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Abstract

The impulsive noise associated with helicopter flight due to Blade-Vortex Inter- |
action, sometimes called blade slap is analyzed especially for the case of a close

encounter of the blade-tip vortex with a following blade. Three parts of the phe-

nomena are considered: the tip-vortex structure generated by the rotating blade,

t;,he unsteady pressure produced on the following blade during the interaction, and

the acoustic radia,tion due to the unstead& pressﬁre field.

To simplify the problem, we confine our analysis to the situation where the
vortex is aligﬁed parallel to the blade span in which case the maximu?nacoust,ic
pressure results. The 2-dimensional incompressible flow is assumed with uniform
motion of the blade. The tip-vortex is modelled so that the circulation near the
tip is rolled into a concentrated vortex and the extreme case of the interaction
is studied when the following blade cuts through the center of this vortex core,
w‘hich.is turbulent and viscous. It is further assumed that, during the interaction,
there is no distortion of the vortex path or of the vortex itself ; in other words
the interaction occurs only through the boul;dary condition on the blade giving
an unsteady pressure on the blade surface, the usual assumption for gust anaiysis.

Acoustic radiation'due to the interaction is analyzed in space-fixed coordinates

and in the time domain with the unsteady pressure on the blade surface as the -
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source of chordwise compact, but spanwise non-compact radiation. Maximum
acoustic pressure is related to the vortex core size and Reynolds number which
are in turn functions of the blade-tip aerodynamic parameters.

Finally noise reduction'and performance are considered. Some reduction in
noise may be achieved by modification of thé blade-tip shape but at the expense

of reduced aerodynamic efficiency.

iii



COntents

Acknowledgment . .. ... .. R 111
Abstract . . . . . . . L e v
Table of Contents . . . . . @t e e e e e e e e e e e e e e e e vi
Listof Figures . . .. ... ... ... . ... viii
List of Tables . . . ... ...... e e e e e e ix
Nomenclature . . . . . .. ... ... . .. e e e e xi
1 Introduction 1
1.1 Background . ... ................ e e e e e e e 4
1.1.1 Flow Body Interaction . . . ... ............. e 4
1.1.2  Aeroacoustics . . . . ... .. e e e e 5
1.1.3 Tip Vortex . . ... ... e e e e e e e 6
1.1.4  Helicopter Noise . .. .. .............. e -9
1.2 Review of Previous Work . ........... e e 11
1.3 Statement of the Problem . . ... . . ... ... ... ........ 14
2 Aeroacoustic Formulation 17
2.1 General procedure for the aeroacoustic equation and solution ... 18
2.2 Kinematic Relationship between the Space and Time . ... . . ... 25
2.3 Alternative expressions for the monopole and the dipole terms . . 27
2.3.1 Monopoleterm . ... ... ... .. ... .. .. 27
232 Dipoleterm . ... .............. U 30

3 Analysis 33 °
31 RotorTipVortex . .......................... 33

3.1.1 Relation between tip aerodynamic parameters and vortex

core . ....... e e e e e e e e e e e e e e e e e 34
3.1.2 The turbulent viscous vortexcore . ............. 39
3.1.3 The characteristics of the rotor vortex . . . ... ... ... 48
3.2 Unsteady Loads During the Interaction . ... ... ... ..... 53
3.2.1 Unsteady loading on thesurface . .............. 54
3.2.2 Behavior of the Kiissner Function. . . . . .. .. ... ... 60

