MASTER OF SCIENCE THESIS

Orthogonal Vortex-Propeller Interaction:
Vortex Response and Impact on the
Propeller Performance

For obtaining the degree Master of Science in Aerospace Engineering

at Delft University of Technology

REGISTRATION NUMBER: 054#15#MT#FPP

ZHOU TENG
Sep 2015, Delft

Delft
e t University of
Technology






Delft University of Technology

Department of Aerodynamics, Wind Energy, FlightfBenance and
Propulsion

The undersigned hereby certify that they have sratlrecommend to the Faculty of
Aerospace Engineering for acceptance a thesis leshtit“Orthogonal
Vortex-Propeller Interaction: Vortex Response and Impact on the Propeller
Performance” by Zhou Teng in partial fulfillment of the requirements for tllegree
of Master of Science.

Chairman: -
Prof. Dr. -Ing. G. Eitelberg (TU Delft)
Member: - -
Prof. dr. ir. Leo L.M. Veldhuis (TU Delft)
Member: -
Yannian Yang, M.Sc (TU Delft)
Member:

Dr. Daniele Ragni (TU Delft)

Dated:







Abstract

In some situations, concentrated vorticity whichtie a vortical flow is involved in
the inflow of a propeller. The impingement of thertex on the propeller has several
detrimental effects, e.g., foreign object damagenduground operation, impact on
the propeller performance, unsteady loading orbthde, and tonal noise generation.
The research presented in this report is conddotetthe concern of the effects of the
interaction between inflow vortex and propeller,témms of vortex response to the
propeller and vortex impact on the aerodynamicgrerénce of the propeller.

The impact of impinging vortex on the propellerssidied by experimental and
numerical methods. The variation of the propellerf@rmance caused by the
impingement of vortex is dependent on the relagivetational direction of the vortex

and the propeller. For the counter-rotating case,thrust and torque coefficients are
increased by the vortex impingement; and vice véosahe co-rotating case. The
variations of the thrust and torque coefficients mroportional to the vortex strength.
And it becomes more significant as the radial igpiment position moves inwards
and the advance ratio increases. However, the tepient of vortex does not

evidently affects the efficiency of the propeller.

The response of vortex to the propeller is inveséd by PIV measurement. The
variation of vortex behaviors is dependent on thasp angle of the propeller blade.
At the phase angles when the wake of the bladevéy drom the impinging vortex,
the vortex core circulation is independent from tmpact of propeller. Due to the
contraction of the stream tube caused by the plepgliction, the vortex core radius
observed in the measurement plane downstream dpelfer is smaller than that in
the flow field upstream, and the magnitude of wort@rticity and the maximum
tangential velocity becomes larger. At the phasgeawhen the vortex core coincides
with the propeller blade wake vortices, charactiessof the impinging vortex are
dependent on the sign of the vorticity of the ingmy vortex and the blade wake. For
the case that the impinging vortex and the blad&ewaave the opposite sign of
vorticity, the impinging vortex and the blade wdkeak each other into fractions with
smaller core radius and circulation; for the cadh whe same sign of vorticity, they
merge together, forming a new pattern with highagnitude of vorticity.
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Introduction

1.1 Motivation

Inflow involving concentrated vorticity is a widelpbserved non-uniform flow
situation in the community of turbomachinery anadavnill farm. Orthogonal blade
vortex interaction (BVI) often occurs to the blagl@ne. For the open rotor (Figure
1.1(a)) and turbo-fan engine aircraft (Figure 1)) (lortices might be shed from the
ground and impinge into blade from the upstreare sigring the ground operatidn
For a helicopter, blade tip vortices shed from ha@n rotor may have orthogonal
interaction with the tail roté?, as shown in Figure 1.1(c). In addition, similar
interactions may also occur in many other fan abite situations, like pump
intake$”.

(a) Ground vortices toward the propeller of (b) Ground vortices toward the engine inlet on a
C130 aircraft! YC-14 aircraft'!
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(c) Interaction between main rotor vortices and
tail rotor®”

Figure 1.1: Vortices impingement on the blade

Vortex impingement on the rotor or turbomachineag Iseveral impacts. The ground
vortices may bring debris or other external objeécts the aircraft engine, or create
flow distortion which has adverse effect on engaerodynamic stability, rising
potential for compressor surge and decreasing tdle rsargid®. It can also cause
pressure distribution variation and net force gatest on the propeller blades surfaces,
resulting in propeller performance fluctuation. Bles, the vortex impingement can
change the noise generation, leading to noise sopasitions displacement and
amplitude increase in far fiefé!.

1.2 Research background

1.2.1 Interaction between vortex and a single blade

Interaction between vortex filament and a singteuing external object was widely
investigated. In early 1990’s, a numerical modes$ @aveloped by Marshall, which is
implemented by a vortex filament with variation\airtex core area and approached
by the long-wave equatii”). Based on that, it was found that the vortex féam
will be bent as an external object (plate, cylind#ade,etc) approaches it. For the
blade intruding case, the bending direction andature profile are decided by three
dimensionless parameters: the ratio of blade tleis&th to ambient core radiusg, d/r;
the ratio of blade-vortex relative forward speéd, to vortex swirl velocity//2xr,
2\t /T, and the blade angle of attagk. The vortex filament is bent significantly
for a larged/r. situation (Figure 1.2(a)). While for the casig is in the order of unity
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or smaller, only shock and expansion waves canbserged in the upper and lower
side of the blade, as shown in Figure 1.2(b).

Ty mlllwl!lluuunmmumnunnm|

0 OO

(a) Thick bladed/r.=5) intruding case (b) Thin bladd/(;=1) intruding case

Figure 1.2: Responses of vortex filament to bladiuding for different ratios of blade
thickness over vortex radimi%rcm

Based on a similar numerical model, computationadys on orthogonal interaction
between a steady blade and an approaching vortexinovas conducted by Liu and
Marshall®. It is reported that for the case that the axébueity of the vortex column
is not zero, while a blade with symmetric airfadigg through the vortex core region
in zero angle of attack, pressure distribution acheside of the blade would be
different. Magnitude of the pressure in the vorideément impinging side is higher
than that in the other side. As a result, a noo-nermal force is induced on the blade
surface in the same direction as the vortex axaldaity.

Vortex Upper
C__._y
Lower

Figure 1.3: Definition of the relative positionwdrtex and bladd
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A series of experimental studies on interactionween a steady blade and an
approaching vortex filament (Figure 1.3) were cartidd by a group of researchers in
University of Glasgow. As a vortex filament passesymmetric pressure distribution
is formed on each side of the blade (with symmaediioil), resulting in a normal
force generated on its surface, which points to shme direction as the vortex
angular velocity (right-hand coordindf®) And such a blade surface normal force
measured in these experiments is consistent witihsihddl's computational result
which suggests the existence of net lift on bladettee blade-vortex interaction
occurs.

Furthermore, in the following studies with the samerimental apparatus, it is
found that with the blade angle of attack incregsirariation of the pressure on the
blade surface becomes more significant. When thexaore region ages to the the
blade leading-edge part, the normal force indugethb pressure difference on blade
surface increasB¥. And also, it is reported that for high blade a&ngif attack
situations, vortex has effects on flow separatianttee surface of the blade. As the
vortex filament passes, flow separation was exatetbin the upper side (which is
defined in Figure 1.3) of the blade and diminisiredhe lower sidé™. Essentially,
the variation of flow separation on blade surfaxeependent on the direction of the
local tangential velocity of the vortex.

1.2.2 Interaction between vortex and rotor

Dependence of the noise generated by propellerhenradial position of vortex
impingement was studied by Ahmadi & Beranek witlperkmental work. Cases for
the impinging positions close to and away from thepeller tip region were
compared. It is concluded that as the impingingtesmoves towards the blade tip,
the direction of minimum noise shifts downstréanin their research, smoke was
utilized to visualize the vortex behavior, as préed in Figure 1.4. It can be observed
that the vortex column bends and convergenceseiruistream field because of the
propeller contraction to the stream tube, and #uus of the vortex tube increases
downstream the propeller disk due to the bladeexariteraction.
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Figure 1.4: Visualization of the vortex trade

To study the impacts of the main-rotor tip vorticesthe tail rotor, wind-tunnel tests
were performed with a helicopter model in HELIFLOWbject. The experimental
results suggest that the impingement of main rbtade tip vortices can change the
performance of tail rotor. Trend of the variatiah dependent on both tail rotor’s
relative height to the main rotor and its rotatiodizgectiort*?1*¥!, as shown in Figure
1.5 (in the view given in Figure 1.5, main bladge\ortices in the tail rotor disk plane
rotates in the counter-clockwise sense). At lowaade ratio conditions (<0.05),
thrust generated by tail rotor is independent sfrdtational direction. As advance
ratio increases, when the tail rotor counter-ratgtep-aft, denoted as TA) with the
main rotor vortices, the thrust is larger than tpaterated in the other rotational sense
case (top-forward, denoted as TF). In additionrdiging the tail rotor relative height
to the main rotor, the occurrence of thrust diveogeis delayed to higher advance
ratio and the magnitude of divergence becomes small

1.0 T

0.8 -

06

04F---- S e T T - R
P : k . ! — Low TA
Maim rotor : ; 4

Low TF

Tail Rotor Thrust Ratio, T,*

; ; | - - HighTA
TF ; ; ‘ = == = High TF
o | 1 1 1 | I

1] 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Advance Ratio, [t

Figure 1.5: Dependence of the thrust developedatbydtor on advance ratio in four
different configurations (Low/high: tail rotor reiae vertical positions
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compared with the main rotor height, TA: top-aftil taotor, TF:
top-forward tail rotor}?

Based on the same helicopter model, impacts ofipheortices and wake produced
by the main rotor on the tail rotor was simulatgdAtetcher & Brown by performing
CFD tools (Figure 1.6). Their results reveal th&hvthe impingement of main blade
vortices, distribution of load and local inflow de@f attack in the tail rotor disk are
no longer axisymmetrical. The variation of loadtdmition is shown in Figure 1.7.
With the main rotor tip vortices rotating in thepttorward sense, comparing to the
isolated tail rotor case (Figure 1.7(a)), for tbp-forward case (Figure 1.7(b)), load
increase only occurs on a small region in the bottalf of the tail rotor disk. While,
for the top-aft case (Figure 1.7(c)), magnitudéhefload coefficient on a much larger
area of the tail rotor disk increa88s

P .
;f‘ ?(_A N,

Tail rotor

(a) Isolated (top-aft) tail rotor  (b) Top-forward tail rotor (c) Top-atft tail rotor

Figure 1.7: Variations of the load distribution tre tail rotor disk caused by the
impingement of main rotor tip vortices (advancéorat0.12§""
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1.3 Objectives and scope

As illustrated in the Section 1.2 , most of thevimas work focused on interaction
between vortex and a single blade. However, in eggllications, propeller can
generate a series of effects to the flow field Wwhame single blade does not have,
involving contraction of the stream tube, inducedoeities in both circumferential
and axial directions, as well as vorticity in tHade wake and tip vortices. These facts
may result in a number of more complicated impaatshe behavior of the impinging
vortex.

As well, there is no concept of “performance” forsimgle blade. Studies on the
variation of propeller performance caused by vortegingement cannot be replaced
by investigating the interaction between vortex andingle blade. Although the
variations of tail rotor performance caused by thain rotor are reported by the
HELIFLOW project, effects of both the tip vorticaad wake generated by the main
rotor are taken into account. It is not a good nhddedescribe the effect of the
impinging vortex itself.

Based on that mismatch between the previous walklanpresent research questions,
objectives of this project are set in two aspeg}s/ariations of propeller performance
caused by vortex impingement, and b) developmembiéx filament from flow field
upstream to downstream of the propeller disk.

Both numerical and experimental methods are utllitzeinvestigate the variation of
propeller performance caused by the impingementoofex filament, in terms of
thrust coefficient, torque coefficient and efficign Specifically, interests in the
variations of propeller performance are:

1) Dependence of propeller thrust and torque on th@niging vortex strength,
rotational direction and impingement radial positio
2) If the vortex has any influence on the efficienéyhe propeller

Study on the impinging vortex properties is perfediby experimental research tools.
Both time averaged and time dependent results éxavill be examined. Questions
to be answered about the development of vortex are:

1) Variation of vortex properties (vorticity, core rag, core circulation, etc.)
between the flow fields upstream and downstreapraybeller disk.

2) Dependence of vortex properties on blade phaseang|

3) Dependence of vortex characteristics on the ratatidirection of vortex, as
well as radial impinging position and load of pripe

7
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1.4 Outline of the the thesis

This thesis report consists of five chapters. Tiesent chapter gives an overview of
the topic background and relevant previous workseBlaon that, objectives of this
project are introduced. Chapter 2 gives the knogédaackground of the two research
objects, propeller and vortex, and derives somé h@sgysical theorems that will be
applied in the discussion presented in the follgndhapters. Chapter 3 presents the
derivation of the numerical research method anmdhices facilities utilized in the
experimental study. The most important part, Chaptepresents and discusses the
results obtained from the computational and expemiad work, and provides answers
for the questions raised in Section 1.3 At lastafitr 5 summarizes the conclusions
achieved from all the investigation results andestaa number of recommendations
for the further research in this field.



