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Summary

In many situations, aircraft propellers are operated at non-uniform inflow
conditions due to inherent installation effects. Compared to a uniform inflow, the
non-uniform inflow may influence the aerodynamic performance of the propeller;
cause additional structural fatigue; and generate additional aero-acoustic noise.
Various situations of propeller being operated at a non-uniform inflow, which are
caused by concentrated vorticity, are frequently encountered but still lack a
systematic description. Therefore, the current research focuses on the aerodynamic
interaction between a propeller and an inflow vortex (or multiple vortices).

The situations with concentrated vorticity in the propeller inflow can be divided
into two sub-categories based on the formation mechanism of the vortex (vortices).
One situation occurs when vortices are generated by the propeller itself, e.g. ground
vortices. The other situation occurs when the vortex is generated by upstream parts
of the airframe, e.g. the tip vortex from a canard and the vortex shed from a control
surface.

In category one which is about the interaction between a propeller and ground
vortices, one part of the effort undertaken is to resolve the flow field involving
ground vortices, i.e. the occurrence of the ground vortices, the generation
mechanism of the vortices, and the fluctuation characteristics of the vortices.
Investigation methods to resolve the flow field are Particle Image Velocimetry (P1V)
measurements and Large Eddy Simulations (LES). Firstly, the relation between the
occurrence of ground vortices on the operating conditions of the propeller is
investigated, i.e. the thrust of the propeller and the elevation of the propeller from
the ground. Secondly, the vorticity source of ground vortices induced by the
pressure gradient on the ground due to the propeller suction effect is investigated.
The results confirm the vorticity generation equation which is based on the theory
first developed by Lighthill. Thirdly, the unsteady and turbulent flow involving
ground vortices is investigated by spectral analysis and Proper Orthogonal
Decomposition (POD).

The other part of the effort undertaken in category one is to quantify the
influence of the vortices upon the propeller. The variation of the angle of attack of
the blade in the circumferential direction is observed, which is analysed by
investigating the velocities in the plane upstream of the propeller. The time-averaged
loading of the propeller is found to be independent of ground vortices within the
resolution of the measurements performed with the help of a rotating shaft balance.

In category two, about the interaction between an externally generated vortex and
a propeller, the effect of the propeller on the vortex is focused on the flow field in



the vicinity of the blades. Investigations were performed at two planes upstream and
downstream of the propeller. By varying the propeller thrust and maintaining the
settings of the vortex generator, the dependence of vortex properties on the propeller
are investigated in these two planes. The stretching of the vortex is observed both
upstream and downstream of the propeller at conditions with the relatively highly
loaded propeller. The vortex downstream of the propeller is significantly interfered
with by the propeller slipstream, and its structure depends on the relative distance
between the vortex and blade wakes. The propeller has a negligible effect on the
total circulation of the vortex upstream of the propeller, as well as the circulation in
the inner region of the vortex downstream of the propeller. This implies that the
downstream vortex still has the potential to influence the further downstream parts
of the airframe. To visualize the interaction between the imping vortex and the
propeller slipstream, the three-dimensional flow topology is built from the numerical
results, which greatly enhance the understanding of this complex phenomenon.

The effect of the externally generated vortex on the propeller in category two is
investigated systematically by varying the vortex strength, the vortex sign, and the
off-axis radial position of the impinging vortex. The time-averaged performance of
the propeller is obtained by both the rotating shaft balance and numerical
simulations. Firstly, the time-averaged loading of the propeller shows an increase
due to the contra-rotating vortex, and the opposite is true for a co-rotating vortex.
Secondly, the change of the time-averaged loading is proportional to the circulation
of the vortex. Thirdly, as the impinging vortex moves outward in the propeller radial
direction, its effect on the propeller loading decreases. For all the above situations,
the efficiency of the propeller exhibits a negligible change at a given advance ratio.

The time dependent characteristic of the propeller loading influenced by the
externally generated vortex in category two is analysed from the numerical results.
Firstly, due to a contra-rotating vortex, the blade thrust has its minimum value at the
phase angle around that of the impinging position; and the opposite for the case of a
co-rotating vortex. Secondly, a strong variation of the thrust on the blade during the
rotation is observed and needs to be taken into account for dynamic structural stress
analysis during the blade design. Thirdly, the pressure fluctuation on the blade due
to the vortex impingement increases and it is mainly observed at the leading edge of
the blade.



Samenvatting

In  wveel situaties opereren vliegtuigpropellers onder niet-uniforme
instromingscondities ten gevolge van inherente installatie-effecten. Ten opzichte van
uniforme instromingscondities, kan de niet-uniforme instroming invloed hebben op
de aerodynamische Kkarakteristiecken van de propeller, structurele vermoeiing
veroorzaken, en aeroakoestisch geluid genereren. Diverse gevallen van propellers
die opereren in non-uniforme instroming, veroorzaakt door geconcentreerde
vorticiteit, komen frequent voor, maar zijn tot op heden niet systematisch
beschreven. Om deze reden is het huidige onderzoek verricht, waarbij de focus lag
op de aerodynamische interactie tussen de propeller en een inkomende wervel of
wervels.

De situaties met geconcentreerde vorticiteit in de propellerinstroom kunnen
verdeeld worden in twee subcategorieén, gebaseerd op de ontstaanswijze van de
wervel(s). In de ene situatie genereert de propeller de wervels zelf, zoals het geval
voor bijvoorbeeld grondwervels. In de andere situatie wordt de wervel gegenereerd
door stroomopwaartse delen van het vliegtuig, bijvoorbeeld een tipwervel van een
canard of een wervel afgestroomd van een stuurvlak.

In de eerste categorie, de interactie tussen een propeller en grondwervels, is een
onderdeel van het verrichte werk gericht op het in kaart brengen van het
stromingsveld met de grondwervels en hun aanwezigheid, de ontstaanswijze van de
wervels, en de tijdsafhankelijke werveleigenschappen. Onderzoeksmethoden om het
stromingsveld in kaart te brengen zijn metingen met Particle Image Velocimetry
(PIV) en numerieke simulaties op basis van Large Eddy Simulations (LES).
Allereerst is het verband onderzocht tussen de aanwezigheid van de grondwervels en
de operationele condities van de propeller, dat wil zeggen de stuwkracht van de
propeller en de afstand van de propeller tot de grond. Ten tweede is de bron
onderzocht van de vorticiteit van de grondwervels geinduceerd door de drukgradiént
op de grond door de zuiging van de propeller. De resultaten bevestigen de
vorticiteitsproductievergelijking welke is gebaseerd op de theorie oorspronkelijk
afgeleid door Lighthill. Ten derde zijn de tijdsafhankelijke en turbulente stromingen
met grondwervels onderzocht gebruikmakende van spectrumanalyse en Proper
Orthogonal Decomposition (POD).

Het andere deel van het werk in de eerste categorie omvat het kwantificeren van
de invloed van wervels op de propeller. Analyses van het snelheidsveld in een vlak
stroomopwaarts van de propeller hebben een variatie in omtreksrichting aangetoond
van de invalshoek van het blad. Door middel van metingen met een roterende balans
is vastgesteld dat de tijdsgemiddelde propellerbelasting niet wordt beinvioed door
grondwervels.



In de tweede categorie, de interactie tussen een extern gegenereerde wervel en
een propeller, is het effect van de propeller op de wervel geconcentreerd in het
stromingsveld in de nabijheid van de bladen. Het onderzoek is gedaan in twee
vlakken stroomop- en stroomafwaarts van de propeller. De afhankelijkheid van de
werveleigenschappen ten opzichte van de propeller zijn onderzocht in deze twee
vlakken door de stuwkracht van de propeller te variéren en de instellingen van de
wervelgenerator gelijk te houden. De uitrekking van de wervel is zowel
stroomopwaarts als stroomafwaarts van de propeller waargenomen in
omstandigheden met een relatief zwaar belaste propeller. Stroomafwaarts van de
propeller wordt de wervel significant beinvloed door de propellerslipstroom, en is de
wervelstructuur afhankelijk van de relatieve afstand tussen de wervel en het zog van
het blad. De propeller heeft een verwaarloosbaar effect op de totale circulatie van de
wervel stroomopwaarts van de propeller, als mede op de circulatie van de binnenste
regio van de wervel stroomafwaarts van de propeller. Dit betekent dat de
stroomafwaartse wervel nog altijd de potentie heeft verder stroomafwaarts gelegen
onderdelen van het vliegtuig te beinvloeden. Om de interactie tussen de botsende
wervel en de propellerslipstroom te visualiseren, is de driedimensionale
stromingstopologie in kaart gebracht met behulp van numerieke resultaten, welke
het begrip van dit complexe fenomeen sterk vergroten.

De invloed van de externe wervel op de propeller, categorie twee, is systematisch
onderzocht door het variéren van de wervelsterkte, de wervelrichting, en de radiale
positie van de inkomende wervel in de richting weg van de propelleras. De
tijdsgemiddelde propellerprestaties zijn verkregen door zowel de roterende balans
alsmede numerieke simulaties.  Allereerst neemt de tijdsgemiddelde
propellerbelasting toe ten gevolge van de contra-roterende wervel, terwijl het
tegenovergestelde waar is voor een co-roterende wervel. Ten tweede is de
verandering van de tijdsgemiddelde propellerbelasting evenredig aan de circulatie
van de wervel. Ten derde neemt het effect van de botsende wervel op de
propellerbelasting af als de wervel naar buiten verplaatst in de radiale richting van
de propeller. Bij een gegeven voortgangscoéfficiént is het effect op het
propellerrendement verwaarloosbaar voor alle voorgaande situaties.

Het tijdsafhankelijke karakter van de propellerprestaties onder invlioed van de
externe wervel is onderzocht in categorie twee met behulp van de numerieke
resultaten. Ten eerste vertoont de stuwkracht van het blad een minimale waarde bij
een fasehoek rond die van de positie van de botsing met een contra-roterende wervel,
en vice versa voor het geval van een co-roterende wervel. Ten tweede is een sterke
variatie van de stuwkracht op het blad geobserveerd gedurende de rotatie, welke in
acht genomen dient te worden tijdens het bladontwerp door middel van analyses van
de dynamische mechanische spanningen. Ten derde nemen de drukvariaties op het
blad toe door de botsing met de wervel, wat voornamelijk waargenomen is rondom
de voorlijst van het blad.



Contents

NOMENCIALUIE ....eeeeeeeeeeeeee ettt ettt et e e e e e ee et e teeesesa et e eesesesnnreareees Xi

Part | Prologue

Chapter 1 INEFOAUCTION ... e 3
1.1 Propulsion by propellers in aviation............c.coceviieneieieieseseseees 3
1.2 Challenges for the integration of propeller and aircraft .............ccccooerennee. 3
1.3  Past efforts and research qUESLIONS..........c.cccvcveiieieeiiene s 5

1.3.1  Past efforts and research questions for the interaction between ground
VOItiCeS and & ProPeIIEr .......cviiiiie e 6

1.3.2  Past efforts and research questions for the interaction between an

external vorteX and a ProPeHIEr ... 6
1.4 Outling Of the theSiS.......ccoiiiiiiie s 8
Chapter 2 Theoretical description of propeller and vortex ...........cc.cccceeveneene. 11
2.1  Theoretical description of propeller characteristics............cocovvevviiieiennns 11

211 MOMENTUM thEOTY ...ttt 11
2.1.2  Blade element method ..o 14
2.1.3  Aerodynamic parameters of propeller performance.............cccceee... 16
2.2 DesCription OF @ VOIEX .......ooeeiiiieieeiee e 17
2.2.1  VOITICIEY c.eieeieiciciise e 17
2.2.2  Circulation and Kelvin’s theorem ........c.cccoceveveevieevinsinsineneesessinens 18
2.2.3  SOUICE OF VOITICITY ....oveeee et e 20
2.2.4  Vorticity transport eqUALION...........ccecviieereieeie e 22



2.25 Profile OF VOITEX .. eiii ettt ettt e sttt e s et e sesrae e e s snnee s 22

2.3 Interaction between propeller and vortex by analytical models................ 25
2.3.1  Propeller induced flow field on the ground............ccocooviiiiencnens 25
2.3.2  Impact of a streamwise vortex on the propeller inflow...................... 28

2.4 CONCIUSIONS ...ttt 31

2.5 DISCUSSION ...ttt bbbttt bbb 31

Part 11 Interaction between propeller and its self-induced vortices

Chapter 3 Tools and methods for the investigation of interaction between

propeller and its self-iNdUCEd VOITICES.........ccceviiiiiiieecc e 35
3.1 Wind tunnel and propeller rigs ..o 35
311 Open et faCility ...c.ccccveveiecicce s 35
3.1.2  EXPerimental SELUP ....ccveveviecieie sttt et 36
3.1.3  Rotating shaft balance and air motor............ccccevevevenivvirerece e 38
3.2 PIV arrangemeNt.......ooeiieieiieie st 39
3.2.1 Low frequency PIV arrangement.........c.cccocveveieieeicse e 39
3.2.2  High frequency PIV arrangement........c.ccocevvevieieeiecneseese e 41
3.3 Error analysis of the experimental measurements...........ccooveveerenerenene 42
3.4 Numerical SIMUIALIONS..........ccoviiviiiiiciei s 43
3.4.1  Numerical MethOds. .........cceiveiiiiiiiii e 43
3.4.2  Mesh for the COMPULALION. ........ccviiiiiiiriie e 45
4.3 SOIVEI s 47

Chapter 4  Results and discussion of interaction between propeller and its self-
INCAUCEA VOTTICES ...ttt 49

4.1 Flow fields of ground VOItiCES..........ccovevueieeieiiii e 49



4.1.1  Flow fields in the wall parallel plane ...........cccccovviiiiiicicice, 49

4.1.2  Flow fields upstream of the propeller..........cccoovvvviiiiiiiceiiecen, 52
4.1.3  Three dimensional flow field..............ccoooiiiiiniiiii 53
4.1.4  Domain boundary of the occurrence of ground vortices .................. 55
4.2 Source of vorticity for the ground VOITICES.........ccevvviviieiiiiecie e 58
4.2.1  Development of the lateral-component of the vorticity..................... 58
4.2.2  Development of the streamwise-component of the vorticity............. 62
4.2.3  Development of the wall-normal component of the vorticity ........... 65
4.3 Unsteadiness and coherent turbulent structures of ground vortices .......... 66
4.3.1  Time resolved analysis of flow fields...........c.ccccooeiiiiiiiiiiniies 66
4.3.2  Unsteadiness of ground VOrtiCeS.........ccevvevevieevienieiiie e 69

4.3.3  Proper Orthogonal Decomposition of flow fields in the wall parallel

PlANE s 72

4.3.4  Proper Orthogonal Decomposition of the flow fields in the plane
upstream of the Propeller.........oov i 76
4.4 Impact of vortices on the propeller inflow ..o 80

4.4.1  Non-uniform inflow of propeller due to the impact of ground vortices

442  The effect of the thrust coefficient on the non-uniformity of the
ProPEHlEr INTIOW ..o 84

4.4.3  The effect of the height ratio on the non-uniformity of the propeller

INTIOW s 86

444  Impact of ground vortices on the time averaged performance of
PIOPEIIET s 86
4.5 CONCIUSTONS ..ottt 87
4.6 DISCUSSION ..ottt 89



Part 11l Interaction between an externally generated vortex and a propeller

Chapter 5  Tools and methods for the investigation of interaction between an

externally generated vortex and a propeller ... 93
51 Experimental arrangements.........cccooveiiiriinineneneneesese s 93
5.1.1  VOrteX gENETAON .....eciiiiieiieeieesteesieesee et sre e s e et sreesree s 93
512  EXPerimental SBTUP ......cocerveieieiiiiiie st 94
5.1.3  TESEMALIX ittt 95
5.1.4  PIV SBIUP cveie ittt 96
5.1.5  Bin method for the phase lock analysis........c..cccoeveiiiieviiiniiecne. 97
5.1.6  Error analysis of the experimental measurements...........cc.ccocevverrenne 98
5.2 Numerical Methods..........ccciiiiiiiiie e 100
5.2.1  Methodology of the numerical simulation..............c.ccoeeeveiieiennes 100
5.2.2  Computational domain and boundary conditions.............c.ccccccvnee. 101
523  Mesh of the MOdel.........ccooeiiiiiiiiie 101
524  Turbulence Model ..o 103
5.25  SOIVET ... 103

Chapter 6 Results and discussion of the response of an externally generated

VOITEX 10 @ PrOPEIIET ... e 105
6.1 Typical flow fields and three-dimensional vortex topology.................... 105
6.1.1  Flow fields upstream of the propeller...........cccocooviniiinininiienn 105

6.1.2  Flow fields downstream of the propeller............ccoovniinininennnnnn. 108

6.1.3  Three dimensional flow tOpPologY.......cccccovveiriiiiieiiie e 110

6.2  Impact of the propeller on the vortex upstream of the propeller............. 112

viii



6.2.1  Impact of the propeller on the vortex meandering upstream of the
01 0] 01=1 1 =] SR 112

6.2.2  Impact of the propeller on the tangential velocity and the radius of the
vortex upstream of the propeller...........cooiiiiii e 113

6.2.3  Impact of the propeller on the circulation of the vortex upstream of
tNE PIOPEIIET ...
114

6.3  Impact of the propeller on the vortex downstream of the propeller ........ 117

6.3.1  Impact of the propeller on the vortex meandering downstream of the
01 0] =] | -] SRS 117

6.3.2  Impact of the propeller on the vortex shape downstream of the
[010] 01=1 | =] S S SSSR 119

6.3.3  Impact of the propeller on the tangential velocity and radius of the
vortex downstream of the propeller...........cooo i 120

6.3.4  Impact of the propeller on the circulation of the vortex downstream of

LTI L 0] 0L [T SO PROPP 121
GRS 0] (o] U] o] ST 123
6.5 DISCUSSION ...vviuieiietietieie sttt sttt se st sne st e neeneeneas 125
Chapter 7 Impact of an externally generated vortex on a propeller............. 127
7.1  Impact of the vortex on the propeller performance.............ccccoovvenerennns 127

7.1.1  Effects of the strength and the direction of the rotation of the vortex
on the performance of the propeller ... 127

7.1.2  Effect of the radial position of the impinging vortex on the propeller
PEITOIMMANCE ...ttt bbb 132

7.1.3  Impact of the vortex on the propeller at different advance ratios....134
7.2 Impact of the vortex on the additional fluctuating pressure of the blade 136
7.3 CONCIUSIONS ..ot 139

Part IV Conclusions and recommendations

iX



Chapter 8  Conclusions and recommendations ..........c.ccccvevevievieevesesveesiene 143

8.1  Conclusions about the interaction between a propeller and its self-induced
VOPTICES oottt ettt ettt e e et e s e steete e e s be e st e nbeeneestesbeeneeseeereentenneas 143

8.2  Conclusions about the interaction between a propeller and an externally

(oL ALeT Y (=0 IR o] U USSR 144
8.3 RECOMMENUALIONS .....ccveviiiiiieeeeeee e 146
Appendix A Particle Image VeloCImetry ... 147
Appendix B Boundary layer profile near the ground table ...........c..cccoovevveinennes 149
Appendix C Proper Orthogonal Decomposition ...........ccccccvvvvveveieeiesesieenienneas 151
Appendix D Determination of the vortex Centre..........cc.cccvevievniisinscneene 153

Appendix E Flow fields downstream of the propeller at high loading condition

Appendix F Flow fields downstream of the propeller at different impinging radial
POSILIONS OF the VOITEX ....c.vvevieiiciie et 157

Appendix G Flow fields downstream of the propeller with different rotating

direCtions Of the VOITEX ..o s 159
Appendix H Loading and pressure distribution on the blade............cc.ccccooenee. 161
BIDlOGraphy ..o e 163
ACKNOWIBAGEIMENTS ...t s 173
PUBTICAIIONS ... 175
CUITICUIUM VITAE.......couieicieiisi e e 177



Nomenclature

Abbreviations

AOCA

BLA

BVI

CFD

FOD

FOV

GC

LE

LES

OFAT

OJF

PIV

POD

RSB

SF

TE

TKE

TVs

VS

rms

Angle of attack

Blade

Blade vortex interaction
Computational Fluid Dynamics
Foreign object damage

Field of view

Geometric centre

Leading edge

Large Eddy Simulation

One factor at a time

Open jet facility

Particle Image Velocimetry
Proper Orthogonal Decomposition
Rotating shaft balance

Shape factor

Trailing edge

Turbulent kinetic energy

Tip vortices

Vortex section chopped by the blade

Root mean square

Xi



English Symbols

dr

dL
dD
dF

dT

dQ

p1

Peo

Coefficient of velocity increment upstream of the actuator disk

Coefficient of velocity increment far downstream of the actuator
disk

Chord length of the blade element

Time coefficient of the spatial mode of POD analysis
Infinitesimal radial length of the blade element

Lift on the blade element

Drag on the blade element

Tangential force on the blade element

Thrust on the blade element

Torque on the blade element

Diameter of the propeller

The distance between the propeller centre line and the ground
Advance ratio of the propeller

Length of the propeller model

The integral path on the material curve

Mach number

Rotating speed of the propeller (round per second)
Order of magnitude

Static pressure

Pressure immediately upstream of the actuator disk
Ambient pressure

Torque of the propeller
Xii



Q. Torque coefficient of the propeller

R Radius of the propeller

T, The core radius of the vortex

Timp The radial position of the impinging vortex

T Radial distance from the vortex centre normalized by the vortex-
core radius

Sdisk Avrea of the propeller disk

T Thrust of the propeller

Tc Thrust coefficient of the propeller

U, The resultant velocity in the axial direction of the propeller

Uaio The induced axial velocity upstream of the isolated propeller

U, Effective velocity of the blade element

Ueq Equivalent axial velocity in the slipstream of the propeller

U; The resultant velocity in the tangential direction of the propeller

Ut io The induced tangential velocity upstream of the isolated propeller

Uy Free stream velocity

Greek and mathematic symbols

a Angle of attack
B Geometry pitch angle of the propeller blade
Circulation
limp The circulation of the externally-generated impinging vortex
I, The total circulation of the vortex

Xiii



Op1 Boundary layer thickness

o; The distance of the laser sheet from a reference position
n Efficiency of the propeller

K The strength of the doublet flow

U Dynamic viscosity

v Kinematic viscosity

p The density of the air

o Standard deviation

0] Spatial mode of the flow field

Y Phase angle of the blade

0 Rotational speed of a fluid element
1) Vorticity

Subscripts

a Axial direction

avg Average

imp Impinging

cor Core

max Maximum

t Tangential direction

v Vortex

X, Y, Z Coordinates in the reference frame of the fixed propeller
o Infinity

Xiv



Part |

Prologue






Chapter 1 Introduction

Chapter 1 Introduction

1.1 Propulsion by propellers in aviation

From the first manned flight by Wright brothers on, propellers have been chosen
as the propulsor of aircraft for more than one century. In the aviation market
nowadays, aircraft with propeller propulsion still constitute a large part of the market.
The number of propeller aircraft was 40% of the 7,200 aircraft in the regional fleet
of the world in 2014 [1]. In general aviation, propeller aircraft are predominant and
amounted to 81% of worldwide deliveries in 2014 [2]. Military transport aircraft are
also dominated by the ones with propellers, and the number of propeller aircraft was
approximately 80% among the top ten military transport aircraft in 2015 [3]. In
addition, the majority of unmanned vehicles adopt propellers as the propulsor [4].

Among the many reasons for choosing propellers as the propulsion system of
aircraft, e.g. the shorter range of taking off, the higher climbing rate, and the lower
weight penalty of thrust reversal compared with turbofans [5], etc. the most
significant reason is the relatively high propulsive efficiency of propellers. The ideal
propulsive efficiency (theoretical upper limit neglecting the installation effects) of
an aircraft propulsor is defined as,

2
U

Nideal = Eq.(1.1)

1+

o]

U, is the velocity of the aircraft, and Uj,, is the jet speed of the propulsor in the
aircraft frame of reference. Because the jet speed of a propeller is relatively lower
than that of a turbofan, its propulsive efficiency is higher. The propulsive efficiency
of the installed propeller is 10~30% higher than the turbofan at a cruise speed of
Mach number below 0.7 [5].

1.2 Challenges for the integration of propeller and aircraft

In an effort to further increase the propulsive efficiency of propellers over a
wider range of operating conditions, two major activities can be identified. Firstly,
effort is put into the performance enhancement of the uninstalled propeller, e.g.
advanced airfoil sections, the application of blade sweep, and the technique of
counter-rotating rotors [6]. Secondly, the performance improvement is sought
through the optimization of the interaction between propellers and airframe (as well
as the runway), which is the interest of the current research and summarized as,



1. Interaction between a propeller and downstream parts of the airframe, e.g.
inlet, cowl, nacelle, wing, fuselage, etc. for a tractor configuration [7-9].

2. Interaction between a propeller and upstream parts of the airframe, e.g.
nacelle, pylon, wing, fuselage for a pusher configuration [10-12].

3. Interaction between a propeller and ground/fuselage, no matter whether the
aircraft is a tractor or a pusher configuration.

Interactions of these types cause a non-uniform inflow into the propeller plane.
They may have an impact on the efficiency of the propeller [7, 9, 13]; induce
excessive cyclic stress on the blade [7, 10, 12-14]; and increase the noise level of the
propulsive devices [7, 12, 15-17]. For the many situations of the propeller operating
at a non-uniform inflow, the non-uniform inflow caused by concentrated vorticity
still lacks a systematic description and analytical predictive models, which defines
the topic of the current research. Two cases of this type of vortical flow are
introduced below.

One situation of the non-uniform inflow with concentrated vorticity entering a
propeller plane is classified as the interaction between a propeller and ground
vortices (or fuselage vortices). When the aircraft operates on the runway with a
highly loaded propeller, a system of ground vortices is generated and enter the
propeller as shown in Figure 1.1 (although there is one major vortex observed in this
figure, there are other weak vortices which are not observable as they are dependent
on the visualization methods [18]). Ground vortices can be observed when rain
droplets are present or air condensation occurs in the vortex core region. A similar
phenomenon with a vortex shed from the fuselage and ingested into the propulsor
was reported in [19] as well. In the thesis, the fuselage vortices are not investigated,
but results from ground vortices can be applied to the understanding of the
interaction between vortices and any solid boundary, which includes ground vortices
and fuselage vortices.

Figure 1.1 Occurrence of a ground vortex on the outboard propeller of aircraft
C130 [20].



Chapter 1 Introduction

The other situation of a non-uniform inflow with concentrated vorticity can be
induced by upstream lifting surfaces. Examples of such vortical flow entering the
propeller are shown in Figure 1.2. The vortex from the tip of the canard entering the
propeller is shown in the left of Figure 1.2; the potential vortex from the root of the
control surfaces entering the propeller is shown in the right of Figure 1.2. Not only
the propellers in the fixed wing aircraft, but also the tail rotor of a helicopter
experiences such vortical flow from the upstream lifting surfaces. The vortex shed
from the main rotor of Bell OH-58 Kiowa helicopter impinging onto the tail rotor as
it operated at a side slip condition was reported in [21], and the vortex shed from the
flaperon of the Piasecki compound helicopter has the potential to impinge onto the
ducted tail rotor [22].

Canard tip
vortex

Figure 1.2 Occurrence and potential occurrence of external vortex impinging
onto a propeller. Left: Piaggio P.180 Avanti aircraft [14]; right: Predator B UAV.

These phenomena of vortices entering propellers, like other types of non-uniform
inflow mentioned above, may have impact on the performance of the propeller, the
structural fatigue related to the dynamic loading, pressure fluctuation on the blade,
etc. Furthermore, the propeller may also have impact on the inflow vortex, i.e. the
generation of the vortex, the transport of the vortex, etc. According to these concerns,
literature review is conducted, and research questions are defined in the following
sections.

1.3 Past efforts and research questions

It can be found from a preliminary analysis that the vortical flow entering a
propeller has two sub-categories. Firstly, if the propeller is not positioned close to
the ground as shown in Figure 1.1, it is obvious that there is no vortical flow
entering the propeller, so the ground vortices are also termed as propeller self-
induced vortices in this thesis. Secondly, for the vortices as shown in Figure 1.2, the
vortex is always there independently of the existence of the propeller. This type of
vortex is denoted as an external vortex. As these two types of interactions between
the vortex and the propeller are intrinsically different, the thesis treats these two
types of flow separately, and the literature review and objectives are elaborated in
two subcategories.



1.3.1 Past efforts and research questions for the interaction between ground
vortices and a propeller

Ground vortices were first investigated during the 1950s because of concerns of
foreign object damage (FOD) to engines [23]. It was reported that 40~50% of
engine repairs was due to FOD when aircraft operated near the ground [24, 25]. A
distortion of the propulsor inflow caused by vortices was also reported in [26] for a
suction tube model intended to represent a turbofan propulsor.

In order to find ways to alleviate these detrimental effects of ground vortices, it is
a prerequisite to model the source of the vorticity entering ground vortices, but
inconsistency in approach is observed in open literature. In the early publications
treating this phenomenon it was stated that the vorticity transported in the far field
boundary layer was the sole source of the vorticity of ground vortices at headwind
conditions [27, 28]. This view has prevailed in subsequent research, e.g. [29, 30].
However, the model based on the boundary layer convected vorticity is not
sufficient for the headwind condition and especially does not describe the takeoff
condition. In fact, the source of vorticity as explained by Lighthill in 1963 in the
“Fluid motion memoirs: Laminar boundary layers” showed that, for the production
of vorticity, a pressure gradient on the wall is required [31], which certainly exist on
the ground due to the suction effect of the propulsor.

Therefore, the first objective of this research is to evaluate this inconsistency of
vorticity source. Specifically,

1. To gain understanding on the fundamentals of the vorticity source required
for the forming of ground vortices.

For the vortices generated during ground operations by aircraft propulsors,
extensive research has been conducted by utilizing a simplified suction tube model
[26, 28-30, 32, 33] to represent a turbofan. This model does not take the rotor effect
into account, e.g. the characteristic of intermittency of the propulsor inflow due to
the blade passing. In addition, this model was not able to generate understanding of
the influence of the vortices on the rotor performance. Therefore, two other
objectives of the present research are to:

2. Gain insight into the propeller inflow due to the interaction between the
propeller and ground vortices.

3. Investigate the impact of ground vortices on the propeller performance.

1.3.2 Past efforts and research questions for the interaction between an external
vortex and a propeller

For a vortex originating from upstream components of the airframe (e.g. the
canard and control surfaces, as shown in Figure 1.2), its axial velocity can be
assumed to be aligned with the free stream velocity. This type of vortex impinging
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Chapter 1 Introduction

onto the propeller is regarded as a streamwise-vortex/blade interaction (or
perpendicular-vortex/blade interaction) as defined in [34].