v



- 3.3

3.2.3 Evaluationofthelift ... .. ... .. ........... - 61

Acoustic Pressure . ... ... ... .......... e e e e e 67
3.3.1 Far field approximation ... ................. 69
3.3.2 An alternative form for a spanwise noncompact source . .. 70
3.3.3 Interference of the spanwise non-compact source ... ... 73
3.3.4 Evaluation of the Acoustic Pressure . . ... .. ... ... 76
3.3.5 Moving observer and moving source . . .......... . 82
. 3.4 Noise Reduction and Performance .......... e 84
3.4.1 Modification of the tip circulation shape . . . ... ... .. 86
Results & Discussion 91
4.1 Vortex Velocity Profile . . . . ... ... ... ... ... 91
4.2 Unsteady Lift and Acoustic Signal . .. .. .. ... ........ 94
4.3 Reynolds Number and Vortex Size Effect . . . ... ... ... .. 95
4.4 Noncompact Source and Observer Position Effects . ... ... .. 96
4.5 Directivity Pattern for the Peak Amplitude in the Acoustic Pressure 98
4.6 Noise Performance Trade-Off . ... .. e e e e e e e e e e e e 100
Conclusions ' - 101
Final Remarks ' S _ - ' 103
APPENDIX . 108
A S R 108
B ...... ..., e e e e e e e e e e e e e e e e e e e e e 110
C e e e e e e e e e e e e e e e e e e 112
D e e e e e e e . 116
REFERENCES | | | 118
TABLES ‘ 130
FIGURES o 131



List of Figures

U AW

10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28
29

Limiting cases of blade vortex interaction . .. ... .. ... ... 131
Stages in develoment of tipvortex . . . .. ... .. ... ... .. - 132
Flow visualization during the vortex body interaction . .. .. .. 133
Spectrum for helicopter . . .. ... ........... cee . 134
Impulsive noise signal . . ... ... .. ... ... ... L. 134
Spectrum of rotational noise (a) with blade vortex interaction (b) .
with tip vortex eliminated . . . . . . . .. e e e e e e e e e 135
Trajectories of rotating tipvortex . . . . ... .. .. ........ 136
Space and time coordinates . ... ... e e e 137
space-time diagram for a moving source and observer . . . . . .. . 137
Relation between the spanwise circulation and tip vortex. .. . . . 138
Tip vortex geometry . .. ... .. e e e e e e e e e e e 138
Equivalent tip vortex system . ... .. ... ....... e 139
Vortex velocity distribution . . . . ... ... ... ... ... 140
Coordinate system of the blade during interaction . .. ... ... 140
Kiussner function . . .. .. .. ... .. L o oo 141
Gradient of the Kiissner function . . . . ... ... ... ...... 141
Profile of the convecting vortex velocity gradient at the leading edge 142
Exponential Integration function . .. ... ... ... ... ..., 142
Coordinate of the movingsource . ... ... ............ 143
Schematic diagram of the Duhamul’s Integration for acoustic signal 143
Interference process of the spanwise noncompact source . ... .. 144
Variation of delayed signal time with observer position . . . . . .. 145
Simplified model signal in time domain and its spectrum . . . . . . 145
Various tip configurations . . . .. .. .. ... ... ... ..., 146
Experimental data for rotor tipvortex L. . . . . . .. ... .. 147
Experimental data for rotor tipvortex IL. . . . . ... ... .... 147
Vortex core velocity profile comparition (a) circulation profile (b)

tangential velocity profile . . ... ... ... ... .. oo oL 148
Typical variation of unsteady lift and acoustic signal . . . .. . .. 149
Variations of signal with vortexsize . ... ... .......... 150

vi




30
31

32,
33

.34

- 35

36
37

38

Variations of signal with Reynolds Number (T',/v) . ... ... ..
Effects of Reynolds Number and turbulent vortex size on maximum
acoustic pressure . . . . . ... 0 ... e e e e e

Variations of signal with observer position . . . ... ... ... .. _

Observer positions in the spherical coordinates . .-. . ... .. ..
Peak acoustic pressure in the plane of symmmetry . ... ... ..
Peak acoustic pressure in the plane¢y=x/6 . . . ... ... .. ..
Peak acoustic pressure in the plane ¢y =#x/3 . . . . . ... ... ..
(a) Tip circulation profile (b) Variation of vortex size and peak
acoustic pressure with tip-loading parameter m (c) Variation of tip
efficiency with tip-loading parameterm .. ... ... ... .. ..
Trade off between noise reduction and aerodynamic efficiency for
L £ 9 10 1T 2 o

vii



List of Tables

viii



Nomenclature

G,

speed of sound in the medium at rest
equivalent tip area
equivalent tib aspect ratio

blade semichord . e

2xv
k3r,

nondimensional constant
induced drag coefficient of the tip
lift coefficient of the tip