Theories of Propeller and Vortex

2.1 Propeller aerodynamics

Propeller is a type of fan that transmits powerdmyverting rotational motion to
thrust. Normally, a propeller consists of two orrmblades. Each blade is essentially
a rotating wing, which produces lift acting as #irdhat pulls or pushes aircraft
moving forward.

ary

Bs

Propeller axis

Figure 2.1: Definition of velocities and forces aiblade element

A sketch of forces and velocities on a cross seatiche blade is shown in Figure 2.1.
Magnitude and direction of the income flow velocityis decided by the local axial
velocity Vi and tangential velocity;. With geometric pitch anglé, constant, the

9
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airfoil angle of attack, is only determined by, andV;, which is expressed as

a, =6, - arctan\i (2.1)
t
The elemental forcelR generated by the airfoil is equal to the vectoditah of
elemental liftdL and dragdD, as is shown in Figure 2.1. The axial componerdhf
(dT) accounts for the propeller thrust, and the tatigemomponent dQ/r) of that
accounts for the propeller torque.

Tangential velocity of the blade cross sectiona@ases as the radial position moving
outwards. According to Figure 2.1 and Eq. (2.1)esults in larger airfoil angle of
attack at the blade tip region. In order to prevtkatblade tip stalling at a relative low
rotational speed, on each blade, airfoil used iffer@nt cross sections are varied
along the blade spanwise, and the airfoil incideamogled), decreases from blade root
to tip. Then, the tip airfoil angle of attack could kept relatively small at a certain
rotational speed.

Advance ratio (denoted & is an important non-dimensional operational patam
for propulsion propeller, which is defined as th&a between the distance a propeller
moves forward during one evolution and its diamegsen by
U,
J=—n 2.2
D (2.2)
whereU;y is the true airspeed of the aircrafis the propeller rotational speed (in rps),

andD is the diameter of the propeller.

To measure the thrust generated by a propellarstimoefficient (denoted &) is a
commonly used non-dimensional parameter, whicleisdd as

T

G :W (2.3)
whereT is propeller total thrusjp is fluid density. And similarly, torque coefficien

(Co) is given by

C Q

Q = mZDS (2'4)

where Q is propeller total torque. As well, witGr and Cq known, efficient of the
propeller gprop), defined as the ratio of the power used for getimey thrust and total
input power, can be expressed as

Fout = T = J Cr
P, 2mQ 27C,

n

I7prop = (2 5)

10
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Thus, the efficient is proportional to the prope#fevance ratio.

2.2 Flow in the propeller stream tube

Propeller thrust is essentially a result of thespuee difference generated between the
upstream and downstream side of the propeller diskording to the momentum
theory (also known as Disk Actuator theory), thepailer has a compression effect to
the coming flow, causing the stream tube in vigind the disk being contracted, as
shown in Figure 2.2. Through the propeller disknplaboth flow axial velocity and
static pressure increase. In order to simplify ghablem, it is assumed that the flow
velocity varies continuously, while the ambient gmere increases suddéfily as
shown in Figure 2.3. Detailed mathematical deroratiof propeller thrust with
momentum theory will be presented in Chapter 3.

—

Propeller Disk —___

Urz'm‘”

I’CX_) p" p" + Ap poc-

h/

Figure 2.2: Schematic of the stream tube of thegiter'®!

2
Propeller disk

Figure 2.3: Distribution of pressure and axial eép in the axial direction of the
11
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propeller

2.3 \Vortex aerodynamics

Vortical flow is a widely observed non-uniform flowituation in aerodynamic
research. In a fluid medium, vortex is a regionvimich the flow mostly rotates on an
axis, which could be either a straight or curvewi’. Once formed, vortex can
stretch and twist. And a moving vortex can carrgudar or linear mass, momentum
and energy with it.

2.3.1 Circulation and vorticity

To understand the physics and behavior of vorterjes mathematical concepts of
circulation and vorticity are going to be introddcat the beginning of this section.
Circulation is defined as the integration of vetg@long a closed path

r=Jarar (2.6)

where U is the flow velocity vector, an@ is a closed path in the fluid, andl is the
length element along the integral path. Vorticéyai measure of the local spin of a
fluid element, written as

a=0xu (2.7)
To monitor vorticity in a certain surface, anotipdysical quantity, vorticity flux, is
introduced. It is defined as the integral of vatyicon the target surface, being
expressed as

o= ﬂAcDErdA (2.8)
whereA represents a surface in the fluid, andis the normal vector of the integral
surface.

For a closed path in fluid, its circulation is eeplent to the vorticity flux of the
surface enclosed by this path. This is known akeStdheorem, written as

= §Cu al = | jAa)EhdAz o (2.9)
Thus, Stokes’ theorem builds a relationship betwseface integral of the curl of

a vector field over a surfacA and the line integral of the vector field over its
boundaryC.

In an incompressible fluid with conservative bodycke, the momentum equation is
termed as

—=-—+00 (2.10)



Theories of Propeller and Vortex

where® is the potential for body force, apds a function only of the pressure. From
Eqg. (2.6), we have the convective derivative ofd@tion
Dr_Dia § —mu +§ apd (2.11)
Dt Dt~ c Dt
Applying Stokes’ theorem given in Eq. (2.9), thesffiterm in the right side of Eg.
(2.11) could be written as

DO . _Dp 1
il _jAmx( 7+anJEms_IA?(Dprp)Ernnls (2.12)
Since it is incompressible fluid, density keepsatant, then we have
Opx0Op=0 (2.13)
Then,
§C—mu (2.14)

For the second term in the right side of Eq. (2.&pplying the convective derivative
for elemental line, we have
R o T | Y S W - 1 2)_
§CuEPD—t_§Cu o ma) =f DD(EM j_o (2.15)

Substituting Egs. (2.14) and (2.15) into Eqg. (2.1 obtain the expression for
Kelvin’s circulation theorem

DI

= =0 2.16

Dt (2.16)
Thus, in a barotropic ideal fluid with conservativedy force, around a closed curve,
circulation remain constant with time.

To investigate flow vorticity and circulation spaticharacteristics, considering a
vortex filament (Figure 2.4) in fluid with two cresections and wall denoted &g
A, andAg, respectively. For the closed surfakeonsisting ofA;, A, andAs, we have
its vorticity flux expressed as

o={jomiA=[| amdA+[] & mdA+[[ &mdA (2.17)
where, sincé\ is a closed surface, we have
©={wlA=0 (2.18)
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As

Al

Figure 2.4: Vortex filament represented by a finitee

On the right side of Eq. (2.17), according to thedirdtion of vortex tube, the third
term is 0. And because the surface normal vectrgross sectiondy and Ay, 0
and n, have opposite directions, the first two termsha tight side of Eq. (2.17)
have opposite symbols. Hence, we have Eg. (2.1cOrbes

J[, @maa =[], atnda, (2.19)
Eg. (2.19) indicates that vorticity flux at differiecross sections of the same vortex

tube stays constant. According to the Stokes’ #rmorit also implies that in a vortex
tube, circulation along the boundary path is thees&or every cross section.

2.3.2 Vortex profile

In a cross-sectional plane perpendicular to théexaaixis, as shown in Figure 2.5, the
vortex profile can be divided into the followinguiopart$®!.

1) Viscous core, which is the most inner part, rotates solid-body type.

2) Turbulent mixing region, where flow is dominated toybulent diffusion and
obtains its maximum swirl velocity.

3) Transition region, which lies between the outerisom region and the inner
regions.

4) Ir-rotational region, which is the outermost regioim this region, the
circulation is constant.

14
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VORTEX LAYER CORE REGION
TURBULENT MIXING REGION
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(a) Cross-sectional profile of the vort&k (b) Tangential velocity profif&”

Figure 2.5: the profile of the vortex cross sectowl the distribution of tangential
velocity in the radial direction

Generally, radius of the vortex core is definedrasradial distance from the vortex
axis to the position in which the maximum swirl ety occurs. It is in the same
order of the airfoil thickne§®!. For the wingtip vortex case, as the distance
downstream from the origin point increases, thetesorcore radius increases.
Relationship between the vortex core radius andgagime (or downstream distance)
can be expressed as a function of the wakeag#?*??, given by

re(¢)= 4V5V[%J (2.20)

inf
wherey is the Oseen parameter with a value of 1.25648the kinematic viscosity,
is the eddy viscosity coefficient which is giventearms of an empirically determined
parameten; and the vortex Reynolds numlire,
d=1+aRe, (2.21)
Re, is defined by the ratio of vortex core circulatibp and kinematic viscosity,
written as

Re, =M. /v (2.22)

A commonly used model for describing vortex decag tb viscosity is Lamb-Oseen
vortex, which is named after Horace Lamb and Cath&m Oseel®. As shown in
Figure 2.6(a), Lamb-Oseen model describes the swdlbcity as a function of
non-dimensional vortex radius, which is written as

T L
Vali) =25 [1—6 “ ] (2.23)

where, the non-dimensional radius is expressed as
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.
(2.24)

Velocity

Radius

Figure 2.6: Profile of the tangential velocity bétLamb-Oseen model

2.3.3 Biot-Savart law
Consider a 3-D vortex filament with a general shafp shown in Figure 2.7, at a
point K in flow field, velocity induced by an elem@l segment on the vortex
filament is given by Biot-Savart law, which is egpsed as
5 _ T rxd
o |r‘|3 (2.25)

where[" is the circulation of the vortexy extends from the point of integration on the
vortex axis to the point K. Integrate Eq. (2.25mg the entire length of the vortex

filament, we have the velocity field of the vortiex

S _ T Trxd
v =— [
o j T (2.26)

From Eq. (2.26), it is easy to find that for aninite or a semi-infinite straight vortex
filament, the direction of the velocity at any poin the field is perpendicular to the

vortex axis line.
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Figure 2.7: Schematic of the induced velocity @& Wortex representing the Biot-Savart law
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Tools for Investigations

3.1 Numerical Approaches

Blade Elemental Momentum (BEM) theory is a well-eieped method used to

calculate performance of propulsion propeller ondviurbine. It combines the blade
element theory (BET) and momentum theory. In thesent project, BEM theory is

applied to simulate the results of the propellerfggenance variation caused by the
upstream vortex impingement and numerically analyze mechanism of that

performance variation. As well, it is used to proelusome results that cannot be
obtained by experiments due to the limitation giexkmental condition, such as load
distribution on the propeller disk.

3.1.1 Assumptions

To apply BEM theory for propeller performance asayit is assumed that the flow
is @) inviscid, b) incompressible, ¢) uniform, afjdree from friction drag.

Besides, to solve the problem in this project, sgvenore assumptions for the
impinging vortex are:

1) Vortex core radius and circulation keep constant

2) Vortex model is axisymmetrical.

3) Vortex impinges into the propeller disk plane pegteularly.

4) Vortex meandering is neglected.

5) Variations of radial and axial velocity caused loytex are neglected

3.1.2 Aerodynamic principle for BEM theory

In Figure 2.1, the local axial and tangential véles on a cross section of propeller
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blade, Vx andV;, can be expressed as functions of induced vedsciti these two
directions ¢, andv;) as

Vx :Uinf +Va (31)

Vi=0r-y, (3.2)

whereQ is the angular velocity of propeller blade, and the radial position on blade.
Then, for an elemental blade station at radialtmwsr, according to the knowledge
of airfoil aerodynamics, the elemental thrust asrdue could be written as

1 : d
dT =§:0a6/x2 +Vf)[Q (@,)cosB -c,(a,)sin BJcN l]blrz—z (3.3)
dQ= %,Oa(vx2 +V12XC| (a,)sin B +c, (ab)cosﬂ]cN Cedr g_f.[ (3.4)

wherep, is the density of aig is the chord length of the blade elemengndcyare
local lift and drag coefficient for the correspomgli blade element, which are
expressed as functions of the airfoil angle ofcktta.