Only limited open literature is available for the cases of streamwise-vortex/blade
interaction, where the investigations utilize a real propeller model. The blade tip
vortex shed from the main rotor of a helicopter impinging onto a tail rotor, as the
helicopter was operated at a side slip condition, was reported in [35]. As the tail
rotor contra-rotated with the blade tip vortex, the thrust of the tail rotor increased,
and a reverse trend was observed as the tail rotor was operated at the opposite
rotating direction [35]. The vortex generated by a separate wing upstream of the
propeller impinging onto the propeller tip region (0.9 R and 0.975 R radial positions,
where R is the propeller radius) was investigated for the concern of the aero-acoustic
impact of the vortex/blade interaction in [36]. Cyclic pressure on the blade suction
and pressure sides was observed, resulting in an increase in far field noise by 5 to 15
dB [36]. Although the aero-acoustic effect of the interaction between a propeller and
a vortex is not quantified in the current thesis, this observation indicates the
significance to quantify the cyclic pressure on the blade from aerodynamic
investigations.

Blade
Upwash E— r
\i Y
p— .
r A
e —
0 i
U
Downwash
I
Top view Side view

Figure 1.3 The effect of the vortex on the blade (wing).

Research of vortex/propeller interaction was extensively conducted on the
simplified model of a vortex impinging onto a steady wing [37-45], as shown in
Figure 1.3. It was found in [45] that, as the vortex impinged at the mid-span and
above the wing, the wake of the wing triggered the turbulent decay of the vortex
core and this resulted in a decrease of the vortex circulation. However, as the vortex
impinged at the tip region of the wing, the incident vortex was paired and even
merged with the wing tip vortex and the merged vortex featured a higher circulation
than the incident vortex [37, 38, 42] (this process was dependent on the rotation
direction of the particular vortices). The phase angle effect of the blade was
represented by the distance between the wing and the impinging vortex [44, 46] in
the vertical direction, A, as shown in the right hand side of Figure 1.3. It was found
that the interaction had little influence on the vortex as the distance between the
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wing and the vortex was beyond 0.3 chord length of the wing; and as the distance
decreased, the interaction substantially weakened the vortex core and increased its
size downstream of the wing [44].

The pressure distribution on the wing indicated a downwash at one side of the
impinging position, and an upwash on the other side [38, 41], as sketched in Figure
1.3. This resulted in a variation of loading in the spanwise direction, and shifted the
separation region aft or forward on the airfoil depending on the downwash or
upwash effects [41]. The blade vortex interaction (BVI) has an effect of increasing
the lift-to-drag ratio when a vortex impinged on a steady wing as reported in [41, 47]

In open literature (as mentioned above), extensive descriptions were presented on
the main flow features associated with the vortex-wing interaction. However, the
blade dynamic loading has received limited attention. The overall effect of the
vortex on the propeller was obtained during the study of the vortex/propeller
interaction, but not so much flow detail of the impinging vortex as well as that on
the blade is available. Therefore, the objectives of the research in this part are to fill
this gap by obtaining both flow details, and at the same time obtaining the impact of
the vortex on the blade dynamic loading and the overall propeller performance. The
details of these objectives are:

4. To generate a well-defined vortex upstream of the propeller, and build a
map of propeller performance versus vortex quantities, i.e. the sign of the
vortex, the strength of the vortex and the radial positions of the impinging
vortex.

5. Investigate the flow topology and strength of the vortex under the impact of
the propeller, especially the vortex in the slipstream of the propeller.

1.4 Outline of the thesis

Based on the objectives of the research, the thesis is divided into four parts. Part |
is the introduction and the theoretical background of the propeller and the vortical
flow, and it includes Chapter 1 and Chapter 2. Chapter 1 has been read already;
Chapter 2 explains the thrust generating mechanism of the propeller, the vortex
aerodynamics, the analytical model for the interaction of a propeller and a ground
plane, and the analytical model for the interaction of a propeller and a streamwise
vortex.

Part Il is about the interaction between a propeller and ground vortices, and it
includes Chapter 3 and Chapter 4. Chapter 3 describes the tools and methodologies
for the investigation of propeller induced ground vortices. It introduces the
experimental setup in the wind tunnel and the numerical methodology. The
experiments are conducted on an eight-blade propeller operating at a highly loaded
condition. Particle Image Velocimetry (PIV) measurements are conducted to resolve
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the flow involving ground vortices. The propeller performance is measured by a
rotating shaft balance (RSB). The numerical studies are conducted on an actuator
disk model, which is intended to represent the effect of the propeller thrust and
mainly utilized to investigate the vorticity source of ground vortices.

Chapter 4 presents experimental and numerical results. The numerical results are
validated by the experimental results in terms of flow topologies. The map of the
domain boundary that represents the occurrence of ground vortices is obtained by
utilizing both the experimental and numerical methods. The formation mechanism of
the ground vortices is studied by the numerical results, and is compared to
Lighthill’s vorticity source theory. The coherent flow structures upstream of the
propeller are revolved by the Proper Orthogonal Decomposition (POD) analysis
from the PIV results. The impact of vortices on the inflow and performance of the
propeller are investigated by evaluating the blade angle of attack (A0A) and balance
measurement results.

Part Il is about the interaction between a propeller and an external vortex, and it
includes Chapters 5, 6, and 7. Chapter 5 introduces the experimental and numerical
tools for the study of this topic. The impinging vortex is generated by a wing with
finite span upstream of the propeller, and the propeller model is the same as that for
studying the ground vortices. Numerical simulation is intended to represent the
experimental condition by solving the unsteady Reynolds Averaged Navier-Stokes
equations (URANS).

Chapter 6 discusses the vortex topology interacting with the blade and its
subsequent structure. For a vortex generated by the wing, the impact of the propeller
on this vortex is evaluated by varying the propeller loading. The properties of the
vortex, i.e. the position, the maximum tangential velocity, the core radius and the
circulation are analysed both upstream and downstream of the propeller.

Chapter 7 discusses the impact of the vortex on the propeller, in terms of time
dependent loading on the blade and time averaged performance of the propeller. For
a propeller operating at a constant free stream velocity and a constant rotating speed,
the propeller performance for variable vortex strengths is evaluated. In addition, the
effects of the vortex impinging position, as well as the propeller operating condition
are investigated. Furthermore, the pressure fluctuation on the blade due to the vortex
impingement is analysed from the numerical results.

In Part IV which includes Chapter 8, conclusions of the thesis are drawn and
recommendations of the research are presented.
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Chapter 2 Theoretical description of propeller and vortex

Chapter 2 Theoretical description of propeller and
vortex

The aerodynamics of propellers and vortices, as well as the interaction with each
other is reviewed and analysed in this chapter. The momentum theory and the blade
element method are introduced to explain the mechanism of the thrust generation of
propellers. Generation and transport of vorticity, the Kelvin’s theorem, and the
Lamb-Oseen vortex model are reviewed for the aerodynamics of vortex behaviour.
Analytical models are introduced to explain the interaction between a propeller and
a vortex. In particular, the mechanism of vorticity generation from a flat wall due to
the effect of the propeller suction which is represented by a doublet flow, and the
non-uniform inflow of the propeller due to the impact of the vortex are analysed.

2.1 Theoretical description of propeller characteristics

2.1.1 Momentum theory

For the study of ground vortices induced by a propeller, the actuator disk model
(by adding an axial momentum in the flow at the position of the propeller disk plane)
is chosen for numerical simulations. The reasons to choose this model are as follows.
Firstly, the ground vortices were assumed to be mostly determined by the axial force
(thrust) of the propeller and the torque of the propeller has a negligible influence,
because ground vortices are mostly located upstream of the propulsor [26, 29, 33]
and the induced velocities (tangential component) by the torque are negligible
upstream of the propeller [48]. Secondly, the model of the actuator disk can be
simply implemented in the CFD code. The limitation of the actuator disk model is
the exclusion of the blade passing effect. However, as will be described in Section
4.3.2, although the blade passing effect is significant in the region close to the blades,
the effect on the flow field near the ground is negligible. Therefore, it is assumed
that the flow field near the ground induced by the actuator disk model represents the
real situation for the purposes of this study.

The actuator disk theory is also known as one dimensional momentum theory,
and it is the oldest mathematical model of propellers [49]. It was first applied on
marine propellers by Rankine [50] and developed by Froude [51]. The idea of the
momentum theory is that the momenta of the flow far upstream and far downstream
of the propeller are not equal, the difference of which is the momentum added to the
flow by the propeller. In order to explain this model, the propeller is considered as a
stationary disk in a moving fluid. This conceptual model for the flow going through
the propeller is shown in Figure 2.1.
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The streamlines going through the disk from the far upstream position to the far
downstream position define the stream tube. The flow is analysed at three planes in
the stream tube, the plane far upstream, the plane of the actuator disk, and the plane
far downstream. The plane far upstream of the propeller has the velocity of U,, and
pressure p.,. The pressure decreases to p; and the velocity increases to Uy, + aUy
at the front surface of the disk. After passing through the disk, the pressure has an
increment Ap and the velocity remains U,, + aU,, due to the mass conservation. At
the plane far downstream, the pressure decreases to ambient pressure p,, and the
velocity increases to Uy, + bUy.

Acmc{z‘or disk
\_,‘h
Ll e Lot Do Uoo"‘ono
poo p} ‘;37 =‘pjl +‘ﬂp pm

Uoth e

Figure 2.1 Top: schematic of the actuator disk model; middle: distribution of the
axial velocity in the axial direction; bottom: distribution of the static pressure in the
axial direction.

In the stream tube, the mass conservation and momentum equations are applied
following the methods introduced in [48]. The flow is regarded as inviscid flow
except in passing through the disk, and Bernoulli’s equation is applied separately to
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the flow upstream and downstream of the disk. The equation for the total pressure
upstream of the disk is,

Pos +3PUc” = P1 +5p(Uoo + aUs)?, Eq. (2.1)
where p is the density of the air.

The equation for the total pressure downstream of the disk is,

Py + AP +2p(Ueo + aUco)? = Poo + 5 p(Uso + bU)?. Eq. (2.2)

The subtraction of Eq. (2.2) from Eq. (2.1) yields,

Ap =5 p(Uey + bUo)? =5 pUs” = pUcb(1 + 3 b). Eq. (2.3)

The thrust is determined by the pressure jump multiplied by the area of the disk,

T = Ap Sask = pUen”b(L +35)Saisk Eq. (2.4)

Also, since the thrust is equal to the rate of change of the axial momentum
between the planes far upstream and far downstream, the thrust is then given by,

T = deiSk(UOO + aUOO)bUOO. Eq (25)

Equating the two equations of the thrust from Eq. (2.4) and Eq. (2.5) leads to,

PU?b (1+3b) Saisk = pSaisiUeo + AUco)bUso, Eq. (2.6)
and it yields,
a=1p. Eq. (2.7)

2

Thus, according to the momentum theory, half of the total velocity increase far
downstream of the disk is found at the location of the disk.

The static pressure directly upstream of the disk, p,, is reformulated as,

1 1
P1 = Pe =5 pUs” (;b? + b). Eq. (2.8)
The static pressure directly downstream of the disk p, is,

1 3
P2 =P1+ AP = po +5pUs”(3b% +b). Eq. (2.9)
13



It is shown in Eq. (2.8) and Eq. (2.9) that the pressure upstream and downstream
of the propeller is dependent on the increase of the axial velocity in the stream tube ,
which is determined by the operating condition of the propeller. The pressure on the
two sides of the actuator disk model as implemented in the CFD code follows that
described in Eq. (2.8) and Eq. (2.9).

Froude’s momentum theory (actuator disk model) is widely applied for research
of the propeller action, not propellers themselves, because of its simplicity and good
approximation. It is applied to determine the propeller loading when it is utilized
together with the blade element method (this method is introduced in the next
section), which gives good results compared with experimental results [52]. It was
also implemented to study the effect of the propeller slipstream on the wing loading
in analytical descriptions [5, 53] and numerical simulations [5, 54]. This simple
model indeed has limitations. There is no torque on the disk, so there is no rotation
imparted to the flow going through the disk. This model also ignores the vorticity
shed from the blades. The efforts to improve the actuator disk model for application
in wider conditions are manifold. The tangential and radial velocities in the
slipstream of the propeller, as well as the loading distribution in the radial direction,
are implemented by introducing vortex rings and vortex lines in the slipstream of the
propeller [55, 56]. Side forces resulting from the vortical flow around the edge of the
disk is implemented in an improved model [57]. As mentioned at the beginning of
this section, the original actuator disk model is still chosen for its good
approximation for our study to generate ground vortices and its simplicity.

2.1.2 Blade element method

The blade element method introduced here is prepared for the explanation of the
effect of the non-uniform inflow upon the propeller loading in a qualitative way.
This method is useful for dealing with both the cases of ground vortices and the
externally induced vortex.

The idea of the blade element method is introduced by Froude [51], and
generally referred to as Drzewiecki theory [48], because Drzewiecki explained it in a
practical form independently and he was the first to use airfoil data to find the force
on the blade element. The blade element theory investigates the propeller in a
greater detail compared with the momentum theory, e.g. the torque of the propeller
is introduced to the model.

14



Chapter 2 Theoretical description of propeller and vortex
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Figure 2.2 The section of an element on the blade.

A propeller model with a rotation speed of n (revolutions per second) is
positioned in the free stream with a velocity of U, . The blade is divided into
elements in the radial direction, as shown in Figure 2.2. Consider the element
located at the radius r, which has an infinitesimal length dr, a chord length ¢, and
a geometrical pitch angle B.

The flow around the element is assumed to be two dimensional (later on this 2D
flow is corrected by the Prandtl tip loss factor) and not affected by adjacent blades
and there is no radial flow. Each element is treated as a two dimensional wing, and
the cross section of the blade element is shown in Figure 2.3. The tangential velocity
is the combination of the tangential velocity due to the blade rotation, 2rtnr, and the
induced tangential velocity at the propeller plane, Uy ;o (this tangential velocity is
induced by the vortex system in the propeller plane and in the propeller slipstream,
and the detail is reported in [5]). The axial velocity is the combination of the free
stream velocity Uy, and the induced axial velocity U, ;o(this axial velocity can be
determined from the actuator disk model). The resultant velocity is defined as the
effective velocity represented by U,. The angle between the effective velocity and
the chord line of the blade element defines the geometrical angle of attack a. The lift
and the drag on the element are defined by following the definition of a wing model,

dL =2 pUsCiedr, Eq. (2.10)

dD = %onoszcdr. Eq. (2.11)

Here, C; and C, are the lift and the drag coefficients of the of the blade element.
The thrust is defined in the opposite direction of the free stream. The angle between
the thrust and the lift is (B — a), and the lift has a positive contribution to the thrust,
while the drag has a negative contribution to the thrust. The thrust is defined in
Eq. (2.12). The force perpendicular to the thrust, dF, induces a torque on the blade
which is defined in Eqg. (2.13).
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dT = dLcos(B — a) — dDsin(f — a), Eq. (2.12)
dQ = dF -r =r(dLsin(f — a) + dDcos(B — a)). Eqg. (2.13)

The lift and the drag coefficients can be obtained from a database (obtained from
calculations or experiments). After the induced velocities on the blade are known,
the thrust and torque of the blade can be obtained. The determination of the induced
velocities can be obtained from Froude’s momentum theory, Prandtl’s lifting line
theory and Theodorsen’s vortex model [52]. In our analysis as shown in Chapters 4
and 7, the induced velocities in addition to the free stream velocity are obtained from
P1V measurements and CFD simulations, so these methods to determine the induced
velocities are not explained in detail here.

Figure 2.3 The velocities and forces on the blade element.

2.1.3  Aerodynamic parameters of propeller performance

The incidence angle of the blade is dependent on the free stream velocity and the
rotating speed as shown in Figure 2.3. Hence, the local blade angle of attack,
represented by the advance ratio becomes,

J =L Eq. (2.14)

nD

The thrust of the propeller is normalized by two times of the dynamic pressure of
the free stream and the square of the propeller diameter,

T, =—— Eq. (2.15)

T pUx?D?

The torque of the propeller is non-dimensionalized as,
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Qc = % Eq. (2.16)

T pUx?D¥

The efficiency of the propeller represents the work in the forward direction of the
propeller divided by the shaft power,

_ TUe _ Tc
N= o = 27TQc]' Eqg. (2.17)

When there is an unsteady force on the blade, e.g. the propeller is operated at a
non-uniform inflow, it is necessary to define the phase angle of the blade, which
represents the circumferential position of the blade as shown in Figure 2.4. The
phase angle ¥ is defined by the angle between the 0Z axis and the dashed line,
which is the blade pivot axis for the blade to change the pitch angle. The coordinate
system, with its origin located at the intersection of the propeller centre line and the
leading edge of the blade root, is shown in the right hand side of Figure 2.4.

Figure 2.4 Left: definition of the phase angle of the blade; right: coordinate
system of the propeller.

2.2 Description of a vortex

In order to investigate the interaction between a vortex and a propeller, the
aerodynamics of the vortex needs to be elaborated. The aerodynamics of the vortex
introduced in this section includes definitions and fundamentals about a vortex, i.e.
definitions of vorticity and circulation, fundamentals of vorticity generation and
transport, as well as a vortex model to represent typical vortical flow in aeronautics.

2.2.1 Vorticity

In order to quantify the strength of the flow spinning at each point, vorticity is
defined. A spherical fluid particle is considered as shown in Figure 2.5. The mass
centre is located at O, and the rotation speed around the mass centre is 2.
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Due to the rotation of the fluid (assumed to be a rigid rotation), the velocities are
not constant along the X and Y axes. Applying the mathematical operation of taking
curl of the velocity in the X-Y plane is,

Uy AU

wyz :a—XY—a—YXZZ.Q. Eq. (218)

It is found in Eq. (2.18) that the curl of the velocity is twice the angular velocity
of the fluid particle. Therefore, in order to characterize the rotation of the fluid, the
curl of the velocity is chosen and formulated in a three dimensional flow as,

B=VxU=(uy,0p0,) = (5252, 2x 22 5 _2x)  Eq (219)

Uy=0X
—— Ux=-QY

—_— s

Figure 2.5 Velocity of a fluid particle at rotation speed of 2 (reproduced from
[31]).

It is noticed that the vorticity satisfies the divergence free condition,

_ 0%Uz d*uy n 0%Ux  0°Ug n 90Uy  0%Ux _

T 9Yax 9zox ' 8zoy 9XdY = 9XozZ ayaz_o' Eq. (2.20)

This solenoidal feature of vorticity in 3D flow will be utilized to derive the
generation rate of the wall-normal component of the vorticity in Section 2.2.3.

2.2.2 Circulation and Kelvin’s theorem

Vorticity describes the angular velocity of a fluid particle as introduced in the
previous section, and the circulation is a macroscopic measure of the rotation of a
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finite area of fluid. It is defined on a closed path of the material curve (shown by the
blue circle in Figure 2.6) as,

r=d¢udl, Eq. (2.21)
where U is the velocity vector, [is the integral path on the material curve.

The closed curve defined for the calculation of the circulation bounds a cluster of
vortex lines. A vortex line is a line whose tangent is parallel to the vorticity vector.
The vortex lines drawn through each point inside a closed curve form a tube and it is
termed as a vortex tube, as shown in Figure 2.6.

-
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particle paths

t=t, t=t2
Figure 2.6 Schematic showing vortex tube which is tilted and stretched observed
at two instants [58].

A case of a vortex tube which is stretched and tilted from t; to t, (the stretching
and the tilting can also occur in the space domain, but it is not treated here) is shown
in Figure 2.6. In order to investigate the circulation along the material curve as time
advances, the Kelvin’s theorem is introduced with assumptions of no body force and
inviscid flow conditions. The substantial derivative of the circulation is,

Dl D = ,7 DU — Ddl DU = =

The integral of a scalar field on a closed curve is zero, and it yields the second
term on the right hand side of Eq. (2.22) to be zero,

el —>_ l 2 _
$UDU = §D5U? =0. Eq. (2.23)

For the inviscid flow assumption, the momentum equation is,
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Substituting Eq. (2.24) into Eqg. (2.22), and considering the fluid as
incompressible flow with a constant density, we obtain:

Dbr _ 1 _ _l _

5= _cﬁp Vpdl = > $dp = 0. Eq. (2.25)
The preservation of the circulation along a material curve, as shown in Eq. (2.25),

is known as Kelvin’s theorem at conditions of no body force and inviscid flow. As a

vortex is transported in the flow which is influenced by the propeller, Kelvin’s

theorem will be utilized in the following chapters.

2.2.3  Source of vorticity

The generation of vorticity from a flat surface in incompressible flow is
introduced by following the work of Lighthill [31] and Morton [59]. A fluid element
adjacent to the wall is shown in Figure 2.7. The wall is represented by the plane of
Z =0, and the wall parallel velocities adjacent to the wall are Uy and Uy
respectively (the distributions of the velocity presented here are along the wall
parallel directions).
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Figure 2.7 Fluid element adjacent to the wall (the wall is represented by the plane
Z =0).

The Navier-Stokes equation for a location on the wall (Z = 0) is,

6[7 = frcd el 1 N
ot WUz=o " VUz=o = o VPz=0 + v(V2U)z=0, Eg. (2.26)
where v is kinematic viscosity.

On the left hand side of Eqg. (2.26), because the velocity on the wall ﬁz=0 is the
same everywhere (either zero or the same velocity as the movement of the wall)),

20
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the term |7UZ o is zero; On the right hand side of Eqg. (2.26), the terms of 0%Ux 0°Uy

0x2’' 9x2’
0%Uyx 0%uUy 0%Uz 9%U
X ——Y ——Z ——Zinside the second term are all zeros (the second derivatives in
av2 ' ay2 ' ax2’ ay?

the wall parallel directions are zeros because the velocities in the wall parallel
components are all the same (zero or a constant)). Combining the analysis on the left
and the right hand sides of Eq. (2.26) gives,

dUz=o _ 1 %Ux > 0%Uy > , 32Uz 7
Te=o - Bsz=0+v[ X+ k]ZZO. Eq. (2.27)

Forming the cross product of Eg. (2.27) with wall-normal vector k gives,

9%Uy - , 9%Ux -
i+ Ej 40 Eq. (2.28)

AUz—

X
k at

7 1
=—k XngZ=0 +V[—
The gradient of vorticity in the wall normal direction is,

aY 0z

6a)X a (GUZ aUy) GZUZ 62Uy aZUy

0z oz Yoz  9z2 =- 972" Eq. (229)

aﬂ _ i(aUX _ 6UZ) _ 62UX _ 62UZ ~ aZUX
az ~ 9z \ oz ax )~ o9zz2 axaz — az2 " Eq. (230)

The velocity of the wall normal component is zero on the wall and assumed to be
02Uy,
a az X0z

are both neglected.

Eq. (2.29) and Eq. (2.30) are the two terms in the square bracket of Eq. (2.28).
Now Eq. (2.28) can be written as,

a 7+ a 3Uz_
VS X+ )] = kx| +- sz ol- Eq. (2.31)

Equation Eqg. (2.31) is the well-known equation of the vorticity production rate
from the wall. The terms v% and v% represent the ‘total vorticity flux out of the

solid surface per unit area per unit time’ [31]. It shows that the production of wall-
parallel components of the vorticity is due to the acceleration of the wall and the
pressure gradient on the wall. The vorticity production in the wall-normal direction
can be derived from the solenoidal feature of the vorticity:

6wz 6wX 6wy

vV = (— +—= Eqg. (2.32)

Eq. (2.32) shows that the vorticity in the wall normal direction is due to the
divergence of vorticity in the wall tangential directions. The vorticity in the wall
normal direction can also be termed as the curl of shear stress,
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a(l)Z _ <an n a(l)y) _ M( aUy n aUX ) _ 1 (aTy aTx)
Voaz - V\ax "oy oxoz " avez) =

p

ax oY

= %v X (15T + 1y)), Eq. (2.33)

where p is the dynamic viscosity.

For a uniform flow along a flat surface, the wall parallel velocities are uniform,
and the vorticity in the wall normal component is of orders of magnitude lower than
the wall parallel components [31]. If the wall parallel velocities adjacent to the wall

. . . au au
are not uniform, as shown in Figure 2.7, and the terms —X% and —= are not equal,
axaz " avaz

the vorticity in the wall normal component is generated. This mechanism of vorticity
generation from a flat wall will be further discussed in Section 4.2 together with
numerical results to show the vorticity source of ground vortices.

2.2.4 Vorticity transport equation

The derivation of the vorticity transport equation starts from the momentum
conservation of Navier-Stokes equations with conditions of incompressible,
Newtonian fluid and without a body force,

Zy(U-v)U= —%Vp + 2. Eq. (2.34)

By taking curl on the momentum equation the vorticity transport equation is
obtained (the detail of the derivation is shown in many textbooks of vorticity
dynamics, e.g. [60]),

—

=V V%G, Eq. (2.35)

The first term on the right hand side of vorticity transport equation represents the
stretching and tilting of a vortex. The second term represents the rate of change of
vorticity due to molecular diffusion.

2.2.5 Profile of vortex

The concentrated vorticity is present in tornados [61], wing tip vortices [62, 63]
and ground vortices [26, 33] among others, and ideally they feature an axisymmetric
profile. The velocity components as expressed in a cylindrical coordinate system are
the tangential velocity, the radial velocity and the axial velocity. The magnitude of
the tangential velocity is found to be of orders higher than the axial velocity and
radial velocity for an intense vortex [64], so the majority of the vortex models
concentrate on the description of the profile of the tangential velocity. Examples of
well-known vortex models are the Rankine model [65], the Kaufman-Scully model
[66], the Lamb-Oseen model [67] among others. The Lamb-Oseen vortex model is
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Chapter 2 Theoretical description of propeller and vortex

extensively applied for the simulation of the vortex generated from a wing tip. A
generic flow field for the far wake generated by an airplane was simulated by
superposing Lamb-Oseen vortices as reported in [68]. A single vortex generated by a
wing was studied in [69] and it was found that the vortex decay in the vortex core
follows the characteristic of the Lamb-Oseen vortex, even though external
turbulence was added. Therefore, in order to simulate the vortex that shed from
upstream parts of lifting surfaces to impinge onto the propeller, the model of Lamb-
Oseen vortex is chosen and its profile is elaborated as below.

The derivation of the velocity profile of the Lamb-Oseen vortex starts from
vorticity transport equation of Eq. (2.35). Considering the two dimensional flow, the
term & - VU becomes zero (no tilting and no stretching). The velocity component is
always perpendicular to the vorticity vector, so the term of (17 - V) becomes zero.
The detail of the derivation is not elaborated here, and the distribution of the
circulation in the vortex is directly given as [70],

r

r(r,t) =I,(1-— e('Tvzt)). Eq. (2.36)
The circulation defined in the form of the path integral is,

r(r,t) = 2nru;. Eq. (2.37)
Substitute Eq. (2.37) into Eq. (2.36) yields,

r

Up=5=(1- e(‘m>). Eq. (2.38)

One further step taken is to eliminate the term of time, which makes this formula
applicable for a given strength and a given dimension of a vortex core. A definition
introduced here is the vortex core radius, where the maximum tangential velocity of
the vortex is located. By taking a partial differentiation of  and the result to be zero
which is the necessary condition of a peak value, we obtain,

1 1.25643
pr Eqg. (2.39)
Substituting Eg. (2.39) into Eq. (2.38) yields,
I'o (—1.25643r—22>
Up=5>(1-e re?)). Eq. (2.40)

The profile of the tangential velocity is obtained now. This profile will be applied
for the study of the interaction between an externally induced vortex and the
propeller (Section 2.3.2, Chapters 5, 6, and 7).
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The pressure distribution in the vortex can also be deduced from the distribution
of the tangential velocity. By the strategy of order analysis, the continuity and
momentum equations of Navier-Stokes equations are simplified, and the detail of the
derivation is given in [62]. The formula of the momentum equation in the radial
direction is then formulated as,

ap _ U

il Eqg. (2.41)

The pressure far beyond the centre of the vortex is assumed to be the ambient
pressure p,, and the pressure in the centre of the vortex is,

wU? ,_
Po =Pw — P Jy, —=dF. Eq. (2.42)

As shown in Eq. (2.42), the pressure in the centre of the vortex can be calculated
after the tangential velocity is already known, and it is lower than the ambient
pressure. The pressure in an arbitrary radial position is retrieved after the pressure in
the vortex centre is known,

U2 ,_
p(r) =po +p [} = dF. Eq. (2.43)

Based on the above equations, the profiles of the vorticity, the circulation, the
tangential velocity, and the pressure along the radial direction of the Lamb-Oseen
vortex are plotted in Figure 2.8, and these values at the vortex centre are also
highlighted. The vorticity decreases monotonically as the radius increases, and the
magnitude of vorticity at the vortex core radius is 28% of that in the vortex centre.
The circulation which is a cumulative quantity of vorticity increases monotonically
as the radius increases. It has 72% of the total circulation located in the core region
of the vortex. The tangential velocity reaches its maximum at the position where it is
defined as the vortex core radius. There is a pressure decrease toward the vortex
centre. The pressure magnitude relative to the ambient pressure at the vortex core
radius is 47% of that at the vortex centre.
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Chapter 2 Theoretical description of propeller and vortex

Figure 2.8 Profiles of the Lamb-Oseen vortex model. Top left; the axial
vorticity; Top right: the circulation; bottom left: the tangential velocity; bottom right:
the pressure.

2.3 Interaction between propeller and vortex by analytical models

After introductions of aerodynamics of propellers and vortices separately,
aerodynamic interactions with each other are analysed as below.

2.3.1  Propeller induced flow field on the ground

An analytical model to represent the influence of the propeller on the ground is
built in this section. The flow around the propeller can be represented by a doublet
flow in an abstract sense (more complex model than this doublet model can be
utilized, but for a simple description of the thrust of the propeller this model is
assumed to be enough). The image method is employed to represent the induced
flow of the doublet near the ground [71]. The analytical model with a pair of doublet
flow models on the two sides of the ground is shown in Figure 2.9.

The stream function of the flow induced by a doublet of the strength x« is

p=Lb KX kX _ K _X Eq. (2.44)

2T T 2 v 2mr? 2m X2+47%
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The velocity field of the doublet flow is

K (X24Z2)-X(2X) _ k (Z?-X?)
2w (X2422)2 2@ (X2+422)2]

Uxy(X,Z) =

Eq. (2.45)

K 0-X(2Z) _ Kk —2XZ
27 (X2+22)2 21 (X2+22)%

Uy (X,2) = Eq. (2.46)

Applying the image method, the velocity at the position of the wall (Z = —h) is
doubled for the X component, and zero for the wall normal component,

Kk (h*-X?)

Ux(X,—h) = D)2 Eq. (2.47)
Uz(X,—h) = 0. Eqg. (2.48)
The surface pressure is then obtained by the Bernoulli’s equation,

1 1k (h?-x2) 2
p(X: _h) =Px — Ep(UXZ) =P — Ep(;)z ((X2+h2)2) ' Eq (249)
The pressure gradient on the ground is,
a _ K\% (h?-Xx2)x(2X5-4h2X3-6h%X)
ox (E) * (X2+h2)6 ' Eq. (2.50)

Due to the pressure gradient on the ground, vorticity generation rate can be
determined from Eqg. (2.31), and its two dimensional form is formulated as,

dwy _ (k)% (h?-x*)x(2X5-4n?X3-6h"X)
v 22 = (ap/0X)/p = — (£) S . Eq. (2.51)

The profiles of the pressure and vorticity generation rate on the wall are plotted
in Figure 2.10 for a doublet flow with the elevation of h = 1.5 R, where R
represents the radius of the propeller. The magnitudes of Y component in the figures

2 2
are scaled by % p()? %, p (g) % and (g) % respectively.