“Theordorsen function

characteristic length of vortex persistence
width of the signal in time

directivity function for a point source

tip aerodygami'c efficiency ;-ﬁ‘%;:
exponential integration function

blade surface function or frequency Hz
body force in the fluid element in 1 direﬁtion
force on the body surface in 1 direction

dipole strength tensor

fuction relating the source, observer and propagation time

g=17—t+R/a,
nondimensional vortex circulation function I'/T,

nondimensional blade tip circulation function I'/T,,



nondimensinal vortex core kinetic energy (= &,c < 1)

127
Heaviside function
Hankel function of the second kind of order' n
nondimensional maximum acoustic pressure in emission time
nondimensional acoustic pressure radiated near the leading edge
Bessel function of the first kind of order 0, 1
reduced frequency w;b/U or constant related to the vortex core
outward normal direction to the surface S

half of the span length of the acoustic source

unsteady lift

‘residual contribution of the tail of the vortex to the unsteady lift

lift near the blade tip

mass flow rate in the fluid element or power of the tip circulation
function ' :

- Mach number

Mach number vector
Mach number vector component in the direction to the observer

observer Mach number vector component in the direction
to the source

normal direction in j direction

acoustic pressure at the position of the observer or pressure
on the surface §

monopole strength

turbulent vortex core radius

initial r, in decay region

laminar sub core radius

half the distance between the equivalent vortex pair

distance between moving source and observer or rotor radius



Reynolds number T, /v
Reynolds number based on the tip chord length
R component in 1 direction

propagating diatance from the initial position of the source
to the position of the observer receiving the initial signal

rotor radius at maximum circulation

initial distance from the observer and source in 5, direction
nondimensional time Ur/b

nondimensional time U7, /b

nondimensional time s at the leading edge corresponding to

the region of the convecting vortex 1 =0,1,2,3,4

-tip loading parameter s, = [, Gdy/(R — Rm)

blade surface

Sears function

' cylindrica.l control suface ; S;, S, in z direction and S;
_in r direction

recep‘tion time (or observed time)

charateristic time of vortex decay or period of the sinusoidal
acoustic wave in reception time

peﬁod of the acoustic wave of critical harmonic in reception time
period of the repeated acoustic signal in reception time
quadrupole strength tensor : Lighthill tensor

flow velocity in 1 direction

flow velocity at S, surface in z, y, z direction

convecting blade speed or source velocity in linear-motion

rotor velocity at maximum circulation

forward speed of helfcopter

velocity of the surface S (= U in linear motion)



Up, Vg, U

Coordinate

r,0,z,t
z’ y) z’ T
I,’,t
Yy, T

iy Te

observer velocity 4

flow velocity at S; surface in r direction

vortex velocity in r,8, z directions

vortex velocity function

Maximum velocity function at z = 2*

volume occupied by moving body

normal component of the airfoil velocity

normal component of a gust velocity on the blade
amplituae of the step gust

initial distance from the vortex core to the leading edge of
the following blade

r/r,

r/r,

cylindrial coordinate in vortéx core

blade fixed coordinate in aerodynamics

“space fixed coordinate

space fixed coordinate describing the source'.f)osition

blade fixed coordinate in acoustics

Greek Symbols

constant iﬁ vortex core (= 1,c € 1)
circulation in vortex core

circulation on the blade tip
maximum circulation on the blade tip

maximum circulation on the vortex =~ T,,

xi1



Miscellaneous

v

" delta function

- Kronecker delata function

delayed reception time due to the span length

eddy viécosity It:(;-,)‘/2 = k(r/p)ir |
vorticity in the core 4% '

nondimesional variable z?/c¢

absolute viscosity or abvance ration (Uy/ QR)‘

kinematic viscosity u/p

air density

aif density in the medium at rest

signal width/period

time at the leading edge during the interaction
distufbed potential function

angular frequency

source fequency

fundamental frequency 27/T,

critical frequency

~ helicopter rotor angular speed

azimuthal angle

Kiissner function

source time or circumferential shear stress
emission (or retarded time) for moving source

viscous shear stress

gradient (‘.%, %, a%—)

xiii



Chapter 1

Introduction

The tip vortex for many years has been the subject of research and is impértaﬁt
to the generation of the lift and drag of the wing and the downwash at the tail
of an aircraft. In addition research on the tip vortex has been stimulated by
the concern that the tip vortex of a large aircraft might be hazardous to smaller
following aircraft.

