Equations 2.27 and 2.28 show that the blade count B appears in the low-radiation ef-
ficiency criterion. Hence, this design parameter could be exploited to reduce the noise of
unsteady loading modes when non-uniform and non-axial inflow conditions are expected.
Note that for steady loading, the loading harmonic equals n = 0, and the blade count is
removed from the criterion.

Recent tonal noise modelling efforts focused on adaptations to include the unsteady
loading for pusher propellers by [50, 51], quad rotors [44], contra-rotating open rotors [52]
and distributed propellers [53, 54]. The noise ascribed to unsteady loading was shown to
be dominant for most noise emission angles for such configurations [44], highlighting its
relevance.

2.2.2 Broadband noise
Broadband noise is a type of random noise characterized by pressure fluctuations that are
distributed across a wide range of frequencies. This noise can either be result of the blades
themselves, i.e. without considering external factors, or by the interaction of the blades
with turbulence.
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Airfoil self noise

Airfoil self noise describes a family of high-frequency broadband noise sources of airfoils,
such as trailing edge scattering, vortex shedding, and laminar and turbulent boundary
separation noise. The different airfoil self noise contributions are schematically illustrated
in figure 2.9 and are typically scattered at the trailing edge of the airfoil. The broadband
self noise of rotating blades can bemodelled through various semi-empirical methods such
as the Brook-Poke-Marconi [55] or Pegg [56] model.

Figure 2.9: Different contributions of airfoil self noise. Figure adpated from [55].

Turbulence ingestion noise

The impingement of turbulent flow leads to stochastic unsteady pressure fluctuations on
the leading edge of the blades, generating broadband noise which is typically radiated at
lower frequencies compared to airfoil self noise. The ingesting turbulence can originate
from various sources, including wakes of the blades themselves (during vertical descend
[57] or in a one-after-another configuration [58]), wakes generated by other part of the
aircraft such as wings and pylons, or atmospheric turbulence. Since the ingestion can
be the result of installation effects, it is expected that, aside from unsteady loading, this
is an important noise contribution of installed propulsion systems. Models to effectively
predict turbulence ingestion noise based on the turbulence characteristics are available in
literature [59, 60].

If the flow scales during ingestion are sufficiently large or the pressure fluctuations
vary along the rotor plane, blade-to-blade correlation and amplitude modulation of the
pressure fluctuations can occur. This results in the production of spectral humps at multi-
ples of the blade passing frequency which is known as a phenomenon called haystacking

[61].
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2.3 Multi-rotors aerodynamic interactions
EVTOL vehicles typically use a multitude of closely spaced open rotors, either in counter-
or co-rotating orientation, that can lead to aerodynamic and acoustic interference along
different stages of the flight envelope. In forward flight, the aerodynamic interactions
between closely spaced rotors (tip clearance ∼ 5% of the radius), can result in a drop in
efficiency in the order of 1.5% [62]. This penalty is shown to increase with angle of attack
and decreasing thrust but is insensitive to the rotation direction and relative blade phase
angle. In hover conditions, the contraction of the rotor stream tube is greatly increased and
more pronounced aerodynamic interactions between subsequent rotors are expected. The
distance between the rotors has a relatively small influence on theirmean thrust coefficient
[63–68] but can result in strong temporal variations of the aerodynamic loading [66, 68].
For example, an increase of the thrust fluctuations of up to 250%, compared to a single
rotor, was found for a side-by-side rotor configuration with a tip-to-tip spacing of 0.1R
[68]. This effect is caused by an interaction between the radial velocities in the slipstream,
forming an upwash between the individual wakes [64, 68]. Consequently, an overall noise
level increase of 3 dB has been reported for side-by-side rotors with rotor spacing of 0.05R,
compared to the same system with a separation distance of 1.0R, which has been ascribed
to the unsteady loading [66–68].

2.3.1 Ground proximity
During vertical take-off and landing, the rotors hover in close proximity to the ground.
Such conditions are critical for the safe operation and controllability of the vehicles and
have been studied extensively for single rotors [69–71]. The interaction of the rotors with
the ground surface creates a wake pattern that deviates from the slipstream model of iso-
lated rotor configurations [72]. In the schematic of figure 2.10, the flow topology of an
in-ground-effect rotor is compared to one operated in free hover conditions. By the pres-
ence of the ground plane, the rotor slipstream undergoes a rapid deflection resulting in
a radially spreading wall jet. The expansion of the rotor wake stretches the tip vortices,
thereby increasing vorticity within the vortex core, rendering them more resistant to dif-
fusion. Furthermore, as a result of the lower induced velocity in the center of the rotor
wake, the flow stagnates below the rotor hub causing a toroidal separation region [73].

The back pressure of the ground results in a reduction in slipstream velocity. This re-
duces the separation distances between the rotor’s shear layers and increases the blade’s
local pitch angle for sufficiently low rotor standoff heights z. As a result, an observed
increase in the rotor thrust compared to hover conditions is created, which can be approx-
imated using the Cheeseman-Bennett model [75]:

TIGE
TOGE

= 11− 116 (Rz )2 [ 11+(V/wind)2 ] (2.29)

in which V is the forward flight speed (parallel to the ground surface) and wind the in-
duced velocity of the rotor. When considering multi-rotor systems, it has been shown
that equation 2.29 fails to accurately predict the thrust enhancement in ground effect con-
ditions [76–78]. An example of this is presented in figure 2.11, which compares the thrust
increase prediction of equation 2.29 with measurements of a two-rotor system [76].
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Figure 2.10: Conceptual flow topology of a single rotor in hover (left) and in ground proximity (right), adapted
from [69, 74]

Close to the ground (z/R<1)f, the two rotor-system give a greater thrust increase com-
pared to the model. However, for heights exceeding 1 rotor radius, the two-rotor system
falls below that of model predictions. This is particularly evident around the height of
z = 2R, in which the multi-rotor system produces less that 95% of the free-hover thrust.
The physical root cause of such non-linear behavior has been ascribed to the onset of
global flow recirculation with upward flow between the rotors, known as the fountain
flow [77, 78], which under certain conditions causes the turbulent fountain flow to be
re-ingested into the rotors [76, 79]. The fountain flow and re-ingestion mechanisms are
schematically illustrated in figure 2.12a. The ingestion of the fountain increases the mo-
mentum at the inflow and therefore lowers the produced thrust for a fixed rotational speed.
On the other hand, studies concerning quad-rotor systems consistently measure an in-
creased thrust compared to the Cheeseman-Bennett model, up to 30% higher than the
single rotor value [77, 78]. In this case, there is a central body at which the fountain flow
impinges, generating an effective upwash.

The illustration figure 2.12a, presents the symmetric case of the fountain flow, which
is re-ingested simultaneously into both rotors. In reality, the re-ingestion is biased to one
of the two rotors, and switching of the wake re-ingestion, from one rotor to the other, can
occur. This switching cycle is illustrated in figure 2.12b. The timescale associated with
this lateral movement of the flow is generally several orders of magnitude larger than the
one related to the rotational speed of the rotors [80, 81]. It is therefore conjectured that
the unsteadiness is not directly associated with the blade passages and the helical vortices
trailing from the blade tips.
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Figure 2.11: Single rotor predictions (equation 2.29) [75] and two-rotor measurements (separated by one rotor
diameter, extracted from [76]) in-ground-effect thrust.
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Figure 2.12: a) Conceptual flow topology of the multi-rotor system in ground effect and b) illustration of re-
ingestion switching.

Fountain flow unsteadiness in related flows

Low-frequency unsteadiness has been reported in other studies concerning fountain flows.
For instance, the rotor-wing interaction of a tilt-rotor configuration in hover produces a
similar fountain flow by the back pressure of the wing surface [82]. In a study by Polak
et al. [83] the effects of the fountain were isolated by the insertion of a physical plane, so-
called image plane, between subsequent rotors. This effectively creates a half-span model
and thus removed the interaction between the two rotor slipstreams. When the image
plane was removed, the height of the fountain increased and it was shown to drift laterally
resulting in the “re-ingestion switching”. These results were also found in a numerical study
by Zanotti et al. [84]. The occurrence of this phenomenon is reported to be aperiodic [83]
at a rate 1-2 orders of magnitude lower than the rotational frequency of the rotors [85].
The switching is believed to be responsible for an intermittent frequency in the acoustic
spectrum of tilt-rotors in hover [86]. Valuable observations of two interacting air columns
are also made in studies concerning impinging jets, studied for the take-off aerodynamics
of STOVL aircraft [87] as well as for a wide range of industrial applications [88]. The
location of stagnation point in the foot of the fountain, between the jets, was shown to
vary randomly in the lateral direction [89, 90]. Aside from this, variations in the emerging
angle of the fountain plume from the wall have been observed [91].
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2.4 Installation effects of Over-The-Wing propul-

sion
Over-The-Wing propulsion presents a disruptive propulsion system layoutwhere the propul-
sors are positioned over the suction side of the wing, with their axes aligned with the
wing’s chord line, as schematically illustrated in figure 2.13. This design leverages the
interaction between the rotors and the lifting surface to achieve favorable aerodynamic
effects and reduced fly-over noise, due to the wing’s shielding effect. The current sec-
tion covers the aerodynamic and aeroacoustic interactions between rotors and the wing
surface that occur for Over-The-Wing propulsion.

nacelle

wing

rotor

Figure 2.13: Schematic representation of Over-The-Wing propulsion.

2.4.1 Rotor-on-wing aerodynamics
During operation, the rotors provide thrust and induce a flow over the wing, affecting its
aerodynamic performance. The main effects are schematically illustrated in figure 2.14a
and can be decomposed into inviscid and viscous parts [34].

projected 

pressure 

viscous

interactions

angle of 

attack

a) angle of

 attack

b� non-uniform 

(inviscid) (viscous)free-stream

Figure 2.14: Schematic of aerodynamic interactions for Over-The-Wing propulsion. a) Effect of the rotor on wing
and b) change in inflow to the rotor by the presence of the wing.
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Inviscid effects

As shown in section 2.1, the potential flow induced by the rotor lowers the pressure up-
stream of the disk by the acceleration of the flow. The static pressure after the disk is
increased by the increase of total pressure. When the rotor is positioned over the suction
side of the wing, this pressure is projected over the surface, see figure 2.14. Additionally,
the accelerated flow upstream of the disk also results in the entertainment of flow from
the vertical direction at the wing’s leading edge. Consequently, the wing experiences a
higher angle of attack than the geometric angle of attack of the system.

These effects impact the aerodynamic efficiency of the wing in cruise conditions, as
has been shown by studies concerning single and distributed Over-The-Wing propellers.
An increase in the lift-to-drag ratio of 8%, compared to an isolated wing, have been found
[92]. This is associated to both a lift increase and (pressure) drag reduction. Such effects
on the wing’s lift and drag are sensitive to position of the propeller along the wing chord.
A propeller position closer to the trailing edge gives the largest increase in the wing’s
lift, caused by the larger area of reduced surface pressure (increased suction) upstream of
the propeller [93]. On the other hand, the drag is shown to be minimized for a propeller
position that is located near the maximum airfoil thickness [32, 94]. However, increases
in drag due to the propeller’s induction have also been noted in literature [95]. Aside
from the lift and drag force, Over-The-Wing propulsion increases the yawing, rolling, and
nose-down pitching moment [96].

Viscous effects

The propeller induced flow also has an effect on the boundary layer of the wing. Up-
stream, the propeller moves transition forward [93] but this only takes place when the
propeller is relatively close to the natural transition point of the used wing. More signifi-
cant rotor-induced viscous effects occur downstream of the propellers, in particular when
these are positioned upstream of an adverse pressure gradient. Figures 2.15a and b show
the axial velocity in such conditions when the propeller is removed and when operated,
respectively. These results [97] show that the propeller can trigger flow separation when
positioned upstream of a flap. Contributing to this is the thickening of the wing’s bound-
ary layer below the propeller [92] and the formation of local momentum deficits, caused
by the periodic presence of tip vortices [97]. However, increasing the tip spacing is not
an effective mitigation strategy for the separation. Instead, it can be prevented by moving
the propeller half a radius forward to force an attachment of the slipstream with the wing
[97].

The physics behind the slipstream-wing adherence of the propeller is schematically
illustrated in figure 2.15c. After the tip vortex is formed in point A, it moves away from the
wing by the contraction of the streamtube in B. Nonetheless, spanwise pressure gradients
are also generated, which removes fluid from the center. Subsequently, a mass deficit
is formed which entrains the streamtube and tip vortex downwards after point B. The
vortex filament is then deformed due to the lower velocity near the wall, resulting in a
split in the central segment of the filament. The ends of vortex filaments are re-orientated
perpendicular to the wall since no normal velocities can be induced near the wall, and
gradually separate from each other as the wake convects downstream.
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a)

c)

��

Figure 2.15: Time-averaged axial-velocity distribution and streamlines between the nacelle and the flap surface,
a) propeller off and b) propeller on. c) Notional interpretation of the evolution of the tip vortices. The dotted line
represents the trajectory of the lowest point of the vortex filament. Figures adapted from [97].

2.4.2 Wing-on-rotor aerodynamics
Aside from the aerodynamic effects of the rotor on the wing, the performance of the rotor
is also affected due to installation. The interactions primarily affect the inflow of the ro-
tor, resulting in a change in operating conditions compared to free-stream conditions. In
figure 2.14b, the inflow is schematically illustrated and decomposed in different contribu-
tions [34] that can be expounded on separately. The wing’s inviscid flow acceleration is
more pronounced near the surface, generating a velocity gradient in the direction normal
to the wing surface and leading to non-uniform inflow conditions for the rotor. In con-
trast, the wing’s boundary layer creates a velocity deficit near the surface. Additionally,
the combined viscous and inviscid effects of the wing induce a change in the rotor’s effec-
tive angle of attack. Aforementioned aerodynamic effects of the wing change the rotor’s
operating conditions and impose unsteady loading on the blades. For a fixed-pitch rotor,
the accelerated flow over the wing reduces the effect tip speed ratio and decreases the
thrust (recall section 2.1). Moreover, unsteady loading loads of the rotor have been shown
to result in propeller efficiency losses up to 16% [92], alongside an expected increase in
the tonal component of the propeller’s noise signature.
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Considering both adverse and beneficial aerodynamic installation effects of Over-The-
Wing propeller systems, the aero-propulsive efficiency on the aircraft level is expected
to increase compared to an isolated propulsion-wing system. This was shown in a re-
cent study by de Vries et al. [98] in which a hybrid-electric regional transport aircraft
featuring aft-mounted propellers and an Over-The-Wing–DEP system was compared to
a conventional twin-turboprop configuration. The aero-propulsive efficiency is predicted
to be increased by 9%, leading to a reduced energy consumption of 5% (although with an
uncertainty of ± 5%).

2.4.3 Aeroacoustics
Integration of the propulsion system over the wing alters the acoustic signature compared
to an isolated system in three ways, as schematically illustrated in figure 2.16.

rotor aerodynamic noise

propagation effects

wing noise

Figure 2.16: Schematic of the aeroacoustic effect for Over-The-Wing propulsion.

First of all, as shown in section 2.4.2, thewing affects the inflow to the rotor resulting in
variations in operating conditions of the blades along the azimuth. This potentially results
in increased tonal noise amplitudes at the higher harmonics of the blade passing frequency
[99, 100]. The wing-induced velocities are greatly affected by the angle of attack, through
the increasing circulation as the wing produces more lift, making this effect particularly
relevant for the high angles of attack observed in eVTOL flight conditions [22]. Moreover,
the generated adverse pressure gradient in these conditions results in rapid growth of
the wing’s boundary layer and possibly leads to flow separation. Such viscous effects
generate a strongly distorted mean inflow, while the ingestion of turbulence elevates the
broadband noise levels [101]. When rotors are installed with their axes parallel to a surface,
and are operated in high-thrust conditions, an adverse pressure gradient is projected on
the surface. This enhances boundary layer ingestion which is reinforced by the passages
of blade tips [102]. In addition, energetic flow structures are generated in the separated
flow, that are stretched by the pressure gradient at the inflow of the rotor, resulting in
strong elevation of the noise levels through blade vortex interaction [102]. The generated
vortex structures show resemblance to the formation of inlet vortices during the ground
operation of turbo fans or propellers [103, 104] or as found in the propeller-hull interaction
for marine applications [105, 106].
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Another acoustic effect of Over-The-Wing propulsion, schematically illustrated in fig-
ure 2.16, is the affected propagation of acoustic waves coming from the aerodynamic noise
sources of the rotor. When an acoustic wave interacts with a finite solid boundary, differ-
ent propagation effects can occur such as reflection, refraction, absorption, diffraction and
scattering. These propagation effects are schematically illustrated in figure 2.17.

reflection refraction absorption scatteringdiffraction

Figure 2.17: Propagation effects of acoustic waves near a finite solid boundary.

To minimize the sound generated during fly-over [16], the rotor noise must be either
reflected or absorbed by the wing surface [107], and diffraction should be mitigated. An
important consideration here is the Helmholtz number He, which is defined by the ratio
between a characteristic length scale (for example the wing chord c) and the acoustic
wavelength �:

He = 2�c
�

= kc (2.30)

in which k is the acoustic wavenumber. Values of He larger than unity, i.e. acoustic waves
that are shorter than the wing chord, indicate acoustic compactness. For rotors, the fre-
quency of interest is typically the BPF . Hence, to prevent effects due to diffraction, a
criterium should be set for the ratio between the blade passage frequency and the chord
length of the wing:

HeBPF = ΩB
c0 c > 1→ c >

c0ΩB (2.31)

Scattering of the tonal noise from the rotor [108] can occur when the rotor blade tips are
positioned close to the sharp edge of the wing’s trailing edge [109]. This has been shown
to increase the radiation efficiency of the low-frequency blade harmonics [51, 109].

Finally, the discussion in section 2.4.1 revealed the physics behind the interaction be-
tween the slipstream of the propeller and the wing’s boundary layer. As a consequence
of this interaction, the turbulent fluctuations downstream of the propeller, at the suction
side of the wing, were shown to be increased [97]. This will likely result in an increase
in broadband noise compared to an isolated wing. Nonetheless, given the relatively low
forward flight speed of eVTOL vehicles, airframe noise is typically less of a concern [110].
Consequently, the rotor aerodynamic noise sources and their affected propagation due to
the wing’s presence are expected to be the most substantive aeroacoustic effects of Over-
The-Wing rotors.

2.5 Challenges
Based on the installation effects of multi-rotor–surface interactions as introduced in sec-
tions 2.3 and 2.4, a number of scientific challenges can be identified.
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2.5.1 Ground proximity
The thrust of multi-rotor configurations showed non-linear behaviour when interacting
with a ground surface which could be detrimental to the controllability of aerial vehicles
during take-off, landing, near ground hovering. The existence of the fountain flow has
been hypothesized for the variations in thrust, but proof of the mechanism and detailed
characterization of the unsteadiness is missing. Moreover, contradictions among exper-
iments carried out by different researchers about the role of rotor spacing, the fountain
flow, and the performance of rotor systems in ground effect have been identified by He
et al. [76]. While two studies, one aimed at rotor-obstacle interaction [111] and another
researching a quadrotor configuration [112], reported an increase of the thrust coefficient
with a larger rotor spacing, another investigation reported the opposite behavior [113].
Furthermore, studies where fountain-like flows also exist (tilt-rotor-fuselage interaction
and twin impinging jets) have identified large-scale instabilities and re-ingestion switch-
ing. It is unknown if such effects occur for multi-rotors in ground proximity and how such
behaviour relates to the geometric and performance parameters of the system.

2.5.2 Over-The-Wing propulsion
For Over-The-Wing propulsion, the majority of previous investigations dealt with aero-
propulsive performance in cruise flight conditions, i.e. a moderate angle of attack is con-
sidered and the propellers operate at a relatively high advance ratio. The above conditions
do not match those expected for eVTOL flight, where a low advance ratio and a higher inci-
dence will be encountered. The high propulsive thrust conditions of rotors and the low-to-
null inflow speed, causes a strong contraction of the stream tube with possible separation
regions, determining unexpected viscous interactions with lifting surfaces. Considering
the low-speed of the vehicles in the initial stages of the flight envelope, variations in flight
conditions could lead to complex transient effects. A generalization of the performance
during such operating conditions does not exist and therefore design guidelines are lack-
ing in the public domain. For the aeroacoustic performance in particular, it is unclear how
the expected increase in aerodynamic rotor noise relates to the favorable shielding effect.

2.6 Researchqestions
This thesis aims at the understanding andmodeling of critical aerodynamic and aeroacous-
tic rotor-surface interactions that occur for Over-The-Wing–DEP during vertical take-off.
The objective can be split into a number of research questions, that contribute to the sci-
entific challenges established in section 2.5:

1. What is the three-dimensional flow topology around multi-rotors when hovering in
ground-proximity and what is the role of the rotor spacing? (chapter 5)

2. Are large-scale fountain instabilities present during near ground hovering and can
these be related to the geometrical and performance parameters of the multi-rotor
system? (chapter 6)

3. Can the aero-propulsive performance of Over-The-Wing propulsion at incidence be
modeled through a single-pass strategy? (chapter 7)
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4. What is the effect of the wing on the tonal noise sources of Over-The-Wing rotors?
(chapter 8)

5. Do transient aerodynamic flow effects occur during a transition from vertical to
horizontal flight? (chapter 9)

To answer these questions, a number of experiments are conducted which are supple-
mented with results from analytical modeling techniques. The next chapter provides the
theoretical background of the conducted experimental measurements.
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3
Experimental measurement

techniqes

T
he aerodynamic and aeroacoustic interactions between rotors and surfaces are inves-
tigated through experiments, exploiting a wide range of different measurement tech-

niques. In this chapter, the theoretical background for each of the employed techniques is
formed. This starts with an introduction to the aerodynamic measurement techniques of
integral loading, pressure orifices and velocimetry, in sections 3.1, 3.2 and 3.3, respectively.
Furthermore, in section 3.4, techniques and facilities used for the microphone measure-
ments are discussed.

3.1 Integral loading
Force and moment measurements are widely applied in modern wind tunnel test cam-
paigns, and can be used to study the steady-state aero-propulsive forces and assess the
performance of rotors and wings. The loads are typically measured using either internal
or external balances. Inside the balances, strain gauges are positioned which form the
main component used to measure the loads. Strain gauges make use of an uni-axial metal-
lic pad with a wired grid [114], see figure 3.1a. Tension or compression affects the length
of the wired grid, which in turn changes the electric resistance. The mechanical strain �
is returned from the relative change in resistance ΔR/R by multiplication with a strain
Gauge Factor GF:

� = ΔR
R

GF (3.1)

A typical balance uses a multitude of strain gauges attached to uni-axial flexures to isolate
component loads. To allow for accurate measurements of small variations in resistance,
the gauges are arranged in a Wheatstone bridge [114] and attached to two sides of a de-
flecting beam. Figure 3.1b shows a fullWheatstone bridge, consisting of four strain gauges.
Nonetheless, half- or quarter-bridges are also available in which some strain gauges are
replaced by fixed resistors.

A deflection will cause the resistance of the strain gauges on one side of the beam to
increase (R1 and R3 in figure 3.1b), while the resistance on the opposing side decreases (R2



3

38 3 Experimental measurement techniqes

(a) Strain gauge, figure adapted from Zhang
and Hoshino [115]

(b) Wheatstone bridge

Figure 3.1: Components for loading measurements

and R4), generating an imbalance over the bridge. After exciting the circuit by a voltage
VEX , the voltage difference over the bridge V0 yields:

V0 = VEX ( R1
R1+R3 − R2

R2+R4) (3.2)

Calibration of the balance then provides a transfer function between the applied loads and
signal voltage.

Strain gauges can be prone to hysteresis caused by either mechanical (due to friction)
or temperature variations which should be taken care of during the design and operation.
Temperature biases are often compensated for through the Gauge Factor GF or by includ-
ing a length of temperature-sensitive wire in the electrical circuit [114].

3.2 Pressure orifices
The static pressure over the surface of test geometries, such as wings, can be used to
measure pressure forces and identify regions of flow stagnation and separation. These
pressure measurements are typically performed through small orifices, drilled perpendic-
ular to the model’s surface. Figure 3.2 shows an example of pressure orifices positioned
at the center span of a two-dimensional wing profile. The orifices are connected via long
thin tubes to a pressure transducer located outside of the wind tunnel model. The pressure
transducer measures the pressure difference between the orifices and a reference pressure,
typically the ambient pressure. Such pressure difference causes the physical deformation
of a membrane which is returned to an electrical signal using strain gauges, recall sec-
tion 3.1. The measured static pressure ps in the orifices is typically normalized using the
dynamic pressure of the flow, to create the pressure coefficient Cp :

Cp = ps −p∞12�∞V 2∞ (3.3)
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Figure 3.2: Pressure orifices at the mid-span position of a vertically mounted DLR-F15 wing profile.

3.3 Velocimetry
Velocimetry is a non-intrusive technique to measure the velocity in fluids and is widely
used to study the complex and unsteady aerodynamic interactions generated by rotor-
induced flows [116]. Themeasurements are conducted by seeding the flowwith tracer par-
ticles that are illuminated by a powerful light source and recorded using one or a system of
(high-speed) cameras. Velocity vectors are then returned by computing the displacement
of the particles in subsequent images. The basic principles of velocimetry measurements
are introduced in this section.

3.3.1 Particles
To measure the flow velocity, a homogeneous distribution of particles in the flow is re-
quired. Generally, the tracer particles must obey two main criteria. The first requirement
is that the particles accurately follow the flow without affecting the flow’s properties. As-
suming a very low particle Reynolds number such that viscous terms are dominant, the
time response �p of a particle due to a sudden step response in acceleration is [117]:

�p = d2p �p18�f (3.4)

in which dp and �p are the particle’s diameter and density and �f is the dynamic viscosity
of the fluid. Table 3.1 present values of the time response of traditional tracer particles
(top three rows) for velocimetry in air flows.

To assess the tracking accuracy, the time scale of the flow should be considered as well.
For this the particle Stokes number Stp is typically used:

Stp = �p

�f
(3.5)
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Table 3.1: Properties of traditional tracer particle & Helium-Filled Soap Bubbles (HFSB).

Tracer material Diameter [�m] Density [kg/m3] �p [�s]
DEHS 1-3 103 2

Glycol-water solution 1-3 103 2
Vegetable oil 1-3 103 2

TiO2 0.2-0.5 1-4⋅103 0.1-2
HFSB 100-500 1.2-1.4 10

in which �f is the characteristic timescale of the flow, found by the ratio between a charac-
teristic length and velocity. Typically a Stokes values below 0.1 yields acceptable tracking
characteristics [117].

A second particle criterium is the sufficient scattering of light to be observed in the
camera footage. The particle intensity Ip on the camera images scales as follows:

Ip ∝ JIA
2
Od

2
p

ZOd2�ΔX2
I

(3.6)

Equation 3.6 shows that the particle intensity depends on the properties of illumination
(light pulse energy JI and cross-section area ΔX2

I ), the camera objective (objective distance
ZO and aperture AO) and the particles themselves (particle diameter dp and particle image
diameter d�). Note that the light scattering Ip increases with particle diameter dp , while the
tracking fidelity (equation 3.4) decreases, creating a conflict. The tracer particles presented
in the top three rows in table 3.1 have densities that are three orders of magnitude larger
than air. Hence, to allow sufficient tracking fidelity, their diameter is micrometer scale.
The limited scattering properties of such particles confine the measurement domain to
planes with an area of 0.1m2 or relatively small volumes of 50cm3, with current state-of-
the-art hardware.

To increase the size of the particle, and therefore it’s scattering characteristics, an effi-
cient strategy would be to reduce the density of the particles. A recent development in the
field of velocimetry in gaseous flows is to make use of Helium-Filled Soap Bubble (HFSB)
tracer particles. These particles are generated by a nozzle, see figure 3.3, and by control-
ling the ratio between helium and Bubble Flow Solution (BFS) a difference in density with
air of below 0.1 kg/m3 is achievable [117].

Consequently, particle diameters of dp ≈ 0.3 mm are feasible, increasing the scattering
by five-orders of magnitude compared to traditional seeding, and allowing for a timescale
of �p = 10 �s [119]. While HFSBs face challenges regarding seeding density and cannot be
applied in high-speed flows by the deformation due to centrifugal forces, the great light
scattering characteristics have paved the way to large-scale ((m3)) volumetric velocime-
try [119–121].

3.3.2 Illumination & Recording
During the measurements, the particles are illuminated by a powerful light source consist-
ing of short pulses separated by Δt. Traditionally, for two-dimensional measurement, the
light source consist of a sheet produced by a Nd:YAG or Nd:YLF laser. Nonetheless, with
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Figure 3.3: Schematic illustration of the bubble generator used in the experiments (left). Shadow visualization of
bubbles at the exit of the generator (right) in bubbling (top) and jetting (bottom) regimes. Figure adapted from
[118]

the advancements of volumetric flow measurements and HFSBs, high power, pulsed LEDs
have gained in popularity [117].

During the illumination pulses, the particles are recorded by CCD or CMOS cameras.
Generally, two types of timing schemes are considered: time-resolved and double frame,
see figure 3.4a and b, respectively. In time-resolved mode, each recording consists of a
single frame and two subsequent images are processed together. Note that this timing
scheme is restricted by the allowable Δt, and is therefore only possible for low-speed flows
or by using hardware with high repetition rates. Another possibility is to use a double-
frame timing scheme in which each recording consists of two frames that are evaluated
together. This allows for lower frame rates and longer acquisition times of the cameras
for the same Δt, but results in lower temporal resolution with respect to time-resolved
measurements.

image 1 image 2 image 3 image 4

Δt

camera 

frame rate

illumination 

pulse

(a) time-resolved

image pair 1 image pair 2

ΔtΔt

frame A frame B frame Bframe A

(b) double-frame

Figure 3.4: Common timing diagrams for velocimetry illumination and recording.

3.3.3 Pre-processing
An example camera recording is presented in figure 3.5a. The image is shown to be dis-
turbed by reflections due to the rotor blades and mounting (indicated by the red dashed
lines), and variations in particle intensity are presented. These optical contaminations
could result in erroneous vector computation and are typically resolved using a pre-processing
procedure.
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Levelization deals with subtracting a reference intensity map from the camera footage,
which is representative of the background noise [122]. For stationary or slowly moving
(variations at a frequency much lower than the acquisition frequency) light reflections or
intensity variations, the background can be obtained by performing a sliding average over
consecutive frames [123, 124]. For instationary reflections a low- [125] or high-pass [126]
frequency filter can be applied. If insufficient temporal information is available for the
instationary reflections, background removal cannot rely upon image statistics. Instead,
spatial filters can be applied to individual raw images. Such filters generally rely on the fact
that particle images have a shorter length scalewith respect to the reflections and therefore
a filter kernel size that is at least as large as the particle image diameter is required. A
popular spatial filter is known as the sliding minimum filter [127]. As a final step in pre-
processing, the local particle intensities are generally normalized over (parts of) the spatial
domain, to allow for a similar contribution of each particle in the vector computation.

The image in figure 3.5a deals with stationary reflections (highlighted by the vertical
red lines) and instationary reflections from the blades (horizontal red lines) that are pre-
processed using a high-pass frequency filter [126]. The pre-processed image is presented
in figure 3.5b and effectively removes such reflections.

z

y

z

y

(a) (b)

Figure 3.5: (a) Extracted raw footage (1024x1024 pixels) of camera 1 in which LED light reflections of the rotor’s
support structure and ground plane are visible, (b) similar to (a) but after pre-processing the recording. Positions
of the rotor axes and disks are given by the red dotted line.

3.3.4 Vector calculation: Particle Image Velocimetry
In Particle Image Velocimetry (PIV) measurements, two-dimensional velocity vectors are
constructed by spatial cross-correlation of consecutive images (by using either a time-
resolved or double frame timing scheme). An illustration of the cross-correlation algo-
rithm is presented in figure 3.6.