The doublet flow induces a pressure decrease on the ground in the proximity to it
as shown in the left hand side of Figure 2.10, and it reaches the minimum value at
the position of X/R = 0. Due to the non-uniform pressure distribution, there is a
negative pressure gradient. As formulated in Eq. (2.31), the pressure gradient on the
ground is the source of vorticity. Therefore, the propeller, in this case simply
represented by the doublet, generates the self-induced vorticity from the ground, as
shown in the right hand side of Figure 2.10.
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Figure 2.9 Image method on the doublet flow near the wall to represent the
propeller induced flow near the ground.
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Figure 2.10 Distributions of pressure and production rate of vorticity on the wall
due to the doublet flow.

It is found in Eq. (2.51) that the magnitude of the pressure gradient on the ground
depends on the strength of the doublet, k, and the height of the propeller above the
ground, h. As the strength of the doublet increases and the height decreases, the
vorticity generated from the ground is supposed to increase. This analysis helps us to
determine parameters governing the strength of ground vortices, which is further
discussed by a more complex model (actuator disk model) in Chapter 3 and 4. Next,
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another simplified model is utilized to determine the parameters governing the
impact of an externally generated vortex on a propeller, which is intended for the
determination of the parameters governing this phenomenon and prepared for the
studies in Chapter 5, 6 and 7.

2.3.2 Impact of a streamwise vortex on the propeller inflow

In this simplified model, the incoming vortex and the propeller are represented
by the red dashed circle and the blue circle respectively, as shown in Figure 2.11.
The vortex centre is located at C; the tangential velocity of the vortex is U, .; and the
circulation is I',,. The centre of the propeller is located at O; the rotation speed is n;
the induced velocities of the vortex projected in the tangential and radial directions
of the propeller are represented by U, ; and U, ;. The rotation direction of the vortex
is the same as that of the propeller, so the vortex is denoted as a co-rotating vortex as
shown in Figure 2.11. Because the induced radial velocity has a negligible effect on
the blade loading, it is ignored.

Figure 2.11 Induced velocities on the propeller inflow due to a vortex. All
parameters associated to the vortex are represented by the red colour, and all
parameters associated to the propeller are represented by the blue colour. Viewed
from the front.

The induced tangential velocity on the blade is formulated as,
Ui = Upc - cos(@). Eq. (2.52)

¢ has the same value as =CPO, so
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cos(¢p) = cos(=CPO) = (%) Eq. (2.53)
The parameters in Eq. (2.53) are defined by,

PC = /(1 cos8)? + (r - sind — AR)?, Eq. (2.54)
PO = /(1 - cos8)? + (r - sinf)?, Eq. (2.55)
CO = IR, Eq. (2.56)

where, r and 6 are defined in Figure 2.11, AR is the radial distance from the
impinging position to the centre of the propeller.

By employing the Lamb-Oseen vortex model from Eg. (2.40) as the impinging
vortex,
_ 1_3—1.25643(PC/TC)2
E ( PC/1, !

Eq. (2.57)

the induced tangential velocity on the propeller inflow can be calculated.

When the impinging radial position is 4 = 0.7, the contour of the induced
tangential velocity scaled by I',,/2m is plotted in Figure 2.12. It features a disk
region with negative induced tangential velocity, and the rest has positive induced
tangential velocity. The dividing curve for the positive and negative value is the
circle of PC2 + PO? — C0? = 0, with a diameter of CO. The summation of the
positive values of the induced tangential velocity is 2.14 times of the negative values
at the current setting, so the combined effect is consistent with positive tangential
velocity. The effect of induced tangential velocity on the propeller is analysed as
below.

For an isolated propeller, the tangential velocity of the blade is 2rmnr + U, ;o as
shown in Figure 2.3. As there is a vortex in the inflow of the propeller, there is an
additional tangential velocity on the blade, U, ;, which is shown in Figure 2.13. The
induced positive tangential velocity decreases the angle of attack of the blade cross
section; and vice versa for the negative induced tangential velocity. Consequently,
the local loading decreases for the positive tangential velocity; and vice versa for the
negative tangential velocity. The additional axial velocity involved in the vortex is
neglected, because its magnitude is much lower than the tangential velocity for a
strong vortex as reported in [64], and its influenced area is relatively small compared
with the induced tangential velocity.

29



Figure 2.12 Example of the induced tangential velocity on the propeller disk due
to the co-rotating vortex located at A = 0.7. Viewed from the front. U, ; is scaled by
I,/2m.
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Figure 2.13 The effect of the induced tangential velocity on the incidence angle
of the blade cross section. Left: positive induced tangential velocity; right: negative
induced tangential velocity.

As mentioned before, the overall effect of the co-rotating vortex impingement on
the propeller has a positive induced tangential velocity, so the loading on the
propeller decreases. The opposite is true for the counter-rotating vortex impingement.

There are several parameters determining the distribution of the induced
tangential velocity U, ; as shown in Eq. (2.52). First, the induced tangential velocity
at the disk depends on the position, i.e., (r, 8); when the blade is rotating, the blade
has a cyclic force due to the change of the induced tangential velocity. Second, the
induced tangential velocity depends on the tangential velocity of the vortex, in terms
of the magnitude and the rotation direction. Furthermore, the induced tangential
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velocity also depends on the impinging position of the vortex on the propeller,
which is represented by A.

2.4 Conclusions

The momentum theory and blade element method are introduced to explain the
working mechanism of propellers. The momentum theory was prepared for the study
of ground vortices induced by the propeller in Part Il of the thesis, in which it is
implemented to the CFD calculations. The blade element method was prepared for
the analysis of the impact of the vortex on the angle of attack of the blade, which
determines the loading of the propeller, which will be discussed both in Part 1l and
"l

The generation rate of vorticity from a flat wall is derived from the Navier-
Stokes equations by following the work of Lighthill. From a simplified case by
regarding a propeller as a doublet, the generation of vorticity is explicitly shown to
be originated from the pressure gradient on the ground. The generation rate of
vorticity is dependent on the strength of the doublet and the height of the doublet
above the ground.

The Lamb-Oseen vortex is found to well represent the wing tip vortex from
literature. The distribution of the tangential velocity of such a vortex model is
derived which is the solution of Navier-Stokes equations. By applying the Lamb-
Oseen vortex to impinge onto a propeller, an analytical investigation is performed to
investigate the inflow of the propeller. Additional tangential velocity is observed in
the inflow of the propeller due to the impinging vortex, which changes the local
angle of attack of the blade. It is deduced that the parameters, i.e. the strength of the
impinging vortex, the rotation direction of the vortex relative to the propeller, and
the impinging radial position, determine the impact of the vortex on the performance
of the propeller. In addition, the distribution of the tangential velocity of the wing tip
vortex is prepared to be implemented in the CFD simulations during the study of the
interaction between an externally induced vortex and the propeller in Part IlI.

The impact of the propeller on the vortex is not investigated analytically in this
chapter, but the Kelvin’s theorem and vorticity transport equation are prepared for
this purpose, which will be analysed on the experimental and numerical results in
the following chapters.

2.5 Discussion

From the theoretical background of propellers, the vortex, and analytical models
to estimate the interaction between each other, the parameters governing the physics
of the phenomena are found. For the ground vortices, the strength and the height of
the doublet representing the flow around the propeller determine the generation of
vorticity. For the interaction of an external vortex with a propeller, the induced
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tangential velocity of the vortex determines the effective angle of attack of the
propeller blades. The vorticity transport equation implicitly showed that the vortex
could be tilted, stretched and diffused during the interaction with the propeller. For
the study of the above parameters, methods and results are going to be discussed in
the following chapters.

In Chapter 2, the vorticity production rate by a doublet near the ground is
analysed in a two dimensional flow. In order to check the validity of this
approximate model for a three dimensional flow, the flow fields will be resolved by
means of numerical simulations with the help of the actuator disk model. In addition,
the numerical simulations will be validated by the experimental measurements with
the help of Particle Image Velocimetry (PIV) measurements. At the same time, the
velocities, which characterise the flow field including the ground vortices, are also
utilized for the temporal and the modal analysis of ground vortices. As found in
Chapter 2, the vortex has an impact on the propeller inflow, therefore the vortex has
an impact on the propeller performance from the blade element method. In order to
guantify this impact, experimental measurements are conducted with the help of the
rotating shaft balance (RSB). The details of the analysis methods and results will be
presented in Chapter 3 and Chapter 4 which form Part 11 of the thesis.

From the qualitative analysis of the impact of the externally generated vortex on
the propeller as shown in Chapter 2, it is found that this impact depends on several
parameters, i.e. the strength, the off-axis distance with respect to the propeller centre
line, the phase angle of the blade, etc. In order to quantify the impact of these
parameters of the vortex on the propeller, the vortex is quantified by the PIV
measurements, and the propeller performance is obtained with the help of RSB
measurements and CFD simulations. In addition, in order to investigate the response
of the vortex to the propeller, which was analysed theoretically by the vorticity
transport equation in Chapter 2, the flow fields including the vortex are resolved
with the help of PIV measurements and CFD simulations. The detail of the analysis
methods and results will be presented in Chapter 5, 6 and 7, as well as Appendix E,
F, G, and H.
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Part 11

Interaction between propeller and its self-induced
vortices
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Chapter 3 Tools for the investigation of propeller self-induced vortices

Chapter 3 Tools and methods for the investigation of
interaction between propeller and its self-induced
vortices

In order to investigate the generation and behaviour of ground vortices in
interaction with a propeller, the characteristics of ground vortices expressed through
the distribution of velocities need to be obtained. The measurements of the velocities
are conducted by utilizing the technique of Particle Image Velocimetry (PIV) in
wind tunnel tests. The application of Lighthill’s vorticity generation equation
requires the pressure gradient and vorticity gradient on the ground; these are
obtained from numerical analyses of Large Eddy Simulations (LES). The
performance of the propeller influenced by the ground vortices is measured by a
rotating shaft balance. A detailed discussion on the applied techniques is provided in
the following sections.

3.1 Wind tunnel and propeller rigs

3.1.1 Open jet facility

The experimental tests were carried out in a low-speed, closed-loop open-jet
wind tunnel in Delft University of Technology, as shown in Figure 3.1. The tunnel
has an octagonal test section, and the maximum height and width is 2.85m x
2.85m (18 R x 18 R, where R is the propeller radius).

The inflow velocity was set at a relatively low speed of 2.7 m/s, which is chosen
to achieve high thrust coefficients needed to generate ground vortices. This
determination is based on the research reported in [29, 33] which showed that the
occurrence and strength of ground vortices were related to the ratio between the inlet
velocity of the turbofan and the free stream velocity. The measurement and analysis
of the turbulence intensity of the flow at such a free stream velocity is reported in
Appendix B. It is 0.5% in the region outside the boundary layer. In the current study
only the head wind condition is chosen. This condition is obtained by setting the
axis of the propeller aligned with the free stream direction, but findings from this
case, especially the analysis of the vorticity source, can also be applied for other
situations, e.g. the cross wind condition, the quiescent condition and the take-off
condition.
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Figure 3.1 General layout of Open Jet Facility (OJF) in Delft University of
Technology.

3.1.2 Experimental setup

The radius of the propeller, R, is 0.152 m. The selection was based on the
availability of this propeller. The propeller size was originally selected to fit into the
infrastructure of the LSL wind tunnel (1.80 m x 1.25m) of Delft University of
Technology. The availability of the propeller for use in the OJF has the benefit, that
even at high thrust conditions, the wind tunnel effects are relatively small. The
correction of the free stream velocity for the highest thrust setting during the study
of ground vortices is -2.80%, and that during the study of the interaction between an
external vortex and the propeller is -0.38%. The detail of the correction method was
reported in [72] by considering that the propeller entrains the still air outside the
tunnel into the main stream. In addition, the PIV measurements become convenient
if the field of view is relatively small. In order to resolve the flow field which
involves ground vortices, and the flow field which captures the interaction between
the impinging vortex and the propeller slipstream, the field of view is limited due to
the required spatial resolution. Therefore, the propeller model cannot be so big.

The blade geometric pitch angle (B as shown in Figure 2.3) varies from 53° to
32° from the root to the tip of the blade as shown by the black curve in Figure 3.2 ,
and it is set to 40 degrees at 0.7 R which corresponds to a typical high loading
condition. One profile of the cross section of the blade was already shown in Figure
2.3 (0.7 R radial position). The chord length distribution along the radial direction is
shown by the red curve in Figure 3.2, and the chord length at 0.7 radial position is
0.25R.

The maximum rotating speed of the propeller in our test was 6000 rpm, which
corresponds to a Mach number at the blade tip of 0.28, and a Reynolds number of
113,000. Because the propeller was designed for the Fokker F29 conceptual aircraft,
the scaling effects compared to the full scale propeller cannot be provided. However,
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an estimate can be made by considering a similar aircraft of Fokker F27 (with
engine PW127B of rotating speed 1200 rpm [73]). This corresponds to a tip Mach
number of approximately 0.67. It can be found that the Mach number of the scaled
model is lower than the real propeller. Although the chord length of the blade tip of
Fokker F27 is not available for us, the size of the real propeller is definitely several
times of our model; the tip speed is also shown to be 2.4 times as high as our model.
Therefore, the Reynolds number of the real propeller is approximately one order of
magnitude higher than our model.

Although the Mach number and the Reynolds number are not achieved to be the
same as the real situation, the non-dimensional parameter, i.e. the advance ratio J, is
set at realistic values in our measurements. The advance ratio is one of the important
parameters for propeller operations. It is set in the range corresponding to the taking
off condition for studying ground vortices, and in the range corresponding to the
cruise condition for studying the interaction between an external vortex and the
propeller.
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Figure 3.2 Distributions of the geometric pitch angle and chord length along the
radial direction of the blade.

The set up with an eight bladed propeller, which is installed near a flat table to
represent the ground operation of the propeller, is shown in Figure 3.3. The total
length of the propeller model is 6 R, involving the spinner, the hub (with diameter of
0.084 m) and the nacelle. The width of the ground table is 18 R, and the radius of
the propeller inflow stream tube (stream tube upstream of the propeller describes a
virtual domain in which the flow enters the propeller, as shown in Figure 2.1) is
3.0 R at T, = 63.3, which is the highest propeller thrust setting of our tests. The
width of the table is enough to avoid any influence from the table side edges. The
distance from the leading edge of the table to the projection of the blade leading
edge on the ground is 6 R. The propeller suction induces a pressure gradient on the
ground table, and it is found that the pressure gradient at 6 R upstream of the
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propeller on the ground is negligible, which is shown in the next chapter. It can be
concluded that the propeller influence on the table leading edge is negligible.
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Figure 3.3 Schematic overview of the propeller model and experimental
arrangement.

The ground table is raised 0.3 m (2 R) above the bottom of the exit of the wind
tunnel, and its leading edge has a triangle shape with a sharp edge toward the free
stream (as shown in Figure 3.3). Such an arrangement of the ground table avoids the
boundary layer of the wind tunnel wall and generates a new boundary layer. The
analysis of the boundary layer is described in Appendix B. Because one main
concern of this research is to evaluate the vorticity source of ground vortices from
pressure gradient on the wall, the factors from interference of the leading edge are
not systematically studied, for example, different shapes of the leading edge of the
ground table.

The ground table has a transparent window insert (part 6 as shown in Figure 3.3),
which allows optical access for PIV cameras. The height of the propeller from the
ground table is defined by the distance from the propeller centreline to the ground,
denoted as h. By moving the ground table vertically, the elevation of the propeller
model is changed.

3.1.3 Rotating shaft balance and air motor

The propeller is driven by a TDI 1999 air motor, which is represented by part 7 in
Figure 3.3 and is shown in detail on the right hand side of Figure 3.4. The maximum
power of the engine is 98 HP (73.09 KW) when operated at air supply of 34.47 Bar
and mass flow of 0.907 kg/sec. The temperature of the air is required to be between
15°C and 65.5°C upstream of the inlet of the motor, which is achieved by heating
the air through the water tank with temperature of 65.5°C. The lubrication and
cooling of the bearings are accomplished by an external two channel pulse oiler,
which is pumped through an oil tank and ejected through the exit of the engine. The
lubrication and cooling for the slip ring is through the static oil.
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Figure 3.4 Left: Rotating shaft balance (RSB); right: air motor.

The propeller is directly coupled to a rotating shaft balance (RSB, represented by
part 2 in Figure 3.3) that measures the isolated thrust and torque produced by the
propeller, and the detail of the schematic of RSB is shown on the left hand side of
Figure 3.4. The balance is mounted in front of the hub. The range of the balance is
+350 N for the axial force, and +£30 Nm for the axial torque.

3.2 PIV arrangement

3.2.1 Low frequency PIV arrangement

Planar PIV measurements were conducted at the wall parallel plane, whilst
stereoscopic-PIV tests were carried out at the wall normal plane. These
arrangements are chosen because the out of plane component of the velocity in the
wall parallel plane is low and that in the wall normal plane is high. If the out of
plane component of the velocity in the PIV measurement plane is large, the error of
in-plane components of the velocity is high for a planar PIV measurement [74]. The
measurement system was composed by two LaVision Imager Pro LX 16M cameras
(CCD sensor of 4,870 pixels x 3,246 pixels, 12 bit resolution, 7.4 pm pixel pitch)
and a Quantel Evergreen 200 laser (dual pulsed Nd:YAG laser, 200 mJ energy per
pulse). The flow was seeded with micron-sized water-glycol particles produced by a
SAFEX Twin Fog Double Power smoke generator inserted in the settling chamber.

The flow fields were captured using two different arrangements of the PIV
system. For the PIV arrangement 1, measurements were conducted at the plane
which is §;; = 0.046 R (0.1 8p,) above the ground, where &g, is the local
thickness of the boundary layer tested during propeller absence (Appendix B), as
shown in Figure 3.5 (a) and (b). The imaging system is based on a 35 mm Nikkor
objective set at f# = 4 and the magnification factor is 0.0735. The processing was
conducted with the interrogation window size 128 pixels x 128 pixels, 75% overlap,
the Gaussian-weighting function, and the vector pitch is 3.22 mm (0.0212 R).

For the second PIV arrangement, measurements were carried out at §,, =
0.08 R, which is 12 mm upstream of the leading edge of the root of the propeller
blades, as shown in Figure 3.5 (c) and (d). In this case, the two cameras were
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positioned with 45 degrees viewing angles, one in forward scatter and the other in
backward scatter. The forward and backward scattering cameras are based on
200 mm Nikkor objectives set at f# =5.6 and f# =4 respectively. The
magnification factor is 0.1076. The processing is conducted with interrogation
window size of 128 pixels x 128 pixels, 75% overlap, Gaussian-weighting function,
and the vector pitch is 2.21 mm (0.0145 R). In both arrangements, the number of
image pairs recorded is 250 per testing condition.

The window size of 128x128 pixels corresponds to 12.9%x12.9 mm in physical
space. The choice of such a window size is due to the quality of the PIV images,
which are poor due to the low seeding density and large illuminated region (low
light intensity). Hence, a smaller interrogation window would cause many spurious
velocity vectors.

(a) Arrangement 1: front view (c) Arrangement 2: side view
7 Z
Y = —
. .\R__._ Laser sheet

(d) Arrangement 2: top view

(b) Arrangement 1: side view

4,2
Gg
6[, Ji * Laser sheet
Ground table

Figure 3.5 Setups of low frequency PIV measurements for the flow field near the
ground and the flow field upstream of the propeller

The frame separation time is within the range of 10-100 us for both the low and
high frequency PIV measurements in the plane which is parallel to the ground; in the
plane upstream of the propeller, it is within the range of 1-10 us. They are different
between the two planes because the velocities in the two plane are different. The
frame separation time was also changed for each loading condition of the propeller
(the induced velocity by the propeller changes), in order to make sure that the
particle movement is approximately 10 pixels.
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The movement of the ground vortices is relatively slow, with period of 100-1000
ms, which is deduced from the analysis in Section 4.3.2. The period of the vortex
movement is at least 1000 times larger than the frame separation time. Therefore,
within the frame separation time, the vortex can be regarded as “frozen”.

In the plane upstream of the propeller, the blade movement was taken into
account due to the blade reflection, which has an impact on the processing of PIV
results. On the one hand, efforts were made to decrease the reflection. One technique
is to paint the blade with a special material which is obtained from LaVision; the
other technique is to move the measurement plane far away from the blade (but the
plane can still capture the vortices). On the other hand, the time of the frame
separation is set a relatively low value, i.e. 1-10 us. For example, if the time of the
frame separation is 5 us and the rpm of the propeller is 6000, the movement of the
blade tip is 0.14 mm. Hence, spurious vectors due to the blade movement may
appear only in a small region in proximity of the light reflection on the blade.

3.2.2  High frequency PIV arrangement

The PIV measurements conducted at a low frequency with a relatively large field
of view were utilized to cover the flow field as large as possible which involves
ground vortices; and it is also utilized to analyse the impact of ground vortices on
the propeller inflow. For the investigation of unsteady characteristics of ground
vortices, high frequency PIV measurements are conducted. The field of view of the
high frequency PIV measurement decreases with respect to the low frequency PIV
measurements. The field of view of high frequency PIV measurement is located in
the region where ground vortices have the most possibility to occur. This region is
determined by analysing the results of low frequency PIV measurements, e.g. the
positions of the dominant vortices in the measurement plane and the results are
reported in [75].

For the PIV measurement at a high frequency, the seeding is still the same as that
of low frequency PIV measurements. A Quantronix Darwin Duo Nd-YLF double
pulse laser was used for illumination. The particle images are recorded by Photron
FastCAM SA1.1 CMOS cameras (1024 x 1024 pixels at 5400 fps,12 bits, 20 um
pixel pitch). The processing was conducted with the interrogation window size 64
pixels x 64 pixels, 50% overlap, the Gaussian-weighting function.

The setup of high frequency Stereoscopic-PIV measurements conducted at the
wall parallel plane is shown in Figure 3.6 (a) and (b). The distance between the
measurement plane and the ground is the same as that of low frequency PIV tests.
The magnification factor is 0.2207. The measurement is conducted at a frequency of
1500 HZ for a trial, and then it is found that the flow features low frequency
characteristics. Therefore, the measurements at this plane were conducted at a
frequency of 500 HZ and sequences of 2000 image pairs were acquired.
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Stereoscopic-PIV tests are carried out at the wall normal plane upstream of the
propeller at X/R = —0.16, which was twice as far as that shown in Figure 3.5 (¢)
and (d) (6,3 = 29, ), because it is found that the reflection from the blade is strong
when the measurement plane is too close to the blade. The forward and backward
scattering cameras are based on 200 mm Nikkor objectives set at f# = 11 and
f# = 8 respectively. The magnification factor is 0.1821. The flow field in this plane
is dominated by the blade passing induced flow and features the frequency related to
the propeller rotating speed. Therefore, the measurements at this plane were
conducted at the frequency of 1500 HZ and sequences of 2500 image pairs were
acquired.

(@) Arrangement 3: front view  (¢) Arrangement 4: side view

¥ L |:| -— aser sheet

(d) Arrangement 4: top view
(b) Arrangement 3: side view

g H /Laser sheet

.

(;ound
table

Figure 3.6 Setups of high frequency PIV measurements. Left column:
arrangement for the measurement in the wall parallel plane; right column:
arrangement for the measurement in the wall normal plane.

3.3 Error analysis of the experimental measurements

The propeller height is measured by a ruler with marks every 1 mm. Because of
the difficulty in lining up the ruler mark with the tip point of the hub, the scatter of
the propeller height measurement is about 2 mm, yielding a relative error of 1.3% of
the propeller radius. The scatter of the time-averaged thrust (determined from
repeated measurements, the same for the following quantities) is 0.36 N at a high
value of the thrust of 66.33 N (relative error of 0.5%), and the scatter of the torque
is 0.04 Nm at a high value of the torque of 5.46 Nm (relative error of 0.7%), both
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with the confidence level of 95%. The scatter of rpm is 40 at 6250 rpm, and the
relative error is 0.6%.

The uncertainties of PIV measurements are estimated by the image matching
method [76]. The image matching method uses the measured velocity field to match
the particle images of the recordings based on the processing algorithm (for example
by window deformation or window shift). The approach detects particle images in
each interrogation window. In case of exact velocity measurements, the particle
images of the two recordings would match perfectly. In real experiments, the paired
particle images do not match exactly and feature a positional disparity between
them. The positional disparity is computed as the distance between the centroids of
the particle images. The measurement uncertainty is determined within each
interrogation window from the mean value and the statistical dispersion of the
positional disparity vector.

For the low frequency PIV testes, the uncertainty of the instantaneous velocity
fields at 95% confidence level is 0.02 m/s in the wall parallel plane. For the wall
normal plane, the uncertainty is 0.18 m/s for the in-plane velocity components and
0.17 m/s for the out-of-plane velocity component.

For high frequency PIV tests, the uncertainty of instantaneous velocity fields at
95% confidence level is 0.04m/s in the wall parallel plane. For the PIV
measurement in the wall normal plane, the uncertainty is 0.04 m/s for the in-plane
velocity components and 0.09 m/s for the out-of-plane velocity component.

For the error analyses of the PIV measurements as show above from
conventional methods, it should be mentioned that they are underestimated. Firstly,
the interrogation window size for the low frequency PIV measurements of ground
vortices is as big as 128x128 pixels. Although the conventional methods correctly
get the random part of the error, the systematic error due to the averaging over a
large region is underestimated (the averaging area is 16 times as large as that of a
good averaging window of 32x 32 pixels). In addition, some error sources are not
accounted for the current analysis, e.g. particle velocity lag in the vortex centre
where the swirl velocity is high. Furthermore, there is also an issue of high particle
density and low intensity of the laser light (a large field of view is required during
the tests), which introduces problems of multi-scattering and leads to
inhomogeneities of the particle density.

3.4 Numerical simulations

3.4.1 Numerical methods

To obtain a detailed analysis of the propeller induced flow field a numerical
study was performed based on the Large Eddy Simulations (LES). LES is a
numerical approach to divide the variables (e.g. velocities) into resolved and
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unresolved parts. The resolved parts or large-scale quantities are computed directly.
The unresolved or sub-grid scale quantities are modelled, such as the dynamic
Smagorinsky-Lilly subgrid model adopted in the thesis. The detail description of the
LES method is elaborated in [77]. The main advantage of choosing LES for the
simulation of ground vortices is that it is capable of capturing the unsteady effects
much better than unsteady Reynold Averaged Navier-Stokes (URANS) approach, and
does not require such extensive computational power as Direct Numerical
Simulation (DNS) [78]. In addition, the ground vortices induced by a suction tube
model reported by using the LES approach are consistent with the experimental
measurements as reported in [79].

The computational domain is a semi-cylindrical domain where the actuator disk
model is inserted, as shown in Figure 3.7. The dimension of the domain is
[-13.1 R,20.0 R] in the X component, and [—-13.1 R,13.1 R] in the Y component
on the ground plane. The dimension and the elevation of the actuator disk model are
according to the experimental test conducted on the propeller model. The front and
back boundaries of the semi-cylinder are prescribed as the velocity inlet and
pressure outlet boundary conditions respectively, to allow the free stream to
represent the headwind condition. The circular surface of the semi-cylinder is an
outlet boundary condition as well, which is consistent with the flow condition in the
open jet facility.

The velocity profile that is prescribed at the position of the velocity inlet is not
available from experimental data, and it is approximated by the experimental data at
the position which is aligned with the leading edge of the propeller blade (the
experimental data is shown in Appendix B). This approximation would induce a
thicker free-stream boundary layer in the CFD simulation than the experiment. The
CFD simulations are mainly utilized to verify the vorticity source for the forming of
ground vortices, and it is not intended to compare with experimental results in terms
of the vorticity source. However, the CFD results are verified by Lighthill’s
equation. In fact, because the vorticity in the far field boundary layer is kept constant
during the tuning of the thrust coefficient, the trend found in the CFD simulation
should be the same as that found in the experiment. The fluctuation velocity at the
velocity-inlet boundary is modelled by the vortex method, which is applied by
adding “vortex points” on the velocity inlet via a fluctuating vorticity field. The
magnitude of each vortex point is determined by the turbulent intensity and its
distribution is assumed to be a Gaussian like profile (the detail of this vortex points
method is reported in [80]). The turbulence intensity selected in the current study is
0.5% which is determined from the experimental measurement (Appendix B). No-
slip wall boundary condition is prescribed on the ground. The pressure jump
prescribed on the actuator disk model is according to that defined in section 2.1.2,
and it is not repeated here again.
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Circular surface: QOutlet

Actuator disk model

Figure 3.7 Overview of the computational domain and boundary conditions.

3.4.2 Mesh for the computation

The structured mesh is generated by ANSYS ICEM and shown in Figure 3.8. The
thickness of the first layer next to the ground is 6.6 X 10~* R, which achieves
Y* = 1. The increase ratio of the mesh above the ground is 1.05. The dependence of
the mesh size is studied by evaluating the convergence of the pressure distribution
on the ground and the spectrum of the turbulent kinetic energy. The mesh sizes in
the streamwise and the lateral directions are adapted by changing the number of
nodes, whereas the mesh size in the wall normal direction is maintained constant
(YT =1 is enough to resolve the turbulent boundary layer). The fine mesh, the
medium mesh, and the coarse mesh have the numbers of nodes in the streamwise
and lateral directions of 577 x 349, 325 x 293, 251 x 157 respectively. For the
medium mesh which is considered to be enough for resolving our problem, the
minimum size of the mesh in the lateral and the streamwise directions is 9.2
1073 R.

Figure 3.8 Left: structured mesh of the computational domain; right: detail of the
mesh on the disk and below the disk.
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The distribution of the pressure on the symmetric line on the ground is shown in
Figure 3.9. According to this figure, the value of pressure at the node number of 20
million is approximately 2% lower than that at the node number of 39 million, and it
is considered that the mesh converges at the node number of 20 million from the
perspective of the numerical discretization. The velocity utilized for the
normalization as shown in the label of Figure 3.9, U, is the velocity in the
slipstream of the propeller.

0 T T T T
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LD _0.005F .
*
QU
=
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= -001} — 8
L2 ——Coarse mesh, 8 million
Medium mesh, 20 million
——Fine mesh, 39 million
-0.015 I | I | I ! I
-9 -8 -7 -6 -5 -4 -3 -2 -1

X/R

Figure 3.9 Study of mesh convergence by investigating the pressure distribution
on the ground along the symmetrical line. Data are extracted from the intersection
line between the meridional plane and the wall.