To express the elemental thrust and torque by E38) and (3.4), two unknown
guantitiesyv, andv;, have to be solved. Hence, two equations in terfwvg andv; are
needed. A general illustration for the momentumseowation theory is visualized in
Figure 2.2. Since the flow is assumed inviscid armbmpressible, according to the
Bernoulli's equation, we have

2

1 — A l 2
P., +Eaninf =p +Ean (35)

in the flow field upstream the propeller disk, and
pap+- pU* = .+ pUS 36)

In the field downstream, wheng, is the flow pressure in the far fielg, is the
pressure right upstream the propeller digk. is the pressure raise generated by
propeller (as shown in Figure 2.3), through Egs5)(3and (3.6), which can be
expressed as

sp==p,(u7-uz) (37)

Considering the thrust produced by the propellsk ds a result of pressure difference
between the sides upstream and downstream thellgrogiek plane, we have

T=Asp=AZp, (U7 -Uz) (38)

whereA is the propeller disk area. Then, expressing theasincrease of slipstream
momentum at the propeller disk plane, we have

T=AoU, -U,) (3.9)
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Combining Egs. (3.1), (3.8) and (3.9) , we havedfeivalent axial flow velocity and
induced velocity at the propeller disk can be esgee as

U :u (3.10)
2
and
1
Vv, =U —Ujy =§(U1 _Uinf) (3.11)
Substituting Eq. (3.10) into Eqg. (3.9), we havettireist written as
T =2A0, (U +v, M, (3.12)

Uer), vi (r)
= - Ui(ry), vy1 (i)

Figure 3.1: Stream tube through an annular elewfethie propeller disk®!

To calculate the propeller torque, the the floweaitn tube has to be divided into
elemental ring tubes as shown in Figure 3.1. Fehedemental ring, the elemental
torque can be written as

dQ= p UdAy r (3.13)

wherev;; is the tangential velocity for an elemental ringthe plane far downstream
the propeller disk. Notice that in the followingrietion, all the velocities in the
propeller disk plane and the plane far downstreaenfanctions of elemental tube
radiusr andr,, respectively. For incompressible fluid, the indddangential velocity
at these two planes has a relation$fipf

Vi =£Vt,1

2

Then, substituting Eqgs. (3.14) into Eqg. (3.13), weehilne elemental torque at the disk
could be expressed as

(3.14)

dQ=47 “drp, (U +v, v (3.15)

Similarly, the elemental thrust could be written as
21
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dT =4mdrp,(U,, +v, )V, (3.16)

The elemental thrust and torque derivations presenteceae conducted under the
assumption that the propeller is considered as a cirdig&, thus, it has an infinite
number of blades. To transform the solution to apeapeller with limited number of
blades, apply a correction parameter to Egs. (3.15{&td), we have

dT = Zpar (U inf +Va)va mr DF (317)

dQ=2p,r*(U,, +v, v, @r [F (3.18)

where F is the tip-loss factor, which is proposed by Gldtfértlt is applied to
compensate for the influence of the vortices shed ftbentip of each blade,
expressed as

F=2cos'e" (3.19)
7
where
N R-r 3.20
2 rsing (3.20)

Note that Egs. (3.17) and (3.18) can also be applied gegenent on the annular
element. On the annular positignEgs. (3.17) and (3.18) can be written as

dT(r1¢) = Zpar (U inf +Va)va mrd¢[ﬁ: (321)

dQ(r,@)=20,1 *(Uy +v, v, [rdg(F (3.22)

Equating the thrust and torque expressions given by BHTreomentum theory, Egs.
(3.3), (3.4) and Egs. (3.21), (3.22), we have

SoVele (@, )coss —c, (@, Jsing]-20,, +vJF =0 323
S0Vele ey )sinp+c, a,)oos] - 2(U +v,uF =0 (3:24)

where

Vp = 1/VXZ +V12

:\/(Uinf v+ v )

(3.25)

ando is local solidity of the blade, definedzas;—N.
T
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The induced velocities, andv; can be obtained by solving Egs. (3.23) and (3.24).
Then the thrust and torque generated by each small segmefemental ring can be
obtained. And the propeller performance can be calculaiedntegrating the
elemental thrust and torque over the whole propeller dilgh are written as

T =J:”J-R?Ude(r,(0) (3.26)

Q=[] ddlr.g) (3.27)

Note that in both Egs. (3.26) and (3.27), the elementdilis should be integrated
from the propeller hubR,,y), instead of the propeller center, to the propeller tip.

3.1.3 Application of BEM theory to the case with vortex
Impingement
As shown in Figure 3.2, consider a case that the impingimgex center does not
coincide with the propeller axis. Denote the axial distame®veen the impinging
vortex and the propeller in the propeller disk planb.dsor a position point P on one
propeller blade, the resultant velocity is an vector additbrvortex tangential
velocity Vv and original blade tangential velocityy, Here the angle between the
blade and the line connecting propeller and vortex cegalenoted ag.

Consider the case that the vortex counter-rotates withptbpeller (Figure 3.2).
According to the law of cosines, we have the distancedsstW? and vortex center is

r, =/b% +1.2 - 2br, cosp (3.28)

Hence, the anglel) between two tangential velocitieg, , andV;, \, can be expressed
as
rvz +b? - rbz

A =arccost—2 2
2rb (329)

v

Then the resultant tangential velocity at point P is
V(1. 9) = |\7tb +Vi COS/‘| (3.30)

Given the Lamb-Oseen model described in Eq. (2.28)yvbrtex tangential velocity
Vv can be expressed as

(3.31)
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propeller

Figure 3.2: Relative locations of the propeller #melvortex in the propeller disk plane

The variations of velocities and forces on the blade seston at point P are given
in Figure 3.3: Variations of velocities and forces onhtsle cross section . Because
of the increase of tangential velocity (indicated by B930)), the cross section angle
of attack becomes larger. As a result, both the elementahtifdrag generated by this
cross section increase. That explains the reasontlehynflow vortex impingement
can vary the load distribution on the propeller disk.

However, notice that the counter-rotating case doesnase sure that the resultant
tangential velocity on blade cross sections always beirggrathan the isolated
propeller case. For instance, for the cas6, on the blade cross sections whereb,
the resultant tangential velocit¥ is lower thanV; p.
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Viveosi

Propeller axis

Figure 3.3: Variations of velocities and forces the blade cross section located at
point P (shown in Figure 3.2). The dashed linassitiate the velocities
and forces generated in the isolated propeller,caseé the continuous
lines indicate the case with inflow vortex impingamh

Substitute Egs. (3.30) into Eqgs. (3.23) and (3.8%,propeller load distribution with
upstream vortex impingement can be solved by followirggdélculation procedure
for an isolated propeller, which is illustrated in section23.11n this project, to
calculatedT(r,, ) and dQ(r, ¢), the whole propeller disk is divided to 72x17
elements (72 elemental sectors, 17 elemental ringshoagnsin Figure 3.4. And the
integral of Egs. (3.26) and (3.27) could be computgdsumming the thrust and
torque generated at all the elemental regions.

Figure 3.4: Scheme of element of the propeller disk
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3.2 Experimental Apparatus and Setups

The experimental study for this project consists of twdsparopeller performance
measurement, conducted by rotor shaft balance (RSB)vartex measurement,
performed by particle image velocimetry (PI1V) techmiglihe propeller performance
measurement provide validation and comparison for tineenigal method illustrated
in section 3.1, and PIV is used to visualize the flow faasdd quantitatively analyze
the behavior of the impinging vortex.

3.2.1 Wind tunnel

All the experiments for this project were conducted inl@sed-loop, low-speed
wind-tunnel (Figure 3.5), Open Jet Facility (OJF), infD&hiversity of Technology
(TUD). It has an octagonal test section with a crosticsel area of 2.85mx2.857H
and maximum flow speed of 35.0m/s.

Figure 3.5: Open Jet Facility in TU Delft

3.2.2 Propeller rigs

The propeller applied in experiments was a 1:20 sdatdtker F29 propeller. It is a
well-developed propeller model that has already beed usaerodynamic research
for a long time. Several of the structural parametershigd experimentally used
propeller are shown in

Table 3.1 In the wind-tunnel tests, this propeller was driven @yp& 1999 pneumatic
motor, whose maximum rotating speed is 22,0007hm

Table 3.1: Geometric dimension of the F29 propeller

Blades number 8
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Propeller diameter (m) 0.3046

Blade geometry pitch angle at r,=0.75 (°) 41
Blade chord length at theroot (m) 0.028
Hub diameter (m) 0.042

Figure 3.6: Three dimensional sketch of the F29elter

A 3-dimensional geometric profile of the F29 propelledal is presented in

Figure 3.6 And the chord length and pitch angle distribution alblagde span are
presented in Figure 3.7. The chord length of each hieeases from the root until
reaching the maximum value at radial position around Q8# decreases at the tip
part. And the pitch angle has the maximum magnitude abldme root position,
monotonically decrease with the radius increasing.
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Figure 3.7: Distribution of the chord length antthiangle along the span direction of
the blade

3.2.3 Vortex Generator

In wind-tunnel tests, the impinging vortex was generdig a wing model with a
cambered airfoil DU 96-W-180, which was designedviord turbine applicatiord”.
The normalized airfoil profile is given in the website of \fiig Tech Aerospace and
Ocean Engineerify! and plotted in Figure 3.8. As well, thga curve for DU
96-W-180 is presented in Figure 3.9, which was obtdiyeXfoil.

0 0.5 1.0

Figure 3.8: Profile of the DU 96-W-180 airfoil dfe vortex generator
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% 5 10 15
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Figure 3.9:Ci-a curve of airfoil DU 96-W-180 (Re=3.3x10

The wing utilized for vortex generation in the experiraén¢search has a span-width
of 1.0m, chord length of 0.25m. In order to diminisk #ffects of propeller to the

vortex generator and reduce the influence of wake, igtante between wing model
trailing-edge and the propeller blade leading-edge plasekept as 800mm, which is

around 3.5 times of the chord length of the wing. Accgydinthe PIV measurement
result for an isolated vortex filament, it is alreadyairwell-developed stage at this
distance. A scheme illustrating the set up of vortex ggoeas well as the propeller is
shown in Figure 3.10.

exit of open jet

Wing propeller
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Figure 3.10: Set-up of the test in the wind tunnel

The wing angle of attack was adjusted by rotating tinoan axis mounted at the
guarter point of its airfoil camber line. Since DU 96280 is a cambered airfoil, the
profile of wingtip vortex generated by the wing is nomsyetrical about the zero
angle of attack. In order to generated vortex withosp rotational direction and
maintain the same strength, the other end of the wingalgasutilized to generate
vortex. Thus, both two ends of this wing were used toyredsortex with opposite
symbols.

3.2.4 Rotor Shaft Balance

The propeller was coupled with a six-component rotatirgftSalance (RSB). A
scheme of the structure of this balance is showngarEi3.11. Designed by National
Aerospace Laboratory (NLR), this RSB measures tinexame rotor thrust and torque
produced by the propeller blades, hub and spinner.

Figure 3.11: Rotor Shaft Balance

While the propeller is working, in the gap between itating and stationary parts,

pressure is different from the ambient pressure. Suaglessyre difference causes an
extra axial force to the balance, leading to thrust smesment error. In order to

correct that, a total number of 20 pressure ports wenented to the back plate of the
propeller hub to obtain an average pressure of thaagpn. The corrected thrust is
obtained by subtracting the force generated on the flatk from the RSB-measured
thrust.
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3.2.5 Set-up of particle image velocimetry measurement

Figure 3.12 shows the scheme of PIV measurement s&taprding to the research
objectives, there were two cross-sectional measuremenelselected: one was
positioned 0.9g4r (30mm) upstream of the propeller blade leading-edge pliwee
other one was positioned 0s6&(20mm) downstream of the blade trailing-edge plane.
For measuring the upstream plane, the camera with fdre@attering of the laser
sheet was set at 42° with respect to the propeller artsthe other camera was set at
44°. For measuring the downstream plane, the cameraferittard and backward
scattering of the laser sheet was set at 41° andesjfectively.

The selection of the axial positions of these two measemé planes were determined
by trials and errors during the experiment preparatiocgss. Although it is optimal

to set the measurement planes as close as possible toofiedlgy disk plane, the

distance cannot be smaller than the mentioned value @dukigh signal to noise ratio

in most of the measurement field.

PIV arrangment1l PIV arrangment?2

‘ Inflow

vortex

Inflow

vortex . *

(a) Measurement plane downstream the

(a) Measurement plane upstream the propeller
Downstream

Figure 3.12: Setup of PIV measurement

Two LaVision Imager Pro LX 16M high resolution CCD (CGBnsor of 4,870x3,246
pixels, 12 bit resolution, 74n pixel pitch) were positioned in the level slightly
higher than the height of the propeller hub. Spatially,cdm@era imaging windows
were adjusted to the position allowing the horizontal middie get aligned with the
center of propeller. To measure flow in these two sealeplanes, cameras had to be
mounted at different sides of the propeller disk plaseshown in Figure 3.12. Due to
the large dimension of the wind-tunnel, the distance &etweach camera and the
target spot were more than 2.5m. In order to get highage resolution, lenses with
200mm focal length were applied, creating measuremerdomis with resolution of
0.017R (2.557mm). Position and size of the windosmesgaven in Figure 3.13.
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23R

1.2R

0.2R

Figure 3.13: Field of view of the PIV measurement

The flow was seeded with micron-sized water-glycatiples produced by a SAFEX
Twin Fog Double Power smoke generator, which wasntezlin the wind-tunnel
settling chamber. Particles illustration was provided byubepulsed Nd:YAG laser
(Quantel Evergreen 200) emitting pulses with wavelength3@hm, 200 mJ energy
per pulse. The laser sheet had a thickness of 1.0miohwias shaped by a group of
lenses and mirrors. The laser and cameras were cednict host computer via a
Digital Delay Generator, which controlled the timing fogge@ring laser emitting and
image acquisition.