The correlation maps R(s) of two images are returned through:

R(s) = ∫ I1 (x) I2 (x+ s)dx (3.7)
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Figure 3.6: Illustration of the cross-correlation algorithm of two-component PIV. Figure adapted from [128].

in which I1 and I2 are the recorded intensity maps, separated by Δt. The intensity maps
are typically divided into interrogation windows. These are small regions of the image
in which multiple ((10)) particles are present. The example in figure 3.6 shows square
interrogation windows, however more advance techniques are available such as window
deformation [129] to increase the accuracy in shear regions of the flow.

The cross-correlation map R(s) yields a peak corresponding the average particle dis-
placement Δx between the two intensity maps. The process is carried out for every in-
terrogation window in the image. Overlap between the windows is often used to reduce
the vector pitch of the constructed velocity field. Moreover, vector computation generally
consists of multiple passes (that include window shifts) [130] during which the interroga-
tion window size is gradually decreased. From the particle image displacement �x in the
image plane, the flow velocity u in the measurement plane is returned as follows:

u = ΔXΔt = 1
M

ΔxΔt (3.8)

in which ΔX is the physical displacement in the measurement domain and M is the mag-
nification factor of the camera system.

Stereoscopic Particle Image Velocimetry

Two-component velocimetry measurements are subjected to perspective errors which
can be significant for large field of views and large out-of-plane velocity values [117].
Stereocopic-PIV (sPIV) [125] is an adaptation to regular two-component PIV and allows
for reconstruction of the third velocity component in the measurement plane. For this, a
second camera is introduced, which is translated and rotated with respect to the first cam-
era. Since one or both cameras now view the plane from an angle, a Scheimpflug adapter
is included to correct the focus plane of the cameras. To reconstruct the velocity compo-
nents, sPIV relies on a mapping function from the image coordinates to the real world.
The mapping function is generated by using a 3D calibration plate and a self-calibration
procedure is performed to correct for any errors due to misalignment. These aspects are
analogous to three-dimensional velocimetry measurements and are introduced in section
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3.3.5. An important consideration in stereoscopic PIV setups is the stereo angle �, defined
as the angle between each camera and the measurement plane’s normal direction. Large
or small values of � can lead to errors in the out-of-plane velocity component. Such errors
are minimized for a stereo angle of � ≈ 45◦ [117].
3.3.5 Vector calculation: Particle Tracking Velocimetry
As an alternative to the reconstruction of velocity vectors through cross-correlation, par-
ticle tracking velocimetry (PTV), also known as Lagrangian Particle Tracking (LPT), can
be applied. Such algorithms deal with locating individual particles and tracking their dis-
placement through the measurement domain. Velocity vectors are therefore returned at
scattered locations through the measurement domain. PTV methods therefore increase
the spatial resolution compared to vector reconstruction based on cross-correlation, but
are generally less robust.

PTV techniques have been proven to be effective in measuring velocities in large vol-
umes (> 0.01m3), particularly in combination with Helium-Filled Soap Bubbles as tracer
particles. Volumetric measurements require a tomographic imaging system, consisting of
at least three cameras, and volumetric illumination. Awidely applied 3D-PTV algorithm is
known as “Shake-The-Box” [131] and is praised for its high computational efficiency, local
accuracy and ability to reconstruct velocity vectors in relatively high seeding concentra-
tions for PTV.

Volumetric Lagrangian Particle Tracking: "Shake-The-Box"

The “Shake-The-Box” algorithm fits discrete particle positions along their trajectory by a
polynomial function that regularizes the particles’ position, velocity and acceleration. The
algorithm can be split into different parts as illustrated in figure 3.7.

Calibration
Optical 

Transfer Function

Iterative Particle 

Reconstruction
Particle tracking

Figure 3.7: Schematic description of the “Shake-The-Box” [131] algorithm.

Calibration: The first step is to generate a map between the spatial and image coor-
dinates. This is performed by an optical plate calibration with a known geometry that is
recorded from multiple views. Using a pinhole model or a polynomial fit, a mapping func-
tion for each camera in the tomographic imaging system is generated. Hence, themapping
functionMi for the i-th camera, relates the spatial coordinates in the measurement domain(X,Y ,Z) to the imaging coordinates (xi,yi):

(xi,yi) =Mi (X,Y ,Z) (3.9)
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After this, a self-calibration procedure [132] is performed to compensate for alignment
errors, such as inaccuracies in the calibration plate, unstable calibration shift mechanisms
and loose mechanical connections of the cameras. Self-calibration is performed by using
the particles as a reference and suppressing the calibration disparities. In the procedure,
a particle is identified in one of the cameras and potential particle locations in 3D are
determined by triangulation, using the images of the other cameras. The disparity vectors
are then obtained by re-projecting the particle positions on the images:

di = (dix , diy) = (x′i ,y′i )−(xi,yi) (3.10)

where (x′i ,y′i ) is the projection of the localized particle back to the image of camera i,
using the original mapping function Mi. From the disparity vectors, a corrected mapping
function M ′ (X,Y ,Z) is determined:

M ′
i (X,Y ,Z) =Mi (X,Y ,Z)− di(X,Y ,Z) (3.11)

Optical Transfer Function: Using the (corrected) mapping function, the Optical
Transfer Function (OTF) [133] is generated. Instead of assuming a spatially homogeneous
mapping function of the voxels to the images, the OTF corrects for the effects of optical
distortions (such as blurring) on the reconstruction. To generate the OTF, particle images
are fitted with a two-dimensional Gaussian, and averaged over a number of sub-volumes
for each camera. As a consequence, information on the particle shape depends both on
the particle position and the camera number.

Iterative Particle Reconstruction: After generating the OTF, the particles can be
identified and located. The position and intensities of recorded particles can suffer from
noise and the influence of overlapping particles. This often leads to slight displacements of
the reconstructed particle in relation to the true position. Iterative Particle Reconstruction
(IPR) [134] is a technique to overcome such triangulation errors by iteratively updating
the reconstructed position by minimizing a residual. IPR deals with the following steps:

1. Triangulation: The particles are triangulated in space using the OTF.

2. Shaking: Triangulated particles are reconstructed on the image and iteratively
translated to minimize the residual with the original image particle, in a process
called "shaking".

3. Remove particles: Particles below a certain intensity threshold are removed from
the original image.

4. Generate residual: A residual image is generated by back-projection of all identi-
fied particle images on the original image.

5. Repeat: The loop is repeated with the residual images.
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Particle tracking: Particle tracks can then be computed from particle positions of
subsequent timesteps. The algorithm deals with an initialization and predicting phase for
each track.

In the initialization phase, particle pairs of different timesteps are identified. This is
generally resolved by applying a search radius around the particle position or a predictor
location based on an input velocity field. After tracks are formed which consist of four
particles, the tracks are "initialized".

In the second phase, the initialized particle tracks are fitted using a polynomial func-
tion and extrapolated to predict particle positions in the consecutive time steps. This
increases computationally efficiency of the “Shake-The-Box” algorithm. The predicted par-
ticle positions introduce fitting errors, which are corrected by "shaking" all predicted po-
sitions, similar to IPR. The particles of identified tracks are then removed from the image,
and new particles and tracks are triangulated and initialized, before proceeding to the next
time step.

3.3.6 Data reduction to Cartesian grid
In PTV, velocity vectors are returned at scattered locations through the measurement do-
main. Nonetheless, it is typically preferred to analyze the velocity field on a structured grid.
Various techniques are available for interpolation of the velocity field to a discretized 3D
grid.

The most intuitive approach is to perform a linear interpolation of the scattered ve-
locity data to the grid points, as illustrated left-hand side in figure 3.8. More common,
however, is the method of Gaussian Binning, where the impact of the spatial averaging
imposed by the size of the bin is minimized by weighing the particles by their distance to
respective grid midpoint.

Gaussian Binning and linear interpolation only use velocity information of the particle
positions in a single time step. Therefore, it is required for every bin to contain at least
one particle.

Figure 3.8: Linear interpolation between two PTV velocity measurements (left) and VIC+ interpolation between
two PTV particle trajectories (right, the orange vector is Du/Dt). Figure adapted from [135].

To achieve a higher spatial resolution and resolve finer scales in an unsteady flow, the
seeding density should therefore be increased. Increasing the seeding density is typically
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limited by the seeding system [136] and the ghost particle phenomenon [137]. To prevent
the occurrence of ghost particles, the particle per pixel (ppp) cannot exceed a certain value
(ppp = 0.025 for three-camera systems and ppp = 0.05 for four-camera systems [138]). This
limitation poses significant challenges in large-scale volumetric velocity measurements
with a large depth of field, i.e. exceeding 20 cm.

Fine-scale Reconstruction: VIC+

To enhance the spatial resolution of the reconstructed velocity field, various fine-scale
reconstruction methods for 3D-PTV data are available [135, 139]. One such method is
Vortex In Cell (VIC+), developed by Schneiders and Scarano [135]. The VIC+ method
utilizes not only instantaneous velocity vectors but also the velocity material derivative
to increase spatial resolution, as depicted on the right side of figure 3.8. The use of the
velocity material derivative ensures that both temporal and spatial information of the flow
field is included.

In the initial step of the VIC+ algorithm a 3D structured grid with a grid size of ℎ is
defined. As a guideline [135], a grid size that depends on the seeding concentration C can
be considered:

ℎ = 14C−1/3 (3.12)

Equation 3.12 implies that a total of 64 grid points are used for every computed particle
track. Dense interpolation of the particle tracks to the Cartesian grid (with size ℎ) is then
performed by iteratively minimizing a cost function J :

J = Ju +�2JDu. (3.13)

where � is a weighting coefficient. The cost function J is proportional to the difference
between the PTV measurements and the VIC+ results; Ju and JDu are defined by equation
3.14 and 3.15, respectively:

Ju =∑
p

||||||uℎ (xp)−um (xp)||||||2 . (3.14)

JDu =∑
p

||||||||DuℎDt (xp)− DumDt (xp)||||||||2 . (3.15)

in which Ju is the relative error in velocity and JDu in acceleration. um and DumDt are the
velocity and velocity material derivative at the particle positions xp that follow directly

from the PTV results. uℎ and DuℎDt are the values on the structured grid, at the particle
position xp , obtained through a linear interpolator. The material derivative on the grid is
defined as: DuℎDt = )uℎ

)t
+(uℎ ⋅∇)uℎ (3.16)

In the VIC+ algorithm, the velocity and material derivative on the structured grid are
derived from the vorticity field !ℎ on the same grid. The Poisson equation relates the
velocity to the vorticity field: ∇2uℎ = −∇×!h (3.17)
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in which spatial derivatives are determined by center and single-sided finite difference
schemes in the algorithm. The temporal derivative of the velocity in equation 3.16 is
determined by differentiation of equation 3.17 in time:∇2 )uℎ

)t
= −∇× )!ℎ

)t
(3.18)

The temporal derivative of the vorticity in equation 3.18 in turn is obtained from the vortic-
ity and velocity field, and their spatial derivatives, using the vorticity-transport equation:

)!ℎ

)t
= (!ℎ ⋅∇)uℎ−(uℎ ⋅∇)!ℎ (3.19)

With the velocity and material derivative on the structured grid known, equation 3.13 is
minimized using a gradient-based approach and the vorticity field is updated iteratively
until a convergence criterion is satisfied.

VIC+ Demonstration

As a demonstration, results from VIC+ are compared to the velocity field obtained from
Gaussian binning, using 3D-PTV data of the slipstream of an isolated rotor (R = 15.24 cm)
in hover condition as input [33]. The measurement domain (27 dm3) is sparsely seeded
with a seeding concentration of C ≈ 4 ⋅10−4 particles mm−3, from which approximately
4000 particle tracks are computed in each time step. The computed particle tracks in this
flow field are presented in figure 3.9a.

(a) Velocity tracks around an isolated rotor in hover. (b) Reconstructed vorticity field using Bin-
ning (top) and VIC+ (bottom).

Figure 3.9: Demonstration of different data reduction techniques. Data from [33].

To ensure that all cells contain at least one data point in most of the domain, a cubic
bin size of ℎ = 41.2 mm is required for the instantaneous velocity field when using Gaus-
sian Binning interpolation. Additionally, a 75% overlap factor between subsequent cells is
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applied, resulting in a velocity vector spacing of ℎ = 10.3 mm. For the fine reconstruction
grid, a grid size of ℎ = 5.15 mm follows from equation 3.12. A comparison of the instan-
taneous out-of-plane vorticity contours and 2D velocity vectors in the plane through the
rotor axis is presented in figure 3.9b.

In the instantaneous vorticity field obtained through Gaussian binning, the tip vor-
tices are returned as a smeared region of high vorticity by the limited spatial resolution.
Furthermore, vector data is missing at several locations around the edge of the domain.
In contrast, the method of VIC+ enhances the spatial resolution and individual tip vor-
tices can be identified. Dense interpolation by VIC+ also ensures that data are continuous
throughout the entire measurement domain.

3.3.7 Measurement error and uncertainty
Considering that PIV systems are quite complex and involve various hardware compo-
nents, multiple sources of errors (either random or systematic) in the measurements can
exist [140]. The sources of errors can be classified as follows:

• Errors caused by system components: for example bad particle tracing fidelity,
peaklocking [141] (a phenomenon that occurs when the particle image size is com-
parable to the pixel size, causing a bias error towards integer pixel values) and errors
in laser alignment and timing of the recordings.

• Errors caused by the evaluation techniques: for example errors in the selection
of parameters in the image interrogation algorithm.

The uncertainty of the measurements is defined by the interval around the measured value
that is likely to contain the true value within a certain probability [142]. For time-averaged
PIV measurements, the uncertainty �V̄ can be estimated statistically:

�V̄ = �V̄√
N

(3.20)

in which �V̄ is the standard deviation of the velocity and N is the number of uncorrelated
recordings. Advanced methods are also available to estimate the uncertainty apriori [140]
or evaluate instantaneous uncertainty [142].

Finally, important performance parameters in PIV systems are the dynamic velocity
range DVR and the dynamic spatial range DSR [143]. The dynamic velocity range DVR is
defined as the ratio between the maximum and minimummeasurable velocities of a given
PIV system:

DVR = Vmax
�V

= Δxmax
�Δx (3.21)

in which � is the standard deviation. Instead, dynamic spatial range DSR is determined
by the ratio between the maximum and minimum measurable flow wavelength through:

DSR = L

DI
(3.22)

where L and DI are the sizes of the sensor and interrogation window, respectively.
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3.4 Aeroacoustic measurements
Aeroacoustic measurements are typically performed using microphones in specialized
wind tunnel facilities to minimize the influence of reflections and background noise. An
important consideration here is the type of test section used.

3.4.1 Wind tunnel test section
Three different test sections can be considered aeroacoustic wind tunnel studies: a closed
test section, an open jet facility, and a hybrid test section.

In closed test sections, the flow is geometrically confined and reliable corrections for
aerodynamic interference effects are available. Such test sections are therefore preferred
when accurate aerodynamic quantities are required [144]. Nonetheless, the wind tunnel
walls affect acoustic propagation and themicrophones need to be inserted in cavities in the
walls. This makes the microphones vulnerable to pressure fluctuations from the turbulent
boundary layer and other sources of noise inherent to wind tunnels [145, 146].

Open jet configurations have the advantage that the microphones can be placed out-
side of the test section. Consequently, the microphones are placed in ambient conditions
with no disturbances from the flow. Moreover, since there are no wind tunnel walls, reflec-
tions inside the test section are removed. Open jet configurations are usually positioned
inside anechoic chambers to reduce the background noise and prevent reflection from
external objects and walls.

In hybrid test sections, the wind tunnel walls are fitted with acoustic transparent ma-
terial such as Kevlar [147] or perforated metallic plates to minimize transmission losses.
By doing so, microphones can be placed outside of the test section and reflections of the
wind tunnel walls are minimized. Consequently, hybrid test sections are intended to take
the aerodynamic advantages of closed test sections with minimal compromises in terms
of acoustics. Acoustic corrections are necessary for hybrid test section walls, as acoustic
absorption at higher frequencies may occur. Additionally, in cases with strong pressure
gradients between external and internal test section conditions, flow permeability may
also be present [114].

3.4.2 Microphone measurements
To measure the sound from the wind tunnel’s test object, condenser-type microphones
are typically used, such as the example presented in figure 3.10a. Condenser-type mi-
crophones transfer the pressure waves through electrical energy using the capacitance
between a thin metal diaphragm and a fixed backplate, see figure 3.10b.

The diaphragmmoves as a consequence of the pressure waves and the relative distance
to the backplate varies, forming a variable capacitor. In typical aeroacoustic investigations,
multiplemicrophones are used that either record the noise characteristics at different noise
emission angles, to measure the acoustic far-field, or are used in phased-arrays to localize
dominant noise sources.

3.4.3 Far-field data processing
The pressure signal from a microphone positioned in the acoustic far-field is generally
converted to the Overall Sound Pressure Level (OASPL):
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(a) GRAS type 46BF microphone (b) Main components of condenser-type micro-
phone. Figure adapted from Piezotronics [148].

Figure 3.10: Condenser-type microphone

OASPL = 20log10(prms
pref ) , prms = √ 1

N

N∑
i=1 p2i (3.23)

where prms is the root-mean-square of the pressure, as computed from N number of mi-
crophone samples. pref is an acoustic reference pressure that represents the threshold of
human hearing (pref = 20�Pa in air).

Freqency spectrum

For a detailed analysis of the acoustic signal, it is general practice to compute a frequency
decomposition of the microphone signal by a discrete Fourier transform. To reduce the
noise for statistically stationary pressure signals, Welch’s method [149, 150] can be ap-
plied, by dividing the time signal in M overlapping blocks of K samples when computing
the Fourier transform. The ensemble size K is generally a power of two and affects the
frequency resolution (equal to the sample rate over the ensemble size K ). For the m-th
block, the complex pressure amplitudes yield:

Pm (f ) = 2
K

K∑
k=1ukpk exp(−2�if kΔt) (3.24)

in which f is the frequency, and Δt the sample interval of the microphone signal. Creating
such ensembles can lead to a loss of periodicity in the signal, resulting in spectral leakage
when computing the discrete Fourier transform. To circumvent this, a window function
uk is included, such as the widely used Hanning window:

uk = C sin2(�k

K ) (3.25)
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Since the results should be consistent with a rectangular window (i.e. uk = 1), the win-
dow function includes a coefficient C to normalize the results. To correct the spectral
amplitudes, the coefficient C holds [151]:1

K

K∑
k=1uk = 1→ C = 2 (3.26)

On the other hand, the auto- and cross-power levels are corrected through:1
K

K∑
k=1u2k = 1→ C = 83 (3.27)

After computing the amplitudes for each ensemble m, the contributions are averaged
to obtain the frequency spectrum P(f ):

P(f ) = 1
M

M∑
m=1 12 |Pm(f )|2 (3.28)

The results of the pressure amplitudes are often expressed in the Sound Pressure Level
SPL through:

SPL(f ) = 20 log10(P(f )
pref ) (3.29)

Separation of tonal and broadband noise

As was shown in section 2.2, rotor noise consist of tonal and broadband noise. For aeroa-
coustic studies, it can be beneficial to split and investigate the two contributions separately.
Recall that the tonal noise is deterministic while broadband noise is a random source. Mak-
ing use of these properties, phased-averaged Fourier transforms [152, 153] can be gener-
ated. Then, by averaging over many shaft revolutions the non-periodic, random noise is
filtered out of the spectrum. Note that this technique requires information on the rotor
position along the azimuth (1P signal). The algorithm is described in [152] and is also
presented below:

1. Definition of the trigger times tj . These are the times when the rotor blades are in a
fixed position along the azimuth.

2. Generation of a Fourier transform for each time interval:

Pj,n = 2
tj − tj−1 ∫ tj

tj−1 p(t)exp(−2�in t − tj−1tj − tj−1)dt (3.30)

in which p(t) is the microphone signal. Considering that the time interval generated
by the trigger times is in general not a power of two, a discrete Fourier transform is
computed instead:

Pj,n = 2
�kmax

kmax∑
k=1 p (�k)exp(−2�in�k − tj−1tj − tj−1 ) (3.31)

where k and � are the sample numbers and times in the trigger interval: tj−1 ≤ �1 <... < �max < tj
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3. The discrete Fourier transforms are then averaged over the number of intervals M
and complex average Cn is generated:

Cn = 1M M∑
j=1 Pj,n (3.32)

When generating the complex average Cn, non-periodic noise will be filtered out.
Thus, by averaging over sufficient intervalsM , Cn will only contain the tonal, deter-
ministic noise.

4. Finally the auto-power average An is generated:
An = 1S S∑

j=1 12 |Pj,n|2 (3.33)

The broadband noise Bn is then found by subtracting the complex average Cn from
the auto-power average An: Bn = An−Cn (3.34)

3.4.4 Phased-array data processing
When using two-dimensional array of microphones, noise sources can be localized by us-
ing the phase difference between each microphone, by a technique known as acoustic
beamforming [154, 155]. This allows for separation of different noise sources or the iden-
tification of external noise sources contaminating the experiments. For this, the cross-
spectral matrix C is computed from the pressure amplitudes of N microphones [151]:

C = 12PP∗, P = ⎛⎜⎜⎝
P1(f )⋮PN (f ) ⎞⎟⎟⎠ (3.35)

The asterisk in equation 3.35 denotes the complex conjugate. A steering function g is then
defined which holds information about the propagation of the source to the microphone
array. The components gn of the steering function, are the pressure amplitudes at each
microphone for a given reference source. Generally, a monopole source description with
unit strength in a uniform meanflow is considered [151]:

gn = −exp(−2�if Δt0 (� ,xn))4� √(M ⋅ (xn− �))2+(1−M2)2 ‖xn− � ‖2 (3.36)

in which Δt0 (xn,� ) is the time delay from a search grid point � to the coordinates of
the n-th microphone xn. The complex amplitudes a of the sources in � result from the
minimization of a cost function J :

J = ‖P− ag‖2 → a = g∗P‖g‖2 (3.37)

The source auto-powers then follow from:

A = 12aa∗ = g∗Cg‖g‖4 (3.38)
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Equation 3.38 is known as conventional beam forming. The source maps obtained from
conventional beam forming can be limited in spatial resolution for low-frequencies, lead-
ing to overlapping sources. To overcome this issue, deconvolution post-processing tech-
niques [156–158] are often applied.
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4
Experimental arrangements

T
he experimental techniques as introduced in chapter 3 were used to answer the re-
search questions defined in chapter 2. For the studies, three different experimental

arrangements were realized that are introduced separately (sections 4.1, 4.2 and 4.3) in
this chapter. In each of the sections, the testing facility, test geometry, operating condi-
tions and measurement parameters of the concerned experimental setups are described.

4.1 Multi-rotor in ground proximity
Amulti-rotor setup was realized at the High-Speed Laboratory at Delft University of Tech-
nology to study the aerodynamic interactions in ground proximity (chapters 5 and 6).

4.1.1 Rotor model
Two counter-rotating rotorswere installed with their axes perpendicular to a ground plane,
as shown in figure 4.1. The APC-brand rotors are commercially available (model numbers
APC 6X4E and APC 6X4EP) and comprise a radius of R = 76.2 mm, a pitch of 4 inches and
a parabolic tip. Each rotor was driven by a geared in-runner brushless motor (type Hacker,
B20 26 L kv2020 + 4:1) operated at a shaft rotation speed of 
 = 167 Hz.

The rotors were not phase-controlled which means that the relative phase difference
varied during acquisition. The discrepancy in rotational speed between the rotors is es-
timated to be equal to 0.25 Hz, resulting in a variation of the phase difference between
the rotor blades, over the acquisition duration of the measurement. Hence, in the time-
averaged sense, the measurement can be considered as one with a random phase between
the blades. The Reynolds number, based on the blade sectional chord length at a nominal
radius of 0.75R, was Reb = 42,000 and the tip Mach number wasMt = 0.22. The rotors had a
thrust coefficient of CT = 0.12 and provided a thrust of T = 2.14 N. The rotors were operated
in stagnant air representing a hover scenario (thus the advance ratio is J = 0). Experiments
were performed in an enclosure of 2x3x2 m3 at conditions of normalized tip-to-tip rotor
spacing S/R = [0.05, 1.0, 2.0] and normalized heightH/R = [1.0, 2.0, 3.0, 4.0]. Experimental
conditions are summarized in table 4.1.

This chapter is based on publications [33, 159–162].
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Figure 4.1: Multi-rotor setup at High-Speed Laboratory of Delft University of Technology.

Table 4.1: Multi-rotor operating conditions.

Rotor parameters and operation
Rotation speed 
 [Hz] 167
Number of blades B 2
Radius R [mm] 76.2
(3/4)R rotor blade chord Reynolds number Reb 42,000
Tip Mach number Mt 0.22
Lateral seperation S/R (tip-to-tip) 0.05-2
Height to ground H/R (disk-to-ground) 1-4
Thrust T [N] 2.14CT 0.12

4.1.2 Measurement techniqes
To study the flow surrounding the rotor model, both volumetric Lagrangian Particle Track-
ing (time-averaged flow analysis in chapter 5) and two-component Particle Image Ve-
locimetry (unsteady flow behaviour in chapter 6) were employed.

Lagrangian Particle Tracking

The volumetric velocity measurements covered the flow domain illustrated in figure 4.2.
Helium-Filled Soap Bubbles (HFSB) generated under controlled conditions [118] were em-
ployed that scatter sufficient light in conditions of volume illumination and imaging. The
suitability of this seeding technique for rotorcraft aerodynamics has been recently demon-
strated in the study by Wolf et al. [163]. Two HFSB generators were utilized producing
each approximately 30,000 bubbles per second, with mean diameter of 0.4 mm and nearly
neutrally buoyant. The enclosure was seeded for twominutes prior to performing themea-
surement. The achieved seeding density was approximately 0.01 particles per pixel (ppp)
corresponding to a spatial concentration of 0.5 particles/cm3. The measurement volume
was illuminated by a LaVision LED-Flashlight 300 device at a distance of 0.7 m below the
measurement volume. Illumination was performed at a rate of 2.0 kHz and the duration
of illumination for each pulse (pulse width) was Δt = 50 µs. A tomographic imaging setup
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was composed of three high-speedCMOS cameras (Photron Fastcam SA1.1) placed outside
the enclosure at a distance of 1 m from the measurement region. The cameras subtended
a total angle of 38◦ (see figure 4.2) and were equipped with lenses of focal lengths f = 60
mm (camera 2) and f = 50 mm (cameras 1 and 3), set at numerical aperture f# = 16. The
resulting measurement volume spanned 20 × 31 × 33 cm3 (4.3R × 4.0R × 2.6R). System
synchronization was obtained with a LaVision Programmable Timing Unit (PTU 8) and
each measurement comprises of 2000 recordings for a time duration of 1 s. The object-to-
image mapping parameters were obtained with a calibration procedure based on a target
recorded at 3 positions separated by 10 cm each. The residual calibration disparity was re-
duced to less than 0.1 pixels using the volume self-calibration method [132]. An overview
of the measurement parameters is presented in table 4.2.

Camera 1

Camera 3
LED

Camera 2

Rotor 2

Rotor 1

Ground plane

Measurement volume (20 × 31 × 33 cm3)
z

y

x
HFSB nozzle

38 ◦
Figure 4.2: 3D schematic of the experimental apparatus, coordinate system and measurement volume. The origin
of the coordinate system is at the center location between the two rotors at the ground plane.

The 3D particle motion analysis was performed with the “Shake-The-Box” method
[131]. The measurement delivered approximately 8000 particle tracks with a sampling
frequency of 2.0 kHz. The maximum particle displacement within a particle track was
approximately 20 pixels corresponding to a physical displacement of 6.4 mm. This particle
displacement is comparable to other studies using the "Shake-The-Box" method and was
shown to be adequate to capture the effect of individual blade passages by the rotors.

Data reduction to a Cartesian grid was performed following two different methods for
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Table 4.2: Illumination and imaging conditions for the volumetric flow measurements.f [mm] 1x 60, 2x 50f# 16
Acquisition freq. [Hz] 2000
Sample time [s] 1
Pulse width [�s] 50ppp 0.01
Field of View (Δx, Δy, Δz) 20 × 31 × 33cm3

the time-averaged and for the instantaneous velocity fields. Time-average information
was gathered in cubic bins of 20 mm size with a 75% overlap factor, yielding a spacing of
the velocity vectors of 5 mm. Every bin comprises approximately 10,000 samples. How-
ever, the concentration varied across the measurement domain. Nevertheless, a minimum
number of 100 samples is set as criterion for a valid measurement.

The instantaneous velocity fields were reconstructed using the vortex-in-cell tech-
nique (VIC+) as described by Schneiders et al. [135] for 3D scattered particle data; cal-
culations were done in DaVis, with a modified algorithm (VIC#, [164]). The instantaneous
velocity field was reconstructed on a grid with ℎ = 7.5 mm spacing between neighboring
vectors.

Themeasurement dynamic spatial range (DSR), defined as the ratio between the largest
and the smallest resolvable spatial wavelength, was estimated as the ratio between the
domain larger size L and the bin size. Values of DSR = 66 and DSR = 44 are obtained for
the time-averaged and instantaneous velocity field, respectively. The dynamic velocity
range (DVR) was estimated as the ratio between the maximum and minimum measured
tracer velocity and is approximately equal to 360.

The measurement uncertainty �u for the time-averaged flow field was statistically de-
termined by the ratio between the relevant velocity fluctuations (axial velocity standard
deviation) and the square root of the amount of samples per bin. The measurement un-
certainty �u was below 0.5% of the rotor induced velocity in the majority of the domain,
except for the shear layers along the boundary of the domain and close to the rotor blades,
where it reaches up to �u = 1.5%.
Particle Image Velocimetry

Planar PIV velocity measurements were acquired in the domain illustrated in 4.3. The ex-
periment was conducted inside an enclosure of 2×2×3m3 that confines the HFSB used as
flow tracers [118]. Any effects of re-circulation in the enclosure are observed at frequen-
cies comparable to the BPF [165] and therefore do not affect the relatively large timescales
of interest. Five HFSB generators delivered roughly 150,000 bubbles per second, which
were nearly neutrally buoyant and had a mean diameter of 0.4 mm. The enclosure was
seeded for two minutes prior to performing the measurement, and resulted in a density
of roughly 0.01 particles per pixel (ppp) corresponding to a spatial concentration of 12
particles/cm2. Laser illumination was provided by a Nd:Yag Continuum Mesa PIV 532-
120-M laser. The laser beam was expanded by a cylindrical lens allowing a light sheet
thickness of 2 cm. Its effective thickness was estimated using 3D flow data as 8 mm. The
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center of the laser sheet was positioned with an offset of 1.5 cm from the propeller axes (in
positive x-direction) to avoid shadows from the rotor mounting. Illumination was given
with a pulse width of Δt = 150 ns and a rate of 4.0 kHz.

rotor 1 rotor 2

ground plane

Camera
Laser

field of view
(38.5 × 38.5 cm2)

x

y

z
Light sheet

optics

dx = 2 cm

Figure 4.3: 3D schematic of the experimental apparatus, coordinate system and measurement plane.

A high-speed CMOS camera (Photron Fastcam SA.5, 1024 px × 1024 px) was used for
imaging and placed outside the closed environment at a distance of 1 m from the measure-
ment region. A lens with focal length f = 50 mm, and a numerical aperture set to f# = 8
captured a field of view of 38.5×38.5 cm2 (5R×5R) at a magnification ofM = 0.053. Synchro-
nization between the cameras and the laser was obtained with a LaVision Programmable
timing unit (PTU X). Each experimental run captured 2.7 s of data (approximately 11,000
recordings) and was repeated six times, thus providing a total of roughly 16 s (≈2750 rotor
revolutions) of discontinuous measurements for each of the two configurations. Measure-
ment parameters are summarized in table 4.3.