Recently, interest ha.s'been increased in the tip vortex produced by a rotating
blade not onl because its path and core size are related to the prediction of the
rotor blade performance but also because the vortex encounters the following blade
or the tail blade periodically, and causes the one of the primary sources of vibration
and impulsive noise, sometimes called “ blade slap”, in certain flight conditions
for helicopters.

During the interaction with the blade, there will be fluctuation of the flow
around the blade and generation of acoustic waves radiating to the far field. It is
also expected that the strength and the structure of the vortex become important
factors during the interaction especially for the close interaction with the blade.

The objective of this thesis is the calculation of the unsteady loads and the




acoustic field, arising from the interaction, with the rotor vortex described in
terms of tip balde aerodynamic parameters, which are directly related to the per-
formacne, blade tip design and noise reduétion.

To analyse this blade vortex interaction, three parts of the phenomena must be
considered; the tip vortex generated by the blade, the unsteady pressure produced
on the foilowing blade during the_ interaction, and the acoustic radiation due to
this unsteady pressure field. The vortex is concenfrated in a single curved filament
whose core is viscous and turbulent, and during the interaction with the following
blade, the vortex and vortex path are distorted and sometimes a secondary vortex
is generated at the surface of the blade. Meanwhile the pressure on the surface
becomes unsteady due to the change of local instantaneous angle of attack, the
generation of the trailing vortices and the acceleration of the flow. This disturbed
flow and fluctuating pressure on the surface generate the source of the acoustic
wave propagating to the far field.

Three extreme case of blade vortex interaction can be considered as shown in
Figure 1 ; first, the vortex filament is parallel to the blade span, secondly ; the
vortex is perpendicular to the span such that the filament direction is parallel to
the blade chord ; and finally, the filament direction is perpendicular to both the
blade chord and span, as happens during a main rotor vortex and tail rotor blade
interaction. Only the first case of pa.réllel interaction is analyzed in this thesis.

In the next section, a general background is presented briefly for the flow
interaction, aeroacoustics, tip vortex and helicopter noise. Previous work on the
blade vortex interaction are reviewed in the following section. The pl;oblem and

the approach of this thesis are described in the final section in this Chapter.




In Chapter 2, from the general aeroacoustic equation for a moving body, linear
parts of the equation ( i.e. monopole and dipole sources) are reformulated including
the effect of a moving observer using the kinematic relation between time and space
variables.

In Chapter 3, a detailed analysis is given for the rotor tip vortex, the unsteady.
loads during the interaction and the acoustic pressure due to the unsteady load.
The noise-performance trade off is also discussed.

- In the sﬁbsequent chapter, some results are presented and discussed for the
vortex velocity. profile, the unsteady lift and acoustic signal, and the effect of the
- vortex structure and observer position. Noise reduction for various tip circulation

shapes is included. |

Conclusions arising from the results are summarized in Chapter 5.

Finally, several suggestions for further research on the-blade vortex interac-
tion are made particularly regarding the unsteady compressiblity, noncompact- -

ness, nonlinearity and vortex generation.



1.1 Background

1.1.1 Flow Body Interaction

The vortex moving toward the blade can be considered as a convecting disturbance
to a body. Generally, the convecting disturbances in the flow cause fluctuations
of the flow around the body and at the body surface during the interaction, and
this unsteady fluctuating flow causes unsteady forces on the body surface and the
generation of acoustic waves propagating to the far field.

This phenomena occurs in a variety of situations in flight vehicles : ; aircraft in
an alttmosheric gust, manuvering missile configurations and canard wing aircraft,
fans and compressors in‘a turbo engine or counter rotating propellers, as well as
in helicopters flight.
| The convecting disturbance may be turbulence in the.a.tmosphere or wind
tunnel, turbulence in the jet or wake, oscillatory flow in the mixing layer, a single
concentrated vortex such as a wing tip vortex or starting vortex, or an incident
acoustics wave or blast wave. The main flow may be uniform or nonuniform.
And the body may be an airfoil, plate, edge, corner or plane normal to the flow
direction.