3.3 Test matrix

In this project, the design of test matrix is based on tteefactor-at-a-time method
(OFAT). Three parameters are thought to have effects on thadtitm between
propeller and the impinging vortex, which are the adeamtio ofpropellerd, vortex
impinging radial position in propeller digky, and the vortex strength (represented
by the vortex generator angle of attaek) The experimental measurement matrix is
shown in Table 3.2.

Table 3.2: Test matrix of PIV & RSB measurements

Case number J Fimp ow (°)
B 0.58-1.20 - -
C1 0.58 0.74R -8
C2 0.78 0.74R -8
C3 1.10 0.74R -8
C3 1.10 0.74R -8
D1 1.10 0.83R -8
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D2 1.10 0.92R -8
C1 0.58 0.74R -8
El 0.58 0.74R 8
E2 0.58 0.74R -2
E3 0.58 0.74R 2

The inflow velocity in all the experiments is 19.0mfg¢hk flow speed is too high, the
density of particles used for PIV measurement wowddo low to acquire results
with high spatial resolution. Three advance ratios, @58 and 1.10, were selected
to investigate the effect of propeller loading. 0.58 & ¢bndition in which propeller
can generate the greatest thrust before blade statlanitbe considered as the
maximum power condition in real aircraft situations, whichallguoccurs during
taking-off. While 0.78 and 1.10 represent the median awdldading conditions of
the propeller.

The radial positions of impingement are selected aiegrto real situations. During

ground operations, vortices shed from ground normalpinges into the propeller or
engine inlet fan at outwards positions. The possibilityafex impinging at a radial

position smaller than 0.75R is very sriall Considering that, radial positions
mp=0.74, 0.83 and 0.92 were selected to be investigated.

The strength of the impinging vortex was essentiallydéetby the vortex generation
angle of attacka,. The larger lift a wing can generated, the stronger thegtip
vortex would be. For the selected wing airfoil, DU 96-8818° is an angle of attack
that is very close to the airfoil stall condition (as shaw Figure 3.9). And 2° is a
smaller angle value selected for comparison. Note tleagytmbol ofa,, is decided by
the rotational direction of the wingtip vortex generatedi®ywing. Here define that
when the vortex generated by the wing co-rotates with rihygefier, the symbol ot

is positive. For the other case, the symbol is negative.

3.4 Blade phase dependent research method

The dimension of the vortex core, comparing to the &temgth of propeller blades,
is much smaller. When the propeller blades rotate to diffgphase angles, it has
different effects on the vortex column. Through propefiease dependent analysis,
the dependence of the vortex characteristics on propkléete phase angles is
investigated.

Denote the blade angle 8 As shown in Figure 3.14, the phase angle of zero is
defined when the symmetric line between two blades coimaitlethe O-Z axis. And
define 45° as a phase angle period, which is denoté&g. ds the following chapters,
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all phase angle will be given in dimensionless form, wiscdtaled by 45°.

v

Figure 3.14: Definition of 0 phase angle

In PIV measurements, a commonly used phase dependginbanis triggering laser
and cameras together at the required blade phase amgldse signal from the
propeller, which is called the synchronized PIV measerdg. In this project, an
alternative method, which takes use of the laser lightatefieby the blade, was
utilized. Procedures for conducting this alternative methgd/en following:

1) Divide the angle between two blades (45° for this appliegbgdler) into 8
phases. Fix one blade at every of these angles siaelgstake a PIV image for each
of them. Due to the backward scattering of the lakeet, light reflected by propeller
blades on the images taken by the cameras has amamdéng relationship with each
specific blade phase angle, as shown in Figure 3.15.

2) From all the PIV images acquired, search the imageshiohwthe blades is
located at the position that indicates the required blade pinases.

3) Work out required data and results from images thatngeto each phase
angle, respectively.
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(2)¥=0 (a) ¥=0.5Ty
Figure 3.15: Light reflected by blades capturec¢amera.

Comparing with the synchronized PIV measurement, thiseplaagle dependent
analysis method is not influenced by the fluctuation ofptapeller rotational speed
which affects the synchronization significantly. In additiehis method prevents
repeated synchronized measurement at every phase #oglaell measurement
conditions given in the test matrix, which saves time.
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4.1 Definitions and Parameters

Definition of the coordinate applied in this report isstiated in Figure 4.1. This is a
right handed coordinate system, in which the positive Xdioate is set in the
opposite direction to the flow stream. According to this,lsinas the definition of the
angle of attack of the vortex generator stated in sec8gmbols of vorticity and

circulation of the impinging vortex are defined accordingtsorelative rotational

direction to the propeller. Thus, they are positive if Wogtex co-rotates with the
propeller; they have negative symbols for the counter-rgtatise.

Figure 4.1: Definition of the coordinate system.

In this chapter, unless otherwise specified, all parameteed for presenting research
results are given in dimensionless forms. Length voluanesion-dimensionalized by
propeller radiusz, velocities are non-dimensionalized by the infinite flowespgi,
vorticity and circulation are normalized by expressiof.,/R) and (RUix),
respectively.
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4.2 Impinging Vortex Profile

For the isolated vortex generated by the vortex genevdth two angles of attack
magnitudes, 2° and 8°, vorticity field together with streaediare given in Figure 4.2.
The contour is color-coded by the X-coordinate congmt of vorticity. And the radial
profiles of these two vortexes are shown in Figure Bd. both these two angle of
attack cases, the vorticity fields are symmetrical, andichdias follow the
Lamb-Oseen model introduced in section 2.3.2 .

05

04¢p

03
0.2
0.1
N O
-0.1
-0.2
-0.3
-0.4
-05

05

o N T [ [ [ [T

-50 40 -30 -20 10 -5 5 10 20 30 40 50 04F

0af
02f
01}
~ of
-0}
-2}

-03

-04F

Asb— vy
03 -0.4 -0.2 0 02 0.4

el

(a) on=2° (b) 0, =8°

Figure 4.2: Wingtip vortexes generated by vorteregator with different angles of
attack, the flow field are contoured by the normedi vorticity in the axial
direction.
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Figure 4.3: Distribution of the tangential velocitgrsus radial distance of the wingtip
vortexes.
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Characteristics of the vortices generated by the vortegrgéor with different angles
of attack are given in Table 4.1, in which the vortexreccirculation is calculated by
the Stokes’ theorem, written as

e = LC @, dS (4.1)

where /¢ is the core circulation of vorteXg: is the area of the vortex core in Y-Z
plane, andwy represents the vorticity in X-coordinate. Note that heessumes that

when the angles of attack of the vortex generator hhgesame magnitude but
different symbols, the impinging vortex has opposite tiatal directions but the

same profile.

Table 4.1: Comparison of vortex characteristics different angles of attack of the
vortex generator .

on=2° o,=8°

re 0.060 0.083
Vivm 0.34 0.53
Ic imp 0.128 0.275

4.3 Propeller performance

In this section, variations of the propeller performaraigained by both the

experimental and numerical methods are presented. @ade measurement matrix
given in Table 3.2, the effect of propeller advanagor radial impinging position,

vortex-propeller relative rotational direction and strergjftthe impinging vortex are

discussed.

4.3.1 Corrections on the free stream velocity

For a propeller in an open jet wind-tunnel, due to thetragtion of stream tube
caused by the propeller, ambient air would be entraired the region outside the
wind-tunnel outlet area (as shown in Figure 4.4). It mayse the actual inflow
velocity having a deviation from the wind-tunnel flow spesgbsulting in an error
added into the measured thrust.
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Sz}gf u e i ——

Stunnel \

DTC orr Ui
—_—

Wind tunnel outlet

Figure 4.4: Scheme of the flow outside the exibpén tunnel entraining to propeller
stream tube

A simplified correction is developed based on the ctioedor the case in a closed
tunnel. Recognize the propeller as a sink, strength ofittke (s1ass flow) can be
written as

q=U,, (Snf _Sp)

=UiS [1,1+§& —1J (4.2)
P 7TJ2

whereSyy is the cross sectional area of the original infl&s the area of propeller.
In an open tunnel, assume that the air outside theltontlet maintains still, and the
inflow velocity in the stream tube is a weighted average e have

U corr [Sunnel + (Snf - Sp )] = U inf Sunnel (43)

where Sunel IS the cross-sectional area of the tunnel outlgt,, is the corrected
inflow speed. Substituting Eq. (4.2) to Eq. (4.3), therected inflow speed can be
expressed as

Ucorr=Uinf 1
1+ > /1+§&—1 (4.4)
Sunnel ]T‘]z
Let
! =1+k
14 > [ 1. 8C 4 (4.5)
unnel n‘JZ

then the corrected thrust can be written as
Tcorr = m(Ul _Ucorr) = n{Ul - (1+ k)Jinf ] = Tmea_ r.rkUinf (46)

Note that with the corrected inflow velocity known, a comdcadvance ratio can be
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expressed as a function of the corrected inflow velowitych is written as
f— UCO"

Jcorr _ﬁ (47)
Apply the correction introduced above to the thrust measir the wind-tunnel tests,
a comparison of the originally measured and correctedstttraefficient for an
isolated propeller is shown in Figure 4.5. The errosbare given with the
experimental results representing the standard deviati®REB measurement results.
For Cy andCq, it is 0.07 and 0.003, respectively. Since the esessional area of the
exit of the wind-tunnel (7.56f is much larger than the area of the propeller disk
(0.07nf), the corrected thrust are virtually equal to the meabtinrust. Thus, the
correction for thrust is not necessary in terms of dedifies utilized in this project.

0.8

—e— Measured value
—=— Corrected value

0.7
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0. : : : :
84 06 08 1 12 14
J

Figure 4.5: Comparison of the measu@dnd correcte€r.

4.3.2 Impact of the wake of the vortex generator on the

propeller performance

In the wind-tunnel tests, wing wake is always generatedtheg with the wingtip
vortex. In this project, since the vortex impinges ugmnupper half of the propeller
disk (as shown in Figure 3.12), the propeller perforceais also influenced by the
wake produced by the vortex generator. In order imagt the impact of the wake on
the propeller performance, a controlled test was ootedu raise the tip of the vortex
generator to a level high enough that can make sure itigtipvvortex core going
over the propeller disk from top and the whole diskhbeiubmerged in the wake flow.
A comparison ofCr and Cq for the isolated propeller and wake (produced by the
vortex generator witlx,=8°) impinging cases are presented in Figure 4.6ceSfor

all the experimental conditions (given in Table 3.2), thgion on propeller disk
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influenced by the wake is smaller than that in the odlett test case, variations of the
propeller performance caused by the wake would bdélemntidan that shown in Figure
4.6. Then it can be concluded that the impact of the wakethe propeller
performance is so small that it can be neglected in theistism of the effects of
vortex impingement.

0.8 T T 0.25 T i
—— |solated propeller —— |solated propeller
—— With wake —— With wake
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07t
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ST 05) 1 015}
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03r

0'%.4 0.6 0.8 1 1.2 1.4 0'08.4 06 0.8 1 1.2 1.4
J J

(@)Cr (a)Co

Figure 4.6: Impact of the wake produced by theaesogienerator on the performance of
the propelle.4,=8°)

4.3.3 Validation of BEM model

Before applying the BEM theory to simulate the impact afesoimpingement on the
propeller performance, validation for the BEM model depell in Section 3.1 is
necessary. Comparison of the experimental and numenésailts for the thrust
coefficientCy, torque coefficienCq and efficiencynpop Of an isolated propeller are
presented in Figure 4.7. The curves obtained by BEMryhshow good agreement
with those obtained from the experiments. Magnitud€.0&ndCq obtained by the
numerical method are larger than that obtained from aindel tests, with relative
discrepancy of 2.5% and 5.5% in the low advance ratiomgegespectively. However,
the efficiency calculated by BEM theory is slightly lowénan that of the
experimental result. And for all these three pararseteetween the numerical and
experimental results, both the absolute and relative devsatiocrease with the
propeller advance ratio increasing.
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Figure 4.7: Comparison of propeller performanceaimigd from BEM theory and
experiments.J=0.58)

As stated in the section 3.1.2 , BEM theory can be egppido calculate the load
distribution of propeller on the whole propeller disk. Fegdr8 andFigure 4.9 show
the load distribution along the radial direction for an isalgbropeller with advance
ratio of J=0.58. The contour figures are color-coded by the woefits of normal
force @Cr) and out-of-plane component of momed€yy), respectively, which are
defined as

4G = % 4.8
m2(4 D) Cour (4.8)
d
9Cn = 3 : : (4.9)
pnz(4 Dj 022,/4R l
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Note that in Figure 4.9, the values in y-coordinatesoétained by adding the load
generated by all the elemental fractions in one annulay finpresents the load
distribution along the radial direction. For bat@:, anddCs,, the largest load occurs
at the radial position,=0.87.
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Figure 4.8: Load distribution on disk for the ideld propeller .J=0.58)
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Figure 4.9: Load distribution in the radial directiof the isolated propellerd£0.58)

4.3.4 Impact of vortex on the performance of propeller
obtained from BEM theory

In this project, radial profiles of the tangential veloafythe impinging vortex used
for numerical analysis are obtained from PIV measurg¢mesults. Table 4.2 shows
the variation of propeller performance caused by vomegingement, which are
computed by BEM theory. Results for vortexes with ogipastational directions are
presented, with advance ratis0.58, and impinging radial positiaf,=0.74. Both
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Cr andCq increase when a counter-rotating vortex column impingeshe propeller
disk, and decrease for the co-rotating case.