Table 4.3: Illumination and imaging conditions of the planar velocimetry measurements.

Seeding type HFSB
Seeding concentration (cm−2) 12

Illumination Nd:Yag Laser
Sheet thickness dx (cm) 2
Pulse width Δt (ns) 150
Repetition rate (Hz) 4000

Camera type Photron Fastcam SA.5 (1024 px × 1024 px)
Objective focal length f (mm) 50

Numerical Aperture f# 8
Optical Magnification M 0.053

Field of view (cm2) 38.5 × 38.5
Seeding density ppp 0.01
Number of recordings 6 × 10917

Image analysis Cross-correlation (24 px × 24 px)
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Two pre-processing steps were applied to the raw camera footage before computing
PIV-based velocities. First, a minimum time filter was used to eliminate any stationary
reflections from the ground plane and support struts of the rotors. Secondly, a sliding
minimum filter with a length-scale of 3 pixels was applied, to reduce any unsteady rotor
blade-reflections. Planar velocity components were inferred by cross-correlation between
subsequent images, with awindow size of 24 px ×24 px and an overlap of 75%. This resulted
in a vector resolution of 8 mm and a vector spacing of 2 mm. The velocity field was then
cropped to a physical domain of 31 × 27 cm2. As a final post-processing step, time super
sampling with a factor of 5 was applied to improve the quality of the velocity spectra.

The measurement uncertainty �w for the instantaneous velocity field has been com-
puted using the method of correlation statistics as described by Wieneke [166]. Values of�w were compared to the induced velocity of a single rotor without a ground plane (wind =
14.25 m/s). From this follows an average instantaneous uncertainty of approximately 4%
of the rotor-induced velocity. Conclusions drawn from these data on the large-scale flow
dynamics are not affected by this relatively small uncertainty.

4.2 Performance of Over-The-Wing propulsion
The second experimental setup was used to explore the aerodynamic and aeroacoustic
installation effects of the Over-The-Wing propulsion at incidence (chapter 7 and 8).

4.2.1 Wind Tunnel Facility
The experiments were conducted in the closed circuit Aeroacoustic Wind Tunnel (AWT)
facility at the Royal Netherlands Aerospace Centre, see figure 4.4. The wind tunnel is
positioned in an anechoic chamber (9 × 8 × 6 m), yielding an absorption rate of 99% above
200 Hz. A closed test section (0.95 × 0.95 m2) was used, limiting the turbulence intensity
to a maximum of 0.01% at a free-stream velocity of 20 m/s.

Figure 4.4: Exterior of the 0.95 by 0.95 m2 test section in the Aeroacoustic Wind tunnel (left) and Rotor-array–
wing setup in the test section (right).
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4.2.2 Rotor and wing model
ADLR-F15 wingmodel was mounted vertically on a turntable in the floor of the closed test
section, as shown on the right side of figure 4.4. The chord of the wing is 240 mm and tran-
sition was fixed at 10% chord by tripping the boundary layer on both the suction and pres-
sure sides. Over the suction side of the wing, a sting was connected to the same turntable
as the wing. The sting serves as a support structure for five, span-wise distributed nacelles
and aligns each nacelle’s axis to the wing’s chord direction. Measurements with a single
rotor over the wing were also performed. Inside each nacelle, a brushless in-runner motor
drives a custom design six-bladed rotor (radius of R = 63.5 mm) at a shaft frequency of 383
Hz in counter-rotating orientation. The tip-to-tip separation of each rotor is 0.05 R. The
blade design of the rotor is based on a benchmarked version for low-Reynolds application
derived from a NACA4412 airfoil [167]. The rotor has beenmanufacturedwith CNC out of
aluminum with 0.02 mm precision, and cured to avoid material relaxation and oxidation.
The test conditions are summarized in table 4.4.

Table 4.4: Over-The-Wing rotor system operating conditions.

Wing chord c (mm) 240
Aspec ratioA 4

Shaft frequency (Hz) 383
Number of blades B 6
Rotor radius R (mm) 63.5
Rotor tip gap yt/R 0.27

Rotor separation zr/R 2.05
Rotor chord position xr/c [0.3, 0.6, 0.9]

Advance ratio J [0, 0.3, 0.45, 0.6]
Angle of attack � [-3, 0, 2, 4, 6, 8, 10, 11,

12, 13, 14, 15, 16, 20]
Wing chord Reynolds number Rec 240,000 - 480,000

(3/4)R rotor blade chord Reynolds number Reb ≈ 60,000
Tip Mach number Mt 0.42

Helmholtz number He = 2�c
�BPF

10.11

4.2.3 Measurement techniqes
Integral loading, surface static pressure, velocimetry (two-component and stereoscopic)
and acoustic measurement techniques were employed, each will be discussed separately.
A schematic overview of the measurement system is provided in figure 4.5a. All measure-
ments (with the exception of PIV) were obtained at an acquisition rate of 4096 Hz and
averaged over a time frame of 20 s. Note that the aeroacoustic measurements and sPIV
measurements are specific to the single rotor while the 2D2C-PIV measurements are only
performed for the distributed propulsion setup.

Integral loads

Rotor thrust and torque were measured on the center rotor. Its brushless motor was
mounted to the nacelle using two parallel-mounted uni-axial FUTEK LSB205 load cells
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z
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dz

y

pressure orifices

wind tunnel walls

wind tunnel floor

Figure 4.5: 3D schematic of the experimental apparatus and coordinate system, b) zoomed-in plot of the mea-
surement techniques around the center rotor and c) contour of the F15 wing model with location of the static
pressure taps.

(Rated Output (RO) of 22.2N with hysteresis of ± 0.1% RO and non-linearity of ± 0.1% RO)
and a FUTEK QTA141 torque cell (RO of 1 Nmwith hysteresis of 0.5% and non-linearity of
0.2%), see figure 4.5b. The load and torque cells were excited with 7 volts of direct current
(VDC) by a single power supply. Repeated measurements for thrust showed an average
deviation of 4%. The loads of the wing were measured by a custom-made six-component
force balance in the floor of the wing tunnel, see figure 4.5a. In the x- and y-direction, the
balance has a capacity of 325 N and 1800 N, respectively. The uncertainty as a percentage
of the full load range is 0.80% for the x-direction and 0.13% for the y-direction.
Pressure orifices

The wing’s pressure distribution was measured by 59 static pressure taps, fitted in the cen-
ter span position of thewing below the center rotor. The location of the pressure taps along
with the contour of the wing profile is presented in figure 4.5c. The pressures were sam-
pled by a Scanivalve ERAD4000 measurement system with a full range of approximately
100 kPa. Based on the spread in the data of repeated measurements, the experimental
uncertainty of the static pressures was found to be ±0.0125 Cp .
Rotor array: 2D2C-PIV

For the measurements concerning the span-wise distributed rotor array, the flow over the
suction side of the wing is characterized using 2D2C-PIV. For this, the flow was seeded
with DEHS tracer particles (�p = 2 �s) that were illuminated by an evergreen laser (200
mJ/pulse) in a sheet of 3mm thickness, see figure 4.5a. Illumination was performed at a
rate of 15 Hz and the duration of each pulse (pulse width) was Δt = 25 ns. The center of the
laser sheet was positioned with an offset dz in span direction (see figure 4.5b) of 12 mm
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from center rotor axis to avoid any shadows from the nacelle. Recording was performed
by two sCMOS cameras (Imager sCMOS CLHS) placed outside the section at a distance of
0.8 m from the measurement region. The cameras were equippedwith an objective of focal
length f = 50 mm, set at numerical aperture f# = 8. The resulting field of view spans 36 ×
24 cm2 (6 R × 4 R). System synchronization was obtained with a LaVision Programmable
timing unit (PTU X) and each measurement comprised of at least 200 recordings for a time
duration of 13 s. An overview of the illumination and imaging conditions is presented in
table 4.5.

Table 4.5: 2D2C-PIV illumination and imaging conditions.

Seeding type DEHS
Particle relaxation time �p (�s) 2

Illumination Evergreen (200 mJ/ pulse)
Sheet thickness �z (mm) 3

Pulse width Δt (ns) 25
Repition rate (Hz) 15

Camera type 2 × Imager sCMOS CLHS
Camera resolution 2560 px × 2160 px

Objective focal length f (mm) 50
Numerical aperture f# 8
Optical magnification M 0.07

Field of view (cm2) 36 × 24
Number of recordings 200

Image analysis Cross-correlation (32 px × 32 px, 75% overlap)
Vector pitch (mm) 1.15

The velocity components were inferred by cross-correlation of two recordings, with
a window size of 32 px × 32 px and an overlap of 75%. This resulted in a vector res-
olution of 2.4 mm and a vector spacing of 1.15 mm. The measurement uncertainty for
the time-averaged velocity field is determined by the ratio between the relevant velocity
fluctuations (magnitude of the standard deviations) and the square root of the number of
statistically independent measurements. This results in an uncertainty of 0.01% of the free-
stream velocity in the majority of the domain, but locally increases to 6% in shear regions
of the flow.

Single rotor: Aeroacoustic measurements

Acoustic measurements were performed for the single rotor configuration inside the ane-
choic chamber. To avoid reflections of acoustic waves in the wind tunnel, the test section
walls were fitted with acoustic transparent walls over a 2 m length. The acoustic trans-
mission losses through the walls are 2 dB over the frequency range of interest, and all
experimental results were corrected for this. The noise of the rotor is measured using a
microphone array consisting of 64 microphones, see figure 4.6. The array was positioned
at a distance of 0.7 m from the center of the test section, and aimed towards the suction
side of the wing. Simultaneously, ten free-field microphones record the sound from the
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pressure side of the wing to investigate the potential of noise shielding. The free-field
microphones are positioned at a distance of 2 m from the center of the test section.

wing

sting

�
x

y

acoustic
 tra

nsparant w
alls

Figure 4.6: 3D schematic of the test section, microphone locations and system of coordinates.

Single rotor: sPIV

The inflow of the single rotor is characterized using stereoscopic Particle Image Velocime-
try (sPIV). For this, the acoustic transparent walls were replaced by optical transparent
walls. Tracer particles and illumination are identical to that of the 2D2C-PIV setup de-
scribed above. Recording is performed by two sCMOS cameras (Imager sCMOS CLHS)
placed outside the section at a distance of 0.6 m from the center of the measurement re-
gion. The camera is equipped with an objective of focal length f = 50 mm, set at numer-
ical aperture f# = 8. The resulting field of view spans 19 × 25 cm2 (3 R × 4 R). System
synchronization is obtained with a LaVision Programmable timing unit (PTU X) and each
measurement comprises of at least 300 recordings for a time duration of 20 s. An overview
of the stereoscopic velocimetry measurement parameters is presented in table 4.6.

The images were processed using an iterative multigrid method [130] with a final in-
terrogation window size of 32px × 32 px and an overlap of 75%. This resulted in a vector
resolution of 9.6 mm and a vector spacing of 2.4 mm. The measurement uncertainty for
the time-averaged velocity field is determined by the ratio between the relevant velocity
fluctuations (magnitude of the standard deviations) and the square root of the number of
statistically independent measurements. This results in an uncertainty of 0.0125% of the
free-stream velocity in the majority of the domain, but locally increases to 3% in turbulent
regions of the flow.

To enable a time-averaged volumetric reconstruction of the velocity field and a surface
pressure reconstruction over thewing, the rotor is traversed along themeasurement plane,
in steps of 10 mm to a maximum displacement of 50 mm (0.8 R) in both positive and
negative span-direction.
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Table 4.6: sPIV illumination and imaging conditions.

Seeding type DEHS
Particle relaxation time �p (�s) 2

Illumination Evergreen (200 mJ/ pulse)
Sheet thickness �z (mm) 3

Pulse width Δt (ns) 25
Repition rate (Hz) 15

Camera type 2 × Imager sCMOS CLHS
Camera resolution 2560 px × 2160 px

Stereo angle 35◦
Objective focal length f (mm) 50

Numerical aperture f# 8
Optical magnification M 0.09

Field of view (cm2) 19 × 25
Number of recordings 300

Image analysis Cross-correlation (32 px × 32 px, 75% overlap)
Vector pitch (mm) 0.6

4.3 Experimental simulationof take-off trajectory

In the final study of this thesis, the unsteady flow behaviour of the Over-The-Wing rotor
system during a reference take-off trajectory is investigated (chapter 9).

Figure 4.7: Outlet of the Open-Jet Facility at Delft University of Technology (left) and experimental setup (right).
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4.3.1 Wind Tunnel Facility
Themeasurements are conducted in the Open-Jet Facility (OJF) at the High-Speed Labora-
tory at Delft University of Technology. This closed-loopwind tunnel has a large, octagonal
outlet of 2.85 m by 2.85 m, that produces a homogeneous jet at speeds between 4 and 35
m/s with 0.5% turbulence intensity. Figure 4.7 shows the outlet of the OJF.

4.3.2 Rotor and wing model
A rotor-wing system is mounted vertically on a Quanser hexapod, see figure 4.8. The
hexapod allows for flexibility through the input of time series of the angle of attack. The
rotor-wing system is identical to the one introduced in section 4.2.2 and consists of five
counter rotating span-wise distributed rotors. The position of the rotor array is fixed at
60% wing-chord with a rotor tip-to-wing clearance of yt = 0.27R.

4.3.3 Lagrangian Particle Tracking
Volumetric velocity measurements cover the spatial domain as illustrated in figure 4.8. The
flow is seeded with HFSBs [118] that are illuminated by two LaVision LED Flashlight 300
devices at a distance of 0.6 m from the center of the measurement volume. A tomographic
imaging setup is placed at 1.3 m from the model and consists of five high-speed (CMOS)
cameras (Photron Fastcam SA1.1), equipped with lenses of focal lengths f = 60mm and
set at numerical aperture of f# = 12. System synchronization is obtained with a LaVision
Programmable Timing Unit (PTU 8), and each measurement comprises 5457 recordings
for a duration of 1.33 s. An overview of the measurement parameters is presented in table
4.7.

�
�
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wing

camera 1camera 2

camera 3

camera 4

camera 5

LED 1

LED 2

hexapod

measurement volume

 (50 x 50 x 25 cm3)

Figure 4.8: 3-D schematic of the experimental apparatus, coordinate system and measurement volume.



4.3 Experimental simulation of take-off trajectory

4

67

Table 4.7: Imaging and recording parameters of the take-off trajectory study.

Seeding type HFSB
Camera type 5× Photron Fastcam SA1.1
Illumination 2× LaVision LED-Flashlight 300

Field of view (Δx , Δy, Δz) 50 × 50 × 25 cm3
Repetition rate (Hz) 4000

Objective Focal length f (mm) 60
Numerical Aperture f# 12
Optical magnification M 0.05

Vector pitch (mm) 9.6

The 3D particle motion analysis is performed with the Shake-The-Box method [131]
and delivers approximately 18,000 particle tracks per time step. Data reduction to a Carte-
sian grid is obtained for each time step, by a sliding average in time over 99 snapshots (t ≈
0.025 s) during which the tracks are gathered in cubic bins of 38 mm size with a 75% over-
lap factor. Each bin comprises between 200 and 30,000 samples and the resulting velocity
field yields a spacing of 9.6 mm between neighboring vectors.
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5
Aerodynamic wake

interaction in ground

proximity

I
n the initial stages of vertical flight, the rotors produce a significant amount of thrust
and will be vertically orientated in close proximity to the ground surface. Consequently,

there is an interaction between the rotor’s slipstream and the back pressure imposed by
ground, which changes the wake organization and performance. The effects of ground
proximity flight have been typicallywell understood for single rotor configurations. Nonethe-
less, for eVTOL systems, a multitude of rotors closely spaced rotors are used. This results
in unexplored aerodynamic effects when hovering in ground effect. More specifically,
the role of the rotor separation distance on the three-dimensional flow topology remains
poorly understood. Such information is valuable to explain observed differences in mean
performance between single- and multi-rotor configurations.
To this purpose, the three-dimensional flow topology of a set of side-by-side rotors is in-
vestigated in this chapter. The experimental arrangement as described in section 4.1 is
used and velocity field is extracted by making use of Lagrangian Particle Tracking (sec-
tion 4.1.2). The time-averaged velocimetry results of the side-by-side configuration are
compared to the single rotor’s flow field in section 5.1. Specific attention is then given
to the effect of the rotor-spacing and ground stand-off height in section 5.2. Finally, all
results are combined in section 5.3 to create a map of flow regimes for multi-rotors in
ground proximity.

5.1 Time-averaged flow fields
When the rotor is operated in close proximity to the ground, the wake expands radially.
Figure 5.1 illustrates the difference in the velocity field, by the normalized axial velocity
contours w/Wind and 2D velocity vectors scaled by the velocity magnitude, for a single
rotor with and without a ground plane. The former is considered at a distance of 2R above

This chapter is based on publication [33].
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the ground (right plot of figure 5.1). The axial velocities are normalized by the induced
velocity of an isolated rotor in hover (Wind = 14.25 m/s), which is a constant and used for
all results displaying velocity.

Figure 5.1: Comparison between the normalized time-averaged axial velocity contours and 2D velocity vectors
of a single isolated rotor (y/R < 0) and a single rotor in ground effect (y/R > 2). For the latter, the ground plane
is located at z/R = 0.

The rotor induces a downward velocity. The non-uniform velocity profile is due to
hub wake leading to lower induced velocities along the rotor axis. For the isolated rotor,
the slipstream contracts due to the increase in velocity. The maximum axial velocity is
found at approximately 2 rotor radii below the rotor disk. Contradictory to this, the wake
of a rotor in ground effect expands radially due to the pressure gradient caused by flow
stagnation at the ground. Therefore, the axial velocity in the wake of the rotor in ground
effect can be significantly lower compared to that of the unbounded rotor. At a certain
height this is also noticed at the blade level, which results in an increased local blade
angle and an increase in thrust for constant pitch. Also, characteristic for a single rotor
in ground effect is the formation of a toroidal flow separation region, or so-called dead air
region [73], below the rotor hub near the ground. This is caused by flow stagnation due
to the lower velocities in the center of the slipstream and the adverse pressure gradient
near the wall.

When a second rotor is introduced, separated for instance by one rotor diameter, a
fountain flow emerges. This is illustrated in figure 5.2a, by the axial velocity contours
and velocity vectors in the plane through the rotor axes, for H/R = 2 and S/R = 2. The
rotors produce two radial wall jets opposing each other with subsequent stagnation and
separation from the wall near the symmetry plane, i.e. y/R = 0, where they redirect up-
ward, ultimately generating the fountain pattern. The fountain flow rises above the disk
plane in figure 5.2a, also sustained by the favorable pressure gradient determined by the
rotor’s suction. The wake appears to be mostly re-ingested by rotor 1, and a non-axial
inflow condition for rotor 1 is observed. These inflow conditions cause more momentum
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to be transferred to the center of the slipstream and reduce the entity of the toroidal sepa-
ration at the wall from rotor 1. The results in figure 5.2a illustrate that wake interactions
in ground proximity occur at larger rotor separations compared to the interactions that
take place during hover [168].

(a) S/R = 2 (b) S/R = 1

(c) S/R = 0

Figure 5.2: Normalized time-averaged axial velocity and 2D velocity vectors in the plane through the rotor axes
(x = 0) at a rotor height of H/R = 2 and different rotor-separations
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5.2 Rotor spacing and ground proximity
The primary flow features of the side-by-side rotors are altered by the relative rotor spac-
ing and distance to the ground. The effect of these parameters on the fountain flow, the
induced velocity and the Turbulent Kinetic Energy are examined hereafter.

5.2.1 Rotor spacing
By decreasing the lateral distance between the rotors, a stronger interaction between ad-
jacent rotors is expected. However, a reduction of lateral spacing between the rotors is
also associated with a decrease in the size of the fountain region for the various test con-
ditions. This is illustrated in figure 5.2 by the axial velocity for S/R = 1 (b) and S/R = 0.05
(c), remaining a constant height of H/R = 2. This can therefore be compared to the case
of S/R = 2, as presented in figure 5.2a.

Placing the rotors closer together, i.e. S/R = 1, means that the radial wall jets collide
before they move parallel to the ground plane and more momentum is transferred out-of-
plane rather than being re-directed upwards. This condition decreases the extent of the
fountain flow which is visible for the plot of S/R = 1, see figure 5.2b. The fountain flow, in
this case, remains confined between the ground and the height of the rotor disks. Due to
flow stagnation of the fountain flow, two recirculation regions are formed between each
rotor wake and the tip of the fountain flow. No re-ingestion takes place and a symmetric
flow field is produced in which each of the two wakes represent the wake of a single rotor
in ground effect. This means that the toroidal separation regions near the ground are also
present.

A different mechanism takes place when the rotor spacing is further reduced to S/R
= 0.05. At this rotor separation distance, there is mutual induction of the individual rotor
wakes, caused by the Coandă-effect [68]. This happens before the wake interacts with
the ground plane and therefore no fountain is created. A flow field with lower induced
velocities between the rotor axis is present due to the increased limitations of radial wake
expansion in this region. Around the center of the domain close to the ground, i.e. (y/R
= 0, z/R = 0), the wake moves laterally outwards. A greater effect is observed on the sep-
aration regions below the rotor hub, which have now become separated from the ground.
The shape of the separation region has been changed and only a single node is observed
here. Similar to the case of S/R = 1, no wake re-ingestion occurs and a symmetrical mean
velocity field is found.

To show the three-dimensional evolution of the streamwise velocity component in
the wake, the axial velocity contours w/Wind and 2D velocity vectors are extracted in the
(x ,y)-plane at varying heights of z/R = [0.3, 1.0, 1.7] and are presented in figure 5.3. At
few positions, data are missing due to optical blocking from the rotor’s support. Also low
particle intensity in the pre-processed images near the ground plane, i.e. z/R = 0.3, causes
some local data drop-out.

From the axial velocity extracted at the z/R = 1.7 plane, the top row of figure 5.3, it is
possible to identify the effect on induced velocity near the rotor blades which will have a
direct influence on the rotors’ performance. For the closest rotor spacing considered, i.e.
S/R = 0.05, a non-axisymmetric wake profile for each of the two rotors is apparent; in the
region between the rotor axes, there is a clear reduction in the axial velocity. Increasing
the rotor spacing to S/R = 1 prevents any interaction between the two rotor wakes and
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Figure 5.3: Normalized time-averaged axial velocity and 2D velocity vectors extracted at z/R = 0.3, z/R = 1.0 and
z/R = 1.7 for the different values of the rotor spacing and H/R = 2.

an axisymmetric induced velocity profile is restored. The fountain flow is also apparent
between the two wakes but not affecting the rotor wake itself. When considering the
larger rotor separation distance of S/R = 2, top right image of figure 5.3, the similarity
of the two individual wakes is removed. Here, in the wake of rotor 1 for S/R = 2, rather
than the typical swirl around the axis of rotation, the velocity vectors are directed towards
the center of the wake. Moreover, in the flow field surrounding the wake of the rotors, a
stronger lateral component of the velocity is visible for S/R = 2, indicated by the larger
velocity vectors, when compared to the other rotor separation distances. The velocity
vectors are in the direction of a region between the rotors and the fountain flow and are
ascribed to a low-pressure region.

Following thewake in streamwise direction to a height of z/R = 1.0, as presented in the
middle row of figure 5.3, the radial expansion of the slipstream becomes apparent. This
results in stronger mutual induction of the wakes for S/R = 0.05. Moreover, due to the
fact that one rotor wake obstructs the wake expansion of the other rotor, there is a strong
velocity component in x-direction along y/R = 0, indicated by the large vectors. For S/R =
1, at this height in the wake, the fountain flow becomes apparent between the rotor wakes,
see the middle plot of figure 5.3. However, there is little effect on the wake profile. For
S/R = 2, the wake of rotor 1 has very weak radial velocities ascribed to the re-ingestion
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of the fountain. For this largest rotor spacing, the fountain is also considerably narrower
compared to close to the blades, as it was in the plot of z/R = 1.0, see top right of figure
5.3.

Close to the ground plane at z/R = 0.3, the bottom row of figure 5.3, the wake from the
rotor has much lower axial velocity caused by the increase in static pressure. The axial
velocity is transferred to velocities along the radial component, indicated by the larger
vectors, which form the radial wall jets. In the case of S/R = 0.05, a single wall jet is
directed outward along the center of the combined wake. For the S/R = 1 and S/R = 2,
two radial walls jets are formed. The stagnation line is clearly visible by the positive axial
velocity and the collision of the two rotor wall jets. However, for S/R = 1, there are higher
axial velocities and lower radial velocities as the wall jet approaches the stagnation line.
One should note that the stagnation line between the propellers has a slight offset towards
the negative y/R-bound, which can be the cause of a minor misalignment of the setup or
small geometric differences between the rotor blades.

Apart from the apparent differences in themean velocity field, the velocity fluctuations
are also influenced by the lateral spacing of the rotors. The unsteady flow behavior is statis-
tically described by the normalized TurbulentKinetic Energy, TKE=0.5(u′2 + v′2+w′2)/U 2

tip.
Its spatial distribution is illustrated in figure 5.4.

Figure 5.4: Three dimensional distribution of normalized Turbulent Kinetic Energy extracted at z/R = 0.3, z/R =
1.0 and z/R = 1.7 for the different values of the rotors spacing and H/R = 2.

Fluctuations are concentrated along the tip vortex path and hub region, at z/R = 1.7.
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Regarding S/R = 0.05, there is a clear mutual induction of the tip vortex path creating a
horseshoe-like TKE distribution in this plane. This loss of the structure of the tip vortices
between the wakes complies with both experimental [68] and numerical studies [169] on
side-by-side rotors out of ground effect. For the case of S/R = 1, the TKE values along the
tip vortex path are similar compared to S/R = 0.05 but there are also relatively large values
of TKE between the rotors in the fountain flow region. At the largest rotor separation
distance of S/R = 2, the effect of flow re-ingestion on the velocity fluctuations becomes
notable. Higher TKE levels are found in the wake of rotor 1 which is more severely subject
to flow re-ingestion. This is visible along the tip vortex path and in the inner part of the
slipstream. Regions of high TKE near the blades can indicate regions of unsteady loading,
more pronounced force fluctuations and broadband noise emissions [170].

The magnitude of the TKE decreases gradually for all rotor spacings due to viscous
dissipation, which is visible in the z/R = 1.0 plane. Aside from the higher magnitude, over-
all TKE distribution looks similar to what is observed near the blade. However, the TKE
has increased in the fountain flow as well as below the rotor hub due to flow stagnation.
Regarding z/R = 0, the overall levels of the TKE have increased but are distributed more
uniformly in this plane. TKE between the rotors for S/R = 0.05 is low, while for rotor spac-
ings of S/R = 1 and S/R = 2 there are typically higher values of TKE along the stagnation
line. This is especially visible for S/R = 1, where higher TKE values are found near the
stagnation line region compared to S/R = 2.

5.2.2 Ground proximity
Proximity to the ground induces an earlier deflection of the slipstream towards the wall jet.
A more powerful interaction is therefore expected to occur in the region in between the
rotors and with possibly more prominent effects of the fountain flow. Figure 5.5 illustrates
such effects when H/R is varied from 1 to 3 maintaining a constant rotor spacing S/R of 2.
Hence, the effect of the rotor height can therefore be analyzed by comparing this to figure
5.2a. At the lowest rotor height H/R = 1, there is a clear reduction of the induced velocity
compared to the same system at H/R = 2, see figure 5.2. Varying the rotor height does
not alter the absolute height of the fountain flow. The re-ingestion of the ejected wall jet
appears to be biased towards rotor 1, although the flow induced by both rotors appears to
be similar. This can be explained by the fact that the process of wake re-ingestion happens
further away from the rotors due to the constant size of the fountain flow. Consequently,
the inflow conditions to rotor 1 are undisturbed and axial creating slipstream characteris-
tics that are similar for rotor 1 and rotor 2 and comparable to the single rotor case. Even
though the velocities are lower below the rotor disk, the flow does not stagnate here but
is rather in the direction towards the fountain. This in turn can be caused by the stronger
wall jet at the inner region of the two wakes caused by the sub-atmospheric pressure of
the fountain flow [171].

When higher rotor heights are considered,H/R = 3, the fountain flowdecreases slightly
in size but the process of flow re-ingestion happens closer to the rotor blades compared
to what is observed in H/R = 1. This creates a more pronounced non-axial direction of
inflow to the rotors. Similar to the case of H/R = 2, see figure 5.2a, an increase in induced
velocity in the center of the wake is found. Flow re-ingestion is again biased towards rotor
1 which creates a flow field that is highly asymmetric. Similar to the case of H/R = 2 the
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toroidal separation region at the ground is missing for rotor 1 and is visible for rotor 2. A
recirculation zone is present between rotor 1 and the fountain at (y/R, z/R) = (-0.75, 1.25).

(a) H/R = 1 (b) H/R = 3

Figure 5.5: Normalized time-averaged axial velocity and 2D velocity vectors in the plane through the rotor axes
(x = 0) for S/R = 2.

5.3 Summary of identified flow regimes
The results of sections 5.2.1 and 5.2.2 can be combined to identify different flow regimes.
These flow regimes can be placed on a map consisting of rotor spacing along the x-axis
and rotor height along the y-axis, as presented in figure 5.6. From a high-level perspective,
three different flow patterns have been identified within the parameter space that has
been considered. One should note that the exact position of the boundaries between the
different flow regimes are unknown and could change for different blade loading.

For close rotor spacing, S/R = 0.05, the wakes of the rotors move towards one another
due to the Coandă-effect. Hence, there is a flow attachment of the wakes before they inter-
act with the ground. The combined wake then attaches to the ground and no fountain is
generated. The induced velocity below the hub is still low and therefore the flow stagnates
here. However, only a single node is created which is separated from the ground. The high
momentum at the inner part of the combined wake is also pushed out and flows below the
separation regions towards the boundaries of the measurement domain. In this state the
induced velocity between the rotor axes is lower compared to the outer part of the com-
bined wake which could result in a stronger influence of the thrust increase but can also
offset unsteady loading on the blades. By increasing the rotor spacing, the Coandă-effect
is lost and the two separated rotor wakes interact with the ground plane. The wakes ex-
pand by the increase in pressure close to the ground and interact over a stagnation line.
Over this stagnation line the fountain flow is generated which size is determined by the
rotor spacing. If the wakes interact before the wall jet flows parallel to the ground plane,
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most of the momentum is pushed out-of-plane. Consequently, for smaller rotor spacings
and larger rotor heights, the fountain stays below the rotor disks. The individual wakes
therefore strongly resemble the characteristics of a single rotor in ground effect.

At the largest rotor spacing investigated in the current study, the wall jet can develop
over the ground plane. The wall jets interact head-on in the saddle point which increases
the size of the fountain. This increases the chance for the fountain to rise above the rotor
disk which has a dramatic effect on the slipstream characteristics. By re-ingestion the
inflow becomes highly non-axial which could increase unsteady loading on the blades
and reduce the efficiency. More momentum is transferred to the center of the wake in the
re-ingestion state. A consequence of the more uniform velocity distribution is the absence
of a toroidal separation region above the ground. Furthermore, there is entrainment of air
in the region between the rotors and the fountain which causes re-circulation.
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Figure 5.6: Observed flow regimes for a multi-rotor in ground effect as a function of rotor height and rotor
spacing with relevant flow features and critical points. Point A indicates a flow attachment point, So is a source,
Si is a sink and Sa is a saddle point. The grey dotted box represents the domain of the parameter space that was
investigated.
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5.4 Conclusion
Different flow regimes for a side-by-side rotor in ground effect depend on a combination of
rotor spacing and height over the ground plane. In closely spaced rotors, with a tip-to-tip
spacing close to zero, the individual rotor wakes move laterally towards one another by
the Coandă effect and form a combined wake before they interact with the ground plane.
By increasing the rotor separation to tip-to-tip spacings of at least one rotor radius, an
upward flow component known as the fountain flow is created over a line between the
two rotors. The height of this fountain flow increases with increasing rotor separation.
This can result in the fountain flow to rise above the rotor disk where it is re-ingested
into the rotors. However, planar symmetry between the two rotors is lost since the wake
re-ingestion is biased towards one of the rotors. In this wake re-ingestion state, the inflow
conditions to the rotors are affected which results in an increase in the amount of the
unsteadiness near the rotor blades. This could introduce additional thrust fluctuations
and broadband noise components. Moreover, wake re-ingestion increases the induced
velocity of the rotor, which is especially noticeable in the center of the wake.