100 L Coarse mesh, 8 million ‘_\ L |——Coarse mesh, 8 million 4
—Medium mesh, 20 million —Medium mesh, 20 million
——Fine mesh, 39 million |——Fine mesh, 39 million

—TKE=f®

Frequency (f, HZ) Frequency (f, HZ)

Figure 3.10 Spectra of the turbulent kinetic energy (TKE) from LES simulations.
Left: (X,Y,Z) = (=1R,0,—1.63 R); Right: (X,Y,Z) = (=1R,0,—1.32R).h/R =
1.67.

At the monitoring points of (X,Y,Z)=(-1R,0,—-1.63R) and
(—=1R,0,—1.32 R), the spectra of the turbulent kinetic energy from coarse to fine
mesh are plotted in Figure 3.10. All the three sizes of mesh follow the classical
characteristic trend of the Kolmogorov’s theory for the spectral behaviour of the
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turbulent kinetic energy. Indeed, the fine mesh provides a better representation of
the turbulent flow, but the medium mesh is still chosen as it can already display
sufficiently the correct behaviour of the turbulent kinetic energy.

3.4.3 Solver

The parallel computation is conducted by the commercial software of ANSYS
FLUENT. It runs on a cluster with 48 processors. FLUENT uses a control volume
based technique to solve the control equations numerically. The pressure based
solver is adopted because the problem is incompressible (based on the velocity in the
slipstream of the actuator disk model). Spatial discretization uses the Bounded
Central-Differencing Scheme which is a second-order-accurate central differencing
method. Velocity and pressure coupling is achieved by the SIMPLE algorithm in
FLUENT [81].

The temporal discretization of the transient derivatives uses the second order
implicit schemes. The time step is set at a constant value of 0.0005 second which is
determined by Courant-Friedrichs-Lewy (CFL) condition (CFL = 0.9) and the
frequency of the flow field (Strouhal number of the ground vortices induced by a
suction tube model [33]). The computation starts from the steady calculation for
3000 steps until the residuals of pressure and velocities converge; the calculation is
then switched to the LES simulation for 2 seconds, which corresponds to a time of
138 R /U, for a moderate loading condition (T, = 27.3). The calculation continues
for another 1 second which corresponds to a time of 69 R/U,, and is utilized for the
sample averaging.
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Chapter 4 Results and discussion of interaction
between propeller and its self-induced vortices

It is known that ground vortices have detrimental effects on propulsors [23, 26].
Therefore, it is helpful to understand when the ground vortices might occur. By
visualization of the flow field with the help of PIV measurements and CFD
simulations, a map is built that indicates three cases denoted as: a) no vortex, b)
failed vortices, and c) vortices entering the propeller.

Although modelling the source of vorticity is a prerequisite to describe the
mechanism governing the phenomenon, there are still inconsistencies in the
previously published research. In previous research about ground vortices, it was
stated that the vorticity transported from the far field boundary layer was the sole
vorticity source at the headwind condition [27-30]. However, the vorticity
generation equation as shown in Eq. (2.31) which was first derived by Lighthill [31]
clearly indicated that the vorticity source had a contribution from the pressure
gradient on the ground. By numerical simulations, the sources of vorticity entering
ground vortices under the headwind condition are investigated.

The flow fields near the ground and upstream of the propeller feature highly
unsteady flow, and the statistical method of Proper Orthogonal Decomposition
(POD) is used to help understand this complex flow behaviour. The fluctuation of
ground vortices has a quasi-periodic feature, and energetic frequencies are studied
by spectral analysis.

After vortices are formed near the ground, they are transported toward the
propeller. The propeller inflow is influenced by these vortices; consequently, the
propeller performance has the potential to be influenced as well. The propeller
inflow is investigated by PIV measurements conducted in the plane directly
upstream of the propeller. The time averaged performance of the propeller is
investigated by RSB measurements.

4.1 Flow fields of ground vortices

4.1.1  Flow fields in the wall parallel plane

The instantaneous flow fields from low-frequency PIV measurements shown in
Sections 4.1.1 and 4.1.2 are intended to present typical flow topologies of ground
vortices, and validate CFD results which will be utilized to analyse the vorticity
source in Section 4.2. The evolution of flow fields in the time domain (high
frequency PIV measurements) is discussed in detail in Section 4.3 and not shown
here.
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Figure 4.1 Instantaneous flow fields above the ground (T, = 27.3, h/R = 1.46).

t vortex; middle: two dominant vortices; bottom: multiple

dominant vortices. The dashed lines show the location of the propeller. The red
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Figure 4.1 shows the typical instantaneous flow fields in the wall parallel plane
(7 mm above the ground as defined in Figure 3.5) under conditions of T, = 27.3
(this corresponds to / = 0.18, which is a highly loaded condition) and h/R = 1.46
(the lowest height ratio during the measurements). The figures on the left hand side
are from the PIV measurements and the figures on the right hand side are from the
CFD simulations. These instantaneous flow fields, selected at random instants, are
intended to show the different flow topologies near the ground, specifically different
number of dominant vortices in the flow fields.

The free stream direction is from the left to the right, and the projection of the
propeller on the measurement plane is represented by the dashed rectangle. The
figures are color-coded with non-dimensional vorticity in the wall normal
component. The velocity utilized for normalization, Ugy = (1 + b)Us , is the
velocity in the slipstream of the actuator disk as shown in Figure 2.1, which
represents the pressure jump across the propeller (Eq. (2.4)).

The flow upstream of the propeller is dominated by its downstream component
(represented by red arrows in the middle row of Figure 4.1), while an upstream flow
can be observed in the region underneath the propeller projection (blue arrow),
which is mainly due to the suction effect of the propeller. This non-uniform flow
near the ground induces positive velocity gradient dUy /dY (clockwise vortex, blue
contour region) and negative velocity gradient 9Uy /Y (counter-clockwise vortex,
red contour region). Both PIV measurements and CFD results show the similar flow
topologies in the same plane.

The location of vortices is identified by the local maximum of vorticity
magnitude. There is one dominant peak of the vorticity value shown in the top row
of Figure 4.1, therefore the flow field is interpreted as representing one dominant
ground vortex. In a similar manner, the flow field in the middle row of Figure 4.1 is
interpreted as having two dominant ground vortices, and the flow field in the bottom
row of Figure 4.1 is interpreted as having multiple vortices.

Variation of the number of ground vortices was reported in [82] as well which
was studied by a suction tube model. The reason given in [82] stated that the vertical
vortex lines (i.e. the velocity gradient in the lateral direction of the free stream)
played a significant role in this process. Due to the fluctuation of the free stream, the
velocity gradient in the lateral direction varies in the time domain, and the incoming
vertical vortex lines become unstable. When the free stream velocity is set to be zero,
the ground vortices (a pair of vortices) become stable again. This explanation also
satisfies our situation, as shown by U’ in Figure 4.2. In our case, one more source of
vertical vortex line(s) is in the flow downstream of the propeller near the ground,
which is not involved in the suction tube model. These vertical vortex lines are
ascribed to the vortex system in the propeller slipstream, which can be decomposed
into vortex rings and longitudinal vortex lines [55, 56] (the effect of longitudinal
vortex lines in the propeller slipstream is not considered here and it is assumed to
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follow the same mechanism as the vortex rings). Herein, the effect of the vortex
rings have induced flow moving toward the upstream direction, as shown in Figure
4.2. This upstream flow and the free stream generate shear layers involving vertical
vortex lines. These vortex lines are transported to the region where ground vortices
occur. Due to the turbulent feature of the vortex system in the propeller slipstream,
these vertical vortex lines become unstable, so do the ground vortices. This vortex
ring system also exists in the CFD simulations which is generated by the shear layer
between the slipstream and the free stream (as shown in Figure 4.4), so the CFD
simulations can simulate this effect qualitatively as well.

7 Vortex ring system

Propeller

X

_—
Shear layer _
o — Induced velocity

Shear layer
— Ground

Figure 4.2 Two factors assumed to account for the unsteadiness of ground
vortices: the fluctuation of the free stream, and shear layers near the ground induced
by the vortex system in the propeller slipstream [55, 56]).

The other observation of the ground vortices is the meandering, which is reported
to be a common characteristic of the vortices shed from a solid surface, like the wing
tip vortex [33]. A small disturbance in the free stream would cause the vortex to
wander in space [83].

4.1.2 Flow fields upstream of the propeller

The instantaneous flow fields in the wall normal plane just upstream of the
propeller (X = —0.08 R, PIV arrangement 2) are presented in Figure 4.3, where the
color-coded contour of vorticity in the axial component is superimposed on the
velocity vector field. The vortices entering the propeller can be identified by the
peak values of vorticity. There is one dominant vortex shown in the top row of
Figure 4.3, whereas there are two dominant vortices in the bottom row of Figure 4.3.
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Figure 4.3 Instantaneous flow fields in the wall normal plane. Top: one dominant
vortex; bottom: two dominant vortices. T, = 27.3, h/R = 1.46.

4.1.3 Three dimensional flow field

Based on the flow fields in the planes near the ground and upstream of the
propeller, the CFD results are shown to have good agreements with the PIV
measurement results. This implies that the flow field induced by the actuator disk
model can represent that induced by a propeller. Therefore, the three dimensional
flow fields represented by displaying the iso-surface of the vorticity magnitude as
shown in Figure 4.4, can be considered as representing the propeller induced flow.

The 3D flow fields are shown at a sequence of instants to represent the time
evolution of the flow field. The flow field at the selected starting instant, t = ¢, +
0 ms, features a pair of dominant vortices. It is also noted that there are a set of
concentrated vortices transported from the downstream field and sucked into the
propeller plane. Furthermore, there are wall-parallel vortices surrounding the
dominant wall-normal vortices. At the subsequent time, t =t., + 20 ms, one
noticeable change is that another dominant vortex is formed on the right hand side of
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the figure (it can also be interpreted as two but the other one is relatively weak). This
new vortex becomes relatively stronger at the instant t = t., + 40 ms. At the same
time, the vortex in the middle of the figure moves toward the left vortex. At
t =t., + 60 ms, the foot of the middle vortex surrounds the left vortex, and only
two dominant vortices exist in the flow field again. Here, a sequence of example
flow fields in 60 ms and the time interval of 20 ms are chosen to show a typical
process of the flow development. The characteristics of the flow field in the whole
time domain will be evaluated by the spectral analysis in Section 4.3.2.

Figure 4.4 Three-dimensional flow fields in a sequence of time, represented by
iso-surface of vorticity magnitude of |w| * D/U.q = 17. T, = 27.3, h/R = 1.46.
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4.1.4 Domain boundary of the occurrence of ground vortices

The occurrence of ground vortices entering a propeller can cause several
detrimental effects as mentioned in Chapter 1. Therefore, to establish a domain
boundary of the occurrence of ground vortices is important, e.g. for determining the
installation position of propellers on aircraft (probably not the most important factor,
but it is still a good reference), and for the experimental design of propeller tests in
wind tunnels [84].

For both the PIV and CFD results, the determination method for the occurrence
of vortices is by detecting the concentrated vorticity region in the time-averaged
flow field. The concentrated vorticity in the wall-parallel plane and the wall-normal
plane are shown in the left and right hand sides of Figure 4.5 respectively from
experimental results; and that of CFD results are shown in Figure 4.6. The time-
averaged flow fields show a pair of vortices and the results from the two methods
are generally consistent. Discrepancies of the results between the two methods are
also observed. The CFD results show a more concentrated region of vorticity than
the experimental results, which is ascribed to the impact of the unsteadiness in the
free stream, blades rotation, and slipstream in the experiments. In addition, the
vorticity in the time averaged flow field (in the range of -2 to 2) is an order of
magnitude lower than the instantaneous flow field (in the range of -20 to 20), which
is due to the smearing effect.
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Figure 4.5 Distributions of vorticity in the time-averaged flow field
(experimental results). Left: wall-parallel plane; right: wall-normal plane directly
upstream of the propeller. T, = 27.3, h/R = 1.46.

A parameter is defined here to evaluate the concentration of vorticity, which is
the ratio between the maximum magnitude of vorticity in the time-averaged flow
field and the value in the region assumed to be unaffected by the ground vortices.
These unaffected regions chosen at a 3 x 3 kernel centred at [X/R,Y/R] =
[—1,0.7] in the wall parallel plane, and [Y/R, Z/R] = [—0.8, —1] in the wall normal
plane. The criterion applied in the thesis is that if the ratio is larger than 10 (this
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value is determined by considering the concentrated vorticity should be one order of
magnitude larger than the vorticity from turbulence), it is considered to be
concentrated vorticity; otherwise there is no concentrated vorticity in the flow field.
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Figure 4.6 Distributions of vorticity in the time-averaged flow field (CFD
results). Left: wall-parallel plane; right: wall-normal plane directly upstream of the
propeller. T, = 27.3, h/R = 1.46.

If there is no concentrated vorticity in the flow field either near the ground or
upstream of the propeller, it is defined as the case ‘ho vortex’. If there is
concentrated vorticity in the flow field both near the ground and upstream of the
propeller, it is defined as the case ‘vortices entering the propeller (vortices)’. If there
is concentrated vorticity in the flow field near the ground but not existing directly
upstream of the propeller, it is defined as the case ‘failed vortices’ (a three
dimensional flow representing this type of flow is shown in Figure 4.7). A map of
‘no vortex’ (symbol ‘x’), ‘failed vortices’ (symbol ‘+’) and ‘vortices entering
propeller’ (symbol ‘0”) from both the PIV results and CFD simulations is shown in
Figure 4.8.

Failed vortices

_—0
\f/'{ - /?f’\
%{v i oLl > /\

Figure 4.7 Three-dimensional flow field with failed vortices, |w| * D/U,, = 8.
T, =14, h/R = 1.85.
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Figure 4.8 Domain boundary of occurrence of ground vortices induced by the
propeller. The data from literature (green curve) is reported in [85] .

The fitting curves by connecting the midpoints between the vortices and failed
vortices or no vortex at h/R = 1.46,1.7, and 2.0 are shown by the solid purple and
black curves in Figure 4.8. The fitting curve divides the domain into two sub-
domains: the upper left domain represents no vortex entering the propeller, while the
bottom right domain represents vortices entering the propeller. In other words, as the
height ratio decreases and the thrust coefficient increases, the ground vortices occur.

As found in Figure 4.8, both the fitting curves from the PIV results and the CFD
results agree quite well. Because the number of blades is assumed to be infinity, and
the loading in the radial direction is assumed to be constant for the actuator disk
model, the consistency with the experimental results implies that the occurrence of
ground vortices is not sensitive to these parameters and it is mainly determined by
the total thrust generated by the propeller.

It should be noted that only the parameters of T, and h/R are taken into account
when predicting the occurrence of ground vortices, and the parameter of the free
stream velocity is kept constant. The vorticity transported from the free stream
velocity is also one source of vorticity to form ground vortices as will be discussed
in Section 4.2. The free stream velocity is very likely one factor determining the
occurrence of ground vortices. Although different free stream velocities are not
investigated in the current research, the mechanism of the free stream in the
formation of the ground vortices is discussed in Section 4.2 together with the
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mechanism due to the pressure gradient on the ground which is related to T, and
h/R.

In addition, the green curve is the domain boundary of occurrence of ground
vortices for turbofans which is reported in [85]; it shows that the ground vortices
induced by turbofans occur at lower thrust coefficients than that induced by the
propeller for the same height ratio. This discrepancy is perhaps due to the different
free stream velocities and fluctuating characteristics, which play a role in the
forming of ground vortices [82].

4.2 Source of vorticity for the ground vortices

After the description of the occurrence of ground vortices by PIV measurements
and CFD simulations, one further step taken is to investigate the vorticity source of
these vortices. In Section 2.2.3, the 3D vorticity generation equation derived from
Lighthill’s work was explicitly presented. In Section 2.3.1, a simplified model of
image doublet flow to predict the vorticity source on the ground was built. Both the
two methods showed that the pressure gradient on the ground should be one source
of wall-parallel components of the vorticity when there is a propulsor in proximity to
the ground. The wall-normal component of the vorticity is also explicitly shown in
Eq. 2.32 as a result of the divergence of wall-parallel components of the vorticity.
Herein, the CFD results from the simulations of the actuator disk model are analysed
for the vorticity source entering ground vortices, which is performed at the condition
of T, = 27.3, h/R = 1.46.

4.2.1 Development of the lateral-component of the vorticity

The ground vortices are ascending from the ground, and the vorticity source is
certainly on the ground (even if it is convected downstream in the far field boundary
layer). Therefore, the flow field near the ground wall will be investigated. The
component of vorticity in the lateral direction (Y component) in the domain close to
the wall is analysed in this section in the meridional (geometrical symmetry) plane
Y = 0 as defined Figure 4.9. The component of the vorticity in the X component will
be discussed in Section 4.2.2.

One instantaneous flow field is investigated to analyse the vorticity source on the
ground. This flow field corresponds to the one displayed in the top left of Figure 4.4.
The mechanism found in this instant can also be applied to other instants and the
time averaged flow field.
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Actuator
disk

Figure 4.9 Definitions of planes for analysis of vorticity source. Plane Y = 0 is
utilized to analyse the production of the Y-component of the vorticity, and plane
X = —1 R is utilized to analyse the production of the X-component of the vorticity.

The profile of the X-component of the velocity in the plane of Y = 0 is shown in
the left hand side of Figure 4.10. At the position of X = —13.1 R (velocity inlet), the
velocity has the profile as that prescribed at the velocity inlet. The boundary layer
has a thickness of 0.45 R at the velocity inlet. As the flow progresses downstream,
the X-component of the velocity has a trend of increasing both inside and outside the
boundary layer, and the velocity outside the boundary layer reaches 1.3 U, at the

position of X = —2.0 R.
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Figure 4.10 Left: profile of the X-component of the velocity in the boundary layer;
right: distribution of the Y-component of the vorticity in the boundary layer. The
data are extracted from the plane Y = 0.
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At the position of X = —1.0 R, flow becomes obviously three dimensional and
the X-component of the velocity changes dramatically in the wall normal direction.
At the position of X = 1.0 R, an adverse flow with negative value of X-component
of the velocity near the wall is observed.

The distribution of vorticity close to the wall in the meridional plane Y = 0 is
shown in the right hand side of Figure 4.10. At positions from X = —13.1 R to
X = —2 R, the magnitude of vorticity on the wall increases monotonically from
wy *D/U.q = 3.010 16.9. The vorticity at the wall at the position X = -2 R is 5
times as large as that at X = —13.1 R. Downstream of the propeller, i.e. X = 1R in
the current analysis, the vorticity on the ground is wy *D/U,q, = —19.2, the
magnitude of which is beyond 6 times as large as that at X = —13.1 R.

One parameter defined to evaluate the vorticity in the boundary layer is the

integration of vorticity in the wall normal direction, i.e. foa wydY. This integration

represents the total vorticity in the boundary layer. The vorticity integration along
the wall-normal direction is mathematically the velocity magnitude outside the
boundary layer for a free stream over a flat plate. At the position X = —13.1 R, the

vorticity integration in the boundary layer is f06 wydY = 2.70 m/s. At the position
X = —2.0 R, the vorticity integration in the boundary layer is 3.51 m/s, which is
0.3 times larger than that at the position X = —13.1 R. The integral of vorticity is
foa wydY = —0.30m/satX = 1R, and its magnitude is 0.1 times of the vorticity

integral in the boundary layer. This negative value of vorticity integral at X = 1 R
represents the vorticity production with the opposite sign as that upstream of the
propeller.
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Figure 4.11 Pressure distribution on part of the ground.

The cause for the increment of vorticity magnitude upstream of the propeller and
the negative vorticity downstream of the propeller is investigated by analysing the
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pressure distribution on the ground. This pressure distribution is shown for the
upstream and downstream vicinity of the propeller in Figure 4.11. Generally, the
pressure decreases upstream of the propeller and increases downstream of the
propeller in the streamwise direction, and the pressure decreases toward the
propeller in the lateral direction. The two local minimum values of pressure occur at
the centres of the dominant vortices, which is due to the centrifugal force of the
swirling flow and it is already explained in Eq. (2.42).

The pressure on the ground features a notably non-uniform distribution. As
already elaborated in Chapter 2, the pressure gradient in the X direction accounts for
the production of the Y-component of the vorticity. The production rate of the Y-
component of the vorticity is obtained from the equation Eqg. (2.31) as,

v 2 = (ap/0X)/p. Eq.(4.1)

In order to use this equation to verify the numerical results, a comparison
between the terms on the left and right hand sides of Eq. (4.1) is shown in Figure
4.12, which is extracted from the intersection line between the ground and the
meridional plane. The two terms agree with each other very well. In the region close
to the actuator disk, discrepancies are observed between the two terms, which is due
to the Y component of the vorticity being depleted in feeding the other components
(e.g. it is shown that the wall-parallel components of the vorticity are turned into the
wall-normal component in Section 4.2.3). However, as found in Figure 4.12, the
trends of the two terms are consistent in most of the domain.

After the validation of the vorticity source on a line, the production of the Y-
component of vorticity induced by the pressure gradient on part of the ground plane
is shown in Figure 4.13. Far upstream of the actuator disk, the pressure gradient
(vorticity production rate) is nearly zero. It can be observed that there is a negative
pressure gradient on the wall from X = —6R to X = —2R as shown in Figure 4.13.
Consequently, the Y-component vorticity is produced. This locally generated
vorticity is then diffused into the farther flow field, and finally the vorticity in the
whole boundary layer increases as shown in the right hand side of Figure 4.10.
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Figure 4.12 Terms of the vorticity-production equation, and the small window is
the zoom-in figure. Data are extracted from the intersection line between the
meridional plane and the wall.
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Figure 4.13 Production rate of the Y-component of the vorticity from pressure
gradient in the longitudinal component along the wall.

Downstream of the propeller, the pressure gradient is positive. Initially, the

vorticity convected from the far field boundary layer still dominates. Due to the
positive vorticity gradient induced by the actuator disk, the vorticity on the wall
keeps decreasing and finally becomes negative. In other words, due to the low
pressure region upstream of the propeller as shown in Figure 4.11, there is a reverse
flow downstream of the propeller. Vorticity of negative sign is involved in this
reverse flow due to the pressure gradient.

4.2.2 Development of the streamwise-component of the vorticity

Following the same method as above, the flow field in the plane X = —1.0 R (as

shown in Figure 4.9) is analysed for the production rate of the X-component of the

62



Chapter 4 Results of interaction between propeller and its self-induced vortices

vorticity. First, the distribution of the Y-component of the velocity in this plane is
plotted in the left hand side of Figure 4.14. In the far sideways positions, i.e.
Y = £10.0 R, the magnitude of the Y-component of the velocity is approximately
zero. At the positions close to the propeller, i.e. Y = +6R and +3R, the magnitude
of the Y-component of the velocity increases due to the propeller suction effect.

The distributions of the X-component of the vorticity are presented in the right
hand side of Figure 4.14. Vorticity is nearly zero in the region far in the sideways
distance from the actuator disk model, e.g. at position of Y = —10R and Y = 10R.
At positions of Y = —6R and Y = 6R, the magnitude of vorticity on the wall
increases t0 wy * D/Ugq = 2.5. At positions of Y = —3R and Y = 3R, vorticity
magnitude further increases to wy * D/U., = 10.0. The magnitudes of the X-
component of the vorticity at the wall at the position Y = +3R are both more than 3
times as large as the magnitude of the Y-component vorticity at the wall in the far
field boundary layer, as shown by the black curve in the right hand side of Figure
4.10.
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Figure 4.14 Left: profile of the Y-component of the velocity in the boundary layer;
right: distribution of the X component of the vorticity in the boundary layer. The
data are extracted from the plane of X = —1R.

The integration of the X-component of vorticity, in the range from the wall to the
position of 0.45 R above the wall (boundary layer thickness at the inlet), is evaluated
to quantify the locally generated vorticity. At the position of Y = +3R, the vorticity
integration in the wall-normal direction is 0.73 m/s, which is 0.3 times the value of
the integration of the Y-component vorticity in the far field boundary layer, as shown
by the black curve in the right hand side of Figure 4.10. Because the X-component of
the vorticity is generated at both sides of the propeller, the integration of the
magnitude of the locally generated X-component vorticity in total is 0.6 times as
large as the vorticity integration in the far field boundary layer. In addition to the
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integration of the locally generated Y-component vorticity as shown in the last
section, which is 0.4 times of that in the far field boundary layer, the summation of
the locally generated vorticity integration magnitude is 1.0 times the value of that
transported from the far field boundary layer. This confirms that the vorticity
generated by the pressure suction has a significant contribution to the vorticity
source of the ground vortices. Indeed, the vorticity is a vector, but the opposite
directions of the vorticity are not necessarily to be cancelled out. They may
separately contribute to the wall normal component of the vorticity. The evaluation
of the vorticity magnitude of each sign as well as the summation are still meaningful.

The trend found in Figure 4.14 is that vorticity in the boundary layer increases
from far field to the region close to the actuator disk. It means that the vorticity
production on the wall is low when the wall is far away from the actuator disk, and it
increases as the wall is close to the actuator disk. The theory of the vorticity-
production rate from the wall established in Chapter 2 is utilized here again. The X-
component of the vorticity generated from pressure gradient in the Y component is
obtained from Eq. (2.31) as,

a(l)x

V=X = (=dp/dY)/p. Eq.(4.2)

Again, the validity of the calculations is verified against this equation by
comparing of the two terms on the left and right hand sides of Eq. (4.2). This is
shown in Figure 4.15. The calculated vorticity gradient and the equivalent term due
to the pressure gradient agree with each other very well.
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Figure 4.15 Verification of the vorticity production equation. The data is
extracted from the intersection line of the plane X = —1R and the wall.
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Figure 4.16 X-component of the vorticity generated from pressure gradient in the
Y direction on the wall.

Since the vorticity production rate, vdwy/9Z, induced by the pressure gradient
is validated on one line located on the wall, the production rate of the X-component
of the vorticity on the 2D plane of the wall is shown in Figure 4.16. Far away from
the disk, the vorticity production rate is nearly zero, which means no vorticity is
produced. It is observed that vorticity production rate is non-zero in a large area
close to the actuator disk, which means vorticity is produced in this area.

4.2.3 Development of the wall-normal component of the vorticity

The vorticity production rate in the wall-parallel components was described in
the previous sections, and the production rate of the wall-normal component of the
vorticity is introduced as follows. As elaborated in Chapter 2, the vorticity
production in the wall normal component is due to the divergence of the vorticity on
the ground. The equation of the vorticity production rate in the wall-normal
component in Eg. (2.32) is shown as below,

vz = VG T o) Eq.(4.3)

The term on the right hand side of Eq. (4.3) is shown in Figure 4.17. Strong
divergence is observed in the vortex core region as represented inside the dashed
black circles. These regions with strong divergence coincide with the positions of
dominant vortices as shown in the top left of Figure 4.4. This confirms that the
formation of the wall normal component of the vorticity is due to the divergence of
the vorticity in the wall-parallel components. The earlier proposals were that the
wall-normal component of the vorticity was due to the tilting of the vortex line
which was originally parallel with the ground [28], which is different from our
conclusion. It is also noted that the divergence with non-zero values covers a wide
area, which means the wall-normal component of the vortex is distributed.
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the wall, —v(—* + =)/ (Ueq” /D).

4.3 Unsteadiness and coherent turbulent structures of ground vortices

As already shown in section 4.1, multiple flow topologies are observed at
different instants. It implies that the phenomenon of ground vortices is highly
unsteady. In order to resolve this complex phenomenon, the evolution of the flow
fields in the time domain, the spectral analysis, and coherent turbulent structures are
investigated in this section based on the results that are obtained from the high
frequency PI1V measurements (arrangements 3 and 4 as shown in Figure 3.6).

4.3.1 Time resolved analysis of flow fields

The dynamic evolution of the flow fields captured in the wall parallel plane is
shown in Figure 4.18. Let us consider the instantaneous flow fields starting from
t = t,, as shown in the top left of Figure 4.18. There is one dominant vortex with
positive Z-component vorticity (counter-clockwise rotation direction), which is
located upstream of the propeller. In the successive instant, i.e. t = t, + 20 ms, this
vortex with the positive Z-component of the vorticity remains and another region
with distributed positive Z-component of vorticity occurs at the bottom-right corner
of the figure. They interact with each other and finally form a big vortex at the
instant t = t, + 60 ms. At the same time, it is also noticed that there is one region
with negative vorticity located in the upper side of the figure. This vortex moves to
the centre of the flow field at t = t, + 80 ms. As the clockwise vortex (negative Z-
component of vorticity) becomes close to the counter-clockwise vortex, they are
both weakened and move toward the bottom of the figure due to induced velocities
by each other. The time interval for the samples as shown here is explained in
Section 4.3.2 by analysing the frequency of the flow.
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Figure 4.18 Sequence of instantaneous flow fields in the horizontal plane above
the ground (P1V arrangement 3). Superimposed are the color-coded magnitudes of
the wall-perpendicular component of the vorticity. T,= 27.3. h/R = 1.46.
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The dynamic evolution of the flow field in the wall perpendicular plane upstream
of the propeller, where the vortices go through before entering the propeller disk
plane, is shown in Figure 4.19. The instantaneous flow field at ¢t = t; is shown in
the top left of Figure 4.19 (it should be noted that the measurement in the wall-
normal plane is not synchronised with that in the wall-parallel plane). One dominant
vortex with positive X-component vorticity is observed, as well as distributed
negative X-component vorticity in the flow field. These distributed negative X-
component vorticity concentrates and forms another two dominant vortices at
t =t; + 10 ms. At the subsequent time, i.e. t = t; + 20 ms, the set of vortices
move toward the right hand side of the propeller disk plane. At the timet = ¢t; +
30 ms, the dominant vortices in the field of view of the PIV measurement plane
nearly disappear. The time intervals chosen for presentation in the wall
perpendicular plane is 10 ms, whereas that in the wall parallel plane is 20 ms. The
criterion for choosing the interval is to follow the movement of the vortices in the
measurement plane by a limited number of samples. The detail of the unsteadiness
of the ground vortices is going to be discussed in the next section. From that
discussion also the justification for the chosen time intervals can be obtained.
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Figure 4.19 Sequence of instantaneous flow fields in the plane upstream of the
propeller (PIV arrangement 4). Superimposed are the color-coded magnitudes of the
X-component of the vorticity. T,=27.3. h/R = 1.46.
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Chapter 4 Results of interaction between propeller and its self-induced vortices

The instantaneous flow fields selected for analysis both in the wall-parallel plane
and the wall-normal plane capture the main characteristics: the sign of the dominant
vortex in the flow fields varies in time; the vortices meander in the measurement
plane; the number of dominant vortices is not constant.