Table 4.2: Variation of propeller performance caud®/ impinging vortex with
opposite rotational directionsl«0.58,fiy,;=0.74)

Ic.imp -0.275 0 0.275
Cr 0.620 0.602 0.578
Co 0.169 0.164 0.157

Contour of the elemental normal force and out-of-plaoenponent of moment
coefficient in the propeller disk plane for the cabgsn=-0.275 and 0.275 are shown
in Figure 4.10 andFigure 4.11, respectively. Signifidaatl variation can be observed
in the regions close to the vortex center. While in mosspd the propeller disk, the
variation of performance is too weak to be evidentliyidied.

Fx chx
0.04 0.014
0.036 0.013
0.012
0.032 0011
0.028 0.01
0.024 0.009
0.008
0.02
0.007
0.016 0,006
0.012 0.005
0.008 0.004
0.003
0.004 0.002
0 0.001

(a) dCex (b) dCGwx

Figure 4.10: Distribution of the coefficients ofrnmal force and moment in the axial
direction with counter-rotating vortex impingeme(c, im=-0.275,
J=0.58,rim;=0.74).
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dCFx chx
0.04 0.014
0.036 0.013
0.012
0.032 0.011
0.028 0.01
0.024 0.009
0.008
0.02
0.007
0.016 0.006
0.012 0.005
0.008 0.004
0.003
0.004 0,002
0 0.001
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Figure 4.11: Distribution of the coefficients ofrnmal force and moment in the axial
direction with counter-rotating vortex impingemént, im=0.275,J=0.58,
Fimp=0.74)

To better illustrate the impact of the vortex impingementt® whole propeller disk,
subtraction of the elemental loaddCr, and4dCyy) on propeller disk for the cases
with and without vortex impingement are shown in Figur€ aadFigure 4.13. The
most significant load variation occurs at the regions ttetkse to the center of the
impinging vortex, and opposite trends of variation areepked in the outward and
inward sides of the vortex center. At the same positiompinging vortex with
opposite rotational directions causes opposite trends oivréation.

/,"— ______ "\_.\ AdCMx
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! ‘ 0 0.0025
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Figure 4.12: Subtraction of the load on the pragwellith vortex impingement by the
case without vortex impingemeif’c, in=-0.275,J=0.58,rn;=0.74)
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Figure 4.13: Subtraction of the load on the pragwellith vortex impingement by the
case without vortex impingement in;=0.275,J=0.58,rin;=0.74)

Comparison of the radial load distribution for the casdéh wnd without vortex
impingement is presented in Figure 4.14. Shapes of uheeg for the radial load
distribution are not changed significantly by the vorteximgpment. Peak load still
occurs near to the radial positiog+0.87. However, load varies more evidently in the
region whose radial position is larger than that of tbetex impinging position,
which is consistent with the results shown in Figure 4i@-igure 4.13.
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Figure 4.14: Circumferentially averaged load disttion in the radial direction caused
by impinging vortex with opposite rotational dinects. (=0.58,
limp=0.74)

At the single elemental sector where the impinging vorteatés; load distribution
along the radial direction is shown in Figure 4.15. Fercbutern-rotating caség
imp=-0.275), in the region outwards the radial positionatex centerr>0.74), load
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are much higher than that generated by an isolated fgogdel the rest part of this
elemental sectorrf<0.74), lighter load is observed. Oppositely, for twerotating
case [c,imz=-0.275), variation of load distribution along the radiakction has the
opposite trend.
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Figure 4.15: Propeller load radial distributiortle elemental sector region in which
the vortex impinges inJ€0.58,rin=0.74)

Figure 4.15 illustrates the mechanism of the variationledhental load caused by
vortex impingement. For the counter-rotating case, & tégion outwards the
impinging position, vortex tangential velocit¢, has the opposite direction with the
tangential velocity of each cross section on blatg, Vector addition oi;, andV;,
results in a resultant tangential velocitythat is larger thaV;, and larger angle of
attack for the corresponding cross section. Henoerease of elemental load is
observed in that region. However, in the region inwémis the impinging position,
Viv is in the same direction with ;,, which leads to loweY; and angle of attack. And
then decrease of elemental load is observed.
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(a) dCrx (b) dCux

Figure 4.16: Variations of azimuthal load distribat caused by vortex impingement.
(J=0.58,ri;p=0.74)

Due to the impingement of vortex, the flow field upstreamptapeller is no longer

axisymmetric. Hence, the load distribution on the ppiter disk is no longer

axisymmetric, too (as shown in Figure 4.10Figure ¥.Thus, at each elemental
annular ring, the propeller load is not constant altrey circumferential direction.

Coefficients of the normal force and out-of-plane congmrof moment generated by
each elemental sector in the propeller disk (as showrgird=3.4) are presented in
Figure 4.16. Here define the circumferential positiothefimpinging vortex center is
¢=0.

As shown in Figure 4.16, for the counter-rotatingezdoad generated by elemental
sectors away frong=0 is larger than that for the isolated propeller case;\arel
versa for the vortex co-rotating case. Although thessest variation of load occurs at
the elemental sector where the vortex center locatesh@sn in Figure 4.13Figure
4.14), the load increase and decrease at different naoktions offset each other,
resulting in relatively small variation of load on the corresfing elemental sector.
Because of that, it is observed that the variation todrile propeller performance is
consistent with the variation trend of load observed atelemental sectors that are
away from the impinging position.

Notice that in Figure 4.16, the value of each data tpw@imot equivalent to the
coefficients of normal force or out-of-plane componehimoment generated by a
blade when it rotates to the corresponding azimuthatiposinstead, according to
the derivation process illustrated in Section 3.1 , teeyasent the mearCg, or dCux
generated at an elemental sector in one propeller rothpieriad. Thus, they are not
instantaneous, but time averaged values.

4.3.5 Propeller performance variation

When the vortex impinges on the propeller, dependehgeopeller performance on
advance ratio is shown in Figure 4.17. Results acquirech BEM theory are
presented in the same figures with the results acqficed RSB measurement to
validate the numerical analysis method.
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Figure 4.17: Impact of the impingement of countdgting vortex on the propeller
performance.f(c, im=-0.275,limy=0.74)

As shown in Figure 4.17, comparing to the isolated gl@pease, both the thrust and
torque coefficient of the propeller increase, but thizieficy is independent from the
impingement of vortex. The trends of the computatioesiliits, in terms o+ andC,
are similar to that of the experimental result. At condibiow advance ratio, i.e.
J=0.58, increases of{Cand G due to vortex impingement from BEM theory are
about 3%, while the results obtained from the experimemgtsabout 4% and 6%,
respectively.
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Figure 4.18: The increase of thrust and torque fioiefit caused by vortex
impingement. {c, im;-0.275,;p=0.74)

The increase of thrust and torque coefficient causedbligx impingement/Cr and
ACq, are presented in Figure 4.18. As the advance ratiedases, botWCr and4Cq
increase. It is ascribed to the stall condition of theelter blades. As stated before,
vortex impingement changes the angle of attack at eass section of the blade. At
a high advance ratio condition, cross sections on theebtad below the stall
condition. When a vortex filament impinges into the jitgy, the increased local
angle of attack is still below the range of stall. Consetiethe increase of thrust
and torque is proportional to the increase of the angkttatk. However, at lower
advance ratio condition, blade elements near to the maxiload area are closer to
the range of stall. With their angles of attack increasingyrenhand, the thrust and
torque coefficient of some of these cross sectiongase proportionally; on the other
hand, some of them reach the stall condition, whichédecrease of the thrust and
torque. In total, the increase of the performanceropgller due to the impingement
of a counter-rotating vortex at low advance ratio conditsonot as much as that at
high advance ratio condition.

Propeller performance versus the radial impinging positiowortex is presented in
Figure 4.19. Experiments were performed for radiaditpmn of vortex atrin,=0.74,
0.83 and 0.92; the numerical analysis has two more positnwards. As shown in
Figure 4.19, the curves obtained by experiments aB# Bheory have a good
agreement with each other.
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Figure 4.19: Performance of propeller versus rag@sition of vortex impingement.
(J=0.58,I¢, im7=-0.275)

With a counter-rotating vortex impingement, bo@ and Cq increase as the
impinging position moves inwards. When the impinging positérvortex moves
inwards, the inflection point shown in Figure 4.15 movegamis. Consequently, the
decreased region of load reduces and the increagexhref load increases. In the
sectors that are far from the position where the vanginges, the inward moving of
impingement position decreases their distances to thexvodre center, leading to
larger resultant vortex tangential velocity. Hence, thedlincrease in these sectors
becomes more significant. Combining all these effects, avitbunter-rotating vortex
impinging, the propeller performance increases asviintex impingement position
moves inwards.
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Figure 4.20: Dependence of thrust and torque aieffi on the strength of the
impinging vortex. §=0.58,ri;,=0.74)
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Dependence of propeller performance on the impingorex strength is shown in
Figure 4.20. Zero point on the x-coordinate represemsése of isolated propeller
without vortex impingement. It is evident that the variatibpmpeller performance
caused by vortex impingement becomes more significartha strength of vortex
increases. And similar as the results shown in Figure th&7performance obtained
by the numerical method is larger than that acquired &operiments.

4.4 \Vortex development through the propeller

Development of vortex filament from the flow field upstreaondownstream the
propeller is of interest for the concern of propeller iotpan the impinging vortex.
With the help of PIV measurements, two flow fields whiokiolve the vortex are
resolved to analyze the properties of vortex. Effectthefswirling direction of the
vortex, propeller load (advance ratio) and radial positbnmpingement, on the
response of vortex, will be discussed.

4.4.1 Variation of vortex behavior through propeller disk

To investigate the variation of vortex characteristidsvben the flow fields upstream
and downstream the propeller disk, results obtained foam single experimental
condition (propeller advance rati=0.58, radial position of vortex impingement
rimp=0.74, and vortex core circulatidiz, imz=-0.275) are presented in this section.

4.4.1.1 Variation of vortex profile

Figure 4.21(a) shows the time averaged vorticity fieldoives impinging vortex
superimposed by the streamlines in the measurement pfsteam the propeller.
Center of the impinging vortex is observed at positionOQDR, 0.728R). Two
semi-circles in dashed lines show the projection optiopeller, which are centered at
propeller axis, and have radius of the propeller blaxé hub, respectively. Radial
profile of the tangential velocity is shown in Figure 491Wwhere the maximum
tangential velocity is 0.64, achieved at vortex radig.069. With the vortex radius
known, we have the vortex core circulation is -0.277.
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Figure 4.21: Vorticity field and radial profile ¢dngential velocity. (upstreard=0.58,
rimp:0.74,1”c, |mp:'0275)

As comparison, Figure 4.22 presents the vorticity fieldasured in the plane
downstream the propeller disk. At each phase anglejngtantaneous position of
blades are given together with the contour figures oficityt Since the induced
tangential velocity in the flow field downstream the propdliek is much lower than
the rotational speed of the propeller blade, there isge ldifference of phase angle
between the blade and its wake vortices. Notice that simeeotational speed of
propeller is constant, that difference of phase angl@lss constant at each phase
angle situation.
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Figure 4.22: Dependence of the vorticity field be blade phase angle. (downstream,
J=0.58,rim=0.74,Ic, im7=-0.275)

As shown in Figure 4.22, in the measurement plane dosarm the propeller, the
impinging vortex is observed at the negative side of tweofdinate. As the blade
rotates, position of the vortex center wanders within a icereange. As well, the

vorticity magnitude of the vortex core region is evidetdhger than that observed in
the plane upstream the propeller. Variation of the positbrvortex center and
increase of vorticity observed in the flow field downstnethe propeller will be

discussed in details in Sections 4.4.1.2 and 4.4.1.3.