Decreasing the rotor height reduces the induced velocity effectively for the multi-rotor
system. However, the observed fountain height is indifferent for the rotor stand-off dis-
tances observed in this study. At large rotor spacing and small rotor height the fountain
flow reaches a sufficient height over the rotor disk to be re-ingested relatively axially. The
effects of the flow re-ingestion are most pronounced where the height of the fountain flow
is comparable to the height of the rotors.
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I
n the mean flow analysis of chapter 5, wake re-ingestion was shown to be biased to-
wards one of the rotors, which violates the symmetry condition between the two rotors.

Underlying in the time-averaged velocity field are rich temporal phenomena, in particular
for the fountain re-ingestion regime, determining a location switch of re-ingestion from
one rotor disk to the other, multiple times during acquisition. As a consequence, varying
inflow conditions are imposed on the rotors, adversely affecting the safety, aerodynamic
performance and noise emissions. The time scale related to the unsteadiness was two or-
ders of magnitude larger than the blade passing frequency, and therefore the dynamics
must be caused by another mechanism. Being able to predict such time scales as a func-
tion of the geometrical characteristics of the multi-rotor system allows one to predict the
loss of performance and maneuverability issues and relate them to changes in the acoustic
footprint.

In this chapter, the unsteady flow behavior of rotors in ground proximity is elucidated.
The same rotor setup as used in chapter 5 is considered (described in section 4.1) and
Lagrangian Particle Tracking and two-component PIV techniques (see section 4.1.2) are
used to characterize the unsteadiness and associated time-scales. This information is then
used to find a relation between the spatial-temporal description of the flow dynamics and
system parameters of the rotors.

In section 6.1, a description of the flowfield is presented and the unsteady phenomenon
of re-ingestion is introduced on temporarily resolved data. In section 6.2, a modal anal-
ysis by means of Proper Orthogonal Decomposition (POD) is conducted to discuss the
spatial and temporal properties of the flow in detail. Results from the modal analysis are
then used in section 6.3 to create a low-order representation of the re-ingestion switching
mechanism.

This chapter is based on publication [159].
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6.1 Flow field analysis

6.1.1 Three-dimensional flow topology
Observations of the unsteady flow behavior of the multi-rotor system in ground proxim-
ity, based on the instantaneous and mean flow fields, are described in this chapter. An
illustration of the fountain phenomenon is shown in figure 6.1a, for a ground stand-off
distance of four radii. Shown are the instantaneous velocity magnitude (blue) and posi-
tive axial velocity iso-surfaces (red); the velocity has been normalized by wind is adopted
for all results displaying normalized velocity.
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Figure 6.1: a) Iso-surfaces of normalized velocity magnitude V/wind = 0.5 (blue) and w/wind = 0.25 (red) for H/R
= 4 and b) H/R = 2. c) Iso-surfaces of �2 = −60000 s2 (blue) and �2 = −90000 s2 (red) for H/R = 4 and d) similar
iso-surfaces for H/R = 2. The measurement volume is illustrated by the green box in a).

In figure 6.1a, the rotor slipstreams develop two wall jets that stagnate near the ground
plane. The collision of these jets along the stagnation line between the rotors results in
the fountain flow, highlighted by the red iso-surfaces, and reaches up to 3 rotor radii in
height. When the ground stand-off distance is reduced to two rotor radii, the fountain
remains similar in height (figure 6.1b) by the balance between the increase of stagnation
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pressure with reduced height (for constant thrust) and the reduced inflow to the rotor by
the presence of the ground. In this case, the fountain reaches above the rotor disk and is
inclined towards the left-sided rotor 1. Furthermore, the toroidal separation region in the
center of the wake has increased, as is particularly visible in the wake of rotor 2 not being
affected by a re-ingestion. The rotor wake involves tip/root-vortices of the blades, as well
as the blade section wakes. Due to the relatively high-loading in the hover scenario, the
tip-vortices are the dominant flow features carried to the fountain where they are ejected
from the ground. This is confirmed by computing the �2-criterion, which is visualized for
both ground stand-off distances in figures 6.1c and 6.1d. In figure 6.1c, the path of the
blade tip vortices is clearly visible close to the blade. They are visible for wake ages up
to 3-4 rotor revolutions before break down occurs. Even though the helical structure of
the wake is lost after this, coherent structures are still present close to the ground and
even within the upward fountain flow. A different phenomenon is present in figure 6.1d
for H/R = 2, where the wake expands before the vortices break down. Consequently, the
vorticity is increased by vortex stretching, similar to what is found for a single rotor in
ground proximity [69]. This is likely to be the reason why larger vortex structures are
present in the fountain for the lower ground stand-off distance. Furthermore, since the
fountain reached above the rotor disk, coherent structures get re-ingested into rotor 1
(at the time instant of the instantaneous field in figure 6.1d). Note that the direction of re-
ingestion was observed changing back-and-forth from rotor 1 to rotor 2. This re-ingestion
switching occurred at a relatively large timescale, in comparison to 1 s acquisition period
of the 3D data. In order to further focus on the plane of the fountain switching, we proceed
with the 2D dataset for a more detailed analysis of the velocity distribution. The choice
to switch to planar velocimetry data is justified by the limited out-of-plane motions in the
fountain plume.

6.1.2 Velocity field statistics
The RMS of the axial and lateral velocity fluctuations of the 2D velocity measurements are
presented in figure 6.2 for both ground stand-off distances.

b)a) d)c)

A

B

Figure 6.2: RMS of velocity fluctuation in axial direction, for a) H/R = 2 and b) H/R = 4, and lateral direction, for
c) H/R = 2 and d) H/R = 4. Green rectangles denote the regions where the vectors are extracted for generating
figure 6.3.

In the axial direction, the most intense fluctuations are found in the separation re-
gions below each rotor, see figures 6.2a and 6.2b. The fluctuations are also intense along
the boundaries of the slipstream, caused by the tip vortices, see points A and B in these fig-
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ures. Moreover, the fluctuations are stronger in the slipstream of the rotor that re-ingests
the fountain flow, which is expected due to the turbulence ingestion. The strongest fluctu-
ations in the lateral direction are found in the stagnation points near the ground (figures
6.2c and 6.2d). For the lower rotor ground stand-off distance, the fluctuations comprise a
larger magnitude and exhibit a larger extent into the fountain flow.

6.1.3 Fountain flow dynamics
In order to examine the relation between the fountain flow unsteadiness and the BPF ,
the pre-multiplied spectrum of the lateral velocity fluctuations is computed, at different
heights within the fountain. For the calculation of the spectra, roughly 330,000 samples
are collected. These are divided into ensembles of 213 samples and processed using the
Welch method (50% overlap) and a Hanning window to reduce any spectral leakage. This
results in a frequency resolution of 2.44 Hz (0.015BPF ). The pre-multiplied spectra are
presented in figure 6.3 for three heights and both ground stand-off distances. All energy
spectra are dominated with a broadband hump at lower frequencies compared to the BPF .
Particularly, in figure 6.3a, which is extracted close to the stagnation point near the ground,
the fluctuations are energetic at frequencies one-to-two orders of magnitude lower than
the BPF . Higher up within the fountain, towards z/R = 1.0 and z/R = 2.2, figures 6.3b
and 6.3c respectively, the energy distribution shifts towards slightly higher frequencies
by the increase in turbulent fluctuations after the collision of the two opposing wall-jets.
As was discussed in section 6.1, the intensity of the velocity fluctuations increases when
re-ingestion takes place (indicated by the arrows in figure 6.3).

a) b) c)

7.32 Hz

14.7 Hz

26.9 Hz
48.8 Hz

70.8 Hz

Figure 6.3: Pre-multiplied energy spectra of the lateral velocity fluctuations in the centre of the fountain flow,
for H/R = 2 and H/R = 4, and at heights of a) z/R = 0.2, b) z/R = 1.0 and c) z/R = 2.2.

Furthermore, the spectra corresponding to H/R = 4 are relatively smooth in compari-
son to the spectra from the case of H/R = 2. The latter comprises distinct peaks at multi-
tudes of approximately 7 Hz in figure 6.3b, thus indicating that the flow unsteadiness for
the H/R = 2 case is distinctly different. The occurrence of these spectral peaks are later
shown to be related with the re-ingestion switching of the fountain flow.

6.1.4 Re-ingestion switching cycle and timescale
After having shown the occurrence of a low-frequency unsteadiness in the fountain flow
structure, the time-resolved flow field will aid in identifying the spatial-temporal dynamics
of this unsteadiness. For the case of H/R = 2, re-ingestion occurs at certain time instances
(recall figure 6.1 and its discussion), while other time instances are characterized by the
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absence of re-ingestion. During these latter instances, the fountain can occasionally reach
locations significantly higher than the rotors’ height. Two sequences in figure 6.4 (top
and bottom rows) show these two different scenarios using sliding averaged results. The
length of each sequence is 113ms, corresponding to an approximate frequency of 8.8 Hz,
comparable to the frequency at which the dominant flow fluctuations were identified in
section 6.2.

t1 t1+38ms t1+75ms t1+113ms

t2 t2+38ms t2+75ms t2+113ms

A

BC

D

E
F

Figure 6.4: Normalized velocity magnitude contours V/wind and 2D velocity vectors of two time sequences of
sliding averages (ensembles of 100 samples/0.25s), with a temporal increment of dt = 0.0375s. The top row series
is statistically-independent from the bottom one, with t2 = t1+1.7 s.

The top sequence in figure 6.4 starting at t1 captures a relatively stable fountain flow
reaching above the rotor disks. Hence, the phenomenon of fountain flow re-ingestion, by
one of the two rotors, is minimal. Contradictory to this is the statistically-independent
time sequence starting at t2, shown at the bottom. In the first frame, the fountain leans
towards the right rotor, where re-ingestion takes place at point A. At t2+38ms, this results
in an increase in momentum at point B and the fountain directs towards the left rotor,
see point C. In the subsequent frame t2+75ms, re-ingestion takes place in point D and
more momentum towards the center of the wake is found in point E. Finally, the fountain
re-orientates back towards the right rotor, visible in point F. Within a full measurement
acquisition period, several similarly looking switching cycles were observed.

The occurrence of the two different flow states described above (fountain flow eruption
above the rotor disk and re-ingestion switching) closely resembles a "bimodal” behavior of
a fountain flow associated with impinging, twin jets [90, 91] and is suggested to be caused
by the orientation of vortical structures in the turbulent wall jet [91]. On that note, the
re-ingestion switching cycle as illustrated in figure 6.4 (bottom) is not present for each
sequence investigated along the measurement. Although not shown here for brevity, in-
termittent intervals of stable re-ingestion to either rotor are also present. On average, this
happens more often for rotor 1 compared to rotor 2, which causes the slight inclination
of the fountain to rotor 1 when computing the time-averaged results in chapter 5. Given
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the unstable nature of the fountain and the low-Reynolds number regime in which the
rotor blades are operated, the bias is expected to be caused by minor discrepancies in the
geometrical/performance parameters between the two rotors. Nonetheless, re-ingestion
is still seen to switch along the loop presented at the bottom of figure 6.4 during the ma-
jority of the acquisition period.
To quantify the re-ingestion switching, a timescale can be assigned for the case of H/R = 2.
By following a particle trajectory during re-ingestion, the reciprocal of its velocity is inte-
grated along a path s to compute the convective flow-around time. Note that the velocity
V (s) and trajectory length s depend on the system parameters of ground stand-off distance
H and rotor thrust T . The resultant flow-around time is approximately Tconv ≈ 0.1 s and
corresponds to a frequency of fconv = 1/Tconv ≈ 10 Hz. This value is in the same order as
the energy content at 7 Hz (and multiples of that) within the spectra of the lateral velocity
fluctuations (figure 6.3). Furthermore, the flow-around time is representative of the foun-
tain switching to the other rotor and back, see figure 6.4. Note that the velocity V (s) and
trajectory length s depend on the system parameters of ground stand-off distance H and
rotor thrust T . Hence, for a given ground stand-off distance, and therefore constant trajec-
tory length s, the convective frequency fconv is expected to increase with an enhancement
of the thrust.

Next, the cycle of re-ingestion switching is explored in further detail in sections 6.2
and 6.3, with a modal analysis to identify its underlying spatial-temporal flow structures.

6.2 Modaldecompositionof theunsteadyflowfield
It has now been established that the fountain flow re-ingestion can cause a dynamic cycle
of switching. The goal is now to identify the energetic dynamic features that sustain
this cycle. This is achieved through a reduced-order POD analysis. The low-order flow
field representation is presented in this chapter, and is used in section 6.3 to formulate a
dynamic flow description of the re-ingestion switching cycle.

6.2.1 Application of classical POD
A POD decomposition is performed using data corresponding to all six acquisition peri-
ods for the condition of H/R = 2. Thus, the total space-time data consists of m ≈ 65,000
temporal snapshots, corresponding to roughly 16 s of data. Spatially, the data of the full
field-of-view is employed. For the POD, the formulation of [172] is adopted, known as
the classical POD review provided by [173]. Considering that the amount of snapshots
m exceeds the spatial rank of the data (n ≈ 40,000), the classical approach is favored so
that ensemble averaging in time can be performed, e.g. see [174, 175]. The decomposition
deals with the velocity fluctuations only, computed as:u′ (x, t) = u (x, t)−u(x) , t = t1, t2, ..., tm . (6.1)

The velocity fluctuations are decomposed in a set of temporal coefficients, ai(t), and spatial
modes, �i (x), where i is the mode number. A full reconstruction of a single instantaneous
field, using all n POD modes, is then generated through:

u′ (x, t) = n∑
i=1 ai (t)�i (x) . (6.2)
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In order to solve for the POD modes and temporal coefficients, an eigenvalue problem is
constructed with the spatial modes �i (x) defined as the eigenvectors of the covariance
matrix, or two-point correlation tensor, R, following:R�i = �i�i, �1 ≥ ... ≥ �n. (6.3)

The covariance matrix R is generated using ensemble-averaging in time, following:R = ⟨u′ (x, t)u′ (x′′, t)⟩, (6.4)

where the double-prime is used to denote separations in space. In equation 6.3, �i denotes
an ordered sequence of eigenvalues. By indicating the total resolved kinetic energy with
E, equal to the sum of the eigenvalues, the relative energy fraction of each spatial mode
�i is equal to:

�̃i = �i∑n
k=1 �k = �i

E
. (6.5)

Finally, the temporal coefficients ai(t) can be computed by projecting the original data on
the spatial modes, according to:

ai(t) = ∫ u′ (x, t)�i (x) dx. (6.6)

6.2.2 Energy distribution and spatial POD mode shapes
Data reduction using the spatial POD ranks the modes according to their relative energy
contribution to the total resolved energy in the flow domain. Figure 6.5 presents the rela-
tive energy fraction and cumulative energy for each mode. The system is relatively low-
dimensional, given that 70% of the total resolved energy is captured in less than 100modes.
The energy fraction of the first five modes are 7.0%, 4.8%, 4.3%, 3.9% and 3.3%, respectively.

Figure 6.5: Energy fraction and cumulative energy as function of POD mode number n.

Figure 6.6 presents the first five POD mode shapes, split by their lateral and axial
velocities. A sketch is included in the most right column to show the contribution of each
mode to the time-averaged flow field by highlighting the primary flow features. We now
proceed with a brief discussion of each mode.

In the discussion of figure 6.4 (top), an intermittent appearance of the fountain rising
above the rotor disk was identified. Since no re-ingestion takes place in that case, the flow
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Figure 6.6: POD mode shapes (v (left column) and w (middle column) component). The right column shows the
contribution of themode to the flow fieldwhen the time coefficient decays from positive unity (black streamlines)
to negative unity (blue streamlines).

field is relatively symmetric with a large vertical velocity magnitude between/above the
rotors. Mode 1 in figure 6.6 is representative of this flow state. A sideways inclination
of the fountain is captured by mode 2 and predominantly shows activity below the rotor
disk. When the associated temporal coefficient would decrease from a positive value to a
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negative one, the fountain will change inclination from the left rotor to the right. There
is also an activity in the axial direction near the wall, showing a relation with the two
toroidal separation regions. These two regions simultaneously grow/shrink in size. Sim-
ilar to mode 1, mode 3 comprises an asymmetric mode shape. Here, most of the energy
is contained at the inflow and toroidal separation region of rotor 1. Again, as for mode 2,
we see an increase of the separation regions below rotor 1 when re-ingestion goes to the
other rotor. Mode 4 contains most of the activity in the axial motions within the separa-
tion regions. These motions have opposite sign for the regions associated with rotors 1
and 2, e.g., one separation region grows while the other one shrinks, and vice versa. Fi-
nally, mode 5 represents a lateral drifting of the entire fountain column, where a positive
time coefficient is associated with the fountain being closer to the left rotor. When time
is retained in the analysis, the zero-mean temporal coefficient of each POD mode signifies
the degree of activity of the mode, during the measurement time. Temporal coefficients
are analysed next to show the dynamic behaviour and mode coupling.

6.2.3 Temporal POD coefficients
The temporal coefficients are inferred from projecting the raw data back on the POD
modes. Recall that 6 different acquisition periods were used to compute the POD modes.
Hence, the corresponding time coefficient of eachmode consist of 6 independent segments,
which are presented in figures 6.7a and 6.7b for modes 1 and 2, respectively.

a) b)

c) d)

BPF
BPF

Figure 6.7: Temporal POD coefficient of a) mode 1, a1, and b) mode 2, a2 . c) Pre-multiplied energy spectra of
the temporal coefficients of modes 1 and 3, and d) modes 2, 4 and 5. The frequency has been normalized by the
convective frequency, i.e. f ∗=f /fconv .

A simple visual inspection of the a1 and a2 time series in figures 6.7a and 6.7b already
reveals that mode 1 resides at a lower frequency in comparison to mode 2. This is fur-
ther explored by computing the energy spectra of the temporal mode coefficients. Pre-
multiplied energy spectra, normalized with the resolved energy per mode, are shown in
figure 6.7c for both modes 1 and 3, and in figure 6.7d for modes 2, 4 and 5. All spectra
were computed with ensemble averaging each of the 6 segments of data, of which each
segment itself was first split into bins of 211 samples long (yielding a spectral resolution
of df ≈ 2Hz). Note that the abscissa has been normalized with the convective frequency,
thus f ∗ = f /fconv (recall section 6.1).
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Overall, the energy content resides at low frequencies compared to the BPF , as was
already noted in the spectra of the raw, lateral velocity fluctuations presented in figure 6.3.
Most interestingly, modes 2, 4 and 5 comprise a similar spectral distribution, concentrated
around the convective frequency. This indicates that these modes are linked to the flow
recirculation cycle. The coupling between these three modes is investigated in section 6.3
through a more detailed analysis of the temporal coefficients.

6.3 Dynamic flow description
Having identified the re-ingestion switching in section 6.1, here a physical description of
this cycle and its underlying features will be presented. This will start by an analysis on
the coupling between the modes that describe this mechanism.

6.3.1 Modal coupling

The temporal coupling betweenmodes 2, 4 and 5 is first confirmed by plotting amagnitude
of the linear coherence for every combination of two temporal mode coefficients in the
range n = 1 to 6. First, the linear coherence was computed between temporal coefficient
ai and aj , following:


2 (f ) = |Gaiaj (f )|2
Gaiai(f )Gajaj (f ) (6.7)

Here Gaiai(f ) is the energy spectrum of temporal coefficient ai(t), and Gaiaj (f ) is the cross-
spectrum of mode coefficients ai(t) and aj(t). The spectral coherence is calculated using
windows of 211 samples, similar to how the energy spectra of figure 6.7 were generated.
The coherence indicates the fraction of energy corresponding to the coherent fluctuations
in ai(t) and aj (t); note that 
2 is a normalized quantity, thus 0 ≤ 
2 ≤ 1. When averaging

2 over a frequency domain of interest, that is the rate of the re-ingestion switching loop (
0.75fconv ≤ f ≤ 1.25fconv), the resultant magnitude 
2 is obtained and its amplitude is plotted
in figure 6.8. Here, coherence values between 0.3 and 0.5 are found across the convective
frequency domain for the coupling between modes 2, 4 and 5. The coherence-magnitudes
between the other mode combinations remain below 0.25.

Figure 6.8: Coherence magnitude 
2 for combinations of temporal mode coefficients, taken as the average coher-
ence value over 0.75fconv ≤ f ≤ 1.25fconv .
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The relations between modes 2, 4 and 5 is further examined in the time domain by
computing the cross-correlation between each of the temporal coefficients of these modes.
The results in figure 6.9 show a correlation and anti-correlation peak in the proximity
of a lag of � = 0 s. The zoomed-in plot of figure 6.9 reveals a similar shape of the cross-
correlation signal for each of the threemode combinations. First of all, this is characterized
by a correlation value of approximately 0.3 at a positive lag, indicated by �i. Secondly, by
the orthogonality definition in themodal decomposition, a zero correlation value for � =0 s
is found. Finally, a weaker but present anti-correlation value is visible at a negative lag,
i.e. � < 0.

a)

b) c)

�2=38ms�4=33ms�5=24ms

one cycle

Figure 6.9: a) Overview and b) zoomed-in plot of the temporal cross-correlation coefficient, and corresponding
lags for modes 2, 4 and 5. c) Same as a) and b) but subtraction of lags in b) and normalization of lag � by Tconv .

The sum of the lags �i, effectively creating a loop from mode 2 back to 2 while passing
modes 4 and 5, closely resembles the flow-around time introduced in section 6.1, i.e. ∑�i =94ms ≈ Tconv . Hence, these modes represent successive, energetic events that occur along
the re-ingestion cycle. This apparent cyclic behavior is also confirmed by translation of
the cross-correlation signals. By subtracting the lag �i from figure 6.9b and normalizing� by the flow-around time Tconv (resulting in figure 6.9c). The anti-correlation of each of
the mode combinations is now shifted towards a value of 0.5. Moreover, a second positive
correlation peak also becomes apparent for a lag value of −1, indicating similar behavior
between the modes which is a complete cycle ahead of the dominant correlation peak. The
physical interpretation of the combination of modes 2, 4 and 5 and the meaning of their
relative lag �i will become clear from a low-order reconstruction presented next.
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6.3.2 Low-order reconstruction
The reduced-order flow with its energetic features will allow for a description of dynamic
flow features that are part in establishing the cycle of re-ingestion switching. The cou-
pling between these modes is reconstructed using a pseudo time coefficient bi, based on a
harmonic wave of frequency fconv , over a time interval of 0 ≤ t ≤ 1.75Tconv , following:

bi = sin(2�fconvt + i), 0 ≤ t ≤ 1.75Tconv (6.8)

Here the relative phase offset  i between the time coefficients bi is based on the sum of
the cross-correlation lag �i between the modes:

 i = 2�fconv∑
i

�i, i ∈ {2,4,5} (6.9)

Figure 6.10 presents the adapted time coefficients bi computed from equation figure 6.8.
The original temporal coefficients ai, derived directly from the time-resolved velocity field,
have a different shape thanwhat is presented in figure 6.10. However, the purpose of using
the pseudo time coefficients bi is to show how the modes statistically combine during the
flow re-ingestion cycle.

Figure 6.10: Pseudo time coefficients bi used for the low-order reconstruction. Intervals I, II and III indicate the
time domains for velocity field-reconstructions in figure 6.11a, b and c, respectively.

Sticking to the temporal simplification of harmonic waves, the velocity field can be
reconstructed by the sum of the spatial modes 2, 4 and 5, multiplied by their corresponding
time coefficient bi, such that:

û(x, t) = u(x)+∑
i

bi(t)�i(x), i ∈ {2,4,5} (6.10)

By examining the reconstructed velocity field û, three successive events can be identified
within the trajectory of re-ingestion. These events are investigated independently by the
definition of spatial and temporal subdomains in the reconstructed velocity field û, de-
noted by I, II and III. These time interval are highlighted by the grey zones in figure 6.10.
The spatial subdomains of I, II and III are based on a trajectory of re-ingestion to rotor 1,
which is split-up into three parts. These spatial subdomains, alongside the corresponding
time series of the reconstructed velocity field û, are presented in figure 6.11a, b and c.

The three sequential events of figure 6.11a, b and c present the core mechanism of the
flapping of the fountain and the re-ingestion switching. Subdomain I, illustrated in figure
6.11a, shows three successive snapshots. The first of which, at t/Tconv = 0.11, presents the
emerging fountain from the ground with an inclination towards the left. The fountain is
then convected upwards and re-ingested into rotor 1 in the final snapshot at t/Tconv = 0.58.
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a)

b)

c)

t/Tconv = 0.11 t/Tconv = 0.32 t/Tconv = 0.58

t/Tconv = 0.63 t/Tconv = 0.82 t/Tconv = 1.00

t/Tconv = 1.18 t/Tconv = 1.45 t/Tconv = 1.71

convected upwards re-ingestion

velocity
increase

attachment

saddle point lateral drift

ejection towards right

ejection towards left

stagnation

stronger wall-jet

Figure 6.11: Normalized velocity magnitude contours V/wind of the reconstructed velocity field û, visualized
along the trajectory of re-ingestion to highlight successive critical events. a) Convection of ejected structures to
the inflow of rotor 1, b) dynamic pressure increase in the wake and c) lateral drifting of the saddle point. The left
plot in (a,b,c) illustrates the spatial domain, based on the trajectory of re-ingestion (blue arrow), corresponding
to the time intervals of figure 6.10.

After re-ingestion, the momentum in the slipstream increases, as shown in figure 6.11b.
Stagnation in the center of the slipstream, as indicated in the left snapshot, is removed
and an attachment of the wake to the ground positions itself laterally below the rotor axis,
at t/Tconv = 1.00. With more lateral momentum in the wall jet, the foot of the fountain
drifts towards the right, see figure 6.11c. After this, ejection from the ground is inclined
towards the right rotor, and the cycle is repeated in mirrored orientation. Each of the three
events in figure 6.11 also resembles the results of the time-resolved flow field analysis in
figure 6.4.

One should note that, by the bias of the time-averaged flow field, the cycle of re-
ingestion towards the right rotor is less pronounced. However, the same dynamic features
are present. Moreover, as noted in section 6.1, intervals of stable re-ingestion to either ro-
tor are also found, which means that re-ingestion does not switch after every flow-around
cycle. During these intervals, the stronger wall-jet is not able to push the foot of the foun-
tain far enough towards the other rotor for the switch to occur. For completeness, the
re-ingestion switching cycle, along with the corresponding (statistical) delays between
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the events, are schematically represented in figure 6.12.
In the schematic of the re-ingestion loop of figure 6.12, the first three events show

the observations as seen in figure 6.11a and b. In the fourth event of figure 6.12, the
fountain is seen to drift towards the right, as seen by the middle snapshot in figure 6.11c.
This completes the loop after a time delay of Tconv from the first event. After this follow
two possibilities: Either the cycle is repeated with the same orientation but with a more
pronounced inclination of the fountain, or the stagnation point has drifted far enough to
the subsequent rotor to allow the re-ingestion to switch, effectively repeating the loop in
mirrored orientation.

dt ≈ 0.40 Tconv

dt ≈ 0.25 Tconv dt ≈ 0.35 Tconv

repeated, but mirrored
or increased inclination

1. Ejected
fountain

2. Re-ingestion

3. Wake
attachment

4. Fountain
drift

Figure 6.12: Schematic representation of events during the re-ingestion of the fountain column.

6.4 Conclusion
Coherent structures are shown to be ejected from the ground in the fountain produced
by the two-rotor system in ground proximity. For lower ground stand-off distances, these
structures rise above the rotor disks where they are re-ingested into one of the two ro-
tors. During the re-ingestion, velocity fluctuations are increased in the fountain, result-
ing in more pronounced side-by-side drifting of the column. These dynamics are ob-
served at an intermittent frequency, which is related to the convective frequency of the
re-ingestion loop. Consequently, this intermittent frequency depends on the system pa-
rameters (ground stand-off distance and rotor thrust) through the height of the fountain
and its characteristic velocity.

Different dynamic features of fountain inclination, toroidal separation regions and
fountain lateral drifting are returned as individual POD modes and responsible for estab-
lishing the cycle of re-ingestion switching. These PODmodes are coupledwith a statistical
delay. A reconstruction with only the few relevant modes shows that when the fountain is
inclined towards one of the rotors, a non-axial inflow condition is created in which more
momentum is transferred to the center of the rotor slipstream. Consequently, the wake
does not separate in the center of the wake close to the ground but attaches to the wall.
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With more lateral momentum in the wall jet, the fountain drifts towards the subsequent
rotor. After this, the re-ingestion either switches towards the other rotor, or re-ingestion
is maintained to the same rotor with a shallower angle.

A second regime of the fountain is also present along certain time intervals, with re-
duced lateral fluctuations. Here, the fountain emerges vertically from the ground and re-
ingestion is minimized. This apparent bimodal behavior is similar to observations on twin
impinging jets, indicating a relationship with the orientation of the coherent structures in
the turbulent wall jet.
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7
Aero-propulsive

performance of

Over-The-Wing propulsion

A
fter the initial stages of take-off, which has been the topic of chapters 5 and 6, the
rotors will hover without any effect of the ground surface. For tilt-wing vehicles, the

hover phase is quickly followed by a transition phase, in which the dominant lift force
gradually changes from propulsive thrust to the wing’s circulation. In this part of the
flight envelope, the operating conditions are characterized by low advance ratios and
high angles of attack, determining wings operating close to stall. This marks a regime
that is radically different from traditional propeller-wing aerodynamic studies. For the
Over-The-Wing propulsion system in particular, the effect of a high angle of attack on
the aerodynamic interactions and aero-propulsive performance is unknown. As a conse-
quence, design guidelines for Over-The-Wing propulsion at incidence are missing in the
public domain.

The formulation of such guidelines requires low-fidelity predictive tools to efficiently
vary parameters related to the geometry and aerodynamic performance of the rotor and
wing of these systems. Existing low-fidelity tools for integrated propulsion systems [32, 93,
176–178] typically employ iterative schemes to include the coupling between propulsors
and lifting surfaces. Although such methods are computationally efficient, the iteration
scheme obscures the impact of the dominant design parameters.

In the current chapter, a semi-analytical model to study and predict aerodynamic inter-
actions of OTW propulsion is formulated, with a focus on the effect of the system’s angle
of attack and the interpretability of the final expression. The thrust-lift interactions are
parameterized as a function of the geometric and operating parameters of the rotor-array
and wing, and, by employing a single-pass strategy, such design properties appear explic-
itly in the formulation. Wind tunnel experiments (described in section 4.2) provide insight
into the flow topology of OTW propulsion and its interaction with the lifting surface, and

This chapter is based on publication [160].
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yield data to validate the model. This chapter is organized as follows. In section 7.1, a hy-
pothesis of the dominant rotor-wing aerodynamic interactions is introduced from which
the aero-propulsive model is derived. The general flow features of the rotor-wing system
are then introduced from experimental velocimetry and pressure orifices data in section
7.2. Finally, in section 7.3, the model performance trends are analyzed and compared to
integral loading data.

7.1 Model description
A model is proposed for describing the thrust and lift performance of an Over-The-Wing
propulsion system. Thrust force T is here defined as the integral loading over the rotor
disk, acting parallel to the rotor axis. Lift force L is defined as the force perpendicular to
the flow direction, generated by the wing only. These two forces are both schematically
illustrated in figure 7.1, and are modeled by adopting the superposition principle of the
wing and rotors-induced effects. The effect of the rotor induction on the wing’s drag is
not included in the aero-propulsive model.
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Figure 7.1: Schematic representation of Over-The-Wing propulsion with relevant system parameters and defini-
tion of aero-propulsive forces.