4.3.2  Unsteadiness of ground vortices

The time resolved data is also utilized to analyse the energetic frequencies
involved in the unsteadiness of ground vortices by means of spectral analysis. In this
case the power spectral analysis is performed on the Z-component of the vorticity in
the wall-parallel plane (PIV arrangement 3). The Z-component of the vorticity is
evaluated at three typical regions where ground vortices occur, i.e. [X/R, Y/R] =
[-0.1,0.0], [-0.1,0.2], [-0.1,—0.2] . The value of the Z-component of the
vorticity is calculated by the mean value of a spatial kernel of 3 x 3 points to
decrease the error propagated from each point (the scatter of this method is one ninth
of an individual point).

The dominant peaks are observed at the frequency range of f xD/U,q =
0(1072)~0(1071) for all the locations analysed, e.g. a dominant peak at the
frequency of f = D/U., = 0.017 is observed at the position of [X/R, Y/R] =
[—0.1,0.0]. This frequency range corresponds to the period of range of 100 ms to
1000 ms; the time intervals of 20 ms and 10 ms as shown in Figure 4.18 and Figure
4.19 respectively are chosen to satisfy the Nyquist sampling rate. This frequency
range of the ground vortices is consistent with that observed in [18] for the ground
vortices induced by a suction tube model at headwind conditions. This consistence
implies that the unsteadiness of ground vortices near the ground is independent of
the intermittent flow induced by the blade passing. This is further confirmed by
evaluating the power spectrum near the blade passing frequency of f * D/U,, =
6.598 during a trial test in our measurements, and no pulse is found near the
frequency of the blade passing.

It is also noticed that the frequency content at different locations are different,
which implies that the unsteadiness of ground vortices is not only dependent on the
movement of the vortices, but also has impacts from other factors, e.g. the
turbulence in the boundary layer, and the interaction between vortices.
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Figure 4.20 Power spectrum analysis of the Z-component of the vorticity at
different locations in the wall parallel plane. T, = 27.3. h/R = 1.46. The crosses
signify the maximum power of the Z-component of the vorticity and their relevant

frequencies.

Following the same method as performed in the wall-parallel plane, the spectral
analysis of the X-component of the vorticity is conducted in the wall-normal plane
(PIV arrangement 4) at [Y/R, Z/R] = [-0.2,-0.9],[0,—0.9],[0.2,—0.9], which
are typical positions where ground vortices entering the propeller. An obvious peak
value occurs at the frequency of the blade passing, f = D/U,, = 6.598, for all the
locations analysed. These peaks are ascribed to the effect of vorticity transportation,
by which the vortices are stretched and tilted by the blade-induced velocities;
therefore, the X-component of the vorticity varies according to the blade passing.

At the left hand side of the figures, the dominant peak values are also observed at
the frequency range of f * D/U,q = 0(1072)~0(10~") as shown in Figure 4.21.
The energetic frequencies involved in this range are consistent with that observed in
the wall-parallel plane, which implies that they are due to the ground vortices
originated from the ground and transported into the propeller plane. It is also noted
that the dominant peak values occur at a relatively higher frequency compared with
that in the wall-parallel plane, e.g. f*D/U, =0.135 at [Y/R, Z/R] =
[0.0,—0.9] and the zoom in figure is shown in the right hand side of Figure 4.22.
This difference is ascribed to the viscous damping effect: the relatively high
frequency in the viscous region near the ground is damped, leaving only the low
frequencies over to remain observable.
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Figure 4.21 Power spectrum analysis of the X-component of the vorticity at
different locations in the wall normal plane. T, = 27.3. h/R = 1.46.

The spectral analysis of ground vortices in the wall-parallel plane is compared at
two different thrust coefficients, T, = 27.3 and T, = 48.2, as shown in the left hand
side of Figure 4.22. The energetic frequencies occur at the same range of the two
thrust coefficients, which is f * D/U,q = 0(107%)~0(107"). However, as the
thrust coefficient increases, the frequency of the dominant peak value decreases.
This decrease of the dominant frequency (Strouhal number) as the thrust coefficient
increases is consistent with that observed in [33], in which the ground vortices were
generated by a suction tube model. It implies that the ground vortices become
relatively more stable at a higher thrust coefficient.

The spectral analysis in the wall-normal plane is performed at two different
thrust coefficients as well, as shown in the right hand side of Figure 4.22. One
noticeable observation is that the frequency corresponding to the blade passing
increases as the thrust coefficient increases (the rotating speed of the propeller
increases). The energetic frequencies at relatively low values are observed for both
thrust coefficients and they are located in the same range; as the thrust coefficient
increases, the most energetic frequency in the low frequency domain decreases,
which is consistent with that observed in the wall parallel plane.
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Figure 4.22 Comparison of power spectra at different thrust coefficients. Left: Z-
component of the vorticity in the wall-parallel plane; right: X-component of the
vorticity in the wall-normal plane, and the small window is the zoom-in figure in the
low frequency range.

4.3.3  Proper Orthogonal Decomposition of flow fields in the wall parallel plane

Due to the highly turbulent characteristic of the ground vortices, statistical
method of Proper Orthogonal Decomposition (POD) is applied to analyse the
energetic turbulent flow structures obtained from the PIV measurements. POD
determines a series of orthogonal flow modes basing on the instantaneous flow
fields. The mode is ordered in a way that corresponds to the turbulent kinetic energy.
The first mode contributes most to the turbulent kinetic energy, and the second mode
contributes less than the first mode, and so on. Each instantaneous flow field is a
linear combination of the modes superimposed on the time averaged flow field. The
detail of the method is described in Appendix C.

The POD analysis applied in the flow field of the wall parallel plane is
introduced as follows. The operating condition of the propeller is h/R = 1.46 and
T, = 27.3. The turbulent kinetic energy fraction of each mode on the wall parallel
plane is shown in Figure 4.23. The cumulative energy of 88% is attained within the
first 50 modes. It is found that 70% of the total amount of the turbulent kinetic
energy is captured by the first 10 modes, clearly indicating that the flow fluctuations
are dominated by large scale coherent motions.

The time averaged flow field was already shown in the left hand side of Figure
4.5 from the results of low frequency PIV measurements, and it is not repeated here.
It features two vortices, but the magnitude of the vorticity is low compared with the
instantaneous flow field due to the meandering effect of ground vortices.

The first mode represents 25.7% of the total turbulent kinetic energy and its
equivalent flow field is shown in the top left of Figure 4.24. One dominant vortex
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can be observed below the propeller together with distributed vorticity around it
with opposite sign. The 2nd-4th modes represent 11.5%, 9.6%, and 5.9% of the
turbulent kinetic energy, and feature a set of vortices. In order to investigate the flow
structures corresponding to these modes, the conditional averaging process of the
flow fields is conducted (this method was reported in [86], and the idea of this
method is to analyse the flow fields which have strong contributions to a specific
mode).
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Figure 4.23 Energy distribution of the flow modes in the wall-parallel plane.
T, =27.3.h/R = 1.46.

For mode 1, two data subsets are selected according to the time coefficient of the
first mode (c; > 0.035 and ¢; < —0.035, respectively). The value of this specific
time coefficient is determined by the number of samples for averaging (at least 20
samples in the current analysis). When ¢; > 0.035, there is one dominant vortex in
the counter-clockwise direction in the conditionally averaged result (shown in the
top left of Figure 4.25). Inversely, when ¢; < —0.035, there is one dominant vortex
in the clockwise direction (shown in the top right of Figure 4.25). Therefore, the first
mode is ascribed to the alternative sign of vortices in the flow field.
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Figure 4.24 The first to the fourth modes in the wall-parallel plane. T, =
27.3.h/R = 1.46.

In the same way, the conditionally averaged results on the second mode are
shown in the bottom row of Figure 4.25. It is found that the second mode is mainly
due to the change of the flow topology near the ground; specifically, the switching
of a pair of dominant vortices and one single dominant vortex near the ground. The
same methodology can be applied to other modes, and they are not elaborated here.

At different thrust coefficients, the equivalent flow fields corresponding to the
first mode in the wall parallel plane are shown in Figure 4.26. The flow structure of
the first mode at T, = 48.2 is similar to that at 7, = 27.3, which features a dominant
vortex upstream of the projection of the propeller on wall; the fractions of the
turbulent kinetic energy are close as well. A difference is also noticed that the vortex
moves upstream as the thrust coefficient increases, which implies the vortices move
upstream by increasing the loading of the propeller.
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Figure 4.25 Conditionally averaged flow field. Top left: ¢; > 0.035; top right:
¢; < —0.035; bottom left: ¢, > 0.03; bottom right: ¢, < —0.03.
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4.3.4  Proper Orthogonal Decomposition of the flow fields in the plane upstream
of the propeller

Following the same method, a POD analysis is applied in the plane upstream of
the propeller (PIV arrangement 4). The fraction of the turbulent kinetic energy and
the cumulative energy of the modes are shown in Figure 4.27. The first and second
modes capture 14.4% and 12.4% of the total turbulent kinetic energy respectively.
The cumulative energy of 73% is attained within the first 50 modes. It is found that
50% of the total amount of turbulent kinetic energy is captured by the first 10 modes.
The time averaged flow field of the plane upstream of the propeller was already
shown in the right hand side of Figure 4.5 which featured a pair of vortices entering
the propeller. The sign of vorticity in the propeller axial direction is opposite on the
two sides of the propeller.
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Figure 4.27 Energy distribution of the flow modes in the wall normal plane.
T. = 27.3.h/R = 1.46.

The equivalent flow structures of the first and the second modes are represented
by contours of the X-component of the velocity in Figure 4.28. These two modes
feature flow structures with strong contribution from the velocity component in the
propeller axial direction. This X-component velocity is related to the propeller
induced axial velocity upstream of the propeller.

To understand the behaviour of the first two modes, a joint statistical analysis is
conducted on the time coefficients of the two modes, c¢; and c,. As illustrated by the
scatter plot in Figure 4.29, a large correlation between the two modes is retrieved:
whenever the first mode has high intensity, the second mode is weaker, and vice
versa. The time coefficient plotted in the time domain corresponding to one
revolution of the propeller is shown in the right hand side of Figure 4.29. The wave
lengths of the time coefficients of the two modes are close, and a 90° phase shift
between these two modes is noticed. This observation further confirms that these
two modes have strong correlation which is due to the blade passing.
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Figure 4.28 Shapes of the first and second POD modes in the plane upstream of
the propeller color-coded by the axial velocity. T, = 27.3. h/R = 1.46.
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Figure 4.29 Left: scatter plot of the time coefficients of the first and second
modes; right: time evolution of the time coefficients corresponding to one revolution
of the propeller rotation. T, = 27.3. h/R = 1.46.

The third mode exhibits one dominant vortex with the centre located around
[Y/R,Z/R] = [0.08,—0.91], of which the vorticity contour is shown in the left
hand side of Figure 4.30. The third mode in the wall-normal plane is found to be
consistent with the first mode in the wall-parallel plane, which implies that the
dominant turbulent flow structures formed near the ground retain after they leave the
ground. The fourth mode features a pair of vortices, which are located at the rim of
the propeller projection, which is consistent with that observed in the second and
third modes in the wall-parallel plane.

Furthermore, the third and fourth modes which are colour contoured by the axial
velocity Uy are shown in Figure 4.31. The contour of the axial velocity is consistent
with vortex structures as observed in Figure 4.30. Because the vortex has an oblique
angle when it enters the disk plane of the propeller, it has induced velocity which is
in the axial direction of the propeller. For example, mode 4 has two counter-rotating
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vortices, and their induced velocities in the axial direction are consistent with that
shown in the right hand side of Figure 4.31.
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Figure 4.31 Shape of the flow fields of the third mode (left) and fourth mode
(right) in the plane upstream of the propeller, colour contoured by the out of plane
component of the velocity. T, = 27.3. h/R = 1.46.

Conditional averaging is performed on the flow fields which contribute most to
the third mode. The conditionally averaged flow fields of ¢; > 0.022 is shown in
the left hand side of Figure 4.32, and that of c; < —0.022 is shown in the right hand
side of Figure 4.32. These two flow fields generally have two regions of
concentrated vorticity (highlighted by the black-dashed circles) and their strengths
and positions are different, which contribute to the flow structure of the third mode.
The same analysis can be applied to the fourth mode and not elaborated here.
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Figure 4.32 Conditionally averaged flow field for c; > 0.022 (left) and c3 <
—0.022 (right).

From the analysis for the four modes in the wall normal plane, it is shown that
the first and the second modes are driven by the blade passing induced flow, and the
ground vortices have little effect in these two modes. It is also shown that the third
and fourth modes are driven by the unsteadiness of ground vortices which are
carried from the ground.

At two different thrust coefficients, i.e. T, = 27.3 and T, = 48.2, the flow
structures of the third mode in the wall-normal plane are compared and shown in
Figure 4.33 (because the first and second modes in the wall normal plane are related
to the blade passing, they are obviously similar and not investigated here). The
dominant flow structures of the third mode at the two thrust coefficients are
generally consistent, which feature a dominant vortex located in the centre of the
wall-normal plane and distributed vorticity around it. The main difference is that the
area with negative vorticity decreases on the left hand side of the figure as the thrust
coefficient increases. As found from the turbulent kinetic energy, the third mode is a
relatively less coherent structure than the first and second modes; its structure is
sensitive to the structure of the first and the second modes. Although the first two
modes are dominated by the blade passing induced flow, there are still structures
induced by the ground vortices. As the thrust coefficient increases, the structures in
the first two modes would change slightly and consequently the third mode changes
slightly accordingly.
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Figure 4.33 Equivalent flow structure of the third mode in the wall-normal plane
at different thrust coefficients. Left: T, = 27.3; right: T, = 48.2

4.4 Impact of vortices on the propeller inflow

4.4.1 Non-uniform inflow of propeller due to the impact of ground vortices

As observed in Figure 4.1 and Figure 4.3, there are topologies of one ground
vortex, two ground vortices, and multiple ground vortices ascending from the
ground and entering the propeller at different instants. For each instant, the inflow of
the propeller, which is the vortex-induced flow superimposed on the free stream and
the propeller-induced flow, is different. An analysis of the inflow of the propeller at
each instant to analyse the impact of the vortex on the propeller is not performed in
this part (it will be investigated in the next part with an external vortex impinging
onto the propeller); instead, the integral effect of the vortices on the propeller are
analysed from the time averaged flow field upstream of the propeller.

The time-averaged flow fields as shown in Figure 4.5, with contour of the out-of-
plane component of the vorticity, feature a pair of vortices both in the wall parallel
plane and the wall normal plane. A schematic to represent the topology of the time
averaged flow fields is drawn in Figure 4.34. The vortices enter the propeller in an
oblique angle (this is deduced from the 3D flow topology of the instantaneous flow
field as shown in Figure 4.4), the Z-component of the vortices are represented by the
red circles, and the X-component of the vortices are represented by the purple
circles.
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Propeller

J k / \ Ground

Figure 4.34 Schematic of ground vortices entering the propeller in the time
averaged flow field.

The analysis of the impact of vortices on the propeller inflow is performed at the
situation of T, = 42.1, and h/R = 1.46, which is the case with a strong effect of the
vortices on the propeller inflow. The resulting flow fields, due to the interaction
between vortices and the propeller, are shown by the distributions of the axial
velocity (top left of Figure 4.35), the tangential velocity (top right of Figure 4.35),
and the radial velocity (bottom left of Figure 4.35).

The analysis of the flow fields as shown in Figure 4.35 is performed together
with analysing the distribution of velocities along the circumferential direction. The
radial positions chosen for analysis isr/R = 0.7,0.8,0.9,and 1.0, which is inside
the region influenced by the ground vortices. The distribution of the axial flow
velocity features a region with a dent at the circumferential position around ¥ =
270°, and two bulges on the two sides of the dent region, as shown in the top left of
Figure 4.36. These bulges and dent of axial velocity are due to the vortex entering
the propeller in the wall normal direction (w;) which is represented by the red
circles as shown in Figure 4.34.
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Figure 4.35 Distribution of axial (top left), tangential (top right) and radial
(bottom left) flow velocities in the plane upstream of the propeller. T, = 42.1. PIV
arrangement 2.

The distribution of the tangential velocity is shown in the top right of Figure
4.36, which features half of the field of view with positive tangential velocity and
the rest is negative. This is mainly due to the two vortices entering the propeller in
the propeller axial direction (purple circle in Figure 4.34). The vortex on the left
hand side has the rotating velocity of counter clockwise direction, and vice versa for
the vortex on the right hand side. The entering position of the vortex is
approximately at radial position of r/R = 0.75, so the characteristics of tangential
velocity above the impinging position, e.g. r/R = 0.7, have the opposite properties
of tangential velocity compared with those at r/R = 0.8,0.9, and 1.0.

The distribution of the radial velocity has a dent in the region around the
circumferential position of ¥ = 270°, and two bulges on the two sides of the dent.
This is mainly due to the induced velocity of a pair of vortices entering the propeller
in the axial direction.

The profile of the angle of attack of the blades at the aforementioned radial
positions are presented in the bottom right of Figure 4.36. As defined in Chapter
2.1.2, the angle of attack of the blade is determined by the axial velocity and
tangential velocity, so the radial velocity does not play a role here. The distribution
of the angle of attack can be divided into three sections in the measured domain. The
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section on the left hand side (shown inside the red dashed rectangle) has a step with
value higher than the right hand side (shown inside the blue dashed rectangle). The
section in the middle (shown inside the black dashed rectangle) has the maximum
value of angle of attack.
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Figure 4.36 Impact of ground vortices on the propeller inflow. Top left;
distribution of the axial velocity; top right: distribution of the tangential velocity;
bottom left: distribution of the radial velocity; bottom right: distribution of the
incidence angle of the blade.

In conclusion of this section, the PIV measurement results at the wall
perpendicular plane are analysed for a relatively highly loaded propeller with a low
height ratio, i.e. T, = 42.1, and h/R = 1.46. The velocity components in the polar
coordinate system, as well as the angle of attack of the blade are presented. The
distributions of the velocity feature a pair of vortices entering the propeller at an
oblique angle. The angle of attack is not uniform in the circumferential direction of
the propeller due to the impingement of the vortex: near the symmetry line ,i.e.
¥ = 270°, there is a pulse of angle of attack of the blade; the angle of attack on the
left hand side of the measurement domain is also higher than that on the right hand
side.
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4.4.2 The effect of the thrust coefficient on the non-uniformity of the propeller
inflow

Figure 4.37 shows the distribution of angle of attack at four different thrust
coefficients. At each thrust coefficient, the angle of attack shows a bulge at the
phase angle around ¥ = 270°. The ratio of the maximum angle of attack over the
MiNimMum (&, 45/ @min) iNcreases from 1.03 to 1.23 at the radial position /R = 0.9
as the thrust coefficient increases from T, = 5.1to T, = 42.1. As explained before,
this bulge in the middle is due to the pair of vortices entering the propeller in the
radial direction. AtT, = 11.7, the angle of attack on the left hand side is slightly
higher than that on the right hand side; at T, = 42.1, this step increases. As shown
in the top right of Figure 4.36, this step is due to the induced tangential velocity of
the vortices which enter the propeller in the propeller axial direction.
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Figure 4.37 The angle of attack of the blade at different thrust coefficients of the
propeller.

From the above analysis, it is observed that as the thrust coefficient is low, i.e.
T, =5.1,7.2, and 11.7, the flow field is featured by the induced velocity of the Z

84



Chapter 4 Results of interaction between propeller and its self-induced vortices

component of the vorticity (in the radial direction of the propeller). As the thrust
coefficient is high, i.e. T, = 42.1, the flow field is featured by both the X and Z
components of the vorticity. This trend is further analysed by investigating the
vortex trajectory at different thrust coefficients as below.

From the POD analysis, it is found that as the thrust coefficient increases, the
vortex foot moves upstream in the wall parallel plane (the same phenomenon was
observed in [79]); the entry positions of the ground vortices into the propeller plane
have a negligible change. A schematic depicting this trend is shown in Figure 4.38.
The vortex trajectory at the PIV measurement plane has an oblique angle which is
denoted as 0;,,,, and this angle increases as the thrust coefficient increases. This
results in an increase of axial-component of the vorticity.

The foot of the ground vortex moving upstream as the thrust coefficient increases
also implies that the occurrence of ground vortices is a local phenomenon. As the
thrust coefficient increases, the stagnation point (line), i.e. the intersection point (line)
between the stream tube of the propeller and the ground, moves downstream.
Therefore, the ground vortices are not originated from these intersection positions
which are mainly determined by the thrust coefficient of the propeller. Instead, the
ground vortices moving upstream means there are locally formed stagnation points.

Low Tc High Tc
\ S \
Propeller
PIV .
Vortex trajectory Vortex trajectory ,
N Ground N
r y . ;

Figure 4.38 Schematic of the vortex trajectory at different loadings of the
propeller (side view). ‘N’ is the ascending position of the ground vortex. 8, is the
oblique angle of the trajectory of the impinging vortex relative to the PIV
measurement plane (green line).

In conclusion for this section, it is shown that as the thrust coefficient of the
propeller increases, the amount of vorticity entering the propeller stream tube and
the resulted non-uniformity of the flow field increase. It is also deduced that the
oblique angle of the vortex trajectory increases as well.
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4.4.3 The effect of the height ratio on the non-uniformity of the propeller inflow

The angle of attack of the blade at different height ratios are shown in Figure
4.39. At the height ratio h/R = 2.0, the angle of attack ratio a4/ Amin 1S 1.05 at
radial position of r/R = 0.9; at height ratio h/R = 1.7, the angle of attack ratio
Omax/ %min 1S 1.09. Therefore, as the height ratio decreases, the flow becomes more
non-uniform as expected. This result is consistent with the result of a suction tube
model which showed the strength of ground vortices increased as the height ratio
decreased [30].
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Figure 4.39 The angle of attack of the blade at different height ratios of the
propeller.

As found from the analysis in Sections 4.4.1~4.4.3, the angle of attack is not
uniform in the circumferential direction due to the ground vortices. Consequently, an
unsteady force is generated on the blade at different phase angles, which could
induce cyclic stress on the blade and generate tonal noise. This unsteady impact of
vortex on the propeller is discussed in the following chapters about the interaction of
an external vortex and the propeller. In the next section, the time averaged
performance of the propeller is analysed by balance measurements.

4.4.4  Impact of ground vortices on the time averaged performance of propeller

The performances of the propeller at two height ratios are compared, namely, h/
R =3.0and h/R = 1.46. The height ratio of h/R = 3.0 is the maximum height
ratio could be achieved in the setup. It is supposed to be without ground vortices
generated at the height ratio of h/R = 3.0 when the thrust coefficient is smaller than
T, = 63, because the inflow stream tube does not touch the ground based on the
analysis of the actuator disk model (as shown in Figure 2.1). The height ratio of
h/R = 1.46 is the position closest to the ground during our tests, and it induces
ground vortices which have the strongest impact on the propeller inflow.
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Figure 4.40 Impact of ground vortices upon the time-averaged performance of
the propeller. Top left: thrust coefficient; top right: torque coefficient; bottom left:
efficiency. Data obtained from experiments.

The difference of the propeller performance between h/R = 1.46 and h/R = 3.0
is negligible as shown in Figure 4.40, which means that the propeller performance is
independent of the ground vortices. Firstly, the effects of the vortices entering the
propeller in the propeller axial direction are cancelled out by each other. This
hypothesis is confirmed by the tangential velocity distribution as shown in the top
right of Figure 4.36. Secondly, although the effect of vortices entering the propeller
in the radial direction induces an axial velocity decrease in the propeller inflow (as
shown in the top left of Figure 4.36), this influenced region is small compared with
the whole disk region of the propeller and its effect is negligible as well.

45 Conclusions

The ground vortices induced by a propeller when the propeller operates near the
ground is studied both experimentally and numerically. Multiple flow topologies of
ground vortices are observed in the instantaneous flow fields, namely, one dominant
vortex, two dominant vortices and multiple vortices. A domain boundary of
occurrence of ground vortices is built basing on the flow fields near the ground and
upstream of the propeller. As the distance between the propeller and the ground
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decreases, and as the thrust coefficient of the propeller increases, the occurrence of
ground vortices is observed.

From the evaluation of the numerical results, in light of the analytical expressions
for the source of vorticity on a solid wall, it is found that the vorticity production
rate is consistent with the pressure gradient on the ground in both the lateral and
streamwise directions. These results show that the source of the vorticity for the
formation of ground vortices is not only from the vorticity in the far field boundary
layer, but also has a strong contribution from the locally generated vorticity by the
suction effect of the propulsor. The latter source could also be applied to explain the
generation of ground vortices under quiescent and take-off conditions of aircraft,
which do not involve any far field boundary layer. Furthermore, the production rate
of the wall-normal component of the vorticity is found to be due to the solenoidal
property of the vorticity.

The spectral analysis performed on the data obtained in the wall parallel plane,
shows that the normalized frequencies of order 0(1072) ~ 0(10~1) dominate the
unsteady process. This range of relatively low frequencies is found to be consistent
with that observed in the ground vortices induced by a suction tube model. The
range of energetic frequencies near the ground is far below the blade passing
frequency and this implies that the ground vortices near the ground have a negligible
impact from the blade passing. In the wall-normal plane, the spectral analysis of
vorticity shows that the energetic frequencies not only occur at the relatively low
range as observed near the ground, but there is also a pulse at the blade passing
frequency. This pulse is assumed to be due to the extra tilting and stretching of the
vortices caused by the change of the pressure field that is associated with the blade
passing. This in turn will change the flow field experienced by the propellers.

The flow involving ground vortices is analysed with the help of the POD method.
The flow fields in the wall-parallel plane feature coherent structures with one vortex
(first POD mode), two vortices (second and third modes), and multiple vortices
(fourth mode). The first and second modes of the flow field upstream of the
propeller are dominated by the blade passing; the flow structures in these two modes
have the same wave length and a 90° phase angle shift. The modes due to ground
vortices can be clearly observed in the third and higher modes in the wall normal
plane. The third mode observed in the wall-normal plane is found to be consistent
with that observed in the first mode of the wall-parallel plane; the fourth mode in the
wall-normal plane is consistent with that of the 2™-3" modes of the wall-parallel
plane. This consistency means that the turbulent flow structures formed near the
ground are transported to the inflow of the propeller without big changes.

The vortices ascending from the ground enter the propeller plane at an oblique
angle, where both the radial and axial (with respect to the propeller) components of
the vorticity are present. The relative strength of the components is dependent of the
propeller thrust setting-the higher the thrust coefficient, the stronger the axial
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component of the vorticity. The axial component of the vorticity entering the
propeller mainly influences the tangential and radial velocities of the propeller
inflow; and the radial component of the vorticity entering the propeller mainly
influences the axial velocity of the propeller inflow. Consequently, the blade
incidence angle is changed and becomes non-uniform in the circumferential
direction. With a higher thrust coefficient and a lower height ratio of the propeller,
the non-uniformity of the blade incidence angle becomes severer. The time-averaged
performance of the propeller is independent of the ground vortices, because the
effects of the vorticity cancel each other and the magnitude of the vorticity is
relatively small.

4.6 Discussion

As described in this chapter, there are multiple ground vortices generated on the
ground and convected toward the propeller; the number and strength of the
individual vortices are not constant. For the interest of understanding the impact of
vortical inflow on the propeller, discussing a model with a single vortex with a
constant strength impinging on the propeller is helpful. For the benefit of this
discussion, following in the next part of this thesis, an external vortex is generated
by a lifting surface in the propeller inflow and the interaction between the vortex and
the propeller is investigated. On the one hand, this external vortex can be utilized to
study the axial component of the vorticity of the one single ground vortex. On the
other hand, it gives insights into the interaction between an external vortex and a
propeller, which is frequently encountered in aeronautics.
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Chapter 5 Tools for the investigation of an external vortex and a propeller

Chapter 5 Tools and methods for the investigation of
interaction between an externally generated
vortex and a propeller

For the study of the interaction of a vortex with a propeller, a pure form of the
vortex generated independently of the propeller is chosen. Well-defined conditions
can be generated by placing a lifting wing of finite span upstream of a propeller. In
the present study, the tip vortex produced by a lifting wing in the presence of a
propeller is investigated as well as the effect of the incoming vortex on the propeller.
The properties of this vortex are measured with the help of the Particle Image
Velocimetry (PIV), which yields information about both the location as well as the
strength of the vortex. The resultant flow field downstream of the propeller which
includes the effects of the vortex interaction is measured using the PIV measurement
as well. The impact of the vortex on the propeller performance, in terms of the thrust
and the torque, is measured by a rotating shaft balance (RSB).

Because the flow field is resolved in a limited area at discrete planes by PIV
measurements, a visualization of the three-dimensional flow topology is helpful for
understanding this complex phenomenon in a global way. Furthermore, because
only the time averaged performance of the propeller can be measured by the current
rotating shaft balance, obtaining the unsteady loading on the propeller is helpful to
understand the time dependent impact of the vortex on the propeller. Due to the
above reasons, numerical calculations solving the unsteady Reynolds Averaged
Navier-Stokes equations (URANS) are performed. For these calculations the
boundary conditions are defined in such a way as to represent the experimental cases
tested in the wind tunnel.

5.1 Experimental arrangements

5.1.1 Vortex generator

The vortex generator is a truncated 2-dimensional wing with the DU96-W-180
airfoil, and the profile of the airfoil is shown in Figure 5.1. The airfoil, designed for
wind turbines, is used because it was available; there were no specific other
considerations related to this choice. The span of the wing is 1 m, with the chord
length of 0.25 m and the maximum thickness of 18%. A vortex was shed from the
tip of the lifting surface at a positive incidence angle. The AOA of the wing was
adjusted by rotating the wing to change the strength of the impinging vortex. In
order to adjust the vortex-impinging position on the propeller, the wing can be
moved in the lateral and vertical directions, as shown in Figure 5.3.
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Figure 5.1 Cross section of the vortex generator with the DU96-W-180 airfoil.

In the present study, the vortex strength is the parameter used to characterise the
vortices. The vortex strength is quantified by the circulation, I", which was already
defined in Eq. (2.21). Herein, the circulation of the vortex is defined in its surface
integral form,

I' = [ wyldS /(U * D), Eq.(5.1)

wy is the magnitude of the X-component of the vorticity (the unit vector in this

direction is denoted as 7) .Sis the integration area on the PIV measurement plane,
and the positive direction is defined as the surface normal in the same direction as
the X-component. A positive value of the circulation represents a vortex with the
opposite rotation direction as the propeller rotation (propeller rotates in the negative
X direction), and vice versa for a negative value. The vortex strength divided by D
represents the pre-swirl velocity in the propeller inflow, and this pre-swirl velocity
divided by U,, represents the inflow angle.

5.1.2 Experimental setup

The wind tunnel and propeller model in this part are the same as those used for
conducting the study of ground vortices. The equipment was already described in
Chapter 3.

exit of open jet

win
€ propeller

Figure 5.2: Experimental setup of the propeller wing combination in the Open Jet
Facility (OJF) at Delft University of Technology.
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Chapter 5 Tools for the investigation of an external vortex and a propeller

The schematic of the experimental setup for studying the interaction between a
vortex and a propeller is shown in Figure 5.2. A horizontal plate is positioned at the
bottom of the free jet test section, to avoid interaction with the shear layer of the
wind tunnel. The inflow velocity chosen in the experiments is 18.6 m/s which is
below the maximum speed (35 m/s) of the wind tunnel, in order to obtain good
quality velocimetry data. At higher velocity, the seeding in the vortex became too
sparse for good resolution. All the desired advance ratios J and thrust coefficients T,
can be obtained at this wind tunnel setting.
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Figure 5.3 Schematic of the experimental setup and dimensions of the model.