As summarized by Rockwellm, during the interaction, several kinds of complex
phenomena can be expected , which are difficult to a:nalyze : secondary vortices or
instability waves may be generated, laminar - turbulent transition may be triggered
and the incident acoustic wave may amplify these fluctuations.

However, for the case of a small disturbance due to the interaction, the velocity

field may be split into the vorticity field representing the oncoming disturbance




and the potential field representing the disturbed field!4M5l, The potential field is
directly related to the pressure field on the body surface and to the acoustic wave
at the far field. The vorticity field may be distorted or not during the interaction
dep;:nding on the flow and body conditions. Whether distorted or not, the two
fields are coupled at the body surface to satisfy the impermeable conditon of the
body surface, which condition makes the streamlines of the flow distorted!10! as
showﬁ in Figure3. The above mentioned concept has been used in conventional

gust theory‘ssl and is analogous to the rapid distortion theory of turbulence!8.

1.1.2 Aeroacoustics

For the acoustic field associated with the flow-body interaction, the above the-
ory can be used®! and extended for strong interactions. Alterpatively Lighthill’s
acoustic analogy a.pproach[u] can be used ; this was 6riginally devéloped to de-
scribe the acoustics generated by a fluctuating fluid flow occupying a limited part
of a very large volume of fluid of which the remainder is at rest. The problem of
jet noise!12! represented by a quadrupole source in uniform acoustic medium at
rest was treated in this way by Lighthill.

Curlell3! extended the analogy for the presence of the body fixed in the flow or
vibrating about a mean surface by using Kirchhoff’s formula. He showed that the
body effect, including the reflexion and diffraction at the surface, can be incorpo-
rated into dipole sources and these dipole sources become increasingly important
for flows of low Mach Number.

Ffowcs-Williams and Hawkings[Ml generalized the theory for the moving body

in an acoustic medium at rest represented by moving monopole sources in addition
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to the dipole and quadrupole sources. For the monopole and dipble sources, his
theox;y is the generalization of Lowson’s acoustic theoryll-sl for moving acoustic
singularities.

For the problem of body fixed in the uniform flow, a Lorentz-type of
transformation!!6] can be used to obtain the acoustic field as shown by
Blokhintsevi17). For the varying acoustic medium, as for a shear flow, the acoustic
analogy was reformulated by .Phillipsllsl and Lilley!!9 to account for the source

“convection and the sound refraction.

1.1.3 Tip Vortex

The tip vortex, as the result of previous research, fnay be described as folléws :
Streamwise vorticity sheds from the trailing edge of thg wing to form a continuous
vortex sheet which rolls up into a concentrated t‘ip vortex and this tip vortex
remains for long distances behind the wing until it decays and finally becomes
unstable as shown in Figure 2. The concentrated vortex has a viscous region ne;ar
the center of the core, a turbulent region for most of the core and potential region
outside of the core.

The assumption that the vorf;ex sheet remains ﬂa‘t has been generally accepted
in the calculation of the lift of high aspect ratio wing, 1.e, the well known lifting
line theory of Prandtl. However, in the calculation of the downwash at the tail
of an aircraft[23], the assumption is too restricted especially for low aspect ratio
aircraft because the sheet rolls up quickly within a chord lenéth from the trailing
edge. So researchers has been interested in the rate of roll up 221125] apd the

core dimensions of the vortex. It is known that the vortex sheet rolls up quickly




for a low aspect ratio wing at large angle of attack(34', and that the circulation
of the vortex increases to the maximum circulation at the root of the wing if the
vorticity shedding from the wing is assumed completely roll up.