The modeling approach itself first considers the wing’s influence on the rotor system.
A prediction of the rotor-array thrust is obtained by taking the flow pattern over the iso-
lated wing into account, resulting in an effective advance ratio that is combined with the
isolated rotor performance trend (CT ,iso-J ). Secondly, the predicted rotor thrust is used to
generate the flow properties inside the rotor-array’s streamtube. Finally, the influence of
the rotor-array on the wing’s lift force is considered. The lift force is obtained from a for-
mulation that includes the lift of the isolated wing, with in addition the changes induced
by the rotor-induced flow in proximity to the suction side of the wing. Hence, a low-order
model of aero-propulsive forces is obtained by considering a one-way rotor-array–wing
interaction. To enhance the interpretability of the formulation, the modelling approach is
not advanced using an iterative procedure of rotor-wing interaction effects. A schematic
illustration of the model’s flow diagram and outline of this chapter is presented in figure
7.2. Here, the output is the system performance in terms of the installed rotor thrust co-
efficient (CT ) and wing lift coefficient (cl). For this, the model requires an advance ratio J
and system angle of attack � as well as the geometric parameters of the rotor-wing sys-
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7.1.1: Wing effect on rotor thrust

perform advance 
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7.1.2: Streamtube properties

7.1.3.C: Rotor-induced wing lift
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Figure 7.2: Flow diagram of the aero-propulsive model.

tem. In addition, aerodynamic performance characteristics of the isolated wing and rotors
are used. The wing’s aerodynamic performance comes in through the lift coefficient as a
function of the angle-of-attack, while the isolated rotor’s performance is included through
a thrust coefficient as a function of the advance ratio.

7.1.1 Wing effect on rotor thrust
When neglecting stall on the rotor blades, which is generally valid for the vehicle’s design
conditions, the thrust coefficient CT exhibits a linear dependence on the advance ratio for
fixed-pitch rotors. The slope dCTdJ and base CT ,ℎ of this relation is specific for each rotor
design. Since the thrust of the isolated rotor is often known a priori, or can be computed
with relative ease, these are defined as performance variables equation 7.1.

CT = dCTdJ Jef f +CT ,ℎ (7.1)

Here CT is the thrust coefficient of the installed rotor, and Jef f is the effective advance
ratio taking into account the wing-induced velocity. Note that, while a linear relation for
CT (J ) is used, other functional forms are permitted in case the linear dependency does
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not apply to the specific rotor geometry and/or operating regime being considered. A
modeling strategy is proposed next in order to compute Jef f .

Advance ratio correction

To model the effective advance ratio, the parameterized geometry of figure 7.3a is used.
Here, the rotor disk with diameter D = 2R is centered at the position of the rotor axis
(xr ,yr ). The velocity distribution captured by the rotors can be decomposed into axial and
non-axial components. The former is further split into the uniform (spatial average), and
non-uniform (wing proximity) contribution, see figure 7.3b. Since the focus of the current
work is to predict the steady (time-averaged) loads of fixed pitch rotors, only the uniform,
axial component of the inflow needs to be considered. The zero-mean non-uniform and the
non-axial inflow components predominantly yield azimuthal variations in blade loading,
and are primarily relevant to the rotor’s far-field acoustics. Note that, for extreme an-
gles of attack and/or high advance ratios, non-axial inflow could result in elevated steady
thrust [179, 180]. Such conditions, however, fall outside the investigated parameter space.
Additionally, considering that the wing deflects streamlines for OTW-propulsion, flow an-
gularity at the rotor is reduced compared to an isolated configuration.

Ryr

yt

a)

xc

rotor disk 

+= +

u������

���n���� 

���nu������

s!"�#$  ��#��%

��� �i
&'

( ) (r/*
,t

u�s!"�#$  ��#��%

,s

���� 

xr

-s

s

.

Figure 7.3: a) 2D system of coordinates and b) decomposition of inflow field at the disk plane.

In the model, the wing aerodynamics are split into an inviscid and viscous contribu-
tion. The inviscid part accounts for the axial velocity increase by the circulation distribu-
tion over the wing’s profile. A viscous contribution accounts for leading-edge separation
over the wing, occurring at large angles of attack. Other viscous effects, such as the rapid
increase in boundary layer thickness along the adverse pressure gradient region are dis-
regarded, as this only affects rotors that are installed with minuscule tip gaps, i.e. yt < �99
(not considered in the present work).

Contributions from inviscid and viscous flow effects to the isolated rotor’s advance
ratio J are modeled with two correction factors, JΓ and JSL, respectively. This will yield
the effective advance ratio, according to:

Jef f = J ⋅ JΓ ⋅ JSL (7.2)

The correction factors JΓ and JSL are derived as a function of the geometric and perfor-
mance parameters of the rotor-wing system, with a focus on interpretability and general-
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Figure 7.4: Schematic of the modelling strategies for the effective advance ratio, a) the (inviscid) velocity increase
by the circulation distribution Γ(x) and b) the (viscous) boundary layer separation at large angles of attack and
c) definition of the ratio of boundary layer ingestion.

ity of the model. A simplified description is presented in the next sections. For additional
details the reader is directed to Appendix A.1.

Inviscid: Wing’s circulation

The axial induced velocity in a reference point r by a set of vortex filaments Γ(s) can be
found by integration of the Biot-Savart law [181]. The advance ratio correction, by the
wing’s circulation JΓ, is then defined as the induced axial velocity, averaged over the rotor
disk:

JΓ = VΓ,xV∞ = 1�R2 ∫
A

axial induction by
vortex filaments⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

n̂xV∞ ∫s Γ(s)4� s × r|r|3 ds dA⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
disk-average

(7.3)

For an airfoil, the bound vortex filaments typically lie along its contour, making the
integration of equation 7.3 rather cumbersome. The problem is modeled by making use of
thin airfoil theory, with a parabolic distribution of vortex filaments Γ(x) along the chord
line, as schematically illustrated in figure 7.4a. The strength of the vorticity source Γ(x)
depends on the lift coefficient of the wing:

Γ(x) = 34 clV∞c(1− x2c2 ) (7.4)

A second simplification is made by extracting the axial induction only at the center point of
the rotor disk, i.e. the rotor axis (xr , yr ), which corresponds with sufficient accuracy to the
disk-averaged value (relative error below 1%). The simplified expression for JΓ becomes:

JΓ ≈ 12�V∞ ∫ c

0 Γ(x)yr(xr − x)2+ y2r dx (7.5)

which can be integrated analytically.
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Viscous: Shear layer ingestion

Wing stall is implemented by considering that flow separation occurs abruptly at the lead-
ing edge when the angle of attack exceeds a given stall angle �c . Consequently, the ad-
vance ratio needs to be corrected to account for the fraction of the rotor’s area affected by
separated flow ingestion, ASL:

JSL = 1− f (�,�c)
momentum

deficit⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞(1− VSLV∞ )
ratio of
ingestion⏞⏞⏞⏞⏞⏞⏞ASL�R2 , f (�,�c) = {0, � < �c1, � ≥ �c (7.6)

In the equation above f (�,�c) is a stall criterion and VSL is the local velocity in the sep-
arated region. ASL is modeled assuming a span-wise homogeneous shear layer, oriented
tangential to the free-stream direction (see figure 7.4b). Experimental data (later presented
in figure 7.11) showed that the shear layer height at the position of the rotor was under-
predicted. Therefore, the modeled shear layer profile was adjusted by applying a steeper
slope, with a factor of ( 118 ) compared to the free-stream. The area ASL is obtained by
integration (equation 7.7) and schematically illustrated in figure 7.4c.

ASL = ∫ ySL

yr−R
√(y −yr)2 +R2dy (7.7)

To complete the model, the stall angle �c is found by using an empirical relation as a
function of the wing’s nose radius to chord length rc/c [182].

It is worth noting that the model exhibits abrupt separation at the leading edge, dif-
fering from the gradual progression of separation from trailing to leading edge, as ob-
served for an isolated wing as the angle of attack increases. Experimental results (later
presented in figure 7.8) revealed that, for Over-The-Wing propulsion, separation occurs
more abruptly due to the formation of a flow reversal region between the rotor and wing,
indicating that the model accurately captures the observed separation mechanism of the
installed system.

7.1.2 Streamtube properties
For modeling the wing’s lift force, the influence of the rotor-induced flow field must be
taken into account. Using the actuator disk model, the rotor’s induction factor a, defined as
the induced velocity va normalized by the free-stream velocity, can bewritten as a function
of the local advance ratio Jef f and the installed rotor’s thrust coefficient CT :

a = vaV∞ = (JΓ ⋅ JSL)2 (
√8CTR2SdJeff 2 +1−1) (7.8)

Following a similar approach as in thework of Veldhuis [32], the rotors can bemodeled
by a uniform distribution of doublets of strength Δp over the disk surfaces (as shown in
figure 7.5a). Considering that a span-wise distributed array of rotors is used in the current
work, the doublets are instead re-distributed on a rectangular surface with height dy = 2R
and width dz = 2NrR (here Nr is the number of rotors considered), see figure 7.5b.
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Figure 7.5: Schematic of the projected pressure doublets with strength Δp on a) a single rotor disk and b) a
rectangular disk surface as considered in the aero-propulsive model.

It can then be shown (see section A.2 for a detailed derivation) that for rotor num-
bers of Nr ≥ 5, the streamwise distribution of streamtube quantities approaches the two-
dimensional solution (Nr = ∞):

p (x′) = Δp� tan−1( Rx′)va (x′)V∞ = a( x′√x′2 +1− 2� tan−1( Rx′))Rs (x′)R = 1+ a1+ a( x′√
x′2 +1− 2

� tan−1 ( R
x′ ))

(7.9)

in which x′ denotes the streamwise distance from the rotor’s disks, i.e x′ = x - xr . The rela-
tions of equation 7.9 are used to predict the lift increase by rotor induction, as is introduced
in the next section.

7.1.3 Rotor-induced wing lift
Three separate rotor-induced aerodynamic effects on the lift-generating mechanism of
the wing are considered in the model (illustrated in figure 7.6). Firstly, a contraction of the
rotor’s streamtube causes an effective upwash near the wing’s leading edge leading to a lift
enhancement Δcl,� . Secondly, inside the streamtube, the pressure varies compared to the
surroundings. This pressure is projected on the wing surface resulting in Δcl,p, see figure
7.6b. Finally, if the wing has camber, this causes the streamtube to deflect downwards,
creating an additional lift component Δcl,tv, as shown in figure 7.6c.

The lift increase compared to the isolated wing is modelled by superimposing each of
the three rotor-induced flow effects:Δcl = Δcl,a+Δcl,p+Δcl,tv (7.10)

A simplified derivation of the aero-propulsive model is now presented in the next
sections, for additional details the reader is referred to appendix A.2.

Effective angle of attack

The axial velocity increase va in the rotors’ streamtubes results in a vertical induced ve-
locity vi, see figure 7.6a. This generates an effective upwash at the wing’s leading edge,
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Figure 7.6: Schematic of interactions of the rotors’ two-dimensional streamtube on wing’s lift, a) upwash by
streamtube contraction b) the streamtube pressure and c) the streamtube deflection

resulting in an increase in lift by Δcl,� . The increase of angle of attack Δ� by the rotor-
induced flow is modeled by the resulting angle between the inflow vectors of the installed
configuration and the geometric angle of attack, and by considering the affected span of
the wing:

Δcl,� = lift
slope⏞⏞⏞2�

increase
angle of
attack⏞⏞⏞Δ�

affected
span⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞2NrRS = 2� cos−1( a ⋅b|a||b|) 2NrRS , a= [ va(−xr )V∞ +cos(�)

vi(−xr )
V∞ +sin(�)] , b= [cos(�)sin (�)]

(7.11)
in which a is the two-dimensional normalized inflow vector of the installed configuration
and b of the isolated wing. The vertical induced vi follows from va (equation 7.9) by the
conservation of mass:

vi (x′)V∞ = C1 d va(x′)V∞dx′ R (7.12)

Here, C1 is a correction factor used to account for the confined streamtube by the pres-
ence of the wing. The confinement leads to a higher-than-predicted axial velocity in the
streamtube, further reducing the static pressure around the leading edge of the wing, and
increasing vertical-induced velocity vi. The correction for this is formulated as a power
function of the overlap between the predicted rotors’ free-contraction at the position of
the leading edge (i.e. Rs (−xr )) and the wing’s surface height yr (see figure 7.7 for the
definition of variables), normalized by the rotor radius:

C1 =max(1, c0(Rs(−xr )− yrR )c1 +1) = max(1,60(Rs(−xr)− yrR ) 52 +1) (7.13)

The coefficients c0 and c1 are obtained by fitting the experimental results of the effec-
tive angle of attack. The experimental results of the effective angle of attack are presented
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in section 7.3 and the details of the fitting process are described in appendix A.2.2. Even
though the coefficients c0 and c1 are based on experimental data, the relation of equation
7.13 is universally applicable to Over-The-Wing propulsion systems. Nonetheless, to en-
sure consistency, the coefficients should be tuned through a more comprehensive training
database which includes variations in vertical rotor positioning.
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Figure 7.7: Schematic of the overlap between the streamtube and wing surface, and the definition of the variables
to compute Δcl,� and Δcl,p .

Streamtube pressure

The rotors’ suction leads to a reduction in pressure in front of the disk, while the pressure
is increased downstream. The generated lift coefficient Δcl,p due to this effect is predicted
by integrating the pressure in streamwise direction:

Δcl,p =
affected
span⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞2NrRS

lift
normalization⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞2�V 2∞c ∫ 1−xr−xr p∗ (x′)dx′, for

lim
x′→−∞Rs (x′)yr = R(a+1)yr > 1 (7.14)

in which p∗ (x′) is the projected streamtube pressure over the wing surface, see figure
7.7 for the range of integration. Equation 7.14 therefore only holds when the pressure
is overlapping the with the wing surface, explaining the criterion on the right hand side
where the limit function highlights the maximum streamtube radius, also illustrated in
figure 7.7. The pressure p∗ (x′) is based on the relation for the free-streamtube pressurep (x′), recall equation 7.9, and in addition includes a correction g(x′,yr ) that accounts for
the reduced pressure due to the streamtube confinement, using Bernoulli’s principle:

p∗ (x′) = p (x′)− effect of streamtube confinement⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞�2 (va (x′)+V∞)2(1− (g (x′,yr))2), g (x′,yr) = Rs (x′)yr (7.15)

Considering that Δcl,p is based on the overlap between streamtube height and wing
contour, only the upstream region in the integral of equation 7.14 is considered in the aero-
propulsive model. Modeling of the lift reduction by the pressure increase downstream of
the rotor-array relies on the streamtube-wing attachment point, which is determined by
complex viscous interactions [97]. Moreover, since the attachment point is moved further
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downstream for rotors in high-thrust conditions, the effect of the projected pressure is
expected to be dominated by the upstream contribution.

For the second term in equation 7.15, the averaged values (in the upstream direction)
of the induced velocity va and streamtube height Rs are considered. This reduces the com-
plexity of the integral of equation 7.14. Details of the derivation and the final expression
for Δcl,p are described in appendix A.2.3.

Thrust vectoring

The third aerodynamic effect is the deflection of streamtube in vertical direction, providing
a form of thrust vectoring. The lift increase by slipstream deflection Δcl,tv follows from a
momentum balance using a streamtube deflection angle �, and the velocity Ve and area Se
at the exit of the streamtube, see figure 7.6:

Δcl,tv = 2Se (Ve −V∞)2 "V 2∞c , " = "w
rotor

position⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞(1− xrc ) = 2cl,0c�S (1− xrc ) (7.16)

The deflection angle � is set to be equal to the one of the isolated wing under � = 0◦, i.e. "w ,
with a weighting (as a function of rotor position) to account for effectiveness as a thrust
vectoring device. Note, that Ve and Se in equation 7.16 indicate the streamtube velocity and
cross-sectional surface in the downstream extend and can be found by taking the limit of
equation 7.9 to x′ → +∞.

7.1.4 Applicability range
Several assumptions are made in the derivation of the aero-propulsive model, confining
the parameter space over which the method is applicable. An overview of this parameter
space, consisting of both geometrical and performance conditions, is provided in table 7.1.
The origin of the limitation is included in the third column here. Note that the lift part of
the model has a more confined applicability range.

Finally, any (steady) aerodynamic rotor-to-rotor effects are not included and the lift
model is only applicable when the flow at the leading edge of the wing is attached. Recall
that the calculation of Δcl,� includes a correction for streamtube confinement. Excluding
this correction affects the predicted lift for aft-mounted rotors at low advance ratios, re-
sulting in a reduction exceeding 15% within the examined parameter space. On a related
note, the interactions between the rotor and wing induction are modeled using a single-
pass approach, without requiring additional iterations of the aero-propulsive model. An
analysis, presented in appendix A.3, showed that additional iterations lead to a minor re-
duction (up to 5%) in the aero-propulsive forces. This minor increase in accuracy therefore
does not justify the additional complexity and obscurity of repetitive computations.

7.1.5 Experimental validation
To validate the model, a number of experiments were conducted with an array of 5 rotors
above an airfoil for a wide range of angles of attack, advance ratios and three rotor po-
sitions along the chord. The extracted data consisted of the center rotor and wing loads,
and flow measurements through 2D2C-PIV and pressure orifices. The experimental setup
and measurement techniques were described in section 4.2.
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Table 7.1: Parameter space of the aero-propulsive performance model

Parameter Value Origin

Free-stream Reynolds number Rec > 250,000 Laminar separation not
included in model.

Free-stream Mach number M < 0.3 Incompressible flow assumed
for equations 7.9 and 7.15.

Advance ratio J 0 < J ≤ JT 0 Hover and negative thrust
conditions cannot be applied
in equation 7.9.

Rotor chord-wise position xr/c 0.1 ≤ xr/c ≤ 0.9 Equation 7.5 fails to predict
wing-induced velocities at
leading- and trailing edge.

Rotor tip gap yt > �99 Boundary layer ingestion not
included in the model.

Rotor spacing zr/R < 1.5 (lift) Required for the 2D-streamtube
Number of rotors Nr ≥ 5 (lift) formulation of equation 7.9.

7.2 Results

7.2.1 Flow field statistics
The general flow features of the rotor-wing system are investigated by considering three
levels of inclination for a fixed rotor position of xr /c = 0.6, namely zero angle of attack, an
angle of attack of 8◦ which positions the rotor in a strong adverse pressure gradient, and
the early onset of stall at � = 12◦. The time-averaged velocity magnitude contours and
two-dimensional velocity streamlines in the plane with an offset of 0.2R in the spanwise
direction from the center rotor’s axis are presented in figure 7.8. The top row presents
results with the rotors removed. Evidently, the acceleration of the flow over the wing’s
suction side is relatively moderate for � = 0◦, but increases for � = 8◦ due to the enhanced
circulation of the wing. Inclination of the wing to � = 12◦, in figure 7.8c, shows that the
boundary layer separates close to the leading edge, which marks the onset of stall.

When proceeding to the case of a low thrust condition (J = 0.6), an increase of velocity
appears over the wing (see figures 7.8d and 7.8e). The flow is primarily accelerated down-
stream of the disk, leaving the upstream region largely unaltered. Nonetheless, for � =
8◦, the induced flow of the rotors causes separation from the wing at roughly 0.8c chord
(compare figure 7.8b and figure 7.8e) by the entrainment of flow towards the slipstream.
The result for the early stall condition in figure 7.8f shows that the limited suction of the
rotors prevents the boundary layer from reattaching. By reducing the advance ratio to J
= 0.3, the rotors’ thrust increases, leading to a stronger contraction of the rotor’s stream-
tube and higher induced velocities, both upstream and downstream of the disks. The flow
topology, relative to the lower thrust conditions of J = 0.6, changes significantly when
changing the system’s angle of attack. For � = 8◦ in figure 7.8h, the pressure jump over
the rotor disk increases the adverse pressure gradient imposed by the wing and causes the
flow to separate. As a consequence, the rotor ingests flow from downstream of the disk
leading to stagnation upstream of the disk. By a combination of this stagnation and the
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Figure 7.8: Normalized velocity magnitude contours and 2D streamlines for � = 0◦, � = 8◦ and � = 12◦ for the
rotors-off case (a-c), J = 0.6 (d-f) and J = 0.3 (g-i). The rotor position is fixed at xr /c = 0.6.

contraction of the slipstream, the flow over the wing separates close to the leading edge.
This phenomenon remains unchanged with a further increase in the geometric angle of
attack, since the data for � = 12◦ presents a similar flow topology, see figure 7.8i. However,
in this case, the shear-layer height in the upstream region of the rotors has grown by the
larger geometric angle of attack.

Another characteristic of the flow that manifests itself strongly for the J = 0.3 case is
an in increase in flow angle upstream of the wing (x < 0 & y < 0 ) with respect to the rotors-
off conditions (compare figures 7.8(a-c) to figures 7.8(g-i)). This behavior was included in
the aero-propulsive model and will be discussed in more detail in section 7.3.1.

The effect of the rotors on the wing’s pressure distribution is shown by the results of
the static pressure measurements, in figure 7.9. Note that in this case the pressures are
extracted directly below the center rotor axis at the wing’s surface, without the offset in
span-wise direction as used to generate figure 7.8.

For � = 0◦ in figure 7.9a, the rotors-off data have comparable pressure distributions, on
the suction and pressure sides. When including the rotors, the flow accelerates, leading to
a lower static pressure upstream of the disk. Downstream of the disks, the total pressure
increases, leading to an increase in static pressure on thewing. These effects are noticeable
for J = 0.3 in particular. The occurrence of a suction peak for J = 0.3 and the increase in
pressure on the pressure side, are effects that are consistent with the observed increase in
flow angle, as was observed in figures 7.8(g-i).

Similarly, the pressure profiles for � = 8◦, presented in figure 7.9b, show an increase
of the suction peak up to Cp ≈ −3 and a stagnation point on the pressure side that moves
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Figure 7.9: Pressure coefficient Cp along the wing’s contour for the rotors-off condition, J = 0.6 and J = 0.3, a) �
= 0◦, b) � = 8◦ and c) � = 12◦. The rotor position is fixed at xr /c = 0.6.

towards the trailing edge by the rotor-induced flow. However, in the vicinity of the rotor,
i.e. xr /c = 0.6, the results are different than those for � = 0◦. That is, for the inclined
system at an advance ratio of J = 0.3, a small pressure plateau at xr /c = 0.5 hints upon
the occurrence of flow separation. The pressure jump just downstream at the rotor disk
location is now reduced in magnitude (figure 7.9a) and is ascribed to the re-circulation
bubble downstream of the disk, as seen in figure 7.8h.

Finally, in the separated flow region that occurs at � = 12◦, seen in figure 7.9c, the
pressure plateau is visible at x/c = 0.1, for the rotors-off condition. For the installed con-
figuration, the pressure plateau starts at the same chord-wise position but the pressure is
reduced depending on the advance ratio and therefore the rotors’ thrust delivered. Note
that even though the separation point at the wing is maintained, the effective angle of
attack is enhanced and therefore the flow curvature increases with respect to the rotors-
off condition. Additionally, the rotors’ suction also deflects the shear layer which further
increases the flow curvature after separation has occurred. As a consequence of these
effects, the difference between the installed and rotors-off pressure distribution is more
substantial for this angle of attack, and therefore the largest increase in lift is expected in
post-stall conditions.

7.2.2 Boundary layer separation
In the previous section, it was shown that the rotors operated in low thrust conditions (J
= 0.6) were not able to delay the boundary layer separation from the wing’s leading edge.
In addition, for high thrust conditions, the rotors caused a region of flow reversal between
the rotor and wing, leading to local flow separation upstream. These effects are described
in more detail now, by evaluating boundary layer profiles along the wing’s chord for a
relatively fine discretization of the angle of attack.

Figure 7.10 presents the axial velocity profiles, extracted at different chord-wise posi-
tions along the wing. For � = 4◦ (figure 7.10a), the decrease in J causes an increase in axial
velocity while maintaining the same profile shape as the rotors-off condition. This persists
until x/c ≈ 0.5, where the axial velocity close to the wing is reduced due to the pressure
jump that occurs over the rotor disk for J = 0.3. Thereupon, separation downstream of
the rotor for this advance ratio is also observed. When the system is inclined to � = 8◦
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Figure 7.10: Axial velocity profiles upstream of the rotor extracted at x/c = 0.1, x/c = 0.3, x/c = 0.5 and x/c = 0.7
for a) � = 4◦ , b) � = 8◦, c) � = 10◦ and d) � = 12◦. The rotor position is fixed at xr /c = 0.6, the blade is shown by
the black surface. To provide an indication of the velocity magnitude of the profile, a grey arrow is shown with
its length being representative of the free-stream velocity magnitude.

in figure 7.10b, the rotor-induced separation is moved further upstream, and occurs fromx/c ≈ 0.3 onwards. Further inclination, in figures 7.10c and 7.10d, has no further effect on
the flow topology of the data corresponding to J = 0.3. In contrast, when the rotors pro-
duce limited thrust (J = 0.6), they are able to delay flow separation over the wing. Around
the isolated wing stall angle of � = 10◦ (figure 7.10c), the boundary layer remains thinner
than the rotors-off condition. This reduction in separation is noticeable both upstream
and downstream of the rotor array. This delay in separation disappears again for larger
angle of attach, as shown for � = 11◦ in figure 7.10d.

The effect of the rotors on the location of the separation point and the shear layer
profile during ingestion is shown by the distribution of the normalized shear layer height,
as presented in figure 7.11. The shear layer height is identified from the velocity field as
the maximum of the vertical derivative of the velocity magnitude, i.e. ySL = max(dV /dy).
For the rotor-off conditions, the shear layer adheres to a rather linear profile as a function
of the chord-wise coordinate x , the slope of which increases with the angle of attack. With
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the rotors operating at J = 0.6, the flow is still attached for � = 10◦, as shown in figure 7.11a.
For the larger values of �, the data for this advance ratio show a similar linear function of
the boundary layer thickness as the rotors-off condition, althoughwith an increased slope,
see figures 7.11b and c. Moreover, the separation point is unaffected by the rotors for this
advance ratio. The increased suction of J = 0.3 generates a thicker, parabolic shape for the
boundary layer thickness, which is independent of �. Based on these experimental results,
an approximate, linear, function for the shear layer ingestion height is implemented model
(recall the discussion on equations 7.6 and 7.7).
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Figure 7.11: Normalized shear layer height ySL/c for a) � = 10◦, b) � = 11◦ , and c) � = 12◦. The rotor position is
fixed at xr /c = 0.6.

7.3 Model validation & performance trends
Trends in the aero-propulsive performance of the wing–rotor-array system are now de-
scribed, and compared between the empirical observations and the model predictions.
First, we start with a validation of the modeled flow features (section 7.3.1), after which
the propulsive thrust and wing lift augmentation are covered in sections 7.3.2–7.3.3.

7.3.1 Rotor-induced effects

In section 7.1.3, three rotor-induced flow features were introduced that form the founda-
tion of the lift part of the aero-propulsive model. Both the presence of the upwash (Δcl,�)
and thrust vectoring (Δcl,tv) sources of lift, and their dependence on rotor positioning, are
validated with the experimental PIV data. Note that validation of the projected stream-
tube pressure (Δcl,p) is excluded here, as the other rotor-induced lift-generating contribu-
tions affect the experimental wing pressure values, making direct comparison unreliable.
Nonetheless, a simplified comparison, for a condition where the effects of the other lift-
contributions are minimized, is included in appendix A.4.

Recall that the upwash is generated by the rotor contraction upstream of the wing. To
validate this flow feature, the system’s inflow angle is extracted from a quarter wing chord
upstream of the wing and averaged over a vertical length of half a wing chord (x/c = -0.25,y/c = [-0.25, 0.25]) using the measured velocity fields. This sample domain is outside of
the stagnation region of the wing, and small variations in the horizontal position gave
consistent results. The change in inflow angle, Δ�, due to the rotors induction is taken by
subtracting the rotors-off inflow angle from the value of the installed configuration.
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Figure 7.12: Comparison between modelled (dashed lines) and measured (markers) rotor-induced flow features,
a) the increase in inflow angle Δ� compared to the rotors-off condition (extracted at (x/c, y/c) = (-0.25, [-0.25,
0.25])) for xr /c = 0.3, as a function of �, b) the increase in inflow angle Δ� for � = 0◦ as a function of rotor
positioning and c) the averaged angle of the rotor slipstream � extracted at x/c = 1.05.

In figure 7.12a, the generated upwash as a function of the geometric angle of attack for
a rotor position of xr/c = 0.3 is considered. This rotor position was chosen to eliminate
the effect of the confined streamtube (recall the discussion on the correction factor C1 in
section 7.1.3). The results show positive values of Δ�, corresponding to an increase in the
angle of attack by operation of the rotors. Experimental data of the low-advance ratio ofJ = 0.6, indicated by the solid lines, present a decreasing trend with � until reaching the
stall angle of � = 12◦. After this, the value of Δ� increases gradually, reaching a plateau ofΔ� ≈ 5◦. The trend for J = 0.3, is comparable to that of J = 0.6, although the positive slope
of Δ� occurs at a lower value of �, caused by the generation of the flow reversal between
rotors and wing, as was shown in figure 7.8h. The significant increase in the effective
angle of attack in post-stall conditions can be explained by the flow non-uniformity that
is generated by the ingestion of the shear layer. Such conditions cause an abrupt increase
in rotor-induction in the lower half of the rotor-array and therefore more fluid is entrained
around the wing’s leading edge.

Predictions of Δ� only concern conditions where the flow at the leading edge is at-
tached (i.e. � ≤ 10◦). As such, the modeled relations for Δ� are shown by the dashed
lines up to � = 10◦ and show a similar decreasing trend with �, although with an initial
overestimation for J = 0.3.

In figure 7.12b, the increase in inflow angle Δ� is shown for different chord-wise rotor
positions and � = 0◦. The experimental data show a constant value for J = 0.6 and a linear
decreasing trend with rotor position for J = 0.3.

For J = 0.6, the rotor vertical position exceeds the predicted streamtube height, and no
correction takes place (i.e. C1 = 1 in equations 7.12 and 7.13). Nonetheless, the modelled
results show a lower value of Δ� for the mid and aft-mounted rotor. Note that a rotor also
induces a flow outside of the streamtube, by its vortex system [34]. Such complex effects
are not included in the model but could explain the discrepancies in low-thrust conditions.

Another lift contribution in the aero-propulsive model is the deflection of the rotors’
slipstreams by the wing’s contour (i.e. Δcl,tv). This effect is validated by tracking the slip-
stream boundaries (localized using the extreme values of the vertical derivative of the
velocity magnitude, i.e. dV /dx), and taking the average position of the top and bottom
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boundary. Then, the local angle of the streamtube is fitted by a linear function and ex-
tracted at x/c = 1.1. Finally, the streamtube angle directly behind the disk (at x/c = xr /c +
0.15) is removed from this value, to obtain the deflection angle �. The slipstream deflec-
tion angle � is presented in figure 7.12c for � = 0◦ and shows large differences between the
lower and higher advance ratio. The higher advance ratio of J = 0.6 shows a negative �,
corresponding to the slipstream being deflected downwards. For lower advance ratio of J
= 0.3, the deflection angle � is positive, due to the slipstream separation (see figures 7.8g
and 7.10a). Note that the modelled slipstream deflection is independent of the advance
ratio and resembles the results for J = 0.6.

7.3.2 Propulsive thrust

Results of the rotor’s thrust coefficient CT as a function of the angle of attack � are pre-
sented in figure 7.13 for the three chord-wise rotor positions, and J = 0.3 and J = 0.6. Here,
the mean of repeated experimental results are presented by the markers while the hatched
area resembles the repeatability of independent load measurements.