A detailed 2D sketch of the experimental setup is shown in Figure 5.3. The
vortex is shed from the tip of the wing, and convected downstream by the free
stream and the propeller suction-induced flow. The vortex generator (wing) is
positioned at a distance sufficiently large (3.2 times of the length of the wing chord)
to allow the wing tip vortex to develop and minimize the wing wake in the
interaction.

5.1.3 Test matrix

For the investigation of the impact of the propeller on the vortex, the test matrix
is determined by applying the methodology of one factor at a time (OFAT). The
vortex is maintained at a constant strength by maintaining the setting of the vortex
generator. The effect of the propeller on the vortex is investigated at a sweep of
advance ratios, / = 0.5,0.6,0.8,1.1 and J = 2.2 (as shown by the dashed lines as
shown in Figure 5.4). It needs to be noted that the zero loading condition of | = 2.2
in our measurement is conducted without the propeller being present in the flow.
Different advance ratios correspond to different thrust coefficients, the relation of
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these two parameters of our propeller model is shown in Figure 5.4. Such an effect
(advance ratio or thrust) of the propeller on the vortex is investigated in Chapter 6.
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Figure 5.4 Thrust coefficient versus advance ratio of the isolated propeller. The
dashed lines show the test points to study the effect of the propeller on the vortex.

For the investigation of the impact of the vortex on the propeller, the test matrix
is determined by the OFAT method as well. The propeller is maintained at one
constant advance ratio by maintaining the free stream velocity and the rotating speed
of the propeller, i.e. ] = 1.1. The effect of the vortex on the propeller is investigated
at a sweep of vortex strengths. Due to the impact of the vortex, the propeller loading,
e.g. the thrust coefficient as shown in Figure 5.4 is expected to have a change at a
given value of the advance ratio, and the relation between the change and the vortex
strength is investigated. In addition, the change of the thrust coefficient may have
different magnitudes for the same vortex strength but at different advance ratios.
Furthermore, as a vortex impinges at different radial positions of the propeller, the
propeller response is also analysed. All these studies are presented in Chapter 7.

5.1.4 PIV setup

To quantify the position and strength of the impinging vortex and obtain insights
into the vortex response to the propeller, velocity measurements were performed in
the planes involving the vortex. Because the velocity in the out-of-plane component
is in the same order of magnitude as the in-plane components, stereo PIV
measurements were conducted instead of planar PIV, to get rid of the error induced
by the velocity of the out-of-plane component.

The devices of cameras, laser, and smoke generator are still the same as those
utilized during the study of ground vortices, so they are not repeated here. Only the
setup of the PIV measurements is described herein. Two planes normal to the
propeller axis are investigated. One plane upstream of the propeller was positioned
at X/R = —0.20, which is on the left-hand side of Figure 5.5; and the other one
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downstream of the propeller at X/R = 0.32 (0.13 R downstream of the trailing edge
of the blade root), which is shown on the right-hand side of Figure 5.5. The
processing is conducted with the interrogation window size of 64 pixels x 64 pixels,
50% overlap.

PIV arrangement 1 PIV arrangement 2

I:I Laser

|:| Laser

Figure 5.5 Top view of the PIV setups in the upstream plane and the downstream
plane.

The direction of laser illumination is important to alleviate reflection from the
blades. For the PIV arrangement 1, the laser sheet is set to illuminate from top to
bottom as viewed from the upstream to the downstream position. For the PIV
arrangement 2, the laser sheet is set to illuminate from bottom to top. The number of
samples of the PIV measurements of each test condition is 300 in the upstream plane
and 500 in the downstream plane.

5.1.5 Bin method for the phase lock analysis

As the impinging vortex is not co-axial with the propeller centre line, the phase
angle of the propeller (as defined in Figure 2.4) determines the interaction between
the propeller and vortex. In order to investigate the flow field at different phase
angles of the blade, an analysis of the flow per given phase angle is necessary.

The phase-lock analysis for the results of the PIV measurements is conducted by
the bin method. This method matches the sample images of PIV measurements with
the benchmark images. The benchmark images were acquired by taking images at a
sequence of phase angles when the propeller was stationary. These 8 phase angles
are ¥ = 0.5°, 6.0°,11.5°,17.0°,22.5°,29.0°,34.5°,and 40.0°(the interval of 5.5°
is chosen by considering the available time in the wind tunnel). For example, the
benchmark frame taken at the blade phase angle of ¥ = 6.0° is shown on the left-
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hand side of Figure 5.6, and the benchmark frame taken at the phase angle of
¥ = 34.5°% is shown on the right-hand side of Figure 5.6. The reflection from the
blade causes a high intensity of light in the benchmark image and later during the
PIV measurements, which has been used to determine the blade position for the
matching process.

For each of the aforementioned eight phase angles, 20~30 samples are selected
and averaged for the analysis of the phase lock. Other samples of PIV measurements
are discarded for the phase lock analysis.

Figure 5.6 Example frames of reflection on the blades, phase angle ¥ = 6.0°
(left) and ¥ = 34.5° (right). Viewed from the front.

5.1.6  Error analysis of the experimental measurements
e Error analysis of the PIV measurements

The uncertainty of the PIV data is estimated by the same method as shown in
Section 3.3. In the plane upstream of the propeller, the uncertainty of the
instantaneous velocity fields at 95% confidence level is 0.045 m/s for the in-plane
velocity components and 0.049 m/s for the out-of-plane component. The uncertainty
of the vorticity in the axial direction at the plane upstream of the propeller is 12.59
1/s, in which the vorticity is calculated by the centre-difference method. In the plane
downstream the propeller, the uncertainty is 0.064 m/s for the in-plane velocity
components and 0.089 m/s for the out-of-plane velocity component. The uncertainty
of the vorticity in the axial direction at the plane downstream of the propeller is
16.45 1/s.

o Error analysis of the bin method and AOA setting of the vortex generator

The bin method is applied to obtain the phase-angle averaged property of the
vortex, e.g. the circulation of the vortex. Therefore, the error analysis of the bin
method is performed on analysing the scatter of the circulation in the vortex core.
The example selected for error analysis is the case when the propeller operates at the
advance ratio of J = 1.1, and the vortex generator is set at AOA =8°. The
circulation in the vortex core for each sample is denoted as I ;. The averaged result
of the circulation at a specific phase-angle (¥ = 6.0° in the current analysis) in the
vortex core is denoted as I, 4,,4. The error of the averaged result is evaluated by the
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square root of I.; — I 4,,4. The scatter of the circulation in the vortex core is 0.03
m?/s for the current case and the relative error is 4.2%. It should be mentioned that
this value of scatter also has a contribution from the fluctuation of the wing tip
vortex, and it is not from the bin method only.

The setting of AOA of the vortex generator is conducted by a rotatable disk with
an accuracy of 0.2 degree. The uncertainty propagated to the vortex circulation is
considered to be a linear relation, with coefficient of the linear relation determined
from the relation of vortex circulation over AOA of the vortex generator (as shown
in section 6.2.3). The uncertainty of the vortex circulation determined from the
propagation analysis is shown in the relevant figures (Figure 6.12 and Figure 6.19).
The error analysis of balance measurements was elaborated in Chapter 3 already.

e Convergence analysis of averaging process

The analysis of the quantities of the vortex, i.e. the circulation, the radius, and the
maximum tangential velocity, is performed on the time averaged result. In order to
check whether the averaged result converges, the circulation is selected to analyse,
and other quantities follow the same trend.
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Figure 5.7 Convergence analysis of the circulation during the averaging process.

The convergence analysis of the circulation is shown in Figure 5.7. Upstream of
the propeller, the circulation in the disk which is centred at the vortex centre and
with the radius of 0.25 R, R is the radius of the propeller. The circulation converges
at the sample number of 3, at which the averaged circulation is already 99.9% of that
with sample number of 4. Downstream of the propeller, the circulation (in the disk
region with the radius of 0.15 R, where the circulation has its maximum value)
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converges at the sample number of 12. The circulation of 12 samples is 99.9% of
that with the sample number of 13. It is noticed that the sample number to achieve
convergence is rather small both upstream and downstream of the propeller, because
the circulation is an integral quantity of the velocity, which greatly decreases the
influence of the fluctuation from each data point.

5.2 Numerical methods

5.2.1 Methodology of the numerical simulation

A numerical simulation is conducted using the same geometry as the
experimental model except for two differences. First, there is no strut to support the
model; second, there is no exhaust flow at the end of the nacelle, and the nacelle
extends to the outlet boundary. The effects from the strut and exhaust jet on the
propeller/vortex interaction are assumed to be negligible.

The impingement of the vortex on the blade is an unsteady phenomenon: the
vortex response to the propeller and the blade loading are both unsteady. Therefore,
the simulation is conducted by solving uRANS equations. The technique of sliding
mesh [87] is chosen to study this unsteady phenomenon.

The vortex prescribed on the velocity inlet boundary to simulate the impinging
vortex is the Lamb-Oseen vortex model, where the axial, tangential, and radial
velocity components are respectively given by:

1— —1.2564372

U, = 2’7;°<;C (“"f)_ Eq.(5.2)
Ua = Ueo. Eq.(5.3)
Ur = 0. Eq.(5.4)

Here, the constant of 1.25643 is merely applied to have a peak tangential
velocity at the core radius [88] as already elaborated in Section 2.2.5. The Lamb-
Oseen vortex model is found to well represent the induced flow field of the wing tip
vortex ([68, 69]); and this consistence will be further confirmed in Chapter 6.1.1.
The distribution of the tangential velocity is the only parameter defined in the Lamb-
Oseen vortex model; the excess or deficit of the vortex axial velocity is excluded;
the radial velocity is assumed to be zero. Therefore, by using Lamb-Oseen vortex
model, only the effect of the vortex circulation upon the propeller performance is
simulated. This simplification by omitting the effect of two other components of
velocities are verified to be consistent with experimental result (as shown in Chapter
6 and Chapter 7), because the impact of the vortex upon the propeller is dominated
by the tangential velocity of the vortex.
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5.2.2 Computational domain and boundary conditions

There are two computation domains which are necessary to conduct a sliding
mesh simulation: one is the rotating domain surrounded by the interfaces as shown
in Figure 5.8; the rest is the stationary domain. The rotating domain involving the
propeller model is a cylinder with the radius of 1.5 times of the propeller radius, and
the height of 2.6 R. The stationary domain is a cylinder with the radius of 10 R, the
height of 10 R upstream and 13 R downstream of the propeller.

A moving wall boundary with no-slip wall condition is set for the blades, spinner,
and hub. The stationary wall with no-slip wall condition is prescribed on the nacelle
of the propeller which extends to the far downstream as shown in Figure 5.8. The
vortex is added to the flow on the velocity inlet boundary condition. The pressure
outlet boundary conditions are prescribed on the outlet and cylindrical surface of the
stationary domain.

. Pressure
_Velomty outlet ——_
inlet

26R
= = Extended

[

20R — 15R nacelle
Impinging —
vortex / \
\In\terface

Interface

10R 13R

Figure 5.8 Schematic of the computational domains and boundary conditions

5.2.3 Mesh of the model

A hybrid mesh is employed for the computation domain as shown in Figure 5.9.
Unstructured mesh is employed for the rotating domain, which involves blades, the
spinner, the hub and part of the nacelle, generated by the ANSYS MESH module. The
mesh near the boundary layer has prism layers, with Y* value of 1, and the rest is
tetrahedral mesh in the rotating domain. The detail of the mesh on the propeller is
shown in Figure 5.10, which has a refinement on the region of the tips, leading
edges and trailing edges of the propeller blades to capture high gradients of flow
variables.
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Figure 5.9 Hybrid mesh represented on the cut plane through the propeller centre
line. Outer region: hexa-structured mesh; inner domain: unstructured mesh.

Tip

Root

Figure 5.10 Surface mesh on the propeller.

The hexa-structured mesh is generated for the stationary domain. The main
reason is that the impinging vortex prescribed on the inlet is convected through this
domain and hexa-structured mesh shows a less diffusive character than the
unstructured mesh [89]. The region where the core of the impinging vortex goes
through is refined to alleviate the diffusion effect as well. The hexa-structured mesh
is generated by ANSYS ICEM for this domain.

The mesh convergence is studied by checking the thrust coefficient of the
isolated propeller at different number of nodes, which is shown in Table 1. The
refinement from the coarse mesh to the fine mesh is mainly performed on the
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volume mesh of the rotating domain and the surface mesh of the blades. As shown
in Table 1, the medium mesh can already be regarded as the converged mesh, in
which the thrust coefficient only has a 1.3% increase compared with the coarse mesh.
However, in order to well resolve the vortex, the fine mesh is still chosen.

Table 1 Influence of the node number on the thrust coefficient of the propeller,
performed on the advance ratio of J = 1.1.

Mesh Nodes number T,, thrust AT, /T, (Ais relative to
(million) coefficient the row above)
Coarse 7.6 0.3510 -
Medium 9.7 0.3556 +1.3%
Fine 12 0.3556 0.0%

5.2.4  Turbulence model

The simulation of a propeller by using the k — w SST (shear stress transport)
model of uURANS simulation has been reported to be consistent with experimental
results [89] in terms of propeller loadings. In our simulation, not only the
performance of the propeller, but also the vortical flow is of interest. The turbulence
model is significant in the simulation of a vortex, e.g. the pressure gradient in the
radial direction is found to be dependent on the turbulent normal stress in the radial
direction [90]. The blade tip vortices and wakes from uRANS simulation already
give close results to the DES (detached eddy simulation) results in two propeller
radii downstream [91], in terms of vortex strength. Because the flow field far
downstream the propeller is not of interest for this research, the flow field two radii
of propeller downstream is enough to understand the interaction between the vortex
and vortical structures shed from the propeller. Therefore, the k — w SST turbulence
model is adopted to guarantee both the accuracy of the propeller performance and
properties of the vortex.

5.2.5 Solver

Parallel computation is conducted with the commercial software of ANSYS
FLUENT. This is run on a cluster of 48 processors. Spatial discretization uses the
second order upstream method. Velocity and pressure coupling is achieved by the
SIMPLE algorithm in FLUENT. The temporal discretization of the transient
derivatives uses second order implicit schemes. The time-step set at the interval
corresponds to the time of propeller rotating by 0.5 degree, e.g. At = 0.00002451 s
for the propeller rotating speed of rpm = 3400. This selected time step leads to a
Courant-Friedrichs-Lewy (CFL) number of 0.2 in the rotating domain.
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Chapter 6 Results of the response of an external vortex to a propeller

Chapter 6 Results and discussion of the response of an
externally generated vortex to a propeller

As the vortex impinges onto the propeller, the propeller is expected to modify the
structure of the incoming vortex. By investigating the flow field at the two PIV
measurement planes, which are upstream and downstream of the propeller
respectively, the flow topology of the vortex is analysed. The CFD result is
validated by the flow fields at these two planes and further analysis builds a three
dimensional flow topology that describes the behaviour of the interaction in detail.

Due to the interaction between the vortex and the propeller, the vortex properties,
i.e. the vortex meandering, the vortex core radius, the maximum tangential velocity,
and the circulation, have the potential to be altered. By investigating these properties
of the vortex both upstream and downstream of the propeller, the vortex response to
the propeller is studied in a sweep of advance ratios of the propeller, which
represents different thrusts generated by the propeller.

6.1 Typical flow fields and three-dimensional vortex topology

6.1.1 Flow fields upstream of the propeller

The flow fields in the plane upstream of the propeller (0.2 R upstream of the
leading edge of the blade root) are shown in Figure 6.1 from the PIV measurement
result (left) and the CFD result (right). The propeller is operated at a moderate
loading condition J = 1.1 for both results (T, = 0.35). The experimental result has a
vortex generated at the condition of AOA = 8° (this AOA is chosen because the
impact of the vortex on the propeller can be measured with a relatively low relative
error by our balance, and at the same time the wing is not stalled [92]). The CFD
result has a vortex by prescribing a Lamb-Oseen vortex at the velocity inlet with the
strength of ;.. /(U * D) = 0.6582, which is the integrated vorticity in the whole
region of the velocity inlet. This case of CFD simulation is chosen because the sign
and the magnitude of the vortex is close to the experimental case of AOA = 8°
(with a 5% difference evaluated at the plane X = —0.3 R), hence ensure that the
comparison of vortical flow between the two methods is meaningful.

The vectors in Figure 6.1 show the velocity directions in the plane, which feature
a contra-rotating vortex with respect to the propeller rotating direction for both the
experimental result and the CFD result. The colour contour plots show the X-
component of the vorticity in the plane, which features a concentrated region of
vorticity with the maximum magnitude located at [Y/R,Z/R] = [0,0.75]. The
experimental result does not feature the wake region of the vortex generator in the
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distribution of the vorticity, which means the wake vorticity is relatively small
compared with the wing tip vortex in the current experimental set up. The detailed
analysis of the impact of the propeller on the vortex upstream of the propeller will be
discussed in Section 6.2.

Bl oo N "

15 25 30 -20 10 5 15 25

i) newsm=ossez.ceo
il 15F . - T

Viiaaaa
AR
N
AT TR T T T T O N
ANV BB b b
R R e e N E R R SRRSO
& qfiro i aeaaaan I
= R A p J
NP AR S
[ IR Yk L d i dd s
L .,I’,\u\\ \ 155555;;:; .
e I IR N N -
IR =y 214/ e
05- s ,f,:fﬁ,,,,\(,,u 0.5
/ AOA=8°, PIV Y
L [ R A SR S R
1 0.5 0 -0.5 -1
Y/R

Figure 6.1 Distribution of the X component of the vorticity upstream of the
propeller (X/R = —0.2). Left: PIV measurement with vortex generator set at
AOA = 89; right: CFD simulation with I},,;.: /(U * D) = 0.6582 at the velocity
inlet. Moderate loading at ] = 1.1.
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Figure 6.2 Non-dimensional tangential velocity versus non-dimensional radius of
the vortex just upstream of the propeller from PIV and CFD results.

In order to verify that the vortex generated by the CFD method represents the
wing tip vortex generated in the experiment, the tangential velocity profile of the
CFD result is compared with that of the experimental result. The tangential velocity
in the vortex with respect to the vortex centre is normalized by the vortex maximum
tangential velocity. The radial distance from the vortex centre in the vortex is
normalized by the vortex core radius. The non-dimensional tangential velocities
versus the non-dimensional radii are plotted in Figure 6.2. Inside the vortex core
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region, the tangential velocities from the two methods are on top of each other.
Outside the vortex core, the tangential velocity of the CFD result is slightly lower
than the PIV result, which is ascribed to the vorticity in the wake region of the
vortex generator, but the trends of the results from the two methods are the same.
Therefore, their resulting flow fields in the propeller inflow are considered to be the
same by the two methods.

The distribution of the axial component of the velocity (Uy) in the plane
upstream of the propeller is shown in Figure 6.3. In the region with experimental
data, the distributions of Uy of the CFD result is generally consistent with the PIV
measurement result, which are due to the free stream velocity and the induced
velocity by the propeller.
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Figure 6.3 Distribution of the X component of the velocity upstream of the
propeller (X/R = —0.2). Left: PIV measurement result; right: CFD simulation result.
The straight dashed line indicates the line across the vortex centre for interpolation.
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Figure 6.4 Distribution of Uy across the vortex centre.
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However, difference is noticed in the vortex core region. The distributions of the
axial velocity along radial lines (as show by the straight dashed lines in Figure 6.3)
across the vortex core are plotted in Figure 6.4. For the PIV measurement result,
there is a jet-like region of the axial velocity in the vortex core. This jet-like profile
of the wing tip vortex was also reported in [93] for a wing with NACA 0015 airfoil
and AOA of 8°. For the CFD result, although the axial velocity is prescribed to be
the same as the free stream velocity (flat shape) at the velocity inlet, there is still a
wake-like shape of the axial velocity in the vortex core. This is because the link
between the axial component and the azimuthal component of the velocity [62]. The
pressure in the vortex centre is inversely proportional to the square of the tangential
velocity (Eg. 2.42). As the vortex goes downstream, the tangential velocity
decreases (mainly due to diffusion), so the pressure in the vortex centre increases.
Therefore, the axial velocity decreases and it has a wake—like shape.

This difference of the axial velocity in the vortex core region causes a different
inflow to the propeller. During the study of the vortex impact on the propeller in the
next chapter, this should be taken into consideration. However, as will be found in
the next chapter, the propeller inflow (characterised by the angle of attack of the
blade) has negligible influence from the axial component of the velocity of the
vortex and is dominated by the tangential component of the velocity of the vortex.
Therefore, although there is a difference of the axial component of the velocity in
the vortex between the PIV measurement and the CFD results, it has no significant
impact on the problem which is going to be investigated.

6.1.2 Flow fields downstream of the propeller

The flow fields downstream of the propeller (0.13 R downstream of the trailing
edge of the blade root) for the same settings as the previous section, are shown in
Figure 6.5. The phase angle labelled in Figure 6.5 is defined in Chapter 2 (Figure
2.4). The view is from the upstream to the downstream position of the propeller.

The impinging vortex can be recognized by the region with positive value of the
X-component of the vorticity located in the centre of the figure. The wing tip
vortices are located at the edge of the slipstream close to the dashed curve that
shows the boundary of the propeller disk. The blade wakes are extended from the
bottom of the figure to the blade tip vortices, with negative values of vorticity in the
inner region and positive values of vorticity in the outer region; this is due to the
distribution of the circulation in the radial direction of the blade, which is shown in
Figure H.0.1 represented by the thrust distribution in the radial direction.

The topology of the impinging vortex is mainly influenced by the wake of the
propeller blade and features different topologies at different phase angles. When the
wakes of the blades are far from the impinging vortex, the impinging vortex still
maintains its axisymmetric shape, e.g. at phase angle of ¥ = 6.0°. When the wake
approaches and retreats from the impinging vortex, the vortex is deformed due to the
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induced velocity of the wake, e.g. at the phase angles of ¥ = 17.0° and 40.0°.
When the impinging vortex is located in the wake, the vortex is disrupted by the
blade wake, e.g. at the phase angle of ¥ = 34.5°. The detail of the impact of the
wake of the blade on the incoming vortex will be discussed in Section 6.3.
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Figure 6.5 Flow fields downstream of the propeller at different phase angles of
the blades. PIV arrangement 2. The vortex generator is set at AOA = 8°.

The flow field downstream of the propeller from the CFD simulation, at the same
plane as the PIV measurement, is shown in Figure 6.6. The vortex topologies at
different phase angles of the CFD results are found to be consistent with the
experimental results. A discrepancy between the CFD simulation and the
experimental result is found at the phase angle when the vortex is located inside the
blade wake, i.e. ¥ = 34.5°. This discrepancy is ascribed to the numerical diffusion
in the CFD simulations, leading to poor resolution of the interaction between the
wake and the vortex. This numerical diffusive effect can either be due to the mesh
size and the mesh type [89] or the turbulence modelling [90]. Because the qualitative
and quantitative trends between the two methods are consistent at most of the phase
angles, and because code development was not part of the task here, this issue is not
investigated in detail in the current research.
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Figure 6.6 Flow fields downstream of the propeller at different phase angles of
the blades (CFD). X/R = 0.32. Iiper/(Us * D) = 0.6582.

6.1.3  Three dimensional flow topology

As shown in the flow fields upstream and downstream of the propeller, the CFD
results show a good consistence with the PIV measurement results. Therefore, the
methodology of the CFD simulation is deemed sufficiently refined to represent the
vortex response to the propeller. In order to build a three dimensional flow topology
when the vortex impinges into a propeller, the 3D CFD result is analysed.

The three dimensional flow represented by iso-surfaces for the vorticity
magnitude of |w| * D/U, = 13.0 is shown in Figure 6.7 from the CFD result. The
impinging vortex upstream of the propeller is represented by ‘VS1’. After it goes
through the propeller, it is cut into pieces and represented by ‘VS2~ VS6’, as shown
in the left hand side of Figure 6.7. The tip vortices of the blades are represented by
‘TVi’, and the blade wakes are not shown because the vorticity magnitude is less
than the chosen value.

As the vortex is at the phase angle with the blade in its trajectory (e.g. ¥ = 10.0°
as shown in Figure 6.7), the vortex is penetrated by the blade and chopped into two
sections, i.e. VS1 and VS2. A detail illustration of this process is shown in the right
hand side of Figure 6.7. During the cutting process, the VS2 and VS1 have a
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displacement in the chordwise direction. This is due to the velocity on the suction

side of the blade which is higher than that at the pressure side, and it is a result of the
circulation on the blade cross section.

Figure 6.7 The three-dimensional flow topology of the vortex impinging on the
propeller. ] = 1.1, 10t /(Us * D) = 0.6582. The iso-surface shows the vorticity
magnitude of |w| * D/U, = 13.0. Left: global view; right top: detail of the cutting

process shows the vortex displacement in the chordwise direction; right bottom:
detail of the cutting process shows the vortex displacement in the spanwise direction.
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Figure 6.8 Explanation of the displacement of the vortex sections in the spanwise
direction of the blade due to the image vortex.

The sections VS1 and VS2 also have a spanwise drift. This effect can be
explained using the potential flow approximation to describe the effect of the
propeller blade as a non-permeable wall (as shown in Figure 6.8). Due to the two
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vortex sections, i.e. VS1 and VS2 with clockwise rotation direction, a virtual image
vortex is utilized to represent the blade surface as a streamline, to ensure that the
wall normal component of the velocity remains zero. This image vortex has an
induced velocity in the upward direction on the suction side, and the opposite on the
pressure side. Consequently, the vortex sections VS1 and VS2 have a displacement in
the spanwise direction of the blade. The spanwise drift of an impinging vortex on a
steady wing (or rudder) was also explained by this method in [46, 94, 95]. In the co-
rotating vortex case (as shown in Figure G.0.2), the vortex displacement has the
opposite feature due to the image vortex running in a clockwise direction.

6.2 Impact of the propeller on the vortex upstream of the propeller

In the previous section, a general description of the topology of the vortex was
conducted for the case when the vortex impinges onto the propeller. This was
intended to help build a preliminary understanding of the phenomenon, and validate
the CFD results in terms of the flow topology. In this section (Section 6.2) and the
subsequent section (Section 6.3), the response of the vortex to the propeller is
investigated in the planes upstream and downstream of the propeller respectively, in
terms of the meandering, the maximum tangential velocity, the core radius, and the
circulation of the vortex. These investigations give detailed insights into the
behaviour of the vortex under the impact of the propeller.

6.2.1 Impact of the propeller on the vortex meandering upstream of the propeller

The vortex meandering is a normal characteristic of a wing tip vortex, and its
meandering magnitude under the influence of the propeller is investigated in this
section. The vortex centre is determined by the vorticity weighted averaging method
and the detail is introduced in Appendix D. The position of the vortex centre in the
instantaneous flow field upstream of the propeller, at the propeller advance-ratio of
J = 0.6 corresponding to a high thrust case, and the vortex generator with setting of
AOA = 8° is shown in Figure 6.9. The X axis represents the recording number of the
instantaneous flow fields, and the Y axis shows the displacement of vortex centre
relative to the averaged position. The meandering of the vortex in the two directions
generally have the same trend. The vortex is located near and on the two sides of the
averaging position.

The standard deviation of the vortex position at a sweep of advance ratios of the
propeller is shown in Figure 6.10. With the propeller operating at different advance
ratios, the vortex meandering magnitude shows differences that are smaller than the
measured position error as indicated by the error bars. As found from Figure 6.10,
the standard deviation of the vortex meandering is at the order of 0(10~3 R), which
is one order of magnitude lower than that of the vortex core radius (0(10~2 R), as
shown in Figure 6.11). Therefore, the meandering of the vortices upstream of the
propeller is trivial and can be neglected; the vortex impinging on the propeller can
be considered to be a constant vortex impingement.
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Figure 6.9 Meandering of the vortex centre in the lateral and vertical directions.
AOA =89,] =0.6.
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Figure 6.10 Meandering of the vortex centre in the lateral and vertical directions
at different advance ratios of the propeller.

6.2.2 Impact of the propeller on the tangential velocity and the radius of the
vortex upstream of the propeller

The vortex core is a portion of the vortex, which contains the majority of the
vorticity in a vortex (72% for a Lamb-Oseen vortex). In order to gain insight into the
interaction, the response of the vortex core to the propeller induced flow is analysed.
The vortex core is characterized by a solid-like rotation region, so the maximum
tangential velocity and the core radius are two parameters to represent the vortex
core.

The core radii of the vortex at a sweep of advance ratios are plotted in the left
hand side of Figure 6.11. At relatively high advance ratios, i.e. ] = 0.8,1.1 and 2.2,
the vortex core radii do not change significantly at different advance ratios. As the
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advance ratio decreases to J = 0.5 and 0.6, the vortex core radius decreases, which
is due to the effect of the vortex stretching by the propeller suction effect.

The maximum tangential velocity in the vortex is plotted in the right hand side of
Figure 6.11. At relatively high advance ratios, i.e. J =0.8,1.1and 2.2, the
maximum tangential velocity has a negligible variation. As the advance ratio
decreases to J = 0.5 and 0.6, the maximum tangential velocity increases as the
advance ratio decreases, which is due to the strong stretching effect of the propeller
suction as well.
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Figure 6.11 Left: vortex-core radius versus the advance ratio; right: maximum
tangential velocity of the vortex versus the advance ratio.

6.2.3 Impact of the propeller on the circulation of the vortex upstream of the
propeller

As a wing tip vortex is utilized to modify the inflow of a propeller, the
circulation of this wing tip vortex (as defined in Eq. (5.1)) due to the impact of the
propeller is studied in this section. Although the total circulation of a well-developed
wing tip vortex is determined by the lift of the wing solely, the impact of the
propeller may change the roll-up process, consequently it may change the
distribution of the circulation. The distributions of circulation at a sweep of propeller
advance-ratios are shown in Figure 6.12. As the advance ratio of the propeller
decreases, the circulation in the inner region of the vortex increases. This trend is
consistent with the vortex stretching effect with vorticity transported from the outer
region into the inner region of the vortex.

It is noted that the vortex circulation at the radial position r, = 0.25 R (the
maximum range of our analysis) are very close at the five advance ratios. The
standard deviation of the circulations of the five advance ratios at r, = 0.25 R is
or/(UsD) = 0.0028, which is 1% of the circulation at this position of ] = 2.2.
Therefore, the vortex circulation can be assumed to be constant at different propeller
advance ratios. This means the wing tip vortex is well developed before it reaches
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Chapter 6 Results of the response of an external vortex to a propeller

the measurement plane. Consequently, the circulation of the impinging vortex can be
represented by evaluating the circulation of the wing tip vortex (no propeller) inside
the radius of ry,/R = 0.25, which is denoted as I3y,,,.