At the phase angl#=0.25Ty, as shown in Figure 4.22(c), the propeller blad&eva
vortices rotates to the position that coincides with theirigipg vortex. At this
moment, the impinging vortex is “broken” into two fractiong the blade wake
vortices. The smaller fraction is still maintained cldésethe position of the vortex
core observed a¥=0.13Ty (Figure 4.22(b)); the other fraction locates in vicirtity
the position of the vortex core shown in Figure 4.2Zd)thermore, whel¥=0.25Ty,
the vortices in the blade wake is also split into two pidgethe impinging vortex, as
shown in Figure 4.22(c).

Essentially, the “broken” of the blade wake vortices #ra impinging vortex is a
result of the interaction between two counter-rotatingtises. For a pair of
opposite-sign vortices, within the stability margin, as ongr@gches, the other one
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has a trend to deform and move to the opposite diredtthin the critical distance,
one or both of them would be broken into two ore manaler fractions by the other
ond®*?® For the impinging vortex shown in Figure 4.22(c), siheing broken into

two parts, the vorticity of each of them is lower than tHageoved in other phase
angle conditions.

n

(R
/

Blade wake vortices

Impinging vortex

Figure 4.23: Scheme of blade wake vortices anihtpaging vortex

4.4.1.2 Variation of vortex center positions

Due to the contraction of stream tube and induced tamgerglocity caused by

propeller, the impinging vortex filament locus is bentitaprogresses through the
propeller disk, as shown in Figure 4.24. The locus ibgncauses the displacement of

the mean vortex center position observed between the reezst planes upstream
and downstream the propeller.

Figure 4.24: Locus of the vortex filament

Comparison of the instantaneous and mean position@reéx center in two PIV
measurement planes is shown in Figure 4.25, which istridited in the polar
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coordinate system centered by the propeller axighdrplane upstream the propeller,
vortex is not significantly influenced by the propelleg thstantaneous positions fo
vortex center meander in a very small vibrational aongé (Figure 4.25(a)), which is
ascribed to the wandering of wingtip voi¥¥®!. However, in the flow field
downstream the propeller, after being affected by propblédes, the instantaneous
positions of vortex center do not meander equallyadfial ¢)- and circumferential
(¢)-coordinate any more. As shown in Figure 4.25(b),ntnf®a stretched distribution
region, which lays from top-left to bottom-right. The mg@osition of vortex center,
comparing to that shown in Figure 4.25(a), moves inwadd rotates in the
counter-clockwise direction.

w2
(a) Upstream plane (b) Downstream plane

Figure 4.25: Comparison of mean and instantaneossigns of vortex center in the
measurement planes upstream and downstream thellprofJ=0.58,
Fimp=0.74,I'c=-0.275)

The statistical results of the instantaneous positionsméx center are given in Table
4.3. In bothr- and #-coordinate, the standard deviation in the measuremant pl
downstream the propeller is about one order higher thainmeasured in the other
plane. Being consistent with the result observed in FigL#g, it indicates that in the
flow field downstream the propeller, the instantaneou#ipnf vortex center has a
larger meandering amplitude. To better understandpirsomenon, mean positions
of the vortex center under each blade phase anglecmputed and presented in
Figure 4.26.

Table 4.3: Statistical comparison of instantanevoidex center positions.J€0.58,
Fimp=0.74,Ic, im7=-0.275)

M ean position of

standard deviation of  standard deviation of
vortex center

ther-coordinate the #-coordinate
r
Upstream plane 0.728 0.001 0.0038 0.0062
Downstream plane 0.565 0.216 0.0429 0.0797
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As shown in Figure 4.26, at the moment before the bleades vortices coincide with
the impinging vortex core'{=0.13Ty), the vortex center position has the largest
displacement with respect to the vortex impingement positieasured in the plane
upstream the propeller. After that,'®t0.25Ty, the vortex center “jumps” back to the
position that is nearest to the impingement position. Afieds, with the blade phase
angle increasing, vortex center moves in the inwardvestclockwise direction
gradually, and finally reaches the farthest position agal#=0.13Ty. Thus, in the
flow field downstream the propeller, the impinging vorteenter position varies
periodically.
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Figure 4.26: Dependence of the position of vorterter on the blade phase angle.
(downstreamJ=0.58,rin;=0.74,I ¢, im7=-0.275)

With the thrust measured by RSB, the radial displacemettieofmean position of

vortex center caused by the contraction of stream tuhebearoughly estimated.
According to Eg. (3.12), we have the mean axial indusgocity is about 12.0m/s.
Based on the momentum theory, the ratio between the-secsisnal radius of the
stream tube at the propeller disk and that at the axial positfnite upstream is

about 0.8. Assume the radial distribution of axial valodbes not change in different
cross sections of the stream tube, we have the radi@lgooof the vortex center in
the plane downstream the propeller is about 0.58R.
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Figure 4.27: Distribution of induced tangentialo@ty in the radial direction for the
isolated propeller case. (acquired by BEM theory)

In the circumferential direction, displacement of the mpasition of vortex center

can be estimated by the the induced tangential velocitgoling to the design

parameters of the propeller and the experimental sevep gn Section 3.2 , the axial
distance between these two PIV measurement planes i$ @Bd@m. Considering

magnitude of the axial induced velocity, we have the tinmelfe vortex to progress
from the blade leading-edge to the measurement planboigt #.0015s. Use the
induced tangential velocity at the propeller disk (gibgnBEM theory as shown in

Figure 4.27) as the mean tangential velocity between theneasurement planes, we
have the circumferential displacement of the vortex cdatabout 0.016m, which is
about 0.25 in thé-coordinate.

The estimation given above is virtually consistent with the resitained by PIV

measurement. Then it can be concluded that the tanférdiiced velocity and the
contraction of stream tube are two prime factors thevant for the displacement of
the mean position of vortex center between these two mesasuat planes. However,
the dependence of vortex center position on blade pmagesashown in Figure 4.26
cannot be explained by that. Instead, it is a resulteoirtteraction of vortices.

Assume a case that there is no blade wake vortices ngxigii the flow field
downstream the propeller. Because of the induced téagerelocity and the
contraction of stream tube, the instantaneous positiamoméx center would always
locates near to the mean position. However, with the wakiices being generated,
interaction between the impinging vortex and the wake \astmccurs as they age
downstream from the blade trailing-edge. At phase ante6.38-0.75T, the
approaching blade wake vortices have the prime influemcthe impinging vortex.
The vortex core is forced to move away from the m@asition in the blade rotating
direction. At the moment the blade wake vortices coincidin the vortex core
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(¥=0.25Ty), it breaks the impinging vortex into two smaller pattemich moves
the impinging vortex (which is recognized as the pattern laiter vorticity) to the
position that is farthest from the mean position. Afterwaatsthe phase angles
¥=0.88-0.13T;, it is the leaving blade wake vortices that have thet rsigmificant
effect on the impinging vortex. Since it rotates awayi,itgnging vortex gradually
moves back to the mean position.

Additionally, the dispersion of the vortex center positionriooordinate can be
explained by Biot-Savart law, which describes the veleitnduced by 3-D vortices
lines. Assume the blade wake vortices consist of nsamgll-radii vortices which are
infinite long in the axial direction. According to Biot-Saviaw given by Eq. (2.26),
in the Y-Z plane, velocities induced by these vortices Hdikections as shown in
Figure 4.28. At different sides of the blade wake, thduded velocities in the
r-coordinate have opposite directions.

As one wake vortices sheet approaches, in the viewngineFigure 4.22, the
impinging vortex filament locates at the left side of thadkl wake vortices. In the
Y-Z plane, velocities induced by the wake vortices at théiposof the impinging
vortex point to the propeller axis. Magnitude of the indugelocity increases with
the distance decreasing, leading to a further inwatdilrgosition of the vortex core.
Once the blade wake rotates through the impinging vaxes, the radial component
of the induced velocities points outwards. As the wakeiogs sheet rotates away,
magnitude of the induced velocities decreases, hence died displacement of the
vortex center from the mean position becomes smaller.

Blade wake vortices

Figure 4.28: Scheme of the velocities induced eytilade wake vortices.
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4.4.1.3 Variations of vortex core radius and circulation

As shown in Figure 4.22, in the flow field downstre#ime propeller, profile of the

impinging vortex is not always axisymmetric. Considering ttiegt,vortex core radius
is defined by the radial position where the maximum ntaagential velocity in the

circumferential direction achieved. Dependence of vortre cadius on the blade
phase angle is presented in Figure 4.29. Generally, enpthne downstream the
propeller, the vortex radius is smaller than that medsaréhe upstream plane, which
is ascribed to the contraction of stream tube caused pgleo
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Figure 4.29: Dependence of the vortex core radiuklade phase angle. (downstream,
J=0.58,rimp=0.74,1 ¢, im7=-0.275)

When the blade wake vortices coincides with the imipimgvortex position
(¥=0.25Ty), the vortex radius achieves the lowest value. Becdubésanoment, the
impinging vortex is broken into two smaller fractions, &nel result shown in Figure
4.29 only considers the radius of one of them. Infthlewing phase angles, as the

next blade gets closer to the vortex filament, the impopgvortex core radius
decreases slightly.

As observed in Figure 4.22, regardless of the phagles, vorticity of the vortex core
is always larger than that measured in the flow field upstréee propeller. It is a
result of the contraction of stream tube. As describedEdpy(2.19), for two cross
sections of the vortex tube at these two measuremergglave have

L DwdV = jsl W N, dS— LZ w,N,,dS=0 (4.10)

where wx1, Nk, S and wxe, Nk, S represent the vorticity, face normal vector and
cross-sectional area of vortex tube for the cross sectipstream and downstream the
propeller disk, respectively. As shown in Figure 4.28,dbre radius of the impinging
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vortex measured in the plane downstream the propelleralesnThus.S; is smaller
thanS.. Then we have the vorticity in the downstream planergetathan that in the
upstream plane.

Figure 4.30 shows the dependence of the maximum naemeritial velocity in the
circumferential direction \(;y,v) on the propeller blade phase angle. Similarly, at
¥=0.25Ty, Viymachieves the lowest value. After that, with the phasesangteasing,

it gradually increases back to the value observed b&#e@e25Ty .
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Figure 4.30: Dependence of the maximum tangengialoity on the blade phase angle.
(downstreamJ=0.58,r,=0.74,I ¢, im=-0.275)

Given the variation of vortex core radius, magnitude efwbrtex core circulation at
each phase angle can be obtained by Eq. (4.1), whiglesented in Figure 4.31. A
sharp decrease occurs aff#6r0.13Ty, leading to the lowest magnitude of circulation
at¥=0.25Ty. After that, the core circulation increases back toalpe&onstant value
which is slightly lower than that measured in the plapstream the propeller. It
indicates that when the impinging vortex filament devekbhpsugh the gap between
two blades, its core circulation is not significantly influeshcey the propeller.
However, when the blade wake coincides with the voréexzignificant decrease of
core circulation can be observed, which is a resulthefdecrease of vortex core
radius and maximum tangential velocity, as shown in Figi2@ and Figure 4.30.
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Figure 4.31: Dependence of the vortex core cirmnabn the blade phase angle.
(downstreamJ=0.58,ri;;=0.74,I ¢, im=-0.275)

Notice that the opposite trends of the variation of core saalig swirl velocity after
¥=0.25Ty is ascribed to the conservation of core circulation. Adiog to Stokes’

theorem given in Eg. (2.9), expressing the core citicuidy the maximum tangential
velocity Vi ym we have

Me = Efcvwdl =2,V ym (4.11)

wherew;, is the local velocity at each elemental line along thegratgpath. As shown
in Figure 4.31, the core circulation magnitude keeps neargtant afte’=0.25Ty.
So with the blade phase angle increasing, the vortex maieis and maximum
tangential velocity have opposite trends of variation.

4.4.2 Effects of the rotational direction of the impinging

vortex

In this section, effect of the impinging vortex rotatiodaéction is studied (Cases C1
and E2 in Table 3.2). Same as the definition stated atid®e4.1 , the symbols of
vortex core circulation and vorticity is marked negativieen it counter-rotates with
the propeller, and marked positive for the co-rotatirgeca

4.4.2.1 Variation of vortex profile

Comparison of the vorticity field and radial profile of ttengential velocity in the
flow field upstream the propeller are presented in Figud@ andFigure 4.33. When
co-rotating with the propeller, the vortex has larger tatigevelocity and a slightly
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smaller core radius. Except for that, the rotationadation does not have any other
effect on the vortex profile observed in the planengjash the propeller disk.
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Figure 4.32: Comparison of vorticity field for inmging vortex with different
rotational directions. (upstread%0.58,rin,=0.74)
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Figure 4.33: Comparison of radial profile of thengantial velocity for impinging
vortexes with different rotational directions. (tream, J=0.58,
limp=0.74)

Dependence of the vorticity field on vortex rotationakdiion in the measurement
plane downstream the propeller is shown in Figure 4.34y @he phase angles at
which the blade wake vortices are close to the impinging xoctae position
(¥=0.13Ty, 0.25Ty and 0.38%) are presented. As illustrated in Section 4.4.1 tHer
counter-rotating case, unstable interaction occurs betweembinging vortex and
the blade wake vortices. Deformation of both the impingmgex and the blade
wake vortices is observed in the figures in the rigi sif Figure 4.34(a). And even if
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they get very close to each other, there is always avimcity region forming a
“gap” between these opposite-signed vortices.