Prandtl(20! calculated the vortex core size with the assumption of solid rotation
in the core and potential flow outside of the core, using that the relation between
rotational kinetic energy in the wake and the induced drag. Based on the calcula-
tion, the core size is 0.086 of a span lengthlzol for the elliptic loading distribution.
Spreiter and Sacks!23] used the same assumption and caculated more carefully
and showed that the size is around 0.078 of the span length. Due to the simple
model of the uniform vorticity core, Donaldson!27] pointed out that the core size
is overestimated and the peak velocity is underestimated. And he showed that
the Betz theorylzn predicts the overall velocity profile of the vortex reasonably
well. Betz developed the theory with the assumptions of conservation of vorticity,
angular momentum and second moment of inertia in the circulation between the -
wing and the vortex. However due to the inviscid theory of Betz, the velocity at
the center becomes singular for elliptic loading and there is an ambiguity in the
core size in general.

With the advent of large aircraft, the research!28l on a more detailed vortex core
structure and the decay of the vortex became important and Squirelzg] obtained
a solution for the turbulent viscous vortex with the assumption of constant eddy
viscosity by using the Lamb’s solution!3% for the laminar core. He showed that
the turbulent core decays faster than the laminar vortex. For the structure of the
vortex, Hoffman and Joubert31l obtéined the log law profile of the circulation

in the inner region of the vortex by applying the mixing length theory to the




vortex. The profile was also confirmed with experiment data. Saﬁ'man[32]’[34], and
Govindarju and Saffman!33! tried to explain the general properties of the turbulent
vortex core without a specific turbulence model ; they characterized the vortex
in terms of possible overshoot in circulation profile, rate of decay of maxirﬁum
velocity and slow decreasing function of Reynolds Number. They[33] also pointed
out that some data measured for the maximum circulation of the vortex is only
half of the circulation at the root of the wing. Detailed properties of the turbulent
vortex were shéwn by Iversen!3°l. He calculated the angular momentum equation
numerically with a variable eddy viscosity along the radial distance and showed
the constant behavior of the core and no overshoot at large Reynolds Number.
Philipsl36] estimated the Reynolds stress based on the velocity profile obtained by
matching the log law of Hoffman and Joubert near the peak velocity aﬁd inviscid
profile at outside of the core obtained by Moore and Saffman!26! for the initial
stage of roll up.

In mostof the above analysis, the axial velocity is not considered, however, it is
believed that it becomes important in instability of the vortex and in calculation
of the drag. Bachelor!37! calculated the drag due to the axial velocity defect as
well as due to the rotational vortex for the laminar case with a solid rotation core
model: Recently, Roberts!38! showed that the axial velocity has an influence on
the initial persistence of the concentrated vortex and on its subsequent decay. He
explained that this is due to the balance of the turbulenf diffusion by a radial
inflow caused by the acceleration of the flow in the core. He also obtained the

velocity profile by solving the turbulent diffusion equation in closed form. .



1.1.4 Helicopter Noise

Helicopter noise, togethér with propeller noise, has been recognized as important -
because of the environment problem during flight close to residential areas or in
cities and because of the interior noise in civil helicopters. In addition, helicopter
noise is significant in the eariler detection during day and night operations of
military helicopters. So the understanding of the noise source mechanism and the
‘determination of parameters which can reduce noise and influence on the blade
design within the restriction of good performance are of current urgent interest.
There are two kinds of helicopter noise in general ; discrete noise and broad
band noise in the frequency spectrum as summarized by Lowson!46! and later ~
by George[54]. The discrete noise, having fundamental frequencies according to
the blade passage fréq'uency and its harmonics as shown in Figure 4, is due to
Athe rotational steady loads[44], azimuthly varying 'loads[47], volume displacement
of airl4dl by the high speed rotlaing bladel481197] and blade vortex interactions.
Especially, the noise due to the thickness, and the blade \}ortex interaction, called
the impulsive noise[97|, have a large number of harmonics and the signals are
~ observed impulsively in time as shown in Figure 5. The thickness noise is mainly
due to the rotation of the blade causing the propagation of a crescent shaped
wave or local shock from the rotating blade tip[51] to the far field for a high speed
rotor. The blade-vortex interaction noise is mainly due to the rapid load va.ria.tion
during the interaction. The broad band noise, observed between the harmonics
in discrete noise and at the high frequency band above around 500 Hz, is due
to the turbulence in the boundary layers, the vortex shedding at the tip and the

inflow of the atmospheric turbulence causing the high frequency trailing noise!®2l
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and low frequecy interaction noisel®3l. Both the discrete and broad band noise
are important. However, considering the threshold of hearing and atmospheric

attenuation for far distances[54], the band width in the range 250 to 500 Hz is the

most annoying.
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1.2 Review of Previous Work