For the installed configuration, the thrust is reduced with respect to the isolated rotor
for most of the concerned angles of attack. Below � = 12◦, a downward trend with inclina-
tion is visible. The slope of this trend increases for a more forward-positioned rotor and
with the advance ratio J . The model results, shown by the solid lines, capture these effects.
This indicates that the loss in thrust can be attributed to the increasing circulation of the
wing.
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Figure 7.13: Center rotor’s thrust coefficient CT for a) xr /c = 0.3, b) xr /c = 0.6 and c) xr /c = 0.9. Experimental
results have been averaged over repeated measurements. The spread in the values of the installed configuration
is shown by the translucent surfaces. The solid lines present the modelled trends. The different colors indicate
different values of the advance ratio; J = 0.3 (black) and J = 0.6 (blue)

Around the stall angle of the wing, i.e. � = 10◦, the thrust increases again. Placing
the rotor further towards the trailing edge increases the amount of re-ingestion, having
a larger effect on the thrust augmentation. Since the stall criterion is a singularity in
the model, this is also returned in the thrust predictions while the measurements show
a smoother pattern along stall conditions. The model slightly under-predicts the slope
of the thrust in these conditions. This can be attributed to the increase in shear layer
height by the operation of the rotors (recall figure 7.11). This increment as a result of the
re-ingestion region is not included in the model.
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7.3.3 Wing lift
The lift increase of the wing by the rotor-induced flow is presented in figure 7.14. For the
predictions, the lift increase by rotor induction Δcl is combined with the isolated wing’s
lift coefficient cl (obtained through the Viterna and Corrigan model [183]).
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Figure 7.14: Wing’s lift coefficient cl for a) xr /c = 0.3, b) xr /c = 0.6 and c) xr /c = 0.9. The solid lines present the
modelled trends. The different colors indicate different values of the advance ratio; J = 0.3 (black) and J = 0.6
(blue). The rotors-off condition is shown by the grey line for Rec = 480,000.

In figure 7.14, the rotors-off condition shows the lift curve with the well-known fea-
tures; a linear regime up until the stall angle of � = 12◦, after which the lift is reduced.
Operation of the rotors increases the lift for each of the investigated chordwise rotor po-
sitions, advance ratios and angles of attack. This lift enhancement decreases with the
advance ratio J , as shown by the trend arrow in figure 7.14a.

In the pre-stall regime of the lift curve, i.e. � < 12◦, the results of the wing with rotors
installed show a reduced slope compared to the rotors-off condition. This is caused by
the fact that the rotor’s thrust is reduced with inclination, therefore reducing the induced
flow as well. Considering the chord-wise position of the rotor, the aft-mounted rotor,
i.e. xr /c = 0.9 in figure 7.14c, shows an increase in cl by 10% compared to the forward
rotor position of xr /c = 0.3. The lift enhancement compared to the rotors-off conditions is
abruptly amplified once the stall angle is reached. This is ascribed to the increase in the
effective angle of attack (figure 7.12).

The model predictions, for pre-stall conditions, show a comparable increase in lift and
a similar reduction of the slope for J = 0.3. Nonetheless, the lift increase for the mid and
aft-positioned rotor is slightly underestimated for J = 0.6. For these conditions, the rotor
vertical position yr exceeds the modeled streamtube height Rs (x′), i.e. the wing is located
outside the rotors’ streamtubes and the model predicts only a marginal lift increase. In
reality, rotors induce flow outside of the streamtube region by their vortex systems [32].
Such complex vortex-induced velocities are not considered in themodel but can contribute
to the lift of Over-The-Wing propulsion in low-thrust conditions [34], explaining the ob-
served discrepancies.

To show the variations with rotor positioning more clearly, the lift increase Δcl as
a function of the rotor position xr/c is presented in figure 7.15 for a moderate (� = 0◦)
and high angle of attack (� = 6◦). Here, the modeled contributions to the lift have been
decomposed to highlight the effect of the different aerodynamic features.
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In figure 7.15, the measurements show variations in lift coefficient with chord-wise
rotor position xr/c of up to 10%. For moderate inclination of � = 0◦ in figure 7.15a, a max-
imization of the lift for a mid-positioned rotor is found while the rotor positioned closest
to the leading edge gives the lowest lift enhancement. Instead, for the higher inclination
(figure 7.15b) a linear behavior with rotor position is found, in which the lift for the aft-
mounted is 18% higher than for the forward-mounted rotor.
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Figure 7.15: Difference in lift coefficient Δcl compared to the isolated wing and decomposition of the model
components, as a function of rotor spacing, for J = 0.3 and a) � = 0◦ and b) � = 6◦.

The predictions show an increase in lift coefficient with rotor position xr , although
a local enhancement in lift around xr/c = 0.3 due to the effective angle of attack is also
observed. The decomposition of the modeled components shows that the lift increase
due to the projected pressure distribution Δcl,p and the increase in the effective angle of
attackΔcl,� are comparable inmagnitude for a mid-mounted rotor. For a forward-mounted
rotor, Δcl,� clearly becomes the dominant term, while for the aft-mounted rotor, the lift
is prevailed by the reduced pressure due to rotor suction. Δcl,� is however, more strongly
reduced by inclination than Δcl,p, which could explain varying trends with � observed in
the experimental data. The predicted increase in lift due to streamtube deflection Δcl,tv
shows to be negligible for the used airfoil, due to the limited amount of camber.

7.3.4 Wing drag
The wing’s drag coefficient cd is presented in figure 7.16. Note that this force was not
included in the aero-propulsive model. Nonetheless, the results show a distinctly different
pattern with the angle of attack �. Note that only the drag of the wing profile is included in
figure 7.16; the additional drag component due to the rotor array [96, 98] is excluded. For
moderate angles of attack � <4◦ the drag coefficient of thewing is comparable to that of the
rotors-off condition. The drag slope increases with the advance ratio J when the rotors
are operated. Drag is minimized for a rotor position at 60% chord. This rotor position
also shows a drag reduction (Δcd = −0.015) with respect to the rotors-off conditions for� < 0◦. The rotors positioned at xr/c = 0.9 gives the largest value of the drag, as a result
of the maximum suction that is applied at the region where the wing thickness reduces.
At high angles of attack (� > 8◦), and in the post-stall regime (� > 12◦) in particular, the
drag coefficient is significantly increased compared to the rotors-off condition. In these
conditions, the drag is maximized for rotor positions towards the trailing edge.
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Figure 7.16: Wing’s drag coefficient cd for a) xr /c = 0.3, b) xr /c = 0.6 and c) xr /c = 0.9. The different colors indicate
different values of the advance ratio; J = 0.3 (black) and J = 0.6 (blue). The rotors-off condition is shown by the
grey line for Rec = 480,000.

7.4 Conclusion
The installed rotor’s thrust is modeled through the definition of an effective advance ratio,
determined by the inviscid velocity increase by the wing’s circulation and the predicted
momentum deficit by shear layer ingestion. Model predictions and experimental data
present a similar reduction in thrust when positioned over the suction side of the wing.
The difference compared to the isolated rotor depends on a combination of the advance
ratio, angle of attack and the chord-wise position over the wing. In the pre-stall regime,
the thrust is reduced most significantly for the rotor position near the wing’s leading edge.
Around the wing’s stall angle, the rotor operated thrust conditions showed to energize
the boundary layer resulting in a delay of leading-edge separation by approximately 1
degree. Increasing the thrust was shown to be unsuccessful in increasing this delay by
the formation of a flow-reversal region due to the adverse pressure gradient generated by
the rotors. As a consequence, around the wing’s stall angle, the thrust is increased by the
ingestion of the separated boundary layer.

The rotors’ induced flow affects the wing’s lift through a generated upwash, the projec-
tion of the streamtube pressure on the wing’s surface and the deflection of the streamtube.
In the pre-stall regime, these effects increase lift but reduce the lift slope compared to
the rotors-off conditions. The reduced slope is the result of the reduction of thrust by
the increasing circulation provided by the wing and the decreasing contribution of the
rotor-induced upwash with geometric inclination. For most of the investigated parameter
space, the aft-mounted rotor showed the highest value of the lift, up to 10% higher than
the forward-mounted rotor. The model predicts the general trends of the lift curve but dis-
crepancies are found for the low thrust conditions due to the induced velocities outside the
streamtube. Although the effect of the rotors on the leading edge separation is marginal,
an abrupt increase in lift was observed once separation occurred. This is the result of an
additional increase in the rotor-induced upwash while maintaining the separation point
at the same position along the wing’s chord as for the rotors-off condition.
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8
Aeroacoustics of

Over-The-Wing propulsion

T
he aero-propulsive performance model of chapter 7 is based on the definition of an ef-
fective advance ratio, from which the mean rotor’s thrust can effectively be predicted.

Considering that only the steady part of the rotor loads was of interest, any effect of flow
angularity or non-uniformity was disregarded. In reality, the inflow to the rotor blades
will vary in time by the inclination of the rotor-wing system and the non-uniform flow
imposed by the wing. This creates unsteady loading on the blades, which is known to be
a strong noise component of low-speed rotors. It is currently unknown how this expected
increase in noise of the rotor compares to the favorable shielding effect of the wing.
In this chapter, the effective advance ratio, as derived in chapter 7, will be extended and
written in blade section coordinates. This creates a non-axial and non-uniform inflow, re-
quired to predict the unsteady loading. Information on the blade loading is then used to
compute the far-field acoustics using Helicoidal Surface Theory. The results of the model
are validated against experimental measurements of a single Over-The-Wing mounted ro-
tor.
The outline of this chapter is as follows. In section 8.1 the blade sectional advance ratio
and the analytical modeling techniques are introduced. The aeroacoustic characteristics
of the setup are then presented in section 8.2 using experimental data. Moreover, flow
regimes excluded in the model are identified and the relative importance of tonal and
broadband noise is quantified. Then, in section 8.3, the model results are compared to the
measurements, and a parametric study is performed on the chord-wise rotor position.

8.1 Tonal noise modelling techniqes
In chapter 7, a model for the steady propulsive thrust by a rotor in the vicinity of the wing
was introduced. An effective advance ratio was defined based on the (inviscid) axial veloc-
ity increase by airfoil circulation and the (viscous) separated boundary layer ingestion. To
model the aerodynamic performance, these phenomena were accounted for by an average

This chapter is based on publication [161].
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change of the rotor disk inflow. For noise modeling, the rotor azimuth-dependent blade
loading is required and hence both the non-uniform and non-axial contributions to the
inflow of the rotor should be included, see figure 8.1a.

The inclusion of the non-uniform and non-axial inflow is achieved by an extension of
the advance ratio correction model introduced in chapter 7, while maintaining the same
base flow lying at its foundation. First of all, the contributions of the inviscid and viscous
flow features are modeled for both the axial Vx and non-axial velocity Vy as a function of
the wing-normal coordinate y, for a given rotor position (xr , yr ). Then, the inflow velocity
components Vx (y) and Vy (y) are transferred to the cylindrical coordinate frame (r ,�) of the
rotor disk, as is shown in figure 8.1b. For a full rotation, the axial Vax (r ,�) and tangentialV�(r ,�) inflow velocity is prescribed at each blade section, see figure 8.1c. This includes
the local rotational velocity of the blade section itself as well. The derivation of the axialVax (r ,�) and tangential V�(r ,�) velocities are section in section 8.1.1 and 8.1.2, respectively.
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Figure 8.1: a) Decomposition of the inflow at the rotor position (xr , yr ), b) horizontal Vx and vertical velocity Vy
components at the inflow of the rotor and c) definition of axial Vax and tangential velocity V� of the blade section
at (r ,�).

8.1.1 Axial inflow velocity
Inviscid: Circulation

Recall from section 7.1 that the axial induced velocity by thewing’s circulation is computed
by integration of Biot-Savart’s law [181]:

V Γ(r) = ∫s Γ(s)4� s × r|r|3 ds (8.1)

Under the assumption that a parabolic source strength distribution of bound vortex
filaments lies along the wing’s chord line, see figure 8.2a, the distribution of circulation Γ
in chord-wise direction x for thin airfoils reads:Γ(x) = 34 clV∞c(1− x2c2 ) (8.2)

Substituting equation 8.2 in equation 8.1, and transferring to blade coordinates, re-
duces the equation for the axially induced velocity VΓ,x at the rotors disk to:

VΓ,x(r ,�) = 12� ∫ c

0
Γ(x) (yr + r sin�)(xr − x)2 +(yr + r sin�)2 dx (8.3)
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which can be solved analytically. The exact solution can be found in appendix B.1.
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Figure 8.2: Schematic of the modelling of the a) velocity increase by wing’s circulation, b) the ingestion of the
separated boundary layer and c) variations in blade inflow velocity during a rotation through the shear layer.

Viscous: Shear layer ingestion

At a critical angle of attack �c (found by using an empirical relation as a function of the
wing’s nose radius to chord length rc/c [182]), the wing’s boundary layer separates at the
leading edge. The shear layer height ySL is modeled by a linear function parallel to the
free-stream direction (see figure 8.2b):

ySL(x) = x tan(�) (8.4)

and imposes a jump in velocity when a blade section enters the separated flow region. The
blade section transitioning into the separated flow region is modeled by an approximation
of theHeaviside step function ℎ in which the slope corresponds to the shear layer thicknesstSL, as is shown in figure 8.2c.

ℎ(r ,�) = 11+ e−c1( ySL(xr )
yr+r sin�−1) , c1 (xr ) = 2R ln( 10.99 −1)tSL (xr ) , (8.5)

in which c1 is a coefficient based on the shear layer thickness tSL, see figure 8.2b. Using
the self-similar solution of Görtler [184] describing a planar free shear layer, the thicknesstSL can be approximated by [185]:

tSL (xr ) = xr�SL√2� (8.6)

where �SL is the empirical spreading parameter [186, 187]. Assuming a thin shear layer
gives �SL = 13.5.

By the inclusion of a stall criterion f (�,�c) and defining VSL as zero, the relation CSL
corrects the blade sectional axial advance ratio when the blade section enters the shear
layer region, i.e. R sin(�)< ySL(x):

CSL(r ,�) = 1− f (�,�c)ℎ(r ,�), f (�,�c) = {0, � < �c1, � ≥ �c (8.7)

The axial inflow velocity Vax (r ,�) is then found as the combination of the free-stream,
inviscid and viscous contributions:

Vax(r ,�) = (cos�V∞+VΓ,x(r ,�))CSL(r ,�) (8.8)
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8.1.2 Tangential inflow velocity

The tangential inflow velocity is defined as the axial velocity. In this case however, the
vertical component VΓ,y of the wing’s circulation is considered:

VΓ,y(r ,�) = 12� ∫ c

0
Γ(x) (xr − x)(xr − x)2+(yr + r sin�)2 dx (8.9)

By the inclusion of the shear layer correction term CSL, the free-stream velocity and the
rotational velocity of the blades, the tangential inflow V�(R,�) returns:

V�(r ,�) = cos�(sin�V∞+VΓ,y(r ,�))CSL(r ,�)+ rΩ (8.10)

8.1.3 Unsteady blade loading

The inflow field is discretized in azimuthal and radial direction to obtain the rotor loads.
The step size should be sufficiently small to model the blade transitioning into to the sep-
arated flow region, i.e. Δ� < tSL/R ≈ 0.02�. For each azimuthal position of the blade in the
non-uniform flow field, the loads are computed using Blade Element Momentum Theory
(BEMT) [27]. This gives a distribution of local blade lift and drag coefficients, that are
transformed to the frequency domain, resulting in ĈL,QS and ĈD,QS.

Then, following a similar approach as the work of van Arnhem et al. [39], a correction
for the unsteady aero-propulsive forces is applied (reducing the amplitude and causing
a phase delay), by multiplication of the complex local lift ĈL,QS coefficient by the Sears

function Ŝ [40].
ĈL(r ,�) = ĈL,QS(r ,�)Ŝ(r ,�) (8.11)

In equation 8.11, � is the reduced frequency that defines the degree of unsteadiness of
the aero-propulsive forces, given by the loading harmonic n, the local blade chord cb and
the induced velocity of the isolated rotor Viso:

� = nΩcb2Viso (8.12)

8.1.4 Helicoidal Surface Theory

The complex blade sectional lift and drag coefficients are used as an input to predict the ro-
tor noise emission, using Helicoidal Surface Theory. Thismodel was developed byHanson
[47] and extended [49] to include unsteady loading effects. For the m-th noise harmonic
and n-th loading harmonic, the complex-valued pressure amplitude for the thickness-, lift-
and drag noise components are approximated by equation 8.13:
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In equation 8.13 ĈL,n and ĈD,n are the n-th complex lift and drag coefficient.  Vn,  L,n
and  D,n denote the spatial distribution of the volume, lift and drag surface sources for
each loading harmonic. For the lift and drag surface forces, a parabolic distribution over
the blade section chord is assumed, which resembles the pressure distribution at large
angles of attack.

The thickness sources term  V ,n is determined by the normalized thickness of the dis-
placed fluid along the blade H (X ) (in which X is the normalized blade chord coordinate
from -1/2 (leading edge) to 1/2 (trailing edge)). At large angles of attack, the flow can
separate at a given chord-wise position Xs over the blade, see figure 8.3a.
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Figure 8.3: Schematics of noise source model features: a) Normalized blade thickness distribution H (X ) under
large angles of attack and b) image-source model.

The separation point Xs is approximated by a bipolar linear function of the current
angle of attack of the blade section �, the angle at which the flow separates at the trailing
edge (�0) and at the leading edge (�1):

Xs (�,�0,�1) =max(min(X1, f ) ,X0) , f = (�1−�)(X0 −X1)
�0−�1 (8.14)

The values of �0 and �1 were found to be 10◦ and 20◦ respectively, for the considered
blade geometry and operating conditions.

Due to the variations in blade angle of attack during a rotation, H (X ) also varies along
the azimuth. Consequently, the thickness noise spatial distribution  Vn is found by inte-
gration of the Fourier transform of H (X ):

 Vn = ∫ 1/2
−1/2 Ĥn(X)eikxXdX (8.15)
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For the case of the isolated rotor, without interference with the airfoil, the computed
loads and the tonal noise predictionswere comparedwith experimental data, which showed
good agreement (see appendix B.3) validating the computational chain.

Figure 8.4 shows a decomposition of rotor noise in its thickness and loading noise
component for the first blade-passing frequency harmonic of the isolated rotor for an
advance ratio of J = 0.3 and J = 0.6. This shows that in upstream directions, i.e. 90◦ < �o <
270◦, the thickness noise is dominantly contributing, whereas in the downstream direction,
loading noise exceeds the thickness noise.

Figure 8.4: Modelled directivity pattern of the 1st BPF and contributions of the thickness and loading noise for
the isolated rotor for a) J = 0.3 and b) J = 0.6.

To account for the reflection of acoustic waves by the wing’s surface, the image-source
model [188] is included. In this approach, a second noise source is mirrored along the (x ,z)-
plane and translated to a vertical position of y = -yr . The predicted tonal noise of the inte-
grated rotor is then the superposition of the original noise source (computed by equation
8.13) and its mirrored counterpart, see figure 8.3b. In the current work, the vertical offset
between the real and image rotor axis is approximately equal to one wavelength of the
first blade-passing frequency (2yr/�BPF ≈ 1.1), indicating that constructive interference
may lead to an increase in noise for the first and second blade-passing frequencies.

Note that application of the image-source model is only possible under restrictive con-
ditions. First of all, the wing’s chord should be larger than thewavelength of the first blade-
passing frequency, which is met for the conditions in this study (c/�BPF ≈ 1.6). Secondly,
the image-source model does not hold when the rotor is operated close to an edge, due
to diffraction of acoustic waves [189]. Since both the tip-gap (0.27 R) and rotor–trailing-
edge distance ((c − xr)/�BPF ≈ 1.1, for most of the concerned conditions) is large in the
current work, such effects are not expected to occur. Nonetheless, analytical formulations
are available to include such acoustic installation effects [189].

Finally, it is important to note that, by using the image-source model, only the noise
above the rotor-wing system can effectively be predicted. The model does not consider
the shielding properties or scattering effects of the wing, meaning that noise predictions
below the pressure side of the wing are not included.
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8.1.5 Experimental validation
To validate the model, experiments were conducted with a single rotor above an airfoil for
a wide range of angles of attack, advance ratios and three rotor positions along the chord.
The extracted data consist of the rotor thrust and torque and microphone measurements
towards both the suction and pressure side of the wing. Additionally, the flow was char-
acterized using stereoscopic-PIV and pressure orifices. During the flow measurements,
the rotor was traversed in span direction to generate a time-averaged volumetric flow re-
construction and surface pressure contours over the wing. The experimental setup and
measurement techniques were described in section 4.3.

8.2 Aeroacoustic characteristics
The aeroacoustic properties of the Over-The-Wing rotor system will be elucidated by anal-
ysis of the experimental data. The difference in noise emission compared to the isolated
rotor, the relative contributions of tonal and broadband noise and the effect of varying
operating conditions through the advance ratio and angle of attack are investigated. A
fixed rotor position along the wing’s chord of xr /c = 0.3 is considered. The role of the
rotor position on noise emissions are covered in more detail in section 8.3, along with a
comparison to model predictions.

8.2.1 Installed rotor noise
The effect of the wing on the rotor noise is shown by comparison of the experimental data
from the isolated and installed rotor. Noise spectra are generated using Welch’s method
by dividing the microphone data into blocks of 4096 samples with 50% overlap, yielding
a frequency resolution of 10 Hz. Furthermore, a Hanning window is applied to mitigate
spectral leakage and all results are scaled to an observer distance of 1 m from the rotor
hub. The noise spectra in the rotor plane (�O = ± 90◦), obtained by bi-linear interpolation
of the SPL values from the microphones, are presented in figure 8.5 for an advance ratio
of J = 0.6, where a relatively low amount of thrust is provided by the rotor and J = 0,
corresponding to hover conditions.

For cruise conditions (figure 8.5a) the results for the isolated rotor, shown by the solid
gray lines, exhibit a dominant peak at the first BPF . The higher harmonics of theBPF show
a strong reduction (> 20 dB) in sound pressure amplitude and fall below the broadband
noise floor after the fourth harmonic. Note that also several weak spectral peaks occur at
the shaft frequency (1/6th BPF ) and its harmonics, attributed to a slight imbalance in the
rotor-motor combination.

For the rotor-installed configuration, spectra are plotted for the suction side (�O =
90◦) and the pressure side (�O = 270◦). For the former, an increase in the tonal and high
frequency (> 4 BPF ) broadband noise levels is observed. The first BPF increases by approx-
imately 3 dB, while the second and third harmonic attain up to 10 dB higher noise levels.
On the pressure side however, noise shielding by the wing reduces the 1st BPF with 10
dB. Furthermore, the high-frequency broadband noise is also lower when compared to the
isolated rotor.

The dashed lines show the installation noise component, i.e. the set-up’s noise emis-
sion without the rotor installed. Comparison of the spectra, and an analysis using noise
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Figure 8.5: Noise spectra in the rotor disk plane without inclination (� = 0◦) for a) J = 0.6 and c) J = 0 for xr /c = 0.3.
The horizontal lines in the spectra highlight the sound pressure levels of the first three blade-passing frequency
harmonics. The dashed lines in the spectra of a) are the results with the rotor removed. b) and d) show the
directivity pattern of the OASPL (for f = BPF ∪ [2 BPF , ∞) ) for J = 0.6 and J = 0, respectively.

source localization techniques [151, 154], showed that low-frequency broadband noise (f <
2BPF ) for the installed configuration is dominated by an external noise source of the wind
tunnel configuration. Instead, for the high frequencies (f > 3BPF ), a moderate increase in
broadband noise is observed when the rotor is active.

The overall noise level (OASPL) is obtained by integration of the spectra (without
applying a frequencyweighting filter) for the BPF and all frequencies exceeding f ≤ 2BPF .
This frequency range is chosen to isolate the external noise source of the closed wind
tunnel configuration. The directivity pattern of the OASPL is plotted in figure 8.5b. At
each of the observer angles on the suction side, the installed rotor shows larger values
than the isolated rotor’s data, in particular in the upstream direction (�O = 115◦). TheOASPL values on the pressure side show a reduction in noise up to 5 dB which is found in
the downstream direction in particular. In the upstream direction (�O = 240◦) the shielding
effect is limited since the isolated and installed configuration show a comparable value of
the OASPL.

At hover conditions (figure 8.5c), the isolated rotor’s tonal noise increases to 72 dB.
Moreover, an elevation in broadband noise is apparent which is attributed to flow separa-
tion occurring over a part of the span of the rotor blades near the root. The increase in the
tonal noise by the insertion of the wing is more severe for J = 0 compared to the results ofJ = 0.6 (figure 8.5a). In particular, the higher harmonics exhibit a strong increase (> 15 dB).
Moreover, the rotor harmonics for the installed condition are characterized by broadband
humps in the neighboring frequencies, indicative of a form of haystacking. While the tonal
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and broadband noise is reduced in the pressure side’s direction, an unexpected increase of
the second and third harmonics of the BPF compared to the suction side’s value is seen
here. Note that these harmonics are more sensitive to variations in inflow conditions and
installation effects than the first BPF [190].

The noise directivity pattern in figure 8.5d shows more noise radiated in the forward
direction (�O = 115◦) and backward (�O = 60◦), due to the increase in broadband noise. Iso-
lated and installed rotor’s emissions in the wing’s pressure side direction are comparable
in magnitude for this advance ratio. The benefit of shielding is therefore negated by the
increased rotor noise levels. Installation effects are greater at hover (J = 0) conditions than
at cruise conditions (J = 0.6). To explain the mechanism behind this, the measured velocity
fields of the two conditions are presented in figure 8.6a and b. At the zero advance ratio,
rotor thrust is higher, leading to a stronger pressure jump and contraction of the rotor
disk streamtube. Consequently, the velocity field shows a region of flow reversal between
the rotor and wing, as indicated by the streamlines below the rotor tip. The Turbulent
Kinetic Energy TKE in figure 8.6c and d reveal a great flow unsteadiness at the inflow of
the rotor for J = 0, indicating intermittent separation of the wing’s boundary layer. This
explains the observed haystacking and elevated tonal components through blade-vortex
interaction [102].

Figure 8.6: Velocity magnitude contours |V | and 2D velocity streamlines for a) J = 0.6 and b) J = 0 and Turbulent
Kinetic Energy TKE contours for c) J = 0.6 and d) J = 0.

8.2.2 Effect of angle of attack
During transition from vertical to horizontal flight, angles of attack around stall are en-
countered. The effect of angle-of-attack on rotor noise is presented for a high (J = 0.6,
figure 8.7a & b) and low-advance ratio (J = 0.3, figure 8.7 c & d). One should note that the
steady loads of the rotor are also affected by the inclination of the rotor-system but this
falls outside the scope of the current work.

Inspection of figure 8.7a shows that the first BPF tone remains unaltered until � = 10◦.
Broadband levels are dramatically elevated for � = 12◦, which marks the condition where
the boundary layer of the wing separates near the leading edge. The first blade-passing
frequency harmonic is reduced by 5 dB for this angle of attack.

The effect of angle of attack on noise directivity is presented in figure 8.7b by plotting
the OASPL. No significant changes are exhibited, until reaching the stall angle. An in-
crease in sound pressure level is observed in all directions but occurs most profoundly in
the upstream radiation direction �O = 120◦.
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Figure 8.7: Noise spectra in the rotor disk plane (�O = 90◦) for increasing inclination for a) J = 0.6 and c) J = 0.3
for xr /c = 0.3. b) and d) show the directivity pattern of the OASPL (for f = BPF ∪ [2 BPF , ∞) ) for J = 0.6 and J
= 0.3, respectively.

Figure 8.7c shows the spectra for a reduced advance ratio (J = 0.3), where the rotor
generates more thrust, representative of close-to-vertical flight conditions. In this case,
for an angle of attack increase from � = 0◦ to � = 8◦, the BPF noise level exhibits a slight
reduction, which can be attributed to decreased blade loading. At � = 10◦ and 12◦, close to
the wing’s stall angle an augmentation of the broadband noise around the BPF harmon-
ics is seen. The OASPL directivity in figure 8.7d increased sound pressure levels in the
upstream direction �O = 120◦ for these cases by turbulent ingestion.

To investigate the source mechanism of the observed spectra for J = 0.3, the flow topol-
ogy and surface pressure are plotted for the various angles of attack in figure 8.8. The
velocity magnitude and streamlines are extracted in the (x ,y)-plane, at an offset from the
rotor hub of dz = 0.2c.

For � = 0◦ (figure 8.8a) the pressure distribution is mirror symmetric about z = 0 plane,
where the absolute value of pressure is 25% higher in the mid-span position compared to
the edges of the domain. In chord-wise direction, a low-pressure region is found upstream,
induced by the rotor. The velocity streamlines clearly show the contraction of the rotor’s
stream tube, both on the wing’s surface and the extracted velocity field slice. By increasing
the wing angle of attack, the flow accelerates over the suction side and consequently, the
static pressure over the wing decreases as is shown in figure 8.8b. The higher inflow veloc-
ity at the rotor disk leads to a decreased thrust (recall chapter 7), which is also manifested
in a reduced contraction of the streamlines. The inclination of the rotor also results in an
increase in thrust for the advancing side (z < 0) compared with the retreating side (z > 0)
of the rotor disk. As a consequence, the pressure distribution exhibits mirror-asymmetry
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Figure 8.8: Pressure coefficient Cp contours over the wing’s surface in the (x ,z)-plane and projected 2D stream-
lines extracted at dy = 0.025c, normalized velocity magnitude |V |/V∞ and 2D velocity streamlines in the (x ,y)-
plane at dz = -0.2c and iso-surfaces of stream-wise velocity of Vx = -0.15V∞ for a) � = 0◦, b) � = 8◦ , c) � = 10◦ and
d) � = 12◦ for xr /c = 0.3 and J = 0.3.

about the projected rotor axis.

Figure 8.8c for � = 10◦, shows a further reduction of the pressure in front of the rotor
due to the flow acceleration around the leading edge. However, below and slightly in front
of the rotor a low-pressure region is found, entraining fluid from span-wise directions,
which lifted upwards and expelled into the rotor disk. Consequently, the flow stagnates as
it approaches the rotor and separates from the wing as indicated by the vertical velocity
slices. The spatial extent of the reversed flow region is shown by the red iso-surfaces. This
shows that the air is primarily entrained from the positive span coordinate. Such flow
topology creates a highly disturbed inflow, explaining the significant tonal noise increase.

A further increase in the angle of attack in figure 8.8d, marks the early stages of stall
for the used wing profile. In this case, the rotor’s suction is not sufficient to delay the
boundary layer separation indicated by the higher surface pressures at the leading edge.
Flow is entrained inside the separated boundary layer from spanwise and downstream
directions towards a low-pressure region slightly upstream of the rotor. The reversed flow
iso-surfaces, in this case, are mirror symmetric around z = 0 and fill the area between the
rotor disk and wing’s surface. Note that the stagnation region as a result of the complex
aerodynamic interaction between the rotor and the wing is not included in the proposed
model.
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8.2.3 Contributions of tonal and broadband noise
It was shown that the presence of the wing alters both the tonal and broadband noise
created by the rotor. Considering the aeroacoustic model only computes the tonal noise,
it is therefore valuable to examine the relative share of this to the overall sound pressure
level. By computing phased-averaged noise spectra, the broadband noise is filtered out
[152, 153]. The tonal overall sound pressure level can then be computed by integration of
the phase-locked spectra. Subsequently, the contribution of the broadband noise follows
by subtracting the tonal noise from the microphone auto-powers. The resulting tonal and
broadband overall sound pressure level in the rotor plane, are presented in figure 8.9 as a
function of the angle of attack �.
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Figure 8.9: OASPL in the rotor disk plane, obtained by integration of the tonal and broadband spectra, using
microphone data from the wing’s suction side direction. Displayed are data from a rotor position of xr /c = 0.3 as
a function of the angle of attack �.