For the case that the impinging vortex has a positive synasothe blade wake
vortices approaches, it start to merge with the impingimgexoWhen the blade wake
vortices get close enough to the impinging vortex coregthes vortices merge into
a single pattern with higher vorticity (as shown in Figh/@4(b)), which is a result of
the interaction between a pair of co-rotating vortices!, At phase angle¥=0.13T,
and 0.38%, since the strength of the blade wake vortices is musbrithan that of
the impinging vortex, a smaller part of the wake vodite torn and consequently
wrapped around the impinging vort& While, the profile of the impinging vortex is
virtually unaffected.
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Figure 4.34: Dependence of vorticity field on vartetational direction. For each case,
three phase angles at which blade positions asesido the impinging
vortex column are selected and shown. For eachephiagle, the figure
on the right hand side gives the details of theaamarked by the
rectangular frame in the figure on the left handesihighlighting flow
field near the impinging vortex. (upstreair0.58, rim=0.74)

4.4.2.2 Variation of vortex center position

The statistical comparison of instantaneous vortex cgugitions is shown in Table
4.4. The opposite vortex rotational directions do natehany significant impact on

the displacement of the mean vortex between two measntgiames. However, for

the distribution of instantaneous vortex center positionscdh@ter-rotating case has
larger standard deviations, in both thendé#-coordinate. It indicates that in the flow
field downstream the propeller, wandering of the vortexarecounter-rotating case is
more significant for the co-rotating case.
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Table 4.4: Effect of vortex rotational direction wortex core center positiond=0.58,

lmp=0.74)
FC, imp -0.275 0.275
Displacement of mean vortex center 0.216 0.219
Sandard deviation of instantaneous | r-coordinate 0.0429 0.0091
vortex center positions 0-coordinate | 0.0797 0.0429

Dependence of the vortex position on blade phase angjeen in Figure 4.35. The

circles indicate the uncertainty of the instantaneougipos of the vortex, radius of

that equals to the mean distance between all the instantampositions and the mean
position at the corresponding phase angle. When the impingrtex counter-rotates

with the propeller, between each two neighbored phase santie vortex center

moves a relatively large distance. However, for the tatirgy case, the distribution

of the vortex center is more concentrated. It just maxey slightly as the phase

angle varies, and mainly in the circumferential directiond Ahe commonly observed

overlap between the uncertainty circles suggests thaihdoco-rotating case, position
of vortex center is not highly dependent on the élplkdase angle.
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Figure 4.35: Dependence of the positions of vodaxthe blade phase angles. The
center of the circle represents the mean positiothe vortex at each
phase angle; the radius of the circles represdmsntean distance
between the instantaneous positions and the mesitiopoof the vortex
center. (downstreand=0.58,rin=0.74)

It is the different effects of interaction between tiwe and counter-rotating vortices
pair that account for the different distribution of vortexter observed in Figure 4.35.
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For the counter-rotating case, as illustrated in Seatidrl.2 , significant wandering
of vortex center is caused by the interaction betweemplpesite-sign vortices pair.
While, as shown in Figure 4.34(b), when the impingimgtex co-rotates with the
propeller, it has a trend to merge with the blade wak&ices. Evenly, once they get
close enough to each other, merger can be observédteimeasurement plane. It
keeps the vortex center varying in a relatively small mregibue to the fact that
neither of the induced tangential velocity and contractd the stream tube is
dependent on the vortex rotational direction, the reshltsvn in Figure 4.35 support
the conclusion that the vortices interaction is the prime faittatr influence the
dispersion of the vortex center distribution in the flow figtdvnstream the propeller.

Note that the interaction between a pair of co-rotating \estiwill develop as the
vortices age downstredfi%. In the flow field further downstream, it can be iméet
that merger between the impinging vortex and the wakgcesrcan be observed in
more blade angle moments other tN&r0.25T.

4.4.2.3 Variations of vortex core radius and circulation

A comparison of the impinging vortex characteristics ia flow field upstream the
propeller is presented in Table 4.5. The vortex coraisadoes not vary significantly
with the change of the sense of rotation. However, whenvortex counter-rotates
with the propeller, the magnitude of the maximum tangent@boity and core

circulation are larger than that for the other case.

Table 4.5: Comparison of impinging vortex core wadimaximum tangential velocity
and core circulation for different vortex rotatibrdirections. (upstream,
J=0.58,rn;=0.74)

I'c imp -0.275 0.275
re 0.069 0.065

Viv,m -0.64 0.73
Ic -0.277 0.297

In the flow field downstream the propeller, dependerfceoce radius on the blade
phase angles is shown in Figure 4.36. For both ofetlhes cases, the vortex core
radius achieves the lowest value at phase akhg®e25Ty. However, for each of these
cases, it is caused by different mechanisms. As sliowigure 4.34, whei¥’=0.25Ty,
for the co-rotating case, the impinging vortex mergeh the blade wake vortices. It
generates a new vortex with smaller core radius buedacgre vorticity. For the
counter-rotating case, the impinging vortex is broken bybilade wake vortices into
two patterns, each of them has smaller radius and lovesTsity.
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Figure 4.36: Effect of the vortex rotational diiect on the vortex core radius.
(downstreamJ=0.58,rim;=0.74)

Comparison of the magnitude of the maximum tangentialcitgles shown in Figure
4.37. At most of the blade phase angles, the curvethése two cases have good
agreement. However, at the mom#&ft0.25Ty, thus, when the impinging vortex and
blade wake vortices has the strongest interaction eWegt, for the co-rotating case
is much larger than that for the other case. Eveniy,ld@rger than the values for any
other phase angle. Such a large value of maximumetdiad velocity observed at
¥=0.25Ty is in consistence with the vortices merger observeBignre 4.34(b). It
forms a new vortex pattern with larger magnitude ofieiy.
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Figure 4.37: Effect of vortex rotational direction the maximum tangential velocity.
(downstreamJ}=0.58,ri,,=0.74)
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The dependence of core circulation on the blade phase isrghown in Figure 4.38.
It is consistent with the vortex profiles as presented inr€igh.34. Whe'=0.25Ty,
the vortex core radius for both two cases achieve a lalwev For the case
Ic,im=0.275, the maximum tangential velocity is much higher thanfor the other
case. As a result, at the phase aNgh®.25Ty, a larger magnitude of core circulation
is observed for the cage, im=0.275.
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Figure 4.38: Effect of vortex rotational directian the vortex core circulation.
(downstreamJ=0.58,r;=0.74)

4.4.3 Effects of propeller advance ratio

In this section, three advance ratio conditions, 0.58, &1.10 (Cases C1, C2 and
C3 in Table 3.2) are selected to investigate the effecadsfance ratio on the
development of vortex filament through the propeller disk.

4.4.3.1 Variations of vortex profile

For each advance ratio, vorticity field and radial profifehe tangential velocity in
the measurement plane upstream the propeller are shokigure 4.39Figure 4.40.
The position of vortex center in the plane upstream trepgller is virtually

independent from the advance ratio. However, with advaate increasing, the
vortex core radius slightly increases, and magnitude efnfaximum tangential
velocity decreases (Figure 4.40).
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Figure 4.39: Comparison of vorticity fields of difent advance ratios. (upstream,
I'c,img=-0.275,lim=0.74)
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Figure 4.40: Comparison of radial profile of thengantial velocity for different
advance ratio conditions. (upstrears, in=-0.275,lin=0.74)

As illustrated in Figure 4.22, in the flow field downstreém propeller, the vortex
profile is dependent on the blade phase angle. Whenrlatle twake vortices rotate to
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the position that coincides with the impinging vortex corentlest severe interaction
effect can be observed. In Figure 4.41, the vortiag#ldfin the measurement plane
downstream the propeller for different advance ratiesséwown. For each advance
ratio condition, contour figures for two phase anglessaiected to present, including
the one when the blade wake vortices coincides with dnex column and the one
follows.

In lower advance ratio condition, the propeller has éigbtational speed and heavier
load, which cause stronger blade wake vortices. Wlw€n58, as shown in Figure
4.41(a), once the position of the blade wake vortm@acides with the impinging
vortex, they break each other into smaller vortices frastid\s the advance ratio
increases, propeller rotational speed decreases, resuitimgeaker blade wake
vortices. As observed in Figure 4.41(c), wideld.10, the blade wake vortices are not
strong enough to break the impinging vortex apart. Thginging vortex is just
stretched into a longer shape, but still maintains as déewlootex body.
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Figure 4.41: Dependence of the vorticity field sogeller advance ratio. (downstream,
I'c,im=-0.275,im;=0.74)

WhenJ=1.10, the propeller blade vortices coincide with the mgjsig vortex column
at phase angl#=0.13Ty, which is one phase angle step advanced comparitigto
for J=0.58 and 0.78. It is a result of the smaller displacernérthe mean vortex
center position between these two measurement planesilsDabout that will be
discussed in the next section.

4.4.3.2 Variations of vortex center positions

All the four factors that have impacts on the vortexteeposition in the flow field
downstream the propeller, induced tangential velocity, aotitm of stream tube,
interaction between vortices and velocities induced by thdebwake vortices, are
dependent on advance ratio. As a result, variatioadvance ratio has significant
effects on the position of the impinging vortex center.

Figure 4.42 andFigure 4.43(a) present the displacemetiteofnean vortex center
positions between two measurement planes for diffedvdaree ratios. In the plane
upstream the propeller, the mean vortex center posgioitually independent from

the advance ratio. While, in the plane downstream theeflespas advance ratio
increasing, the mean vortex center position gets closératan the upstream plane.
Thus, the displacement of the mean vortex center podigmomes smaller as the
advance ratio increases.

As discussed in Section 4.4.1.2 , displacement of thenaegex center position
between two measurement planes are dependent on theedhthngential velocity
and contraction of stream tube. As advance ratio isesahe rotational speed of
each blade and load of the propeller decrease, leadifyvtr induced tangential
velocity and less contraction of stream tube. Hencegdaance ratio increases, the
displacement of mean vortex center position decreadmstlim- andf-coordinate.
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Figure 4.42: Displacement of mean vortex centeitiposbetween the upstream and
downstream measurement planes for different adveatices. (=0.58,/¢,
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Figure 4.43: Statistical analysis of vortex cemesitions for different advance ratios.
(downstream)) =0.58,/ ¢, im=-0.275)

Statistical analysis of the vortex center positions isqmted in Figure 4.43. As
advance ratio increases, standard deviation of the tas&ous center positions in the
plane downstream the propeller (Figure 4.43(b)) deesgasn both r- and
f-coordinate. Evidently, it indicates that when propebelvance ratio increases,
distribution of the instantaneous vortex center positionserfltw field downstream
the propeller becomes more concentrated.

As shown in Figure 4.41, strength of the blade wake \amtitecreases as the advance
ratio increases. The effect of the interaction between lddelwake vortices and the
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impinging vortex becomes less

significant. And also, adagri Biot-Savart law, the

magnitude of the velocities induced by the blade wake verbeeomes lower. As a
result, with advance ratio increasing, the distribution ofaimsneous vortex center

becomes less dispersed.

4.4.3.3 Variations of vortex characteristics

Variations of the impinging vortex core radius, maximamgential velocity and core
circulation with advance ratio in the flow field upstream gepeller are given in
Figure 4.44. As advance ratio increases, contractiatream tube becomes weaker.
The vortex core radius increases, the maximum tangemstiatity decreases, and the
core circulation is basically independent from the advaadier
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Figure 4.44: Dependence of impinging vortex chaméstics on propeller advance
ratio. (upstreamy ¢, im=-0.275,i;;=0.74)

In the measurement plane downstream the propeller, @snsin Figure 4.45
andFigure 4.46, when the impinging vortex aging throughgtp between two blades
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(*¥=0.38Ty-0.88Ty), lower advance ratio results in smaller vortex codius and
larger magnitude of the maximum tangential velocity. Fehesdvance ratio, both
andV;,machieves the lowest value at the phase angle wigeimipinging vortex and
blade wake vortices coincide with each other. After,thaincreases to a high point
immediately, and then decreases gradually. WNilg, just monotonically increases
from the lowest value. Furthermore, as shown in Figu4&,4he variation of . and
Vivm between the planes upstream and downstream the pragiskedr. andAV;ym
decrease with the advance ratio increasing.
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Figure 4.45: Effect of advance ratio on the vorteore radius. (downstream,
I'c, im=-0.275,1im=0.74)

12— ,
1r i
0.8 V ]
: 06f |
L
0.4} |
0.2r —e—J=0.58||
——J=0.78
J=1.10
5 0.2 0.4 0.6 0.8 1

'
HT,

Figure 4.46: Effect of advance ratio on the maximangential velocity. (downstream,
I'c,im7-0.275,;=0.74)
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Figure 4.47: Variation of vortex core radius andkimaum tangential velocity between
the measurement planes upstream and downstregmoibeler.