Based on this, the strength of the impinging vortex, I},,, is summarized in Table
2 for different AOAs. The quantified strength of the impinging vortex is also utilized
to analyse the effect of the vortex on the propeller which will be discussed in
Chapter 7.
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Figure 6.12 Distribution of the circulation in the vortex at a sweep of propeller
advance ratios.

Table 2 Vortex strength of the wing tip vortex determined at the plane X/R =
—-0.2, PIV.

AOA (a°)  Vortex strength (I, /(U,D))

2.0 0.0989
8.0 0.2161

The circulation in the vortex of the CFD simulation is evaluated by the same
method (the error bars are determined from the rms values). The circulation
distribution of the impinging vortex is shown in Figure 6.13. The trend of the
circulation dependence on the advance ratio is the same as the PIV measurement: as
the advance ratio decreases, the vortex is stretched and the circulation increases in
the inner region; and the total circulation of the vortex has negligible influence from
the propeller, which can be seen in the outer region of the vortex. The CFD results
have one difference from the experimental results, which is the trend in the outer
region of the vortex. For the experimental result, the circulation still has an
increasing trend in the outer region. For the CFD result, the circulation has a
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constant value from the radial position r, /R = 0.17. This difference is ascribed to
the additional tangential velocity (or vorticity) in the wing wake, which is not
involved in the CFD simulation. The vortex generated in the experiment is a wing
tip vortex, which contains wake vorticity in the proximity of it even though it is
small. The vortex generated in the CFD simulation is an isolated vortex, and the
majority of the vorticity is located in the inner region of the vortex.
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Figure 6.13 Circulation distributions in the vortex at a sweep of propeller
advance ratios (J = 0.6 and 1.1, CFD).

A summary of the vortex strength at all the CFD simulations is shown in Table 3.
The first column is the vortex strength prescribed at the velocity inlet, and the
second column is the vortex strength evaluated at the plane upstream of the propeller.
Compared to experimental conditions as shown in Table 2, the CFD simulations
include co-rotating vortex (negative value of the circulation), and the flow field at
this condition is shown in Appendix G. These vortices with negative values of
circulation together with the ones with positives values are utilized to analyse the
propeller performance versus the vortex sign in Chapter 7.

Table 3 Vortex strength determined from the CFD simulation.

Vortex strength prescribed at the Vortex strength at the plane X = —0.2 R,
inlet, Iinger/(UsD) Timp/(UsD)
0.4388 0.1724
0.6582 0.2260
-0.6582 -0.2255
-0.4388 -0.1728
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Chapter 6 Results of the response of an external vortex to a propeller

It is noted that only 30~40% of the circulation is maintained in the vortex as it is
transported from the inlet (X = —10 R) to the plane X = —0.2 R. By investigating
the circulation along the streamwise direction, the reason of the decrease is found to
be the numerical diffusion of vorticity (especially in the rotating domain with
unstructured mesh which was reported to be diffusive in [89]), and the interface
between the rotating domain and the stationary domain. This decrease of circulation
in the flow field upstream of the propeller has no significant impact for the problem
of our investigation, because a well-defined vortex to impinge onto the propeller is
our goal and the vortex strength is evaluated at the plane X = —0.2 R downstream of
the interface and directly upstream of the blades.

6.3 Impact of the propeller on the vortex downstream of the propeller

The impact of the propeller on the vortex was analysed in the plane upstream of
the propeller in the previous section. After the vortex goes through the propeller, the
response of the vortex to the propeller is analysed in the downstream plane as well,
which is performed in this section. The parameters analysed are mainly the same as
before, i.e. the vortex meandering, the vortex core radius, the maximum tangential
velocity and the circulation. One more parameter analysed is the vortex shape due to
the interaction with the wake of the blade.

6.3.1 Impact of the propeller on the vortex meandering downstream of the
propeller

By following the method of determining the location of the centre of the vortex
as introduced in Appendix D, the distribution of the vortex positions downstream of
the propeller is determined and shown in Figure 6.14 by the black squares. The
positions of the vortex upstream of the propeller represented by purple crosses are
plotted as a reference. Generally, the positions of the vortex move inward and to the
left hand side with respect to the upstream vortex, which are mainly due to radial
and tangential velocities induced by the propeller, as well as the cutting process by
the blade.

The meandering magnitudes of the vortex downstream of the propeller at a
sweep of advance ratios are plotted in Figure 6.15. The vortex meandering in the
downstream plane is at the magnitude of o(Y)/R = 0.04 and 0(Z) /R = 0.05 when
the propeller is running (J = 0.5,0.6,0.8,and 1.1), which is higher than that
upstream of the propeller. Furthermore, the meandering magnitude in the Z direction
is obviously stronger than that in the Y direction, which is ascribed to the interaction
between the vortex and blades together with blade wakes (e.g. the spanwise drift
could be stronger than the chordwise drift as shown in Figure 6.7). In addition, it is
also noticed that the meandering in the Y direction downstream of the propeller has a
local minimum at J = 0.6 (this local minimum is not obvious for the meandering in
the Z direction, although an increasing trend can be found before J = 0.6). On the
one hand, as the advance ratio decreases, the contraction of the propeller slipstream
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increases because the loading of the propeller increases. On the other hand, as the
advance ratio decreases, the strength of the wake vortex of the blade increases which
would increase the meandering of the vortex. These two factors compete and a local
minimum is found at /] = 0.6 from our results.

When there is no propeller in the flow (J = 2.2), the meandering magnitude of
the vortex decreases dramatically. This means that the blade cutting process has a
strong impact on the vortex meandering. The mechanism of the cutting process was
already shown in Figure 6.7 by the visualization of the three dimensional flow.
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Figure 6.14 Positions of the vortex downstream of the propeller (black squares),
and the reference positions of the vortex upstream of the propeller (purple crosses).
AOA = 8°,] = 0.6. Viewed from the upstream to the downstream position.
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Figure 6.15 Meandering magnitude of the vortex position in the lateral (Y
component) and vertical (Z component) directions.
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Chapter 6 Results of the response of an external vortex to a propeller

6.3.2 Impact of the propeller on the vortex shape downstream of the propeller

In this section, the topology of the vortex represented by the vortex shape is
analysed. The vortex shape is characterised by the iso-curve of the magnitude of the
X-component of the vorticity, i.e. wy * D/U,, = 13.0. The geometric centre (GC) of
the vortex is determined by the mean value of the coordinates along the iso-curve.
The distance between the point on the iso-curve and the GC is represented by d. An
iso-curve extracted from Figure 6.5 at phase angle ¥ = 6.0° is shown in the left
hand side of Figure 6.16. The shape factor (SF) is defined as the ratio of the
maximum value over the minimum value of d,

SF - dmax

Amin

Eq. (6.1)

There are cases which the definition of the shape factor have exceptions, when
the vortex is strongly disrupted (e.g. V shape and even disrupted into two pieces) and
the GC is outside the vortex (case B in Figure 6.16, corresponding to Figure 6.5 at
phase angle ¥ = 34.5°, and case C in Figure 6.16, corresponding to Figure E.O.1 at
phase angle ¥ = 34.5°); For such cases, the SF is defined as infinity, oo, which
represents the situation that the vortex is strongly interfered by the blade wake.

GC

A B C

Figure 6.16 Example shapes of the iso-curve of the vortex. wy * D /U, = 13.0

As found in Figure 6.5 already, the vortex topology is strongly dependent of the
relative distance between the vortex and the wake. Therefore, the position of the
vortex is characterized by the angle between the wake and the vortex in the
circumferential direction. The angle of the GC in the flow field is represented by
Y:c, and the angle of the wake (the one closest to the vortex GC) is represented by
Y.saxe- Their distance is defined by the angle between them, e — ¥y ake-

Yoc-wake = Poc — Pwake) /45°. Eq. (6.2)

As the vortex is on the left hand side of the wake, W¢c_.,qaxe has a positive value,
and vice versa when the vortex is on the right hand side of the wake. The angle
difference is normalized by the angle between the two wakes, i.e. 45°.
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Figure 6.17 Shape factor of the vortex versus the distance between the vortex and
the wake of the blade.

The shape factors of the vortex are shown in Figure 6.17 at different distances
from the wake. The shape factor generally has a symmetric profile for both advance
ratios: the magnitude of SF keeps increasing as the vortex approaches the wake; it
reaches its maximum value as the vortex is close to or inside the wake; the SF
decreases as the vortex retreats from the wake. The reason for not showing
Yic—wake Close t0 £0.5 is that the phase-lock samples are only obtained at selected
angles, and no phase angle corresponding t0 Y;c_wake~ E 0.5 is conducted. As the
distance between the vortex and wake is large, the SF values for the two advance
ratios are close and approximately equal to one. At the range of Y;e_wake
approaching zero, the SF values of the vortex at a low advance ratio (J = 0.6) are
higher than those at a high advance ratio (J = 1.1), because the interaction between
the vortex and the wakes becomes stronger.

6.3.3 Impact of the propeller on the tangential velocity and radius of the vortex
downstream of the propeller

As found from the vortex shape factor, the vortex shape is not always
axisymmetric downstream of the propeller. Consequently, the circumferentially
averaged tangential velocity and the resulted definition of the vortex core radius
based on the axisymmetric assumption are not applicable for all the phase angles.
However, these parameters are still significant to characterize the vortex
downstream of the propeller. Therefore, the vortex at the vortex-wake distance of
Yic—wake = —0.44 (PIV results) is chosen for analysis, which represents the vortex
with approximately axisymmetric shape.
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Figure 6.18 Left: vortex-core radius versus the advance ratio; right: maximum
tangential-velocity of the vortex versus the advance ratio.

The vortex core radius and the maximum tangential velocity in the vortex are
plotted in the left hand and the right hand sides of Figure 6.18 respectively. At the
advance ratios of J = 1.1 and 2.2, both the vortex core radius and the maximum
tangential velocity of the vortex are approximately the same. This means at the low
loading condition of the propeller, the propeller has a negligible effect on the vortex
core. As the advance ratio further decreases, i.e. ] = 0.5,0.6,and 0.8, the core
radius of the vortex decreases and the maximum tangential velocity increases. This
is due to the vortex stretching effect under the impact of the propeller thrust.

Compared with the vortex upstream of the propeller as shown in Figure 6.11, the
vortex-core radius downstream of the propeller decreases and the maximum
tangential velocity increases at the advance ratio of ] = 0.5,0.6,and 0.8, which is
due to the stretching effect of the vortex. For example, at J] = 0.6, the vortex core
radius upstream of the propeller is 0.067 R and the maximum tangential velocity is
0.64 U, ; and those downstream of the propeller are 0.050 R and 0.82 U,
respectively. At the advance ratio of / = 1.1 and 2.2, the vortex-radius and the
maximum tangential velocity downstream of the propeller approximately have no
change compared with that in the upstream plane. This means the stretching effect is
negligible when the propeller loading is low.

6.3.4 Impact of the propeller on the circulation of the vortex downstream of the
propeller

The distributions of the circulation in the vortex downstream of the propeller at
different advance ratios are shown in Figure 6.19. The error bars shown in the figure
are determined from the standard deviations of the circulations from the samples for
phase averaging, and the uncertainties of the wing angle of attacks.

The distribution of the circulation in the vortex has two parts which feature
different characteristics. One part is from the vortex centre until the radial position
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with the maximum circulation, in which the circulation increases as the radius
increases; the other part is the outer region in which the circulation decrease as the
radius increases. The first part has the same property as found in the upstream plane,
and the circulation increases as the advance ratio decreases, which is due to the
stretching effect of the vortex.

The second part is different from the upstream plane, which is due to the impact
of the blade wake with the opposite sign of vorticity as the impinging vortex. From
the definition of the circulation as shown in Eq. (5.1), as the term of vorticity, w1,
is negative in the region of the blade wake, it has a negative contribution to the
circulation. The distribution of the circulation of an isolated propeller operating at
J = 0.6, is plotted by the dashed black curve to support this observation. The zero
radial position of the case of an isolated propeller is set at the same position as the
centre of the virtual vortex. It is noted that the circulation of the case of the isolated
propeller starts decreasing from the radial position of r,/R = 0.16, which is
consistent with the case with the impinging vortex (black solid curve). It is also
noted that the slope magnitude of the black solid curve is higher than that of the
black dashed curve, which implies the impingement of a contra-rotating vortex
increases the magnitude of the wake vorticity. This can be readily confirmed by
evaluating the induced velocity of the vortex on the blade from Biot-Savart law.
Furthermore, the circulation in the outer region decreases more if the advance ratio
is lower, because the magnitude of the vorticity in the blade wake increases as the
advance ratio decreases.
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Figure 6.19 Distribution of the circulation in the vortex downstream of the
propeller at the situation of the vortex-wake azimuthal angle of W;-_yqke = —0.44.

The circulation distribution in the vortex from CFD simulations is shown in
Figure 6.20 for a comparison. The error bars plotted in Figure 6.20 are calculated
from the standard deviations of the circulations at these radial positions, and the
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Chapter 6 Results of the response of an external vortex to a propeller

contribution of the angle setting is omitted because the vortex is generated by
prescribing a constant circulation at the velocity inlet. The CFD results are found to
be consistent with the experimental results.

—J=0.6

—J=1.1

“0 005 041 015 02
r,/(R)

Figure 6.20 Distribution of the circulation in the vortex downstream of the
propeller at the vortex-wake azimuthal angle of W;c_yqke = —0.5. (CFD).

Compared with the vortex circulation in the upstream plane as shown in Figure
6.12 and Figure 6.13, it is also found that the maximum circulation in the vortex
downstream of the propeller has no noticeable change from that in the upstream
plane. For instance of PIV measurements, at the advance ratio of J = 0.6, the
circulation is I' /(U * D) = 0.1966 at the radial position r;,/R = 0.15 upstream of
the propeller; and that downstream of the propeller is I'/(U, * D) = 0.2080. The
difference is below the error bar of the measurement and it is assumed to be
negligible. This means the vortex after going through the propeller still has the same
magnitude of the circulation as that in the upstream plane, at least in the inner region
of the vortex (approximately two times of the vortex core radius in the current
analysis). This also implies that the vortex after impingement still has the same order
of effect on the further downstream parts of the airframe, e.g. the second row of
rotors for a contra-rotating propeller.

6.4 Conclusions

By applying a truncated wing upstream of the propeller, a well-defined vortex is
generated to impinge on the propeller. The velocities and positions of the vortex
upstream of the propeller are quantified by PIV measurements. By investigating the
vortex properties, i.e. the meandering, the maximum tangential velocity, the core
radius, and the circulation, the impact of the propeller on the vortex is analysed. The
results show that the propeller induced flow field has an effect of stretching the
vortex upstream of the propeller at highly loaded conditions, which results in an
increase of the maximum tangential velocity and a decrease of the core radius as the
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thrust coefficient increases. The circulation in the vortex core undergoes a
redistribution and the circulation in the inner region of the vortex has an increase
while the total circulation is not changed. The vortex meandering effect upstream of
the propeller is also independent of the propeller advance ratios at the accuracy of
our measurements.

After the vortex has passed the propeller, the flow field containing the vortex is
measured at the plane 0.13 R downstream of the trailing edge of the blade root. The
vortex meandering downstream of the propeller becomes larger compared with that
upstream of the propeller because of the cutting process by the blade and the
induced velocity of the propeller. This causes the vortex to have strong
displacements in the lateral and radial directions. The vortex topology is dependent
on the relative position between the vortex and the blade wake. As the vortex is
located around the middle of the two blade wakes (¥;c_wake~0.5), the shape of the
vortex still features an axisymmetric profile. As the vortex is located close to the
blade wake (Wsc—_wake~0), the vortex is disrupted into V shape and even into two
pieces. The vortex downstream of the propeller is still characterized by the
stretching effect due to the propeller thrust. The circulation shows an increase in the
inner region of the vortex because of the stretching effect; the circulation in the outer
region of the vortex decreases because of the blade wake with an opposite sign of
vorticity for the case with a contra-rotating vortex; the maximum circulation of the
vortex downstream of the propeller have a negligible difference from that upstream
of the propeller, which means the vortex after the impingement still has a
comparable strength with respect to the incoming vortex to influence the further
downstream parts of the airframe.

In addition, the impinging vortex implemented by a Lamb-Oseen vortex model at
the velocity inlet is applied in the CFD simulation. By comparing the vortex
upstream and downstream of the propeller, the tangential velocity profile and the
vortex topology of the CFD results agree with those of the experimental results. This
means the methodology in the CFD simulation intended to simulate the wing tip
vortex is valid to study the propeller-vortex interaction. Based on this, the three
dimensional flow topology of the impinging vortex is further analysed by the CFD
result. During the cutting process, the vortex has a displacement between the suction
and pressure sides of the blade; the vortex is chopped into sections which are located
between the blade-wakes downstream of the propeller.

Except for the cases studied by an impinging vortex with an opposite rotating
direction from the propeller and a constant impinging radial position at 0.75 R,
vortices with the same rotating direction as the propeller and other impinging radial
positions are also studied. The measurement results downstream of the propeller
together with the 3D CFD data of these cases are presented in Appendices E, F and
G. The reader can refer to these sections for further information.
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6.5 Discussion

As the impact of the propeller on the wing tip vortex was analysed in this section,
the next research question is how the externally generated vortex affects the
performance of the propeller. Through the method introduced in Chapter 5, the
propeller performance with vortex impingement is measured and compared with that
without a vortex impingement in the next chapter. The validation of the CFD results
in Chapter 6 shows that the numerical simulation represents the experimental test
well, so it gives confidence for the analysis of the vortex impact on the propeller by
the numerical results; the numerical results not only give the integral performance of
the propeller, but also the dynamic properties. This enables a thorough
understanding of this phenomenon.
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Chapter 7 Impact of an externally generated vortex on
a propeller

Due to the induced flow generated by the impinging vortex, the propeller
experiences changes of velocity of its inflow. The integral effect of this additional
velocity on the propeller performance is investigated by determining the time-
averaged thrust coefficient, torque coefficient, as well as the efficiency of the
propeller. A systematic study on the parameters of the vortex rotation direction, the
vortex strength, the vortex impingement radial position, as well as the propeller
advance ratio is performed, so as to investigate the dependence of the propeller
performance on these parameters. Furthermore, the additional velocity upstream of
the propeller has a non-axisymmetric distribution for a non-coaxial impinging vortex,
this results in a dynamic loading on the blades. The thrust on one individual blade in
one revolution which includes the variation of the blade loading is analysed. In
addition, the pressure fluctuation on the blade is evaluated for the prediction of the
unsteady pressure field.

7.1 Impact of the vortex on the propeller performance

7.1.1 Effects of the strength and the direction of the rotation of the vortex on the
performance of the propeller

Whilst maintaining the advance ratio of the propeller (J = 1.1) and the radial
position of the impinging vortex (rim,/R = 0.75), the impact of the vortex on the
propeller is investigated at a sweep of vortex strengths. The propeller performance
versus the vortex strength, in terms of the time-averaged thrust coefficient, the
torque coefficient and the efficiency, are shown in Figure 7.1.

As the vortex contra-rotates with the propeller (positive value of circulation),
both the thrust and torque coefficients increase with respect to the case of no
impinging vortex as expected. The opposite is true for the co-rotating vortex
(negative value of circulation). The integral results from the experiments and CFD
simulations show a good agreement, which validate the CFD simulations.

Even though the thrust and torque coefficients are both changed due to the

imping vortex at the advance ratio of J = 1.1, it is found that the efficiency (defined
in Eq. (2.17)) of the propeller is independent of the strength of the impinging vortex.
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Figure 7.1 Propeller performance versus vortex strength. Top left: thrust
coefficient; top right: torque coefficient; bottom: efficiency. 73,,,/R = 0.75, ] = 1.1.
The negative circulation of the impinging vortex represents the co-rotating vortex,
and the opposite for the positive value.

The lift-to-drag ratio was reported to have an increase due to the vortex
impingement on a steady wing (the impinging vortex contra-rotated with the tip
vortex of the wing) [47], which is in disagreement with our results. By investigating
the flow as presented in [47], it is found that the wing tip vortex has a downwash
effect on the wing. The lift on the wing decreases due to the downwash, so the lift
induced drag decreases. The lift induced drag is proportional to the square of the lift
coefficient, so the lift to drag ratio increases. However, this does not happen in our
case, and the reasons are listed as below. Firstly, the impinging vortex induces both
upwash and downwash effects on the blade. Secondly, this is probably because of
the relative weakness of the impinging vortex in our case. The lose/gain of the lift or
drag of the propeller blades is small, so even the quadratic term can be linearized.
Furthermore, even if the impinging vortex may change the efficiency of the blade,
but it mainly influences one blade at each instant, the integral effect on the eight
blades is small. The unaffected efficiency of our result is also consistent with the
results of a propeller operating at an angle of attack: the vertical component of the
velocity in the propeller plane had an upwash effect on the down-going blade and
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the opposite for the up-going blade, but no obvious change in the propeller
efficiency was observed [96].

For the co-rotating and contra-rotating vortices, the fluctuations of loadings on
one individual blade in one rotation are compared in terms of the thrust coefficient,
as shown by the black and purple curves in Figure 7.2. The definition of the thrust
coefficient on one blade is similar to the definition for the whole propeller which is
shown in Eq. (2.15), just substituting the thrust of the whole propeller by the thrust
of one blade. The reference data without impinging vortex is also plotted by the
green line in Figure 7.2. The variation of the thrust coefficient of the blade by a
contra-rotating vortex is nearly symmetrical with that by a co-rotating vortex with
respect to the green line. For the co-rotating vortex case, the blade loading has its
maximum value at the phase angle of ¥ = 358°, which is near the position for a
contra-rotating vortex with its minimum blade loading (¥ = 10°), and vice versa for
a contra-rotating vortex.

In addition, at the phase angles with maximum and minimum values of the blade
thrust under the impact of a contra-rotating vortex, the loading distributions in the
radial direction of the blade are performed in Appendix H. They show the detail of
loading variation on the blade in the radial direction.
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Figure 7.2 Thrust coefficients on one individual blade in one revolution due to
different signs of impinging vortices. The circumferential positions with maximum
and minimum values of the blade thrust are highlighted by the dashed lines together

with the phase angles. CFD results.

The reasons for the thrust variation on the blade and hence the change of the time
averaged loading of the propeller are investigated by analysing the change of AOA
on the blade. The definition of the AOA of a blade was introduced in Chapter 2
(Figure 2.13). The velocities as shown in Figure 2.13 were extracted from the plane
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upstream of the propeller (X/R = —0.2), which is close to the blade leading edge
and is assumed to represent the characteristic of the propeller inflow.

Without vortex impingement, the blade angle of attack has an axisymmetric
distribution, which is shown in the bottom left of Figure 7.3 as reference data. The
AOA is in the range of [39,10°], with the minimum value at the root of the blade.
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Figure 7.3 Top left: change of AOA for a contra-rotating vortex, I}, /(UxD) =

0.1724; top right: change of AOA for a co-rotating vortex, I, /(Us,D) = —0.1728;
bottom left: AOA for a uniform inflow.

With a contra-rotating vortex, the change of AOA, obtained by subtraction of
AOA without vortex impingement is shown in the top left of Figure 7.3. The AOA
change noticeably becomes non-uniform in the circumferential direction. In the
majority of the angular domain, the propeller experiences an increase of angle of
attack; the region between the impinging vortex (symbolised by the cross) and the
hub shows a decrease of AOA. This difference is mainly due to the tangential
velocity of the vortex (as shown in Figure 7.4): the region with a positive tangential
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Chapter 7 Impact of an externally generated vortex on a propeller

velocity is consistent with the region with a decreased AOA; the region with a
negative tangential velocity is consistent with the region with an increased angle of
attack.

The change of the angle of attack for the co-rotating vortex is shown on the right-
hand side of Figure 7.3, and the tangential velocity distribution in the propeller
inflow is shown in the right hand side of Figure 7.4 accordingly. Compared with the
contra-rotating vortex case, the change of the angle of attack and the tangential
velocity distribution are switched. Consequently, the effect of the vortex on the
propeller is switched accordingly.

Except for the variation of AOA in the region proximate to the vortex impinging
position, another region which shows relatively weak variation of AOA is mainly in
the third quadrant (represented by symbol Il as shown in top left of Figure 7.3).
This non-axisymmetric is probably due to the displacement of the impinging vortex
in the chordwise direction by the chopping process of the blade as that shown in
Figure 6.7. Therefore, the induced velocity by the vortex system in the propeller
slipstream and that by the hub vortex would become non-axisymmetric. The detail
of the analysis on this non-axisymmetric is not included in the current research
because this is relatively less significant compared with that induced by the
impinging vortex directly. The reader can find more information about the induced
velocity by the vortex system in the slipstream as reported in [5] and the induced
velocity by the hub vortex as reported in [97].
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Figure 7.4 Distribution of the tangential velocity in the propeller inflow. Left:
contra-rotating vortex; right: co-rotating vortex. Positive tangential velocity is
defined in the same direction as the propeller rotation (counter-clockwise).
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7.1.2 Effect of the radial position of the impinging vortex on the propeller
performance

By maintaining the advance ratio of the propeller (J = 1.1) and the vortex
strength (I /(Us D) = 0.1724), the impact of the radial position of the impinging
vortex on the propeller is investigated. The time-averaged performance of the
propeller at conditions of different vortex-impinging radial positions is shown in
Figure 7.5. As the radial position of the impinging vortex moves outward, e.g. from
Timp/R = 0.6 t0 13, /R = 0.9, both the thrust and the torque coefficients display
decreases of around 3.5%. The efficiency of the propeller is independent of the
impinging radial position.
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Figure 7.5 Propeller performance versus vortex-impinging radial position. Top
left: thrust coefficient; top right: torque coefficient; bottom left: efficiency. I3,/
(UxwD) = 0.1724.

The fluctuations of the blade loadings are shown in Figure 7.6 for the conditions
with different vortex-impinging radial positions, i.e. 73, /R = 0.75 and 7y, /R =
0.9. The blade thrust coefficient fluctuations for the two impinging positions have
the same trend. At all phase angles, the blade loading with the vortex impinging at
the radial position of 7;,,,,, /R = 0.9 is lower than that at 7;,,,,, /R = 0.75. It is noted
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Chapter 7 Impact of an externally generated vortex on a propeller

that the blade loading fluctuation (defined by the maximum thrust divided by the
minimum value) at 73,,,,, /R = 0.9 is 1.4. This means that the loading variation needs
to be considered when there is a vortex impingement for the structural design of the
blade. It is also noticed that this ratio at the impinging radial position of r;,,,/R =
0.9 (1.4) is higher than that at 7;,,,/R = 0.75 (1.15). Extrapolations can be deduced
at other impinging radial positions: as the impinging position is at the centre of the
propeller, there is no blade fluctuation; as the impinging position is at infinity far,
the blade fluctuation is negligible. Therefore, it can be concluded that as the
impinging vortex moves from the hub centre to infinity, the blade loading
fluctuation increases from zero to a maximum value (the maximum value is
achieved approximately at 7;,,,,, /R = 1.0), and then starts decreasing to zero again.

blade
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Figure 7.6 Blade thrust coefficients versus phase angle due to impinging vortices
at different radial positions.

The reasons for the loading variation on the blade and hence the change of the
time averaged loading of the propeller are investigated by analysing the change of
AOA on the blade again. The changes of the AOA at two impinging radial positions,
I.8. Timp/R = 0.75 and r;,,, /R = 0.9, are shown in Figure 7.7. As the vortex moves
outward, the noticeable effect is that the area with the angle of attack decrement
becomes larger, and vice versa for the area with the angle of attack increment.
Consequently, the time-averaged loading of the propeller decreases. In the time
domain, the blade loading at 7;,,,/R = 0.75 is higher than that of r;,,,,/R = 0.9 at
all phase angles, because the induced tangential velocity by the vortex decreases as
the distance between the point in the disk plane and the vortex centre increases,
which can be clearly seen from the contour as shown in Figure 7.7.

133



' _ ‘ _ 0
| Fing/R=0-75,CFD 1 Fing/R=0-9,CFD 7Aa( )
w=10° ‘P=3°$ 6
| 4
05 05 ]
A 2
[0 g L x |
N o N N N 0
\\ \\
\\ ~ 2
05 ~ | 05 N ]
p=232° w=230° 4
L - : ‘ o L ‘ : ‘ . 6
-1 05 0 05 1 1 0.5 0 -05 -1
Y/R Y/R

Figure 7.7 Comparison of changes of the angle of attack at different impinging
positions. Left: r;,,,/R = 0.75; right: 7y, /R = 0.9.

7.1.3 Impact of the vortex on the propeller at different advance ratios

By maintaining the strength and the impinging position of the vortex, the impact
of the vortex on the propeller performance at a sweep of advance ratios is
investigated. The thrust coefficient, torque coefficient and efficiency are shown in
Figure 7.8.

The thrust coefficient of the isolated propeller is plotted by the dashed black
curve, and that with vortex impingement is plotted by the dashed red curve, as
shown in the top left of Figure 7.8. Due to the contra-rotating vortex, the thrust
coefficient of the propeller increases with respect to the case of an isolated propeller.
The reason of the increase of the thrust coefficient is already given in Section 7.1.1.

It is also noted that as the advance ratio is lower, the absolute value of the thrust
coefficient increment is larger, e.g. the increment of the thrust coefficient at /] = 0.6
is AT, = 0.08 and that at J = 1.1 is AT, = 0.02. However, the relative increments
are close at different advance ratios, which are 4.9% and 5.6% for J = 0.6 and
J = 1.1, respectively. Because the effect of the vortex on the propeller is dominated
by the variation of AOA, the explanation of the advance-ratio effect is conducted by
analysing the AOA as well. At higher advance ratio (lower rotating speed of the
blade), the AOA of the blade has a higher increment due to a contra-rotating vortex.
At the same time, the higher advance ratio means lower local dynamic pressure on
the blade. Therefore, these two aspects compete with each other and the combining
effect of the vortex on the propeller thrust-coefficient at different advance ratios is
small. The torque coefficient follows the same trend as the thrust coefficient.
Consequently, the efficiency of the propeller, as shown in the bottom left of Figure
7.8, is independent of the vortex impingement at all tested advance ratios.
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Figure 7.8 Impact of the vortex (I3, /(U D) = 0.2161) on the propeller when

the propeller operates at different advance ratios. The data presented are determined

Although the vortex impingement has no detrimental effect on the efficiency of
the propeller, it is found that the blade thrust has a high fluctuation in the
circumferential direction. For example, the ratio of the maximum thrust over the
minimum thrust on the one blade is around 1.4 at the conditions of I3, /(U D) =
0.1724, 1ymp/R = 0.9 (this ratio depends on the strength of the impinging vortex
and the radial position of the impingement vortex). This means that, in the structural
design of the blade, the loading variation needs to be considered when a vortex
impinges on a rotor. As well, the other effect due to the dynamic loading on the
blade is the pressure fluctuation on the blade, which is analysed in the section as

below.

from experimental results.
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7.2 Impact of the vortex on the additional fluctuating pressure of the
blade

From the comparison of the experimental and numerical results, it shows that the
computations are capable of correctly describing the time-averaged performance of
the propeller disturbed by an impinging vortex. Therefore, it is assumed that the
small scale phenomena obtained from the computations are also representative of the
realistic behaviour. Consequently, an evaluation of the fluctuating parameters,
required for the prediction of the strength of the unsteady pressure field, is
performed from the numerical results.