From this follows that the tonal and broadband noise are within approximately 3 dB
of each-other in the pre-stall regime, for angles up to � = 10◦. A supplementary analysis
using noise source localization techniques (not shown here for brevity) confirmed that
rotor self-noise is the dominant broadband noise source under these condition. For the
lower advance ratio of J = 0.3, the rotor loads are higher and therefore the contribution of
tonal noise is greater than that of broadband noise. For J = 0.6 the opposite is observed.
As expected, the broadband noise becomes dominant in early stall conditions, leading to
an increase in the order of 10 dB.

8.3 Model results
In this section, the model predictions, which are limited to the tonal components, are
compared to the measurements. This starts with a comparison of the wing-induced flow
field, which is used as a steady inflow distortion in the aeroacoustic chain.

8.3.1 Velocity field
The experimentally obtained wing-induced flow field is extracted from data of the isolated
wing. The data are then sampled at the position of the rotor (xr = 0.3) and decomposed
in axial Vax and azimuthal V� components, which are presented in figure 8.10a and b, re-
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spectively. The inflow velocities of the model, as defined by equations 8.8 and 8.10 are
presented in figure 8.10d and e, for the same conditions.
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Figure 8.10: Normalized velocities in the rotor plane for xr /c = 0.3, yr /R = 0.27 and � = 8◦. The top row presents
the experimental data of a) axial and b) azimuthal velocity of the isolated wing extracted at x/c = 0.25, and c) axial
velocity of the rotor-wing system for J = 0.3 extracted slightly upstream of the disk at x/c = 0.25. The bottom
row presents the model predictions for similar conditions.

Both the experimental and modeled results show the expected increase in axial veloc-
ity compared to the free-stream conditions, as shown in figure 8.10a and d. The model
captures the axial velocity distribution with an overprediction in the magnitude of the
wing-induced velocity by 10%. The measured and modeled azimuthal induced velocity by
the wing are in good agreement, as is shown in figure 8.10b and e. The distribution shows
an increase in azimuthal velocity on the advancing side and a reduction on the retreating
side of the rotor.

The measured inflow velocity of the installed configuration, with the rotor operated atJ = 0.3, is presented in figure 8.10c. It is extracted upstream of the rotor disk at x/c = 0.25,
approaching the disk being limited by the optical blockage of the blades. The combination
of the steady inflow distortion of the wing and the rotor-induced flow generates velocity
distribution that is maximized in the lower-left and minimized in the top-right quadrant
of the rotor disk.

The model velocity distribution is the superposition of the predicted wing and the
(non-uniform) rotor-induced flow field. Note that the rotor-induced velocities from BEMT
are solely defined at the rotor disk, hence the predicted velocity field, as presented in
figure 8.10f, is extracted at the rotor position of x/c = 0.3. To account for this, the contour
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levels have been corrected by a factor of 0.85 for the estimated streamtube contraction rate
[32], based on the displaced extracted frame and the effective thickness of the rotor disk.
The analytical axial induced velocity shows a similar distribution as the measurements
(compare figure 8.10c and figure 8.10f), with extreme values in the lower-left and top-right
quadrants. This validates the azimuthal variations in inflow conditions that are predicted
in the model.

8.3.2 Rotor loads
The wing-induced acceleration of the flow reduces the steady loads for the fixed-pitch
rotor. The measured and predicted values of the rotor’s thrust and torque coefficients
are indicated by the markers for different advance ratios and varying angles of attack in
figure 8.11. Here, the modeled steady thrust and torque are computed by averaging the
loads over one rotor rotation and presented by the solid lines. A similar trend for thrust
is captured by the model in figure 8.11a, although a slight under-prediction up to 5% is
observed. When the angle of attack of the rotor-wing system increases, the rotor’s thrust
is reduced due to the wing’s circulation accelerating the flow towards the rotor. This effect
is more pronounced when the advance ratio is increased. Beyond the isolated wing’s stall
angle of 12◦, the thrust is increased, resulting from the ingestion of the low-momentum
boundary layer. The rotor’s torque coefficient, as shown in figure 8.11b, shows a similar
trend as the thrust curve. In this case, the model results provide a closer match to the
measured values.
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Figure 8.11: Steady installed rotor’s thrust coefficient CT and torque coefficient CQ as a function of the angle of
attack for xr /c = 0.3. The measurements are given by the markers, while the computed loads are shown by the
solid lines.

In figure 8.12, the predicted distribution of the thrust coefficient over the rotor disk,
normalized by the isolated rotor thrust distribution, is presented for increasing angle of
attack and an advance ratio of J = 0.6. For this advance ratio, the largest relative variations
in thrust are expected from the model. An increase is observed in the variation of thrust
along the azimuth with increasing angle of attack. For � = 8◦ in figure 8.12b, the thrust
is reduced over the entire disk with a minimal value found in the lower right quadrant of
the disk. However, the strongest variations in thrust are found for � = 14◦ in figure 8.12c.
Here the thrust partly recovers by the fact that the wing’s circulation is reduced compared
to � = 8◦. Moreover, for the current rotor position, a limited region of the boundary layer



8.3 Model results

8

131

ingestion on the lower side of the disk generates enhanced thrust levels. Such abrupt
changes in thrust adversely affect the tonal components of the rotor’s acoustics, which is
shown in the following sections.
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Figure 8.12: Model predictions of the blade in-plane sectional thrust distribution with respect to an isolated rotor
without inclination (ΔC′T = C′T - C′T ,iso), for xr /c = 0.3 and J = 0.6, for a) � = 0◦ , b) � = 8◦ and c) � = 14◦.

8.3.3 Noise harmonics
To validate themodel noise predictions, the experimental and modeled directivity patterns
of the first BPF are presented in figure 8.13 for the same conditions as were presented in
figure 8.12. Phased locked spectra [152, 153] are used in this case, strongly attenuating
the broadband noise. For � = 0◦ and � = 8◦, in figure 8.13a and b respectively, both the ex-
perimental and model results show the expected directivity pattern in which the emitted
noise is maximized in the rotor disk plane, i.e. �O = 90◦ and good agreement is obtained.
Differences between modeled and measured values are below 2 dB over the greater part
of measured directivity pattern. Some discrepancies are evident towards the downstream
directions �O = 60◦ in figure 8.13b. The experimental results show strong variations with
chord-wise rotor position for this emission direction and therefore the differences are as-
sociated with interference effects. A satisfactory resemblance between modeled and ex-
perimental results is found, showing a significant increase in tonal noise in forward and
backward directions when the detached boundary layer is ingested (figure 8.12c).

Figure 8.13: Experimental and modeled directivity pattern of the first BPF of the installed rotor for xr /c = 0.3 and
J = 0.6, for a) � = 0◦, b) � = 8◦ and c) � = 14◦

The first three measured and modeled noise harmonics, relative to the isolated rotor
at � = 0◦ (ΔSPL = SPL - SPLiso), are presented in figure 8.14 for � = 8◦ and � = 14◦. The
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modeled results without the inclusion of the image source are also presented here, to
remove the effect of the reflection as assessed from simple geometrical acoustics (ray-
theory) arguments.

Note that the experimental spectra of the isolated rotor could not be generated through
phase-averaging since the position of the shaft throughout acquisition was not available.
Nonetheless, the broadband noise was found to have a negligible effect on the amplitude
of the first two blade-passing frequency harmonics for the isolated rotor. Despite that,
generating spectra without phase-averaging reduces the tonal amplitudes due to small
variations in rotational velocity during acquisition. This loss was found to be a constant
2 dB (results presented in appendix B.4) and all isolated rotor spectra have been corrected
for this when computing the ΔSPL.

For � = 8◦ in figure 8.14a, in the disk plane (center column), the experimental results
show an increase in the SPL of the first and second BPF by 3 and 7 dB respectively, com-
pared to the isolated rotor. Themodel (blue line) shows a similar elevation of the harmonic
noise levels and predicts the values within an accuracy of 3 dB. Moreover, the model pre-
dicts a stronger effect on the third harmonic, which is increased by 14 dB. Reliable experi-
mental values for this frequency have not been obtained due to the presence of broadband
noise in the isolated rotor’s spectral values.

Figure 8.14: Difference between the tonal components of the installed rotor and the isolated rotor at � = 0◦ (i.e.ΔSPL = SPL - SPLiso) for xr /c = 0.3 and J = 0.6 in which a) � = 8◦ and b) � = 14◦.
The predicted effect of the reflection due to the presence of the wing is evaluated by

comparison of the red (rotor aerodynamic noise) and blue line (rotor aerodynamic noise
and reflection). It is clear that the first and second BPF are primarily elevated due to the
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reflection since the installed rotor’s aerodynamic noise is in fact slightly lower (<1 dB)
than that of the isolated rotor due to the reduction in steady loads. The third harmonic,
however, exhibits a stronger dependence on the wing’s aerodynamic effect, where the
aerodynamic noise is increased by 7 dB compared to the isolated rotor. When considering
up and downstream observer positions (left and right columns of figure 8.14a), effects due
to unsteady loading are expected to be more pronounced. This is reflected in the model re-
sults by a noticeable increase in the second and third blade-passing frequency harmonics.
A good match between experimental results and predictions is found, except for an under-
estimation of the first BPF by approximately 8 dB for �O = 60◦. For post-stall conditions
(figure 8.14b), ΔSPL values for the second and third harmonics are elevated compared to
the attached flow conditions. Similar results are again found for the experimental results
and model predictions, with discrepancies below 3 dB for most of the results. However,
a signification over-prediction is present for �O = 60◦, for the second blade-passing fre-
quency.

Figure 8.15 compares the rotor noise that is radiated over the suction side (black solid
line) with the noise that is radiated towards the pressure side of the wing (blue dashed
line). Only the aerodynamic effect of the wing is accounted for here, i.e. reflections from
the image-sourcemodel are excluded. For � = 8◦, in figure 8.15a, the discrepancies between
radiated noise towards the upper and lower sides are restricted to angles close-to-parallel
to the rotor axis in downstream direction. In contrast, figure 8.15b illustrates that when
the rotor ingests the shear layer, such discrepancies are primarily observed closer to the
rotor disk plane. Notably, local noise minima are found around �O = 60◦ and �O = 250◦.
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Figure 8.15: Comparison between the modeled OASPL (obtained from the first three BPF-harmonics) over the
suction (with the exclusion of reflections) and pressure side for xr /c = 0.3 and J = 0.6 in which a) � = 8◦ and b) �
= 14◦.

8.3.4 Effect of rotor positioning
So far, a fixed rotor position was of xr /c = 0.3 was considered. To investigate the effect
of rotor positioning along the wing’s chord, the OASPL, generated from the first three
blade-passing frequency harmonics, are presented in figure 8.16 for � = 8◦.

The result for �O = 75◦ is presented in figure 8.16a. The experimental data for this
observer angle is shown by the markers. While the model underestimates the tonal noise
increase for the forward-positioned rotor by 1.5 dB, both model and experimental data
show that the tonal noise is minimized for a mid-chord positioned rotor for this emission
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Figure 8.16: Predicted tonal ΔOASPL levels with respect to the isolated rotor (for � = 0 ◦), for different rotor
positions along the chord for � = 8 ◦ and J = 0.6. a) Results for an observer position of �O = 75◦ in which the
crosses show the experimental results (obtained from the first three BPF-harmonics) averaged over �O = 75 ±
5◦. b) The predicted values on the pressure side of the wing, in which only the aerodynamic effect of the wing is
considered.

direction. This can be explained from the fact that the rotor’s steady loads in the pre-stall
regime are higher for a more aft-mounted rotor (as was shown in chapter 7), while the
variation in loading along the azimuth typically decreases through the circulation distri-
bution along the wing’s chord. Nonetheless, as was shown in figure 8.14, the increase
in noise for observer positions near the disk plane is primarily the result of constructive
interference and therefore variations with chord-wise positioning are limited.

More relevant is to investigate the rotor noise that is radiated towards the wing. Pre-
dictions for such observer angles are presented in figure 8.16b. In this case, the image
source below the wing is removed, hence only the aerodynamic effect of the wing on the
rotor noise is considered. The result in the rotor disk plane (�O = 270◦), shows a reduc-
tion between 0 and 1 dB with respect to the isolated rotor. However, note that the steady
loads of the rotor are also reduced up to 35% for these operating conditions. While varia-
tions with rotor position are marginal, tonal noise variations are slightly enhanced for a
front-mounted rotor.

The effect of the unsteady loading (and therefore rotor positioning) is increased by
considering directivity angles closer towards the direction of the rotor shaft, for example�O = 325◦. These results show a maximization of the noise for a rotor positioned around
40% chord with variations up to 4 dB. The data of �O = 215◦ show an observer direction at
which the thickness noise outweighs the loading noise for the used rotor geometry (recall
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figure 8.4). In this direction variations with chord position are lower again since the effect
of unsteady loading is suppressed.

8.4 Conclusion
Themodeled steady inflow distortion and distribution of the rotor-induced flow field corre-
spond to that of the aerodynamic measurements. The resulting rotor loads in the pre-stall
regime show a reduction in thrust for each blade sectional position with respect to the
isolated rotor. Nonetheless, gradual variations in loading along the blade’s azimuth are
found which depend on the geometric angle of attack and rotor position along the wing.
In these conditions, the model predictions and experimental results both show a similar
increase (3 - 7 dB) of the tonal noise of the first two blade-passing frequency harmonics
with respect to the isolated rotor, or observer positions in the rotor disk above the wing.
The model predictions show that the tonal noise due to unsteady loading is minimal for
these emission angles, and the observed increase in sound pressure level is primarily due
to the reflections from thewing. Instead, the third harmonic exhibits a greater dependency
on the aerodynamic effect of the wing and is elevated up to 14 dB. While the wing reflects
the noise of the rotor at the suction side, the measurements show a reduction in tonal
noise up to 10 dB and the broadband noise floor with respect to the isolated rotor below
the wing.

In post-stall conditions, more rapid variations in rotor loads along the azimuth are
found, during which the wing’s shear layer is ingested. This results in a stronger elevation
of the tonal components around the wing’s suction side in the normal direction, up to 12
dB for the first two-blade passing harmonics.

A parametric study of the experimental results andmodel predictions, for pre-stall con-
ditions, shows that tonal noise above the rotor is minimized for a mid-chord rotor position.
For emission directions downstream, where the effects due to unsteady loading are more
pronounced, the model predicts a maximization of the noise for a rotor positioned at 40%
chord and variations with rotor positioning of up to 4 dB. Although the model accurately
captures the trend behavior with rotor positioning, discrepancies exist between predicted
and measured noise values in the downstream direction, where unsteady loading effects
are more pronounced. Moreover, the experimental results show that for low-advance ra-
tios and angles of attack close to the wing’s stall angle, the intermittent formation of a
flow-reversal region between the rotor and wing leads to an additional increase in rotor
noise by blade-vortex-interaction. Such effects are not included in the model which ex-
plains part of the observed under-estimates.
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9
Experimental simulation of

take-off trajectory

I
n chapter 7, the aerodynamic interactions were investigated through velocimetry and
pressure orifices at fixed positions along the span, under quasi-steady operating condi-

tions. However, the advance ratio and angle of attackwill change continuously throughout
the flight envelope, potentially leading to transient aerodynamic effects that could impact
the performance. Additionally, the highly unsteady and rotational nature of the rotors’
slipstreams may introduce complex three-dimensional interactions not captured by the
planar measurements.
The aim of this chapter is to investigate the three-dimensional flow topology during a
tilt-wing take-off maneuver. For this, time series of the wind-tunnel operating conditions,
that correspond to a reference trajectory, are defined in section 9.1. The rotor-wing sys-
tem is then operated in dynamic conditions for the wind-tunnel velocity and geometric
angle of attack, during which the flow is characterized using Lagrangian Particle Tracking
employing Helium-Filled Soap Bubbles. The presented results of the experiments include
an analysis of the time-averaged flow field in section 9.2 and the instantaneous flow field
during crucial stages of the flight envelope in section 9.3. In the final part of section 9.3,
the results obtained for the dynamic operating conditions are compared with quasi-steady
measurements to identify transient aerodynamic effects.

9.1 Operating conditions
A reference eVTOL tilt-wing flight envelope is chosen from literature [22] and scaled ac-
cording to the wing chord length. Figure 9.1a presents the vertical H and horizontal S
displacement of the vehicle during the scaled reference flight path. Note that the flight
path is not a pure vertical take-off trajectory but rather a steep ascent profile.

Time series of the angle of attack � and free-stream velocity V∞ for the considered
rotor-wing system (the same system as used in chapter 7) are then found by using the
loading measurements which have been obtained for a wide range of angles of attack

This chapter is based on publication [162].
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Figure 9.1: a) Reference trajectory of eVTOL flight envelope. b) Time series of the angle of attack and free-stream
velocity and the discretization of the measurements. The transparant blue line shows the actual wind-tunnel
velocity during the measurements. The red marker shows the conditions of the extracted flow field in figure 9.2.

and rotor advance ratios [160]. A constant rotational velocity of the rotors is assumed
here, and a thrust-to-weight ratio of 0.8 is chosen to obtain realistic acceleration values.
Details on the process from trajectory to wind tunnel conditions can be found in appendix
C. The corresponding time series of the wind-tunnel free-stream velocity and geometric
angle of attack along the trajectory are presented in figure 9.1b, by the black and blue
lines, respectively. The time series show large values of the angle of attack, in particular
in the initial two seconds of take-off. Nonetheless, the flight velocity is low here. After
acceleration, the flight velocity reaches a plateau between two and six seconds, during
which the angle of attack is gradually decreased. The final two seconds of the maneuver
show the transition towards cruise; whereupon flight speed increases again and a further
reduction in the angle of attack is observed.

9.1.1 Experimental arrangement

The experimental setup was presented in section 4.3. The measurements are split into
seven successive measurements (of 1.33 s) over the time series of the flight trajectory, see
figure 9.1b. Note that there are some discrepancies between the trajectory defined and
measured values of the free-stream velocity V∞, which includes a discontinuity between
the sixth and seventh measurements. This is a result of the limited acceleration of the wind
tunnel. Nonetheless, the timescales along the continuous part of the experimental time
series are comparable to that of the trajectory-based operating conditions. For a number
of operating conditions that lie along the flight trajectory, quasi-steady measurements are
conducted as well, as presented in table 9.1.

Table 9.1: Operating conditions of the quasi-steady measurements.

measurement index J V∞ [m/s] � [deg]
a 0.154 7.5 8
b 0.154 7.5 12
c 0.154 7.5 20
d 0.308 15 4
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9.2 Time-averaged flow topology
The time-averaged flow field is presented for a fixed operating condition of V∞ = 15 m/s
(J = 0.154) and � = 4◦ (measurement index d in table 9.1). The position of this operating
condition along the flight envelope can be found in figure 9.1. An overview of the measure-
ment domain is presented in figure 9.2a and covers the complete suction side of the wing.
Moreover, half a chord’s length is measured both upstream and downstream of the wing.
The red iso-surfaces in figure 9.2a show that the measurement domain stretches a length
of roughly two rotor diameters in both positive and negative span direction from the cen-
ter rotor. Around the center rotor, multiple planes are extracted to investigate span-wise
variations in the flow.

Figure 9.2: Extracted time-averaged flow field (t = 1.33s, ≈ 3000 blade passages) for a constant � = 4◦ and V∞ = 15
m/s (J = 0.154) (see figure 9.1 for flight position and conditions). The red and blue iso-surfaces highlight regions
of high momentum and flow stagnation, respectively. a) Overview of measurement domain and extracted planes,
b) normalized velocity magnitude contours and 2D streamlines extracted at dy = 0.05c from the wing’s surface.

Figure 9.2b shows the velocity magnitude and 2D streamlines extracted at a constant
offset of dy = 0.05c from the wing’s surface. High-velocity values are found upstream of
the rotors, but the flow stagnates as it approaches the chord-wise position of the rotor
array. Considering the span-wise variations upstream, velocities are higher along the axis
of the rotors. Downstream of the rotor array, intermittent regions of separation are found
along the span. Such regions are located around the position of the rotor axis. Note that,
at the lower edge of the domain (z/c = -1, x/c = 1) the flow is turned in the negative span-
wise direction, as a result of the high pressure in the separation region at the edge of the
rotor array.

To investigate the variations in span in more detail, the velocity is extracted in the
(x,y)-plane in figure 9.3 for different span positions. At the span position of the center
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rotor axis (i.e. z = 0) in figure 9.3a, a pronounced separation region downstream of the disk
is found, as was already identified in chapter 7. The velocity slice between two streamtubes
is extracted in figure 9.3b and shows a reduction in the size of the separation region. The
high-velocity region along the vertical position of the rotor axes indicates that the wakes
of subsequent rotorsmerge. Such behaviour of closely spaced rotors was already identified
in chapter 5.

Figure 9.3: Time-averaged normalized velocity magnitude contours and 2D streamlines for � = 4◦ and V∞ = 15
m/s (J = 0.154). Slices taken at different span-wise positions; a) through the rotor axis (z = 0), b) between two
rotors (z = -zr ), c) at the advancing size of the blade (z = -R/2) and d) at the retreating side of the blade (z = R/2)

Figures 9.3c and d show the velocity in the wake of the center rotor, extracted at the
advancing (z = -R/2) and retreating side (z = R/2). Different behavior is observed here.
The wake extracted in figure 9.3c is pushed upwards while the wake of the retreating side
of the blade in figure 9.3d generates a downwash. This has an effect on the separation
region, which is removed for the retreating side of the rotor streamtube. Instead, for the
advancing side (figure 9.3c), the separation region is comparable to what was found below
the rotor axis position (figure 9.3a).

The effect of rotational direction is shown more clearly by the extracted velocity slice
in the (z,y)-plane in figure 9.4. Note that the geometry of the rotors is also shown here
and includes a given phase angle between each rotor. During the experiments, this phase
difference was random and slowly varied in time to obtain a converged mean flow. Figure
9.4a shows the plane extracted 0.1c upstream of the rotor array to highlight the inflow to
the rotors. The contours show circular patches of high velocity, due to the suction of the
rotors. These circular patches are connected, at the height over the rotor axis, caused by
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the interaction of the streamtubes of subsequent rotors [97]. The rotor rotation direction
is indicated by the blue arrows. The combined swirls of the streamtubes generate a down-
wash on one side of the center rotor (z/c = 0.25). Instead, on the other side of the rotor
(see z/c = -0.25), the combination of the upwards-moving swirl in the streamtubes and the
downward entrainment from outside the streamtube, generates a flow region with low
vertical velocity.

Figure 9.4: Time-averaged normalized velocity magnitude contours and 2D velocity vectors for � = 4◦ and V∞ =15
m/s (J = 0.154). Slices taken at different chord-wise positions; a) upstream of the rotor array x/c = 0.5 and b)
downstream of the rotor array x/c = 0.7.

The rotor-to-rotor effects are also present downstream of the array, as shown by the
velocity vectors extracted at x/c = 0.7 in figure 9.4b. Noticeable here are the highly de-
formed streamtubes as a consequence of the close rotor spacing. Furthermore, the down-
wash generated between the two rotors, at z/c = 0.25, has grown in magnitude compared
to the upstream extracted velocity field. Effects of the combined swirl direction of subse-
quent rotors are also present on the surface of the wing, since rotor-induced separation
is only found at the side of the center rotor where the combined swirl moves upward (i.e.z < 0).
9.3 Flow physics along trajectory

Results are now extracted at four points along the flight trajectory, indicated by the mark-
ers in figure 9.5a and operating conditions shown in figure 9.5b and table 9.1. The veloc-
ity field around the rotor-wing system at these four positions, under dynamic operating
conditions, is presented in figure 9.5 by the normalized velocity magnitude contours and
velocity vectors in a vertical plane (z = 0.45c) and over the surface of the wing (dy = 0.05c).
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Figure 9.5: a) Reference trajectory of eVTOL flight envelope with extracted points as shown in figures 9.6 and
9.7. b) Operating conditions of the reference points and c) normalized difference between the geometric angle of
attack and predicted effective angle of attack (equation 9.3) of a thin airfoil during the eVTOL flight envelope.

Figure 9.6: Time-averaged (t = 0.025s,≈ 57 blade passages ) flowfield obtained with dynamic operating conditions.
The operating conditions of (a-d) are presented in table 9.1 and figure 9.5. Plotted are the velocity magnitude
contours and 2D vectors extracted at dy = 0.05c from the wing’s surface and at z/c = 0.425.
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Figure 9.6a shows the extracted flow field during the initial stages of the flight envelope
when the slope of the trajectory is gradually increased (figure 9.5a). Consequently, the high
angle of attack leads to flow separation near the leading edge, as indicated by the flow
near the wing’s surface. Separation is maximized around the center of the measurement
domain. In both negative and positive span direction, the flow around the leading edge is
more attached and flow is entrained from the center span.

The data in figure 9.6b are extracted at the onset of the climb phase. Here, the angle
of attack is decreased to � = 12◦, reducing the separation in the center span of the wing.
Nonetheless, the flow still separates around the chord position of the rotor array, which
is most apparent for the center rotor.

In figure 9.6c, the end of the climb phase is reached and the angle of attack is further
reduced compared to figure 9.6b, resulting in better flow attachment and increased veloc-
ity around the leading edge. The lower angle of attack does not affect the rotor-induced
separation downstream of the disk, however. Finally, figure 9.6d considers the flight con-
dition when cruise altitude is reached. The free-stream velocity is increased to V∞ = 15
m/s, and the angle of attack reduced to � = 4◦. The lower thrust reduces the rotor-induced
separation around the position of the propulsors, although local regions of separation are
still present. Upstream of the rotor disk, variations in span direction are decreased for this
condition.

9.3.1 Prediction of transient effects
To predict the occurrence of transient aerodynamic effects, a time scale of the flow should
be defined. Considering the complexity of the propulsion system, with associated aerody-
namic interactions, the definition of such a quantity is cumbersome. Given that the rotors
are operated at a fixed rotational speed, a simplification is made by excluding their effect
on the aerodynamic time scale. Hence, classical theory of thin airfoils is employed to pre-
dict where transient effects are to be expected. Recall (section 2.1) that from the theory of
Wagner [37], the unsteady angle of attack response �U (t) of a thin airfoil depends on the
initial angle of attack �0, the rate of change of the geometric angle of attack d�

dt and the
Wagner function  (t):

�U (t) = �0+∫ t

0
d�dt  (t)dt (9.1)

The Wagner function  (t) can be approximated by equation 9.2, and is a function of
the flight speed V∞ and wing chord c.

 (t) = 1−0.165exp(0.0910V∞t/c)− 0.335exp(0.6V∞t/c) (9.2)

The difference between the predicted unsteady angle of attack �U (t) and the quasi-
steady (geometric) angle of attack �(t) is then found by:

Δ�U (t) = �U (t)−�(t) = �0+∫ t

0
d�dt  (t)dt −�(t) (9.3)

The found unsteady angle of attack Δ�U (t) for the reference flight envelope is normal-
ized using the time series of the geometric angle of attack �(t) and presented in figure 9.5c.
Values that deviate from zero could indicate the presence of transient aerodynamic effects.
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Primarily positive values of Δ�U (t) are found, indicating that the effective angle of attack
is higher than obtained through quasi-steady measurements. The average value of Δ�U (t)
is 6% of the geometric angle of attack, with local maxima between 20% and 10%.

9.3.2 Comparison withqasi-steady measurements
The data from the dynamic experiment (figure 9.6) are now compared with the quasi-
steady results, for the same operating conditions. The results are presented in figure 9.7
by the velocity magnitude and 2D vectors over the surface of the wing.

Figure 9.7: Comparison between the flow field obtained from quasi-steady and dynamic operating conditions.
Plotted are the velocity magnitude contours and 2D vectors extracted at dy = 0.05c from the wing’s surface. The
operating conditions of (a-d) are presented in table 9.1 and figure 9.5. The difference between the quasi-steady
and dynamic flow fields has been multiplied by a factor of 3 and is presented in the third column for each of the
conditions of (a-d).

Each subplot of figure 9.7 contains results for dynamic (similar to figure 9.6) and quasi-
steady conditions, and the difference between the two (i.e. dynamic minus quasi-steady
results) multiplied by a factor of three. For the conditions of figure 9.7a, the unsteady angle
of attack (figure 9.5c) was 3.5% lower than the geometric angle of attack. When examining
the contours upstream of the rotors in figure 9.7a, the results confirm this hypothesis,
since the flow during the dynamic measurements is more attached. Instead, for figures
9.7b, c and d, an increase in the effective angle of attack was expected from equation
9.3. In the contours of figures 9.7b and c, more pronounced separation takes place. For
figure 9.7b, this occurs at the leading edge while in figure 9.7c the increased separation is
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primarily found near the chord-wise position of the rotors. Figure 9.7d, marks a condition
where the flow is still attached. Instead, the effective angle of attack during the dynamic
measurements appears to be lower due to reduced velocity compared to the quasi-steady
measurements. Note that for each of subplots of figure 9.7, discrepancies between dynamic
and quasi-steady results are present downstream of the rotor array, which could suggest
that this region is more sensitive to such transient effects.

9.4 Conclusion
The operating conditions of the Over-The-Wing propulsion system during a reference tra-
jectory have been found using experimental loading measurements, which were used to
simulate a steep ascend take-off trajectory. The dynamic measurements capture the three-
dimensional aerodynamic interactions of all encountered angles of attack and free-stream
velocities that occur along the unsteady maneuver, thereby demonstrating an efficient ap-
proach to measuring complex aerodynamic phenomena. An analysis of the time-averaged
velocity field showed that the most pronounced variations in the span direction are found
downstream of the rotor disks. The combined swirl of the wakes produced by the counter-
rotating rotor array generates alternating regions of downwash and low vertical velocity
between the rotors. The downwash mitigates the rotor-induced flow separation behind
the disk.

The flow is characterized by high angles of attack and leading edge separation during
the initial stages of the flight envelope. A velocity field snapshot obtained under dynami-
cally varying conditions and one where a fixed angle of attack has been prescribed, show
a similar flow topology. However, variations in the position of the separated flow regions
suggest a change in the effective angle of attack for the dynamic measurements. The be-
havior is linked to the classical theory of the unsteady angle of attack for thin airfoils, but
a more detailed analysis is required to conclude this.
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10
Conclusions &

Recommendations

10.1 Conclusions
The main objective of this thesis was defined as follows:

Understand the key aerodynamic rotor-surface interactions, and their

performance impact, of Over-The-Wing propulsion for vertical flight

The presented studies contribute to this goal through the experimental investigation
and the low-order modelling efforts of fundamental rotor-surface interactions. Conclu-
sions related to the sub-goals outlined in chapter 1 are now discussed separately.

10.1.1 Aerodynamic rotor-surface interactions
Two types of multi-rotor–surface interactions were considered in this thesis. The first
concerned the near ground hovering where the effect of the wing was disregarded. Subse-
quently, interactions between (distributed) rotors and the lifting surface in an Over-The-
Wing orientation were investigated. The interactions were characterized experimentally,
employing Lagrangian particle tracking velocimetry and helium-filled soap bubbles as
tracer particles. This technique has demonstrated its effectiveness in providing quanti-
tative information on the large-scale unsteady flow organization surrounding the rotors.

Rotors operating in ground proximity, investigated in chapters 5 and 6, flow stagna-
tion between the wall jets generated by side-by-side rotors generates a fountain-like flow
pattern over a line between the two rotors. Lowering the ground-standoff distance results
in the ingestion of the fountain into one of the rotors and pronounced lateral drifting of
the column. These dynamic features occur at an intermittent frequency, which was found
to be related to the convective time scale of the re-ingestion loop and therefore depend on
system parameters (ground stand-off distance and rotor thrust) through the height of the
fountain and its characteristic velocity. Aforementioned unsteady flow features impose a
significant effect on the inflow, which can lead to fluctuations in thrust at frequencies of
two orders of magnitude lower than the BPF . This can be detrimental to the controllability
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during the ground operation of multi-rotor vehicles. Moreover, the intermittent ingestion
of coherent structures originating from the fountain, combined with the unsteady load-
ing on the blades result in an expected increase in the acoustic footprint as these systems
approach the ground.