This blade vortex interaction phenomena was first studied by Leverton and
Ta.ylor[74] experimentally using a rotating blade and two opposed airjets to simu-
late the tangential velocity i)roﬁle of the vortex. Using the theory of nonuniform
flow past a thin airfoil formulated by Von Karman and Sears[58], Sears!?%l treated
the line vortex as a gust where the vortex is forced to move parallel to the blade
span with a displacement of half of the chord height ; Sears calculated the acoustic
signal by using a dipole source to represent the unsteady force on the surface.

The. restriction to the forced vortex was relaxed by Parthasarathy and
Karamchetil 7% to analyze' the unsteady field due to the interaction between the
blade and a free vcﬁtex, whose path is disturbed by the blade during the infer-
action from the initial height éf half chord, and they calculated the quadrupole
effect corresponding to the a.cbustic sources in the flow field.

Widnall [78! formulated an acoustic model for an oblique forced vortex using the
quasi 2-D unsteady aerodynamics for an oblique sinusoidal gust in incompressible
and subsonic compressible flow obtained by Johnson!”2! and Filatos (73], The
Fourier transform of the velocity of the vortex and the pressure field was used
to analyze the acoustic farfield and the viscous core in the potential vortex was
treated by using an effective distance between the center of the vortex and the
Ablade. Further, the Betz inviscid vortex modell2l) was used!®0 to relate the vortex
core to the tip loading shape; Filatos!”9 also studies the blade loads and the noise
due to interactions with an array of equally spaced oblique vortiées.

For the high speed rotor, noncompactness becomes important especially for
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high frequency tones, where the acoustic wave length becomes smaller than the
characteristic body length i.e. chord length. For this reason, high frequency ap-
proximate unsteady subsonic theories for the sinusoidal gust were developed by
Ada.mczyk[n] and Amiet!69) separating the problems at the leading edge and the

trailing edge as proposed by Landahll®3], The theories were accurate for gust

wave length A < 'l‘:ﬁ, times chord length, when compared to the exact solution
obtained by Graham!%6! using the similarity rules ; these were extended by Mar-
tinez and WidnalllSI']’lszl, including the acoustic field, for subsonic trace speed
M, = M /sin A < 1, where A is the oblique angle of the vortex. Kerschen!84! ex-
tended the acoﬁstic theory for M;, > 1 and studied the steady loading effect_[83] to
the uhsteady fields by using the rapid distortion theory generalized by Hunt!® and
Goldsteinm. To study thé vortex tail rotor interaction, Amiet(8°l developed the
unsteady response function for a delta function gust, which was done by Meyer[64]
for incompressible flow, and explained the effect of noncompactness on the acoustic
field by using the dipole source.

With the recent development éf the numerical schemes, a nuniber of researchers
have studied the nonlinear effect due to the the vortex induced shock at transonic
speeds[ssl’lsgl’lgol and due to the distortion of the vorticity field at low Reynodls
Number!91l, Others!92! have tried to predict the noise of a full scale rotating blade
using the Ffowcs-Williams and Hawkings equa.tion[Ml with the measured unsteady
aerodynamic pressure on the surfacel93. Several full scale measurements of the
noise, measured at the helicopter[93] or other aircraft moving with the same speed

of the helicopter[94] or a fixed location of the observer(gsl’[%], have been reported.