Dependence of the vortex core circulation on advaatie n the plane downstream
the propeller is presented in Figure 4.48. For each skthelvance ratio conditions,
due to the interaction between the impinging vortex andebhaake vortices, dramatic
vortex core circulation variation can be observed betw#e6.13Ty-0.38Ty. For
other phase angles, although not totally constant, théexocore circulation
magnitude just has slight fluctuation. And also, the variatioamdvance ratio does not
have any significant impact on the magnitude of core circulation
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Figure 4.48: Effect of advance ratio on the vortexe circulation. (downstream,
I'c,im=-0.275 limy=0.74)
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Note that in Figure 4.41Figure 4.46, both the corgicity and maximum tangential

velocity of the impinging vortex increase with propellevatce ratio decreasing. It is
a result of the increase of propeller contraction strengfith lower advance ratio,

propeller generates stronger contraction of the stream tdusing smaller vortex
core radius, as shown in Figure 4.45. Since the vaxbex circulation basically keeps
constant, as the integral area in Eq. (4.1) and intégngth in Eq. (4.11) decrease,
both the magnitudes of vorticity and maximum tangential veloedsease.

4.4.4 Effects of radial impingement position

In this section, variations of vortex characteristics untheee impinging radial
positions, rim=0.74, 0.83 and 0.92 (Cases C3, D1 and D2 in Takly 8&re
investigated.

4.4.4.1 Variation of vortex profile

For each radial impingement position, the vorticity field amdlial profile of
tangential in the upstream measurement planes arenpgdsa Figure 4.49 andFigure
4.50. As the impinging position moves outwards, excepttifie displacement of
center position, there is not any other evident differebsemwed.
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Figure 4.49: Vorticity distribution for differentripinging radial positions. (upstream,
J=1.10,I¢, im—-0.275)
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Figure 4.50: The radial profile of the tangentialocity for different radial impinging
positions. (upstreand=1.10,/ ¢, in=-0.275)

Figure 4.51 shows the vorticity fields in the measurenpane downstream the
propeller. Phase angle at which the impinging vorteraides with the blade wake
vortices =0.13Ty) and the following one¥(=0.25Ty) are chosen to present. When
¥=0.13Ty, since the blade wake vortices are very weak, thenigipg vortex is just
stretched into irregular shapes, instead of being lrok® smaller fractions. Note
that for the casessmp = 0.83 and 0.92, since the impinging vortex are vergecto the
blade tip, although its core position can still be well reed, merger between the
impinging vortex and blade tip vortices can be observed.
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Figure 4.51: Vorticity fields for different vortebmpinging radial positions. For each
case, phase angles when blade wake coincideshetimpinging vortex
column and the following one were selected. (doveash,J=1.10, I,
imp=-0.275).

4.4.4.2 Variation of vortex center position

Displacement of mean vortex center position betweertvibemeasurement planes
and standard deviation of instantaneous center positiaing iplane downstream the
propeller are given in Figure 4.52. As shown in Figu®2#), the displacement of
mean vortex center position decreases as the impingidglrposition moves

outwards. Similarly, as shown in Figure 4.52(b), the@ndard deviation of

instantaneous center positions in both two coordinates atecrevith the radial

impingement position moving outwards.

According to Figure 4.9, the maximum circumferential loadurs at radial position
r,=0.87. Comparing the radial positionn,=0.74, the other two impingement
positions are closer to the maximum load position inrttdal direction. And the
annular ring with radius of 0.74R would be contracteatarsignificant than that for
the annular ring with radius of 0.83 and 0.92. Henazdilplacement of mean vortex
center in the r-coordinate for the cagg=0.74 is much larger than that for the other
two cases. As for thé-coordinate, according to Figure 4.27, from the radialtioos
r,=0.70 the induced tangential velocity decreases asathal position increases. That
explains why the displacement of mean vortex centdrad-coordinate decreases as
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the impingement position moves outwards.
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Figure 4.52: Statistical analysis of vortex cenmsitions for different radial
impingement positions}€1.10,/ ¢, im=-0.275).

Blade wake vortices

Figure 4.53: Scheme of the velocities induced hyises at different radial positions

In the region where radial positiog>0.5, as the impinging vortex moves outwards,
according to the Biot-Savart law, sum of the radial comepts of velocities induced
at its core decreases. As shown in Figure 4.53, gidimt P, because of the direction
and magnitude of the induced velocity marked in grésncomponent in the radial
direction is smaller than that generated at the painttPesults in a smaller sum of
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the radial components of the induced velocities at Hence, smaller standard
deviation in the r-coordinate is observed for the cas#sthe impingement position
locating further outwards.

4.4.4.3 Variation of vortex core characteristics

Variations of vortex core radius, maximum tangential veloaity core circulation in
the measurement plane upstream the propeller are prdsen Figure 4.54. In
consistence with the vorticity fields and radial profilésamgential velocity shown in
Figure 4.49Figure 4.50, in the flow field upstream theppller, none of these three
parameters varies significantly.
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Figure 4.54: Dependence Qf V;,m and/ ¢ on radial impingement position. (upstream,
J=0.58,/ ¢, im=-0.275)

In the plane downstream the propeller, variations;0¥;m and/c with the vortex
radial impingement position are presented in FigufbHigure 4.56Figure 4.57,
respectively. When the vortex develops through the gapvele® two blades
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(¥=0.38Ty - 0.88Ty), as shown in Figure 4.55, for the casg=0.74, vortex core
radius is evidently larger than that for the casgs0.83 and 0.92.
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Figure 4.55: Effect of the radial impinging positimon the vortex core radius.
(downstreamJ}=0.58,7¢, img=-0.275)

As discussed above, propeller largest circumferetdad appears at radial position
r,=0.87. According to the momentum theory, larger propdad means stronger
contraction of the stream tube. Singe0.74 is farther to the heaviest load position
than the other two, for the casgy=0.74, the impinging vortex is contracted less than
that for the other two cases. Thus, the vortex core ragliserved in the plane
downstream the propeller for the casg,=0.74 is larger. And since the radial
positionsrim;=0.83 and 0.92 have almost the same distance to thestdogd position,
the vortex radius for that two cases approximately eguahch other.
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Figure 4.56: Effect of the radial impinging position the vortex maximum tangential
velocity. (downstream]=0.58,7 ¢, im=-0.275
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Figure 4.57: Effect of the radial impinging positi@n the vortex core circulation.
(downstreamJ=1.10,/ ¢, img=-0.275)
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Conclusions, Discussion and
Recommendation

This chapter gives the conclusions obtained from ttEermental and numerical
analysis reported in Chapter 4, which provides ansWerthe questions stated in this
project: what effects would be caused by the orthabamteraction between the
inflow vortex and propeller. Discussions on experimengsults and the numerical
results are presented. And it is closed with some thgolued problems and
recommendations for further research.

5.1 Variations of propeller performance

According to the numerical analysis, the variation ofpptier performance caused by
vortex impingement is a result of the variation of flowldieThe vortex tangential
velocity can increase or decrease the local tangentiatityelof blade cross sections,
which lead to lower or higher angle of attack, resultingharease or decrease of the
normal force and out-of-plane component of momenegerd by the corresponding
blade cross sections.

The impact of the impinging vortex on propeller pemiance is mainly decided by
the rotational direction of the vortex with respect to thation of propeller. When
co-rotating with the propeller, the impinging vortex @&&ges both thrust and torque
coefficients. For the counter-rotating case, both of tleenincreased. The variation
becomes more significant as the strength of the impingorngex increases and
propeller advance ratio increases, and it decreadie aadial impingement position
moves outwards. However, the vortex impingement doeshae¢ any significant
impact on efficiency of the propeller.
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5.2 Variations of vortex behavior

Interaction between the impinging vortex and blade wakécesr is an important

factor that decides the behaviors of the vortex obsarvélte plane downstream the
propeller. The effect of that interaction is mainly decittgcthe relatively rotational

direction between these two vortices. Unstable interactionurs when they

counter-rotates with each other. In that case, whenléue lvake vortices are strong
enough, the impinging vortex would be broken into fradiavith smaller scales. On
the other hand, for the co-rotating case, merger betiveenortices occurs, forming

a new pattern with higher intensity.

Characteristics of the vortex in the flow field downstnetihe propeller is dependent
on the blade phase angle. When the vortex filament agasgh the gap between two
blades, magnitude of the vortex core circulation measaréte planes upstream and
downstream the propeller does not vary significantly. & moment blade wake
vortices coincides with the impinging vortex, the core d¢aton decrease sharply for
the counter-rotating case.

Due to the contraction of stream tube caused by tgefier, the impinging vortex in

the stream tube is shrunk. The vortex core radius inloleffeld downstream of the

propeller is smaller than that observed in the flow fieldtrepsn. The decrease of
vortex radius is mainly determined by the load distribubbthe propeller. Heavier

load causes stronger contraction of the stream tubdinfeao more significant

shrinking of the vortex core. At the moments when theingipg vortex is relatively

far from the blade wake vortices, since the core citimriabasically keeps constant,
the maximum tangential velocity and vorticity of the vertacrease as the load of
propeller increases, due to the decrease of the voorexradius.

Between the measurement planes upstream and downstieanpropeller, a
displacement of the mean vortex center position carbbereed. Irr-coordinate, the
mean position of the vortex center moves inwards, wisiehresult of the contraction
of stream tube. I@-coordinate, the vortex center moves in the same direesothe
blades rotate, which is caused by the induced tangeet@dity. And in the flow field
downstream the propeller, the instantaneous position o¥dhex center wanders
with the blade phase angle. The wanderingriooordinate is decided by the
interaction between the impinging vortex and blade wagsdices, and that in
#-coordinate is relevant to the radial component ofvitlecities induced by the blade
wake vortices in the Y-Z plane.
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5.3 Discussion of modified BEM theory

Based on the comparison between the numerical andimgueal results, it can be
concluded that the modified BEM theory is able to simulagepropeller performance
variation caused by vortex impingement. However, thesthand torque coefficients
calculated by BEM theory is higher than that measusedR8B, and the variation
amplitude obtained by BEM theory is slightly smaller. fehare several possible
causes for these deviations observed between the nuhagricaxperimental results:

1) It is hard to obtain accuratg values in computation. For each station on blade,
although an accuratg-a, curve can be obtained, it is not easy to expressyif@ues
with a mathematical function. During the iteration processdlve the equations
group (3.23) and (3.24), errors on tbea, would be accumulated and lead to a
relative large error for th€q value.

2) The application of BEM theory in this project does not adersihe vortex
variation in the flow fields from upstream to downstretdu@ propeller. For example,
according to the PIV measurement results given in Sectibn 4s the impinging
vortex develops downstream, its core radius decreasdshancore center position
wanders. But in the computational process, all the vortexrackeristics are
considered constant.

3) Impinging vortex radius is in the same order of chordyile of the blade in
each station. In the numerical simulation, the flow fieldiataam caused by the
impinging vortex is only applied to the leading edge of esidioil station, and the
calculation is performed with the assumption that the wawfeil is in uniform flow.
However, in reality, the vortex may cause more compliclitav on both the pressure
and suction sides of the blade surface.

54 Recommendation for future research

In this project, only two PIV measurement planes werlecsed along the flow
direction. To have a further research on this topittingemore measurement planes,
especially in the flow field downstream of the propeliiésk would be helpful to
investigate the development of the vortex column. Sihee interaction between
vortices would develop as the vortices age downstredraracteristics of the
impinging vortex at the same phase angle might be oltelifferently in different
measurement planes.

It would be interesting to have an time dependent aisatys propeller thrust and
torque when it is impinged by an vortex filament. Suclnaestigation could be done
by applying RSB with high measurement frequency togethtr the synchronized
PIV measurement. Further relationship between the wdyehavior and propeller
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performance variation might be revealed by doing thesearch.

In the present project, since the PIV measurement pleaenot be placed infinitely
close to the propeller disk, it is difficult to find out tdevelopment of the vortex
filament in the field between these two planes. Howevds, ithquite an essential
issue for this problem. Considering this, a CFD study enséime research model
might be able to provide answers for that.

Results and conclusions obtained from this projectarekecould be applied to help
understand the effect of the ground vortex problemstated in Chapter 1. Then, a
more general situation, non-orthogonal vortex-propellégraction, is worth for a
further study. As a special situation, sometimes, vorsoeg&ed from the position that
is right down the propeller disk may impinge to the blade @pnsidering the
existence of propeller tip vortices, it would be a momaiicated problem. To study
that, CFD might be an available tool, since experimentasoreanent would be very
difficult to design and perform.
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