For distributed rotors operating parallel to lifting surfaces, in an Over-The-Wing con-
figuration (chapters 7, 8 and 9), the rotor induction affects the flow separation from the
wing at large angles of attack. In low-thrust conditions such effects are favorable, as the
rotors’ suction energizes the boundary layer, resulting in a marginal delay of leading-edge
separation. Instead, for low-advance ratios, as observed in hover or during the transition
towards cruise, the rotors induce separation leading to flow re-circulation between the
rotor-tip and wing surface. The likelihood of such rotor-induced separation is further in-
creased through the adverse pressure gradient under inclination, in combination with the
low-Reynolds number encountered during vertical flight. On that note, chapters 5 and 9
have shown that the combined swirl of the wakes produced by closely spaced counter-
rotating rotors can generate a downwash between a set of rotors that could be utilized to
increase the slipstream-wing adherence behind the disks.

The investigated rotor-surface interactions have revealed that confined rotor-systems
in vertical flight conditions (inclined with the flight direction and/or operated at high
thrust levels) have the tendency to generate unsteady, recirculating flow patterns lead-
ing to re-ingestion. This generates elevated noise levels through spectral broadening and
turbulence ingestion as well as increased fluctuations of the rotor loads. A careful design
of the propulsion system and flight mission is therefore required to mitigate such adverse
effects. Considering that the flow patterns are dominated by viscous interactions, experi-
mentation is essential in providing the required data in this process.

Aside from enhanced thrust levels and higher angles of attack compared to cruise flight,
the operating conditions for tilt-wing vehicles gradually change during take-off. The low
speed in the initial stages of flight could lead to long aerodynamic time scales and conse-
quential transient effects during swift changes in the angle of attack. The thesis outcomes
presented in chapter 9 have shown that a variation in the effective angle of attack is ob-
served during a steep take-off trajectory when compared to quasi-steady measurements.
This affects the flow separation over the suction side of the wing at large angles of attack.
The behaviour is linked to the classical theory for thin airfoils but a more detailed analysis,
supported by loading and acoustic measurements, is required to validate this connection
and to study the performance impact.

10.1.2 Performance installation effects
Based on experimental observations, it is shown that Over-The-Wing distributed propul-
sion for vertical flight brings both beneficial and adverse aerodynamic and aeroacoustic
coupling effects.

Effects of the wing on the rotors are primarily adverse, due to the inviscid velocity
increase by the wing’s circulation resulting in a steady-inflow distortion at the rotor in-
flow. For a fixed-pitch rotor this results in a reduction of the steady-thrust for a constant
rotational speed as well as azimuthal variations in the rotor loads. The associated noise
increase by unsteady loading is primarily radiated downstream, and increases with in-
clination. Around the disk plane, the noise elevation compared to the isolated rotor is
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primarily the result of acoustic reflections from the wing’s surface. One must note that
the acoustic sources of the considered rotor geometry were dominated by thickness noise.
For a more slender rotor blade, or lower tip-Mach numbers, the relative contribution of
unsteady loading noise to the acoustic signature is expected to increase. Moreover, the
installed rotor noise was compared with an isolated rotor for a fixed rotational speed. The
reduction in thrust by the presence of the wing means that the rotor-noise increase during
operating is therefore underestimated.

Below the wing, noise shielding reduces the first BPF by 10 dB when compared to the
isolated rotor, highlighting the capability to reduce noise during fly-overs. This, combined
with the noise increase by unsteady loading and reflections over the suction side of the
wing, results in a complex noise directivity pattern. Adequatemission planning of the take-
off procedure is therefore required to steer the dominant noise sources from the suction
side away from populated areas, where minimizing noise pollution is essential.

Concerning the aerodynamic installation effects, rotor-induction increases the wing-
lift but reduces the lift slope for a constant advance ratio. Although the effect of the rotors
on the leading edge separation is marginal, an abrupt increase in lift is observed once
separation occurred. As a consequence, the wing does not stall, providing a notable safety
advantage.

The rotor position can be adjusted to mitigate adverse installation effects, optimiz-
ing the performance of Over-The-Wing propulsion. Based on experimental results of the
installed thrust, lift and emitted rotor tonal noise sources, a rotor position towards the
trailing edge is most favorable. On the other hand, the shielding potential is higher for
a mid-positioned rotor, and a rotor towards the trailing edge increases the likelihood of
acoustic scattering of the blade harmonics and gave the largest drag penalty of the wing.
Additionally, considering that the occurrence of flow reversal is related to the boundary
layer properties of the wing, such effects are more significant for aft-mounted rotors. The
ideal rotor position is thus a trade-off between the aforementioned effects and depends on
specific requirements of the propulsion system. Finding the optimal trade-off necessitates
the exploration of a broader parameter space than typically addressed during experiments
and therefore requires the use of computationally efficient prediction tools or surrogate
models.

10.1.3 Low-order modelling
Aerodynamic rotor-surface interactions are inherently unsteady, exhibiting complex dy-
namics that can impact the overall system performance. A reduced-order representation
of these interactions enables the identification of energetic dynamic features that sustain
unsteady flow cycles. These models can be inferred from experimental data using modal
decomposition techniques, such as Proper Orthogonal Decomposition (POD), by coupling
different modes with a statistical delay. This approach has been successfully applied to
characterize the coherent structures and feedback loop during near-ground hovering of
multi-rotor systems (chapter 6).

The understanding of aerodynamic interactions facilitates the development of perfor-
mance models. Low-fidelity performance tools allow for efficient variation of geometric
and performance parameters of the propulsion system for optimization purposes and can
support the formulation of design guidelines. A semi-analytical prediction tool for the
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aero-propulsive performance is proposed, which is applicable for fixed-pitch rotors posi-
tioned over thin wings, with tip gaps exceeding the wing’s boundary layer. The method
employs a single-pass strategy and, as a consequence, the dominant design properties,
i.e. the relative position and size of the rotor-wing system and the isolated system per-
formance parameters, appear explicitly in the final formulation. Steady installed rotor
thrust is predicted correctly through the definition of an effective advance ratio, and the
inclusion of the isolated rotor loads. For the unsteady thrust and torque of the rotor, a
similar approach is taken by definition of a blade-sectional advance ratio correction. The
azimuthal and radial variation in loads and the corresponding aerodynamic noise sources
can then be predicted through existing, computationally efficient, analytical methods.

Modelling of the wing lift-force is performed by the superposition of lift-producing
rotor-induced flow effects. This approach allows for the isolation of individual compo-
nents of the lift force leading to additional insights into the installed system performance.
The model accurately predicts the lift force for forward-positioned rotors but requires
a correction for the streamtube confinement by the wing for aft-mounted rotors. Even
though this correction is based on experimental velocimetry data, it is universally appli-
cable to Over-The-Wing propulsion systems. Additional discrepancies in the predicted
lift arise for low-thrust conditions, caused by the increasing importance of the induced
velocities outside the streamtube by the rotors’ vortex systems. Such complex interac-
tions cannot be modelled by a low-order approach and require the inclusions of empirical
relations based on experimental data.

The employed analytical performance modeling techniques disregard viscous effects
and therefore do not include the observed rotor-induced separation and the resulting flow
re-ingestion. The performance impact of flow re-ingestion requires experimental data or
high-fidelity simulations; however, since this is an off-design condition, effective predic-
tion of the onset of such effects is of greater concern.

10.2 Recommendations for future work
Several possible research directions for future work can be suggested based on the studies
presented in this thesis.

10.2.1 Flow reversal prediction and mitigation
Flow reversal between rotor andwing surface has been identified in chapter 7 and 8 leading
to adverse effects in terms of noise, blade force fluctuations and reduced leading-edge sep-
aration delay authority in high-thrust conditions. A predictive model for such flow effects
is valuable for prevention and allows for the identification of dominant system parame-
ters. Additionally, advanced flow control mitigation strategies can be applied to prevent
flow reversal and re-ingestion, which are required to enable Over-The-Wing propulsion
for vertical flight. A few suggestions regarding this with increasing complexity are briefly
enumerated:

1. Reducing the tip gap could minimize the interaction between the (low pressure)
upstream and (high pressure) downstream regions of the rotor streamtube, poten-
tially reducing the flow reversal phenomenon.
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2. Inclusion of a slat to the wing profile could be used to generate a more energetic
boundary layer which is less sensitive to separation.

3. Include a physical obstruction between rotor and wing surface. This could be
a full duct or half duct for example.

When proven effective, separation delay in high thrust conditions is expected which
could make Over-The-Wing propulsion very effective during low-speed loitering. For
these flight conditions, it is also valuable to investigate any hysteresis effects in the sepa-
ration delay mechanism.

10.2.2 Transient aerodynamic effects
A reference tilt-wing take-off trajectory was simulated experimentally in chapter 9. The
preliminary results included a comparison between results obtained through dynamic and
quasi-steady operating conditions. To conclude on this, a more detailed analysis, ideally
supplemented using loading and acoustic data, is required. Furthermore, the aerodynamic
timescales were based on classical theories of thin two-dimensional airfoil. eVTOL vehi-
cles generally employ fixed-pitch rotors that vary in rotational velocities through out the
flight mission while interacting with such surfaces. This requires new theories regarding
the aerodynamic timescales.

The investigated unsteady maneuver deals with gradual changes in the angle of attack
and flight speed during a steep ascent trajectory. During operation, certain flight maneu-
vers exhibit shorter timescales with respect to this. Examples are the interactions with
gusts in urban environments or a sudden evasion procedure. Moreover, during the verti-
cal landing, there is generally an abrupt increase in the rotational speed of the rotors to
reduce the descent speed, which could also lead to transient effects.

10.2.3 Unsteady loading and broadband noise
In chapter 8, the tonal aerodynamic noise sources of rotors were investigated and a low-
order model of the inflow was generated. Validation of the tonal noise sources is required
for directivities closer to the rotor axis, in which the effects of unsteady loading are more
severe. Considering that all installed rotors are inherently affected by steady inflow distor-
tions, it is also important to investigate ways to mitigate the resulting adverse effects. This
could be achieved through innovative blade design, such as modifying the blade sweep to
dephase the unsteady loads in radial direction, thereby reducing interaction tones.

Finally, broadband and tonal noise contributions were found to be comparable in mag-
nitude for the studied rotor. The model should therefore be extended by inclusion of tur-
bulent ingestion and airfoil self-noise for a complete prediction and analysis of the aero-
dynamic noise sources of the installed rotor.
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A
Appendix: Derivation of

aero-propulsive model

The derivation of the aero-propulsive model as used in chapter 7 is given here.

A.1 Derivation of the thrust model
Each of the different terms in the thrust model will be derived separately.

A.1.1 Circulation
The induced velocity by circulation is approached by the integration of the bound vorticity
of the wing. The wing’s circulation Γtot based on the lift coefficient cl reads:Γtot = clV∞c2 (A.1)

It is assumed that the circulation Γtot forms a parabolic distribution along the wing’s
chord, from which the circulation distribution Γ(x) follows:

Γ(x) = 32 (1−(xc )2)Γtot = 34 clV∞c(1−(xc )2) (A.2)

The induced velocity by the two-dimensional bound circulation distribution is then
computed by the integration of Biot-Savart law. For the horizontal induced velocity VΓ,x
at a rotor position (xr , yr ) this reads:
VΓ,xV∞ = − 12�V∞ ∫ s

0
Γ(x)(yr

c − y
 (s)
c )( xr

c − x
 (s)
c )2+( yr

c − y
 (s)
c )2 ds = − c2�V∞ ∫ 1

0

(x)yr(xr − x
)2+ y2r dx
 (A.3)

In which s is defined as the line of the vorticity distribution, given by the x- and y-
coordinates x
 and y
 , respectively. The vorticity source is considered as a horizontal
line (i.e. y
 = 0), which returns the right-hand side of equation A.3. Then, by substitution
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of equation A.2 in equation A.3 and working out the integral, the final expression for the
normalized axial induced velocity yields:

VΓ,x
V∞ = 3cl8�c2
(xryr ln( xr

2+ y2r(c− xr)2+ y2r )+ (xr 2 − yr 2− c2)(tan−1(xr − c
yr )− tan−1(xr

yr ))− yrc)
(A.4)

A.1.2 Shear layer ingestion
At sufficiently large angles of attack, the wing’s boundary layer will separate. The correc-
tion for the effect is given by JSL:

JSL = 1− f (�,�c)(1− VSL
V∞ ) ASL

�R2 (A.5)

For simplicity, the velocity below the shear layer is assumed to be zero, i.e. VSL = 0. The
function f (�,�c) in equation A.5 is a stall criterion which has the form of:

f (�,�c) = (�−�c)2√((�−�c))2 + 12 , �c = 0.818√ r

c
(A.6)

The area ASL, can then be found by integrating the rotor disk area below the shear
layer height:

ASL = ∫ ySL

yr−R
√(y − yr)2 +R2dy (A.7)

in which ySL(x) corresponds to the shear layer height of the isolated wing, at the chord-
wise position of the rotor xr :

ySL(x) =(54)xr tan(�) (A.8)

Integration of equation A.7 and substitution in equation A.5 leads to the exact expression
of JSL:

JSL = 1−( (�−�c)2√((�−�c))2 + 12)
(ySL(x)− yr

�R2 √
R2−(ySL(x)− yr)2+ 1

�
tan−1( ySL(x)− yr√

R2−(ySL(x)− yr)2)+ 12) (A.9)

A.2 Derivation of the lift model
For the derivation of the lift model, the streamtube properties for a distributed rotor array
are introduced first. After this, the different terms in the lift model are derived separately.
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A.2.1 Streamtube properties for distributed rotors
Using the approach of Veldhuis [32], the rotor disks are modeled as uniform distributions
of pressure doublets with strength Δp = p2−p1. Here, p1 indicates the pressure in a point
directly in front and p2 directly after the rotor disk. Considering a reference point r at a
given distance lr from the rotor disk, the pressure in r is found by:

pr = Δp4� ∫
S

)

)n ( 1
lr )dS for lr > 0 (A.10)

in which S is the surface of the distribution of pressure doublets. Rather than a circular
disk, the rotor array is modeled by a rectangular surface with length 2NrR and width 2R.
Considering a reference point in the center of the streamtube (i.e. y = 0, z = 0, and n = x),
the pressure returns:

pr = Δp4� ∫ NrR

NrR
∫ R

−R − x(x2+ y21 + z21) 32 dy1dz1 (A.11)

Solving the integral of equation A.11 returns the stream-wise distribution of pressure p(x)
for a rectangular streamtube:

p(x) = Δp
�

tan−1 ⎛⎜⎜⎝ NrR
2

x
√(N 2

r +1)R2+ x2 ⎞⎟⎟⎠ (A.12)

The axial-induced velocity va(x) upstream and downstream of the disk then follows di-
rectly from the result equation A.12 and the momentum equation [32]:

va (x)
V∞ = a

⎛⎜⎜⎝ x√
x2 +1− 2

�
tan−1 ⎛⎜⎜⎝ NrR

2
x
√(N 2

r +1)R2+ x2 ⎞⎟⎟⎠
⎞⎟⎟⎠ (A.13)

in which:

a = Δp2�V 2∞ (A.14)

Considering Nr = 5, the term withing brackets in equations A.12 and A.13 reduces to:

NrR
2

x
√(N 2

r +1)R2+ x2 ≈ R

x
for Nr ≥ 5 (A.15)

Consequently, the stream-wise distribution of pressure p(x) and induced velocity va(x)
approaches the two-dimensional solution:

p (x) = Δp
�

tan−1(R

x)
va (x)
V∞ = a( x√

x2 +1− 2
�
tan−1(R

x)) (A.16)
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Finally, by the continuity equation and the result of equation A.16, the height of the
two-dimensional streamtube Rs(x) yields:

Rs (x)
R

= 1+ a1+ a( x√
x2 +1− 2

� tan−1 (Rx )) (A.17)

Equations A.16 and A.17 are then used to derive the expressions for the rotor-induced
lift components, which are introduced in sections A.2.2, A.2.3 and A.2.4.

A.2.2 Effective angle of attack
The increase in lift by the effective angle of attackΔcl,� follows from the difference between
the predicted installed and the isolated wing’s inflow angle Δ�:

Δcl,� = lift
slope
⏞⏞⏞2�

increase
angle of
attack⏞⏞⏞Δ�

affected
span
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞2NrR
S

= 2� cos−1( a ⋅b|a||b|) 2NrR
S

(A.18)

in which the term on the right side corrects the result for the affected span region of the
wing. The two-dimensional velocity vectors a and b are for the installed configuration
and isolated wing respectively, at the wing’s leading edge:

a = [
va(−xr )
V∞ +cos(�)

vi(−xr )
V∞ +sin(�)] , b = [cos(�)sin (�)] (A.19)

Substitution of equation A.19 in equation A.18, applying the small-angle approxima-
tion for �, gives the expression for Δ�:

Δ� = cos−1 ⎛⎜⎜⎜⎝ (1− �22 ) va(−xr )
V∞ +� vi(−xr )

V∞ +1√
( va(−xr )

V∞ +1− �22 )2+( vi(−xr )
V∞ +�)2

⎞⎟⎟⎟⎠ (A.20)

The axial induced velocity va upstream of the disks follows from equation A.16, result-
ing in:

va (x)
V∞ = −2a

�
tan−1(R

x) for x < 0 (A.21)

By the acceleration in the axial direction, the flow will be entrained from the vertical
direction by a velocity vi, which follows from the law of continuity:

vi (x)V∞ = C1 d( va(x)
V∞ )dx R = C1 2aV∞R2

� (x2+R2) for x < 0 (A.22)

In equation A.22 the coefficient C1 is used to correct the results for the blockage of the
wing, limiting the contraction of the streamtube in high thrust conditions, as illustrated
in figure A.1a.
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Figure A.1: Schematic and definition of the variables of the rotor-induced upwash vi correction (C1) by the
confined streamtube contraction.

This results in a higher axial velocity and lower static pressure upstream of the disk
than the predictions of equation A.16, which concern a free contraction of the streamtube.
Consequently, this effect is expected to generate a greater upwash at the wing’s leading
edge, and scales with the overlap between the free-contraction stream tube height Rs and
the vertical rotor position yr :

C1 = f (Rs (−xr )− yrR ) ≈ c0(Rs (−xr )− yrR )c1 +1 (A.23)

A power function is then formed using the expression of the overlap region, as shown
on the right side of equation A.23. The final expression for C1 is found by minimization
of the L2-norm between the predicted and measured upwash (as used to generate figures
7.12a and b). During the minimization, only integer values for c0 are considered, while c1
uses both integers and half-integers:

C1 =max(1, 60(Rs (−xr)− yrR ) 52 +1) (A.24)

A.2.3 Streamtube pressure
The effect of the projected streamtube pressure is only considered when the maximum
streamtube height Rs exceeds the vertical rotor spacing yr . The effect of this pressure on
the lift of the wing Δcl,p is computed through:

Δcl,p =
affected
span⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞2NrRS

lift
normalization⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞2�V 2∞c ∫ 1−xr−xr p∗ (x′)dx′, for

lim
x′→−∞Rs (x′)yr = R(a+1)yr > 1 (A.25)

in which p∗ (x′) is the projected streamtube pressure over the wing surface. This pressure

is based on the relation for the streamtube pressure p (x′) (equation A.16) and includes a
correction due to the effect of the streamtube confinement (recall figure A.1). The stream-
tube confinement leads to a reduction in effective streamtube height, leading to an increase
in axial velocity. g (x′,yr) corrects the axial velocity to find v∗:
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v∗ (x′) = (va (x′)+V∞)g (x′,yr) = (va (x′)+V∞) Rs (x′)yr , for
Rs (x′)yr > 1 (A.26)

The correction function g (x′,yr) is defined as the ratio between the free-contractionRs (x′) and confined contraction streamtube height yr . Using Bernoulli’s equation, the

pressure p∗ (x′) yields the free-contraction stream tube pressure (equation A.16) and a
second term that includes the streamtube confinement effect:

p∗ (x′)+ �2 (va (x′)+V∞)2 g (x′,yr)2 = p (x′)+ �2 (va (x′)+V∞)2 (A.27)

p∗ (x′) = p (x′)− �2 (va (x′)+V∞)2(1− g (x′,yr)2) (A.28)

Equation A.28 is then integrated during which the integrals are split, and only the
upstream part of the rotor’s streamtube is considered:

∫ 1−xr
−xr p∗ (x′)dx′ ≈ ∫ 0

−xr p (x′)dx′−∫ 0
−xr

�2 (va (x′)+V∞)2(1− g (x′,yr)2)dx′ (A.29)

The first term of equation A.29 is found by integrating equation A.16:

∫ 0
−xr p (x′)dx′ = Δp� (12R ln( R2R2+ x2r )+ xr tan−1( R−xr )) (A.30)

The second term of equation A.29 is further simplified by defining the axial velocity
and rotor contraction as the averaged value of the free-stream condition and the rotor
disk:

va (x′)+V∞ ≈ lim
x′→−∞va (x′)+ va (0)2 +V∞ = V∞(a2 +1) (A.31)

Rs (x′) ≈ lim
x′→−∞Rs (x′)+Rs (0)2 = R(a2 +1) (A.32)

This reduces the second term of equation A.29 to:

−∫ 0
−xr

�2 (va (x′)+V∞)2(1− g (x′,yr)2)dx′ ≈ −∫ 0
−xr

�V 2∞2 (a2 +1)2(1−( Ryr (a2 +1))2)dx′
≈ xr�V 2∞2 (a2 +1)2(1−( Ryr (a2 +1))2)

(A.33)
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Substituting equations A.29 and (A.30) in equations (A.33) and (A.25), gives the final
expression of Δcl,p:
Δcl,p = 2NrRSc
(4a� (12R ln( R2R21 + x2r )+ xr tan−1( R−xr ))+ xr (a2 +1)2(1−( Ryr (a2 +1))2))

(A.34)

A.2.4 Thrust vectoring
From a momentum balance, the lift increase due to a stream tube deflection by � yields:

Δcl,tv = 2Se (Ve −V∞)2 sin(")V 2∞c (A.35)

In the aero-propulsive model, the angle � is based on the flow deflection by the isolated
wing �w under � = 0◦, and it is assumed that this depends linearly on the position of rotor
along the wing’s chord:

" = �w(1− xrc ) = 2cl,0c�S (1− xrc ) (A.36)

The streamtube cross-sectional surface Se and velocity Ve are extracted by taking the
limit of the streamtube contraction Rs and velocity Va:

Se = 2NrR lim
x′→∞(2Rs (x′)) = 4NrR2 1+ a1+2a (A.37)

Ve = lim
x′→∞(Va (x′))+V∞ = (2a+1)V∞ (A.38)

Substitution of equation A.36, equation A.37 and equation A.38 in equation A.35 and
assuming small angles for �, results in the final expression of the lift increase by slipstream
deflection Δcl,tv:

Δcl,tv = 64NrR2(1+ a)a2cl,0(1+2a)�S (1− xrc ) (A.39)

A.3 Validation of the single-pass strategy
Themutual interference of rotors and wing has beenmodelled using a single-pass strategy.
To validate this approximation, predictions are compared to results obtained from running
the same model over multiple iterations. These iterations are performed by including the
rotor-induced lift (equation 7.10) in the circulation distribution of the wing (equation 7.4)
and re-computing the effective advance ratio (equation 7.2). The found thrust CT and lift
coefficient cl for different iterations i, normalized by the single-pass results, are presented
in figure A.2.

The results presented in figure A.2 correspond to the rotor position that exhibited the
greatest deviation between the single-pass (iteration 1) and the converged results, within
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Figure A.2: Predicted a) thrust and b) lift coefficient for different iteration numbers, normalized by the single-
pass results (i = 1), for xr/c = 0.3, yr/R = 0.27 and � = 8◦ .
the investigated parameter space. Both thrust and lift values converge after the third iter-
ation and show a reduction compared with the single-pass results of up to 5%, dependent
on the advance ratio.
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A.4 Validation of projected streamtube
Validation of the projected streamtube mechanism Δcl,p is performed by comparison with
the experimental pressure distribution below the rotor axis. It is important to note that
other rotor-induced lift-generating contributions also impact the experimental pressure
values of the wing (effective angle of attack, thrust vectoring). To minimize these effects,
the validation is based on data for the aft-positioned rotor, without inclination (xr/c = 0.9
and � = 0◦). Figure A.3 displays the experimental and modeled (by equation 7.15) rotor-
induced pressure distribution for J = 0.3 and J = 0.6.
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0 0.2 0.4 0.6 0.8 1

Figure A.3: Predicted rotor-induced pressure distribution (ΔCp = Cp-Cp,wing ) over the suction side for xr/c = 0.9,
yr/R = 0.27 and � = 0◦ , a) J = 0.3 and b) J = 0.6.

For J = 0.3 in figure A.3a, a goodmatch is observed between the experimental andmod-
eled pressure distributions. However, discrepancies are noted near the leading edge due to
the rotor-induced increase in the angle of attack in the experimental results. Furthermore,
closer to the rotor (0.6 < x/c < 0.9) the model does not capture any rotor-induced pressure
reduction because the rotor height exceeds the streamtube height, i.e. Rs(x′)/yr < 1. This
limitation also applies to J = 0.6 in figure A.3b, where the modeled rotor-induced pres-
sure distribution equals zero, leading to an under-prediction compared to the experimen-
tal value. This discrepancy is tied to the induced velocities of the rotors’ vortex systems,
which are not considered in the model.
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B
Appendix: Aeroacoustic

modelling

The exact term of the inflow model as used in chapter 8 and the validation of the isolated
rotor loads and tonal noise are given here.

B.1 Exact terms of induced velocity by circulation
The exact expressions for Vx,Γ(r ,�) and VΓ,y(r ,�) can be obtained by integration of equation
8.3 and equation 8.9, respectively. After integration, the result can be found in equations
B.1 and B.2.

VΓ,x(r ,�) = 3clV∞8�c2 (xr (yr + r sin�) ln( x2r +(yr + r sin�)2(c− xr)2 +(yr + r sin�)2)
+ (x2r −(yr + r sin�)2− c2)(tan−1( xr − c(yr + r sin�))− tan−1( xr(yr + r sin�)))−(yr + r sin�)c)

(B.1)

VΓ,y(r ,�) = 3clV∞16�c2 ((c2− x2r +(yr + r sin�)2) ln( x2r +(yr + r sin�)2(c− xr )2+(yr + r sin�)2)+4xr (yr + r sin�)(tan−1( xr − c(yr + r sin�))− tan−1( xr(yr + r sin�)))+2xrc+ c2) (B.2)

B.2 Isolated rotor loads validation
The measured and modeled isolated rotors thrust and torque coefficients are presented
in figure B.1. The model captures the general shape of the isolated rotor’s performance



B

166 B Appendix: Aeroacoustic modelling

trends and predicts the thrust and torque with sufficient accuracy. Some discrepancies
are found for the thrust predictions, but these fall within or are close to the experimental
uncertainty.
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Figure B.1: Modelled and measured isolated rotor’s a) thrust coefficient CT and b) torque coefficient CQ as a
function of the advance ratio J .

B.3 Isolated rotor tonal noise validation
The modeled tonal components of the isolated rotor are presented together with the iso-
lated rotor spectra in figure B.2a. The noise spectra are generated using Welch’s method
by dividing the microphone data in segments of 212 samples with 50% overlap, giving a
frequency resolution of 10 Hz. This shows that the first two blade harmonics fall within
an accuracy of 1.5 dB, while the model underpredicts the higher harmonics.
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Figure B.2: Noise characteristics of the isolated rotor, showing (a) experimental spectra and modeled tonal noise
harmonics, and (b) noise directivity of the first blade passing frequency (BPF ).

The directivity pattern of the first BPF in figure B.2b shows the expected distribution of
the source in both the model prediction and experimental results. Discrepancies between
the predictions and measurements reach a maximum of 3 dB for some observer directions.
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B.4 Phase-averaged spectra
Spectra generated without phase-averaging, i.e. using a fixed sample count per window
which is not synchronized with the rotor revolutions, can lead to reduced tonal amplitudes
due to minor fluctuations in rotational velocity during data acquisition. This effect was
observed by comparing the experimental phase-averaged tonal values with the acoustic
spectrum as obtained using Welch’s method, by dividing the same microphone data into
segments of 212 samples with 50% overlap. The results are presented in figure B.3 and
show a consistent reduction in tonal values for the first 4 BPFs of approximately 2 dB.
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Figure B.3: Comparison between experimental tonal values obtained through Welch’s method and phase-
averaged spectra, for a microphone in the rotor disk plane (�O = 90◦) and J = 0, � = 0◦ and xr/c = 0.3.





C

169

C
Appendix: Reference flight

trajectory

T
o obtain the flight conditions that correspond to the reference flight trajectory of chap-
ter 9, time is first discretized. For each time step ti, a vertical and horizontal force

balance is created by using the experimental rotors’ thrust T (V∞, �) and wing lift L(V∞, �)
and drag D(V∞, �).
C.1 Force Balance
In figure C.1, the definition of the considered aero-propulsive forces along a reference
flight path (H ,S) are given. Note that the wing’s normal fw,N and axial force fw,A depend
on the lift L and drag D of the wing only.

S

H

�

�

�x

�y
V�

Vx

Vy
T

� ���

� ��� �� 

Figure C.1: Definition of the force- (blue) and velocity-vectors (black) of the Over-The-Wing rotor system.

Under the assumption that all forces have the same origin, the horizontal fx and ver-
tical force fy on the rotor-wing system for a time-step ti is given by equations C.1 and
C.2:
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Fx (ti) = sin(� (ti)) ⋅ T(V∞ (ti) ,� (ti))−sin(� (ti)) ⋅ Fw,N(V∞ (ti) ,� (ti))+cos(� (ti)) ⋅ Fw,A(V∞ (ti) ,� (ti))−mg (C.1)

Fy(ti) = cos(� (ti)) ⋅ T(V∞ (ti) ,� (ti))−cos(� (ti)) ⋅ Fw,N(V∞ (ti) ,� (ti))−sin(� (ti)) ⋅ Fw,A(V∞ (ti) ,� (ti)) (C.2)

in which � is the rotor-wing tilt-angle andm is a given reference mass. The wing’s normalfw,N and axial force fw,A are given by:

Fw,N (V∞,�) = sin(�) ⋅L (V∞,�)+ cos(�) ⋅D (V∞,�) (C.3)

Fw,A (V∞,�) = cos(�) ⋅L (V∞,�)− sin(�) ⋅D (V∞,�) (C.4)

C.2 Accounting for unsteady effects
For each time-step the angle of attack is corrected using the theory of Wagner [37]:

�U (t) = �0+Δ�U (t) = �0+∫ t

0
d�dt ⋅ (t)dt (C.5)

 (t) = 1−0.165exp(0.0910V t/c)− 0.335exp(0.6V t/c) (C.6)

C.3 Time-marching scheme
Thevalues for�(ti) and V∞(ti) are then found through the following time-marching scheme:

Table C.1: Time-marching scheme to obtain dynamic operating conditions.

For each time step ti
1. Compute T , Fw,N and Fw,A for �i and V∞,i (equations C.3 and C.4)
2. Compute Fx and Fy (equations C.1 and C.2)
3. Compute the accelerations and update the position
4. Change � to match the direction of flight
5. Find �i+1 and V∞,i+1 and correct for unsteadiness (equation C.5)

Along the trajectory, a fixed rotation velocity of the rotors of n = 383 Hz is assumed.
Hence the rotor advance ratio J is directly related to the free-stream velocity V∞, i.e.
J = V∞/(nD). Moreover, a thrust-to-weight ratio of 0.8 is considered.
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