Before presenting the results, the method to compute the pressure fluctuation on
the blade, and that to compute the time-averaged streamlines on the blade are
described as follows. The pressure fluctuations at each node of the mesh on the
blade are computed from 720 samples which correspond to one revolution of the
blade. The geometry chosen for visualization is at the phase angle of ¥ = 0°. The
streamlines on the blade, at the situation without an impinging vortex, are computed
from the time-averaged shear stress on the blade, which is defined in the rotating
coordinate system (the same technique of processing was reported in [98]).

For the case without an impinging vortex, contours of the standard deviation of
pressure a(p — Pw) /9, ON the pressure and suction sides of the blade are shown in
the left hand side of Figure 7.9 and Figure 7.10 respectively. A barely observable
fluctuation of pressure is observed at the leading edge (LE) on the suction side of the
blade, which ranges from the middle span to the tip. Other regions with observable
pressure fluctuation are at the radial position around /R = 0.8 and in a wide range
of chordwise positions. The reason for the pressure fluctuation is analysed by the
visualization of time-averaged streamlines on the blade, as shown in the right hand
side of Figure 7.9 and Figure 7.10.

The figure on the right hand side of Figure 7.9 shows the surface streamlines on
the suction side of the blade based on the time averaged shear stress in the rotating
coordinate system. A separation region on the blade is approximately at the same
region as that displays strong pressure fluctuations, which explains the pressure
fluctuation on the blade at a uniform inflow condition. A separation at the leading
edge of the blade was also reported in [99] by visualization of oil streamlines via
interferometry, which was consistent with the observations as shown in Figure 7.9.

The pressure fluctuation on the pressure side of the blade without a vortex
impingement is negligible compared with the suction side, as shown on the left-hand
side of Figure 7.10. The streamlines on the pressure side feature attached flow in all
the area, which is consistent with the distribution of the pressure fluctuation.
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Figure 7.9 Left: standard deviation of pressure on the suction side of the blade;
right: time averaged streamlines on the suction side of the blade. Axisymmetric

inflow, ] = 1.1.
1 o(p-p)a. 4 )
; )
TE LE 0.9 e | L
0.8 - 08 08— .
0.7 ‘
& 0.6
No06 _— 05 06—
0.4 —
0.3 ST |
0.4 Pressure 02 04 Pressure :-:q
side 0.1 side . 4
' = =
-0.2 0 0.2 -0.2 0 0.2
Y/R Y/R

Figure 7.10 Left: standard deviation of pressure on the pressure side of the blade;
right: time averaged streamlines on the pressure side of the blade. Axisymmetric
inflow, ] = 1.1.

The pressure fluctuation on the blade with an impinging vortex, lip,,/(UxsD) =
0.1724, 1ymp/R = 0.75, is shown on the left-hand side of Figure 7.11. Relatively
strong pressure fluctuation is observed on the whole leading edge, which extends to
the trailing edge at the radial position around 0.9 R. The increased pressure
fluctuation on the blade is ascribed to the variation of the angle of attack on the
blade as shown in the top left of Figure 7.3. In the radial range below the impinging
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position, the blade experiences an increase and decrease of AOA, consequently the
blade loading has an increase and decrease respectively. Illustrations to the
phenomenon discussed above are provided in Appendix H. In the radial range above
the impinging position, the blade thrust only has increases at all phase angles (as
shown at the two phase angles in Figure H.0.1); the magnitude of the loading
increase varies in the circumferential direction. This observation of pressure
fluctuation on the blade is consistent with the case with a vortex impinging on a still
wing, which shows a strong pressure distribution change mostly in the leading 30%
airfoil chord [46]. The magnitude of the pressure fluctuation on the suction side of
the blade during a vortex impingement is generally in the order of 0(10) larger than
that without an impinging vortex by comparing Figure 7.9 and Figure 7.11. The
pressure fluctuation at the vortex-impinging radial position is relatively smaller than
other radial positions, which is due to the small change of angle of attack in this
position, as shown in the top left of Figure 7.3.
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Figure 7.11 Left: standard deviation of pressure on the suction side of the blade;
right: standard deviation of pressure on the pressure side of the blade. I,/
(UwD) =0.1724,] = 1.1.

On the pressure side, a relatively strong pressure fluctuation is also observed on
the leading edge as shown on the right-hand side of Figure 7.11. The maximum
pressure fluctuation increases at the order of O(10) times compared to that without
an impinging vortex. A similar analysis was conducted in [36] by measuring
pressure at the 0.1 chord position, 0.975 R radial position and on the pressure side of
the blade, when a vortex impinges on the radial position of 0.9 R. The result showed
that the magnitude of the maximum pressure fluctuation due to a vortex
impingement increased nearly 6 times compared with the case without an impinging
vortex, which is consistent with our results.
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Chapter 7 Impact of an externally generated vortex on a propeller

7.3 Conclusions

This chapter explains the mechanism of the effect of a vortex upon the
performance of a propeller. A change in the angle of attack on the blade causes the
blade thrust coefficient to vary in the circumferential direction; the increment of the
thrust coefficient dominates the effect of the vortex on the propeller for a contra-
rotating vortex. The same mechanism governs the co-rotating vortex but the loading
variation is switched with respect to the contra-rotating vortex case. The torque
coefficient follows the same trend as the thrust coefficient. As the magnitude of the
vortex strength increases, its effect on the thrust and torque coefficients increases.
As the impinging radial position moves outward, its effect on the propeller loading
decreases. Because the thrust coefficient and torque coefficient change consistently
when a vortex impinges onto the propeller, the efficiency of the propeller is
independent of the impinging vortex.

The impact of the vortex on the time-averaged loading of the propeller is
relatively small, e.g. there is a 5% increase of the thrust coefficient with the
impinging vortex strength of I3,,,,,/ (U, D) = 0.1724 and the imping radial position
of 0.9 R. However, the dynamic loading on the blade has a strong fluctuation, e.g.
the maximum thrust coefficient on the blade is 1.4 times of the minimum value for
the above case; this cyclic loading has the potential to cause structural damage and it
should be taken into account during the blade design. The fluctuation of the blade
loading is proportional to the vortex strength; and it is also deduced that the
fluctuation strength has its maximum value as the impingement radial position is
1.0R.

The blade pressure fluctuation due to an impinging vortex increases in the order
of 0(10) compared with the case with an axisymmetric inflow, mostly in the
leading edge of the blade. The main reason for the pressure fluctuation increment is
due to the variation of the angle of attack in the circumferential direction.
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Conclusions and recommendations

141



142



Chapter 8 Conclusions and recommendations

Chapter 8 Conclusions and recommendations

8.1 Conclusions about the interaction between a propeller and its self-
induced vortices

As a propeller aircraft is operated near the ground, a system of ground vortices
are generated from the ground toward the propeller. By investigating the induced
flow field due to the interaction between the highly loaded propeller and the ground,
the topology of the ground vortices is studied. By analysing the velocities upstream
of the propeller, as well as the loading on the propeller, the impact of ground
vortices on the propeller performance is analysed.

For the concern of the vortices ingested into the propeller plane and impinging on
the blades, a map of occurrence of vortices is built based on the experimental and
numerical results. According to the visualization of the flow field, the flow fields
with no vortex, failed vortices and vortices entering the propeller are observed. The
criterion for determining the occurrence of ground vortices is the situation with a
vortex (vortices) entering the propeller in our study. If the thrust coefficient
increases and the elevation of the propeller from the ground decreases, the
occurrence of ground vortices is observed.

The vorticity source of ground vortices at headwind conditions is investigated by
the numerical study and verified by the analytical method. Both the far field
boundary layer and the pressure gradient on the ground are verified to be the
available sources of vorticity, which is a deviation from previously offered
explanations [27-30] stating that the vorticity source is solely from the far field
boundary layer. The production mechanism of the wall-normal component of the
vorticity, required for the existence of ground vortices, is found to be the divergence
of the wall-parallel components of vorticity on the wall.

The flow field in the region involving ground vortices features a highly unsteady
flow. Several flow topologies are encountered at the same thrust setting of the
propeller: one dominant vortex, two dominant vortices and multiple vortices are
observed. The spectral analysis on the vorticity performed in the plane in close
proximity to the ground shows energetic frequencies in the order of f xD/U,, =
0(1072)~0(1071). This range of relatively low frequencies is found to be
consistent with that observed in the ground vortices induced by a suction tube model
[18]. The range of energetic frequencies of the flow near the ground is far below the
blade passing frequency and this implies that the ground vortices near the ground
have negligible influence from the blade passing.
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The complex flow is further analysed with the help of the Proper Orthogonal
Decomposition method. The time averaged flow (zero mode) is smeared due to the
meandering of the vortices, which features a pair of weak vortices (relative to the
strength of the instantaneous vortex) both near the ground and upstream of the
propeller. The first mode, in the plane in close proximity and parallel with the
ground, features one dominant vortex; the second and the third modes feature a pair
of vortices. However, the first and the second modes in the plane upstream of the
propeller are dominated by the propeller-suction induced flow; and the third and the
fourth modes are dominated by the unsteady ground vortices.

The vortices ascending from the ground enter the propeller and have an impact
on the propeller inflow. It is found that the ground vortices enter the propeller in an
oblique angle. The axial component of the vorticity mainly influences the tangential
and radial velocities of the propeller inflow; and the radial component of the
vorticity mainly influences the axial velocity of the propeller inflow. Consequently,
the blade incidence angle is changed and becomes non-uniform in the
circumferential direction. With a higher thrust coefficient and a lower height ratio of
the propeller, the non-uniformity of the blade incidence angle becomes severer. The
time averaged performance of the propeller is independent of the vortices. Firstly,
this is due to the cancelling effect of vortices with different rotation directions.
Secondly, the strength of the vortex is relatively small and its induced velocity is
relatively small compared with the propeller inflow. The ground vortices entering
the propeller in the radial direction observed in our result were not reported before in
the studies on turbofans or suction tube models [26, 28-30, 32, 33], because the
shroud directs the inflow of the turbofan to be parallel with the axis of the engine.

8.2 Conclusions about the interaction between a propeller and an
externally generated vortex

For the aircraft configuration with propellers installed downstream of the lifting
surfaces, e.g. the canard and control surfaces, the vortices from these lifting surfaces
can impinge on the propeller. Different from the ground vortices, which are induced
by the propeller suction itself, this type of vortex is generated by a separate and
independent vortex generator. The research on this externally generated vortex gives
insights into the interaction between a streamwise vortex and a propeller; it also
helps in analysing the impact of a single ground vortex interacting with the propeller
(the axial component of the vorticity of the ground vortex).

In the current investigation of the impact of the propeller on the vortex, the
vortex generator is set at one AOA to ensure a constant value of the incoming vortex,
and the propeller operates at a sweep of advance ratios from the zero loading to the
high loading conditions. The vortex sections both upstream and downstream of the
propeller are mainly affected by the stretching effect induced by the propeller thrust
when the propeller operates at a highly loaded condition. This results in an increase
of the maximum tangential velocity and a decrease of the vortex core radius. Due to
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the cutting process by the blade, the meandering of the downstream vortex becomes
stronger compared with the upstream vortex section, in both the spanwise and
chordwise directions. The circulation of the vortex upstream of the propeller is only
redistributed in the radial direction of the vortex, and the total circulation is
independent of the propeller settings. For the vortex downstream the propeller, the
circulation shows an increase in the inner region of the vortex because of the
stretching effect; the circulation in the outer region of the vortex decreases because
of the blade wake with an opposite sign of vorticity for the case with a contra-
rotating vortex; the maximum circulation of the vortex downstream of the propeller
have a negligible difference from that upstream of the propeller, which means the
vortex after the impingement still has a comparable strength with respect to the
incoming vortex to influence the further downstream airframe.

With respect to the vortex impact on the propeller aerodynamic performance, the
results of the time-averaged performance and unsteady loadings are analysed. The
vortex induces an additional tangential velocity in the propeller inflow field. The
change of the effective angle of attack on the blade causes the blade thrust
coefficient to vary in the circumferential direction; its integral effect is dominated by
the increase of the thrust coefficient for a contra-rotating vortex. The opposite is true
for a co-rotating vortex. The torque coefficient follows the same trend as the thrust
coefficient; therefore, the efficiency of the propeller remains independent of the
impinging vortex. As the magnitude of the vortex strength increases, its effect on the
thrust and torque coefficients increases and approximately has a linear relation. As
the impinging radial position moves outward, its effect on the propeller loading
decreases. The unchanged efficiency in our results is in disagreement with the
results investigated by a vortex impinging on a steady wing [47] which leads to an
increase of the lift-to-drag ratio. Our result is found to be consistent with the case of
a propeller operating at an angle of attack, where the upwash effect and the
downwash effect are cancelled out [96].

The dynamic loading on the blade due to the impinging vortex is strong, and the
ratio of the maximum loading over the minimum loading reaches 1.4 for a test case
that analysed in this study (I, /(UsD) = 0.1724, 1,1, /R = 0.9); this ratio would
increase as the vortex strength increases, and it is also dependent of the impingement
radial position. This means that the dynamic loading on the blade needs to be
considered for the structural design if there is a vortex in the propeller inflow. This
dynamic loading is exactly given by the pressure fluctuation on the blade. The blade
pressure fluctuation due to an impinging vortex increases by an order of magnitude
compared with the case with an axisymmetric inflow, mostly in the leading edge of
the blade. The main reason of the pressure fluctuation increase is due to the variation
of the effective angle of attack in the circumferential direction. The fluctuation of
the pressure on the blade is found to be consistent with the experimental result of the
case with a vortex impinging on the tip of a propeller [46].
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8.3 Recommendations

In the present study, the fundamentals of the vortex generation and vortex
interaction with a propeller have been analysed and quantified. The understanding of
the occurrence of ground vortices entering a propeller can help alleviate the
influence of ground vortices upon the propeller by preventing the favourable
conditions to form ground vortices. The mechanism found here can be utilized to
help design wind tunnel tests on propellers as well, in case a uniform inflow of a
propeller is needed and ground vortices have to be prevented. The results of ground
vortices induced by a propeller can be also applied to the analysis of the interaction
between a propeller and any solid walls, such as the fuselage. The fuselage vortex
may be a concern when the propeller is mounted close to the fuselage [19].

The flow field of ground vortices was investigated by temporal analysis in this
research. The unsteady features of the ground vortices found in this study are: the
number of dominant ground vortices varies in time; the ground vortices meander
above the ground; the sign of the dominant vortex switches. The possible reasons of
these phenomena are the fluctuation of the free stream, the turbulence in the slip
stream of the propeller, as well as the induced velocities of the vortices. Future
research on the unsteadiness of propeller-induced ground vortices can be performed
by evaluating these three possible factors.

The ground vortices enter the propeller plane in an oblique angle. For the interest
of understanding the impact of a vortical inflow on a propeller, a single vortex with
a constant strength impinging on the propeller was performed during the study of the
interaction between an externally generated vortex and a propeller. However, only
the streamwise component of the vorticity was studied, and the impact of the parallel
component (in the radial direction of the propeller) of the vorticity on the propeller
was not investigated. Further study on this aspect can be conducted by generating a
vortex with the vortex axis parallel with the propeller plane.

The vortex impingement is found to have no detrimental effect on the efficiency
of the propeller, no matter multiple ground vortices or a single streamwise vortex.
However, attention should be paid to the dynamic loading on the blade. This
dynamic loading (due to the pressure variation) on the blade would raise the concern
of an aero-acoustic noise increase compared with the case of a uniform inflow. In
order to quantify this aero-acoustic noise increase in the future study, acoustic
measurements are necessary.

The vortex after impinging on the propeller still has a comparable strength with
respect to the incoming vortex, which could have influence on the further
downstream parts of the airframe, e.g. the second row of rotors of a contra-rotating
propeller or a lifting surface. The analysis as shown in the thesis could be applied to
the interaction in these cases as well.
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Appendix A Particle Image Velocimetry

Particle Image Velocimetry is a technique that measures the instantaneous
velocity fields over a field of view of the fluid domain. Herein, a planar PIV is
introduced to explain its mechanism. The technique measures the motion of small
marked region of fluid by observing the locations of the frames of the markers at
two times. These methods return to the fundamental definition of the velocity and
estimate the local velocity u from
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Figure A.0.1 Schematic representation of particle marker movement.

A% is the displacement of the marker located at X at time t over a short time
interval At which explained in Figure A.0.1. While the equation is simple in itself,
the required equipment and tools for the calculation of the velocity is a complex
measurement chain, which is still being improved.

A generic sketch of a PIV set up in a wind tunnel is given in Figure A.0.2. It
shows the necessary components required to perform a PIV measurement, which
includes the laser for illumination, optics to adjust the laser beam, particles to trace
the fluid motion, camera to record to the images and the computer to store the
images. The various steps required in performing a PIV measurement are given in
Figure A.0.3. The steps in the upper part of this flowchart are practical steps of
measuring the flow; the lower ones are the steps related to the analysis of the
measurements. The detail of each step is elaborated in [74].
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Figure A.0.2 PIV set up principle in a wind tunnel [74].
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Figure A.0.3 Flowchart of PIV steps.
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Appendix B Boundary layer profile near the
ground table

The measurement of the boundary layer under the propeller was performed to
help identify the position of the PIV measurement plane (the wall parallel plane as
presented in Chapter 4) in the boundary layer. It also supports data for the velocity
profile on the velocity inlet of the CFD simulations. It should be mentioned that
velocity inlet in the CFD simulation is 13.1 R upstream of the propeller, while the
experimental measurement of the boundary layer is under the propeller. This
arrangement is utilized mainly because the difficulty to perform the PIV
measurement at the position 13.1 R upstream of the propeller in the wind tunnel,
where there is no optical access for the laser or the camera. Furthermore, this
difference of boundary layer profile shows no significant influence on the result in
terms of flow topology and source of vorticity.
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Figure B.0.1 Flow field near the ground wall. Top left: contour of the free stream
velocity; top right: contour of the vorticity in the lateral direction; bottom left:
profile of the boundary layer at the position X/R = 0; bottom right: profile of the
turbulent intensity at the position X/R = 0;
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The measurement of the boundary layer with absence of the propeller model at
free stream velocity of 2.7 m/s was conducted, and the results are shown in Figure
B.0.1. No detail of the experimental setup is elaborated here. The figure at the top
left shows the distribution of velocity in the free stream direction. The figure in the
top right shows the distribution of vorticity in the lateral direction (Y component).

The profile of the boundary layer at position X/R = 0, where it is aligned with
the propeller’s leading edge (although propeller is absent during the test), is plotted
in the graph at the bottom left of Figure B.0.1. The boundary layer thickness is
0.45 R. The turbulence intensity of the flow near the wall, represented by uy'/Uy
(uyx' is the root mean square of velocity fluctuation), is plotted in the graph at the
bottom right of Figure B.0.1. The maximum value of the turbulence intensity is
observed at the position close to the wall, which is around 4.3%. The turbulence
intensity outside the boundary layer in our measurement is approximately 0.5%. The
turbulence intensity in our measurement does not reach the position from which it
starts decreasing as the flow field approaches the wall. This position is normally at
the distance of order 0(10736,) for a turbulent boundary layer with zero pressure
gradient along the wall as reported in [100].
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Appendix C Proper Orthogonal Decomposition

The inspection of coherent structures in complex flows requires detecting and
distinguishing them from the less coherent turbulent fluctuations. Proper Orthogonal
Decomposition (POD) identifies basis functions (i.e. modes) that capture the
average energy content from experimental or numerical data [101]. The “method of
snapshots” as discussed in [102] is applied in the research. The introduction of this
method in this thesis is focused on its application form.

The results of unsteady PIV measurement are a set of instantaneous velocities, i.e.
three components of velocities (l7 = [Uy, Uy, Uz]) in a 2D domain ()? = [X,Y]) in
our case. The velocities defined in Reynolds decomposition are,

U(X,t) =0(X,¢t) +u(X,¢). (C.1)

U(X,t) is the instantaneous velocity, U(X) is the time averaged velocity; and
(X, t) is the fluctuation part of the velocity.

The proper decomposition is then applied on the autocorrelation matrix C as
reported in [103]. The matrix C is defined by

Cij = — [[U(X, tpucX, t;) dX. (C.2)

W =N,

N is the number of snapshots; the integral in our case is a summation for the
discrete points of data. The size of C is determined by the number of snapshots and
its dimension is Ng X N;.

The eigenvalues 4,, and the eigenvectors A4, ()?) of autocorrelation matrix satisfy

CAn(X) = 1 An(X). (C.3)

The POD mode is determined by

on(X) = Xz (X, tn) A (X). (C.4)

Furthermore, the measurement data contain temporal information that can be
retrieved by projecting each snapshot onto the basis functions:

() = [JU(X, t)pn (X) dX. (C.5)
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The coefficient c,, indicates the correlation between the nth basis POD spatial
mode and the instantaneous flow field at the time ¢ [101, 102].
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Appendix D Determination of the vortex centre

For an axisymmetric vortex, the vortex centre is defined as the maximum
magnitude of the vorticity,

(X0, ¥0) = (X ¥) w,max- (D.1)

This method was utilized in [29, 32] to identify the vortex centre during the study
of ground vortices induced by a suction tube. In real situations, the vortex is not
always axisymmetric, e.g. due to the impact of the vorticity in the blade wake and
the interaction among vortices, the method by looking for the maximum vorticity is
not robust. Therefore, a weighted averaging method is introduced for the next step.
This method follows the formulation which was introduced in [104] about the wake
vortex of a helicopter.

After obtaining the location of the maximum vorticity, (xq,y,), @ disk with
radius r, (approximately the same radius as the vortex core radius in our study)
which centred at the (xq, yo) is built for the next step. The grids of the disk are built
for interpolation with resolution in terms of the number of radial direction, m
(m = 80), and circumferential direction, n (n = 120). Second, a new vortex centre
(x1,y1) is calculated as the weighted average of the position within the disk, where
the weighting function is the vorticity w,, ,, at each zone of the disk,

(Xl'Y1) = M' ((Xm,n - XO)Z + (Ym,n - YO)Z < rOZ)- (D-Z)

2 ®Wmn
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Appendix E Flow fields downstream of the propeller at high loading condition

Appendix E Flow fields downstream of the
propeller at high loading condition

The flow topologies downstream of the propeller at the advance ratio of ] = 0.6
(representative of a high loading condition), and I};,,,/ (U, D) = 0.2161 are shown
in Figure E.O.1 of PIV measurements. The trend found at the high loading condition
is consistent with that found at the moderate loading condition as shown in Figure
6.5. At the phase angles of ¥ = 6.0°, as shown on the left-hand side of Figure E.O.1,
there is an approximately axisymmetric vortex located in the centre of the figure. At
the phase angle of ¥ = 34.5°, the impinging vortex is disrupted into two pieces,
which corresponds to the shape factor of infinity. For this disrupted vortex, the
vortex centre is considered as the centre of the part with the majority of the vorticity.
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Figure E.0.1 Flow fields downstream of the propeller. ] = 0.6 (representative of
a high loading condition), and I,/ (U, D) = 0.2161.
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Appendix F Flow fields at different impinging radial positions of the vortex

Appendix F Flow fields downstream of the
propeller at different impinging radial positions of
the vortex

When the vortex enters the propeller at different radial positions, the flow fields
downstream of the propeller are presented in this section. The results are compared
at radial positions of 73, /R = 0.82 and 0.93, I}5,,/ (U, D) = 0.2161. The profiles
of the vortices at different impinging positions are similar and nearly axisymmetric
at the phase angle of ¥ = 6°, as shown in the figures on the left-hand side of Figure
F.0.1.
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Figure F.0.1 Flow field downstream of the propeller when the vortex impinges at
different radial positions. Top: rim,/R = 0.82; bottom: r;y,,/R = 0.93.

At the phase angle of ¥ = 34.5°, the vortex moves toward the tip vortex as the
impinging position moves outward. At the impinging position of r;,,,/R = 0.82,
two cores can be observed and they are inter-connected with the tip vortex at the
outer region. At the impinging position of r;,,,/R = 0.93, the impinging vortex and
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blade-tip vortex are merged in a big clockwise vortex. It is reported in [42] that
when the vortex impinges at the tip of a steady wing, the impinging vortex and tip
vortex orbit each other downstream of the wing, which is consistent with our
observation.

The three dimensional flow represented by iso-surfaces of vorticity magnitude is
shown in Figure F.0.2 from the CFD result (I}, /(U D) = 0.2260, 73, /R = 0.90,
] =1.1).

Figure F.0.2 The three-dimensional flow topology of the vortex impinging on the
propeller. ] = 1.1, I}, / (U, D) = 0.2260, 73, /R = 0.90. Visualized by the iso-
surface with vorticity magnitude of |w| * D/(Uy) = 13.0.

As the vortex is at the phase angle with blade in its trajectory (e.g. ¥ = 10.0° as
shown in Figure F.0.2), the vortex is penetrated by the blade and the cutting process
is the same as that with vortex impinging radial position of 7;,,,/R = 0.75, as
shown in Figure 6.7. One other phenomenon observed here is the interaction
between the sections of the impinging vortex and the blade tip vortex, as shown in
detail in the right hand side of Figure F.0.2. The tip vortex of the blade 1 (BLA1) is
represented by TV1, and tip vortex of other blades is disrupted into two sections and
represented by TViA and TViB. The tip vortex shed from BLA1 is not severely
influenced by the impinging vortex. The tip vortex shed from BLA2 orbits around
the impinging vortex. As it goes further downstream, e.g. the tip vortex shed from
the BLA3 is disrupted into two sections, and the two sections have a displacement in
the radial direction which is due to the induced velocities of the impinging vortex.
Both ends of the sections of the tip vortex (TV3A and TV3B) are connected with the
impinging vortex. The tip vortices further downstream shed from other blades
follow the same trend as that of the TV3.
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Appendix G Flow fields downstream of the
propeller with different rotating directions of the
vortex

The flow topologies downstream of the propeller with different rotating
directions of the impinging vortices are shown in Figure G.0.1. Because the flow
fields with contra-rotating vortex was already shown in Figure 6.6, herein only the
flow fields with co-rotating vortex are shown. The analysis is performed on the
propeller setting of the advance ratio of / = 1.1, and the impinging vortex with the
strength of, I}, /(U D) = —0.2255. The data are from CFD results.
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Figure G.0.1 Flow fields downstream of the propeller with a co-rotating
impinging vortex (CFD). ] = 1.1, I}, /(Us - D) = —0.2255.

The example flow fields are chosen at the phase angles which are the same as the
case of the contra-rotating vortex. Generally, the topologies of the vortex at
difference phase angles still follow the same trend as observed for the contra-
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rotating vortex. Discrepancies are also found in terms of the disruption of the vortex.
For example, at the phase angle of ¥ = 34.5° for the co-rotating vortex, the piece of
the impinging vortex located inside the wake is strengthened, and the other piece is
relatively weak. For the contra-rotating vortex, the two pieces of the vortex have
approximately the same strength. Because both the co-rotating vortex is also
dominated by the stretching effect induced by the propeller, the quantities such as
the maximum tangential velocity, the core radius and the circulation are supposed to
follow the same trend as the contra-rotating vortex at the phase angle with
axisymmetric profile (at the phase angle with strong interaction with the wake may
be different and it is not considered in this research), and they are not elaborated in
detail here.

Figure G.0.2 The three-dimensional flow topology of the co-rotating vortex
impinging on the propeller. ] = 1.1, I}, /(U D) = —0.2255, 13, /R = 0.75.
Visualized by the iso-surface with the vorticity magnitude of |w| * D/(Uy) = 13.0.

The three dimensional flow topology represented by the iso-surface of the
vorticity magnitude of |w| * D/(Uy) = 13.0 is shown in Figure G.0.2 from CFD
results of co-rotating vortex case. The flow is from the left to the right in the left
hand side figure of Figure G.0.2, but it is in the opposite direction in the right hand
side figures for a clarity reason. The impinging vortex before and after going
through the propeller generally has the same topology as that of the contra-rotating
vortex. The cutting process features the vortex displacement in the chordwise and
spanwise directions, which is shown in the top right and bottom right of Figure
G.0.2 respectively. The vortex displacement in the spanwise direction has the
opposite characteristics compared with the contra-rotating vortex, because the image
vortex in the blade is opposite.
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Appendix H Loading and pressure distribution on
the blade

As a contra-rotating vortex impinges at the propeller, I},,,/(U,D) = 0.1724,
J = 1.1, the loading distributions in the radial direction of the blade are plotted from
CFD results. The phase angles chosen to present correspond to the maximum and
minimum loadings of the blade. For the case without an impinging vortex, the
distribution of the local thrust along the radial direction is shown in Figure H.0.1 by
the triangles. The local thrust increases as the radius increases, and reaches its
maximum at the radial position around /R = 0.9.

The distribution of the local thrust on the blade at phase angles of ¥ = 232°,
which corresponds to the maximum loading, is shown by the crosses in Figure H.0.1.
Compared to the case without a vortex impinging on the propeller, the local thrust
on the blade increases at all the radial positions.

The distribution of the local thrust of the blade at the phase angle of ¥ = 10°,
which corresponds to the minimum loading, is shown by the circles in Figure H.0.1.
The local thrust at the radial positions from the hub (r/R = 0.28) tor/R = 0.78 is
noticeably lower than the case without an impinging vortex. From the radial position
r/R = 0.95tor/R = 1.0, the local thrust is slightly higher than the case without an

impinging vortex, which is consistent with the distribution of the change of the angle
of attack.
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Figure H.0.1 Distribution of the local thrust of the blade along the radial direction
(limp/(UxD) = 0.1724). Crosses: ¥ = 232, circles: ¥ = 10°; triangles: no
vortex. CFD.
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The pressure distributions on the blade cross sections are presented at two radial
positions, i.e. r/R = 0.5 and r/R = 0.9, which are at the inward and outward
positions relative to the vortex-impinging radial position, as shown in Figure H.0.2
and Figure H.0.3 respectively. The pressure distributions without an impinging
vortex are shown by the black dots, which is the reference data. The pressure
distributions at the phase angles with maximum and minimum blade thrust
coefficients are shown by the blue crosses and red crosses respectively. These
example distributions are utilized to calculate the local blade loading as shown in
Figure H.0.1, and the characteristics are already mentioned as above.
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Figure H.0.2 Pressure distributions on the cross sections of the blade. Radial
position r/R = 0.5. CFD.
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Figure H.0.3 Pressure distributions on the cross sections of the blade. Radial
position r/R = 0.9. CFD.
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