Small scale rotating blade experiment§[97] from the acoustic wind tunnel were also

12



conducted and the signals were compared with those in full scale measurement.
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1.3 Statement of the Problem

Prediction of the unsteady pressure and noise generated by the blade vortex in- -
teraction in full scale is beyond from accurate theoretical method!92, Even ex-
periments using small scale models are difficult due to the lack of correct scaling
parameters. This is because the phenomena depend on the flight operatiﬁg con-
ditions and blade geometry which in turn depend on the vortex strength and
structure, its position before the interaction, and its path during the interaction
as well as the Mach Number and Reynolds Number of the rotating blade. In con-
trast to the fixed wing, research on the rotor vortex structurel40l is less complete
and quantitativé datal41M421143] i very limited.

In previous anaysis, the above mentioned works used a point vortex or an
inviscid vortex which has a singularity at the center of the vortex core. Since the
vortex strength and structure become important for the case of a close encounter
with the following bladel88! in certain flight condition as shown in Figure ;7, a
more realistic vortex should be used.

It is attempted here to study the effect of the turbulent viscous vortex core on
the unsteady loading and the acoustic pressure field. The vortex is described in
terms of the Reynolds Number, I'/v and the turbulent vortex size , r,, where I is
the constant circulation out side of the vortex core. T§ complete this phenomena,
the vortex strength and structure are determined from the blade tip aerodynamic
parameters.

To simplify the problem, the situation is considered where the vortex filament

generated from the rotating tip is aligned parallel to the following advancing blade
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as shown in Figure 7 ; in that situation the maximum acoustic pressure due to
the interaction is observed (93] because of the large interaction area and in-phase

radiation(9%. Even with the assumption of 2-D aerodynamics, the flow is too
complicated to analyze completely as indicated in the experiment done by Ziada
and Rockwelll?! and recently by Yullooléand Mandella, Moon and Bershaderl101l
; thus it is assumed that during the interaction the vortex path and the vorticity
field are not distorted when the vortex is cut by the following blade. The blade
is assumed thin compared to the turbulent vortex size and thick enough to avoid
separation at the leading edge. This is the linear assumption used in conventional
gust theory and rapid distortion theory of turbulence. The flow is va.ssumed in-
compressible for the interaction in the middle of the span as shown in Figure 7.
Even though compressible effects become important for the high frequency region,
there is no significant effect of the compressibility as shown by Graham[66], for the -
disturbance wave length A greater than one and half of the chord length at VMa.ch -
Number around 0.4.

Acoustic pressure is calculated in space fixed coordinates and reception time
domain, whereas the source is described in the body fixed coordinate and emission
time domain. The source is assumed chordwisely compact for the above conditions
where the significant disturbance wave length is larger than the chord length at
moderate Mach Number around 0.4. (Consider that the observed acoustic wave
frequency containing most of the energy due to the blade vortex interaction is from
zero to 750 Hzl%4M95] where the most significant acoustic wave length is around
1m and that the most annoying frequency is around 250 to 500 Hz as shown in

Figure 6.) However, the source is assumed spanwisely finite i.e., noncompact,
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where the retarded time diiferences exist between elements along the span length';
Thus the noncompact source will influence effects the signal for an observer either
fixed or moving with the same velocity of the source.

Based on the analysis discussed above, the trade-off between noise and perfor-

mance is determined by varying the shape of the blade tip circulation.
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Chapter 2

Aeroacoustic Formulation

The acoustic analogy approach to determining the sound generation due to the
fluid motion in an atmosphere at rest was introduced by Lighthill. The induced
acoustic field is determined from the prescribed nonlinear flow as a quadrupole
source in the wave equation. This approach was extended by Curle to include
the body surface effect. For a surface in arbitrary motion, Ffowcs Williams and
Hav;/kingslm.] derived the equation by using generalized functions under the as-
sumption of an impermeable surface. The solution shows the Doppler factor due
to the surface motion derived in the time domain. The Doppler shift in frequency
due to the source motion is not shown explicitly. However the time and space
relation used in the solution imi)licitly contains the Doppler shift. Moreover, the
Doppler shift due to the observer motion, which was not discussed in the above
approaches, can be derived from the time and space relation with the source and
observer in arbitrary motion. In this chapter, the Ffowcs-Williams and Hawkings
aeroacoustic equation will be discussed with the more general surface conditions.
The effect of both the source and observer motion will be discussed more specif-

ically with alternative expressions for the thickness term and the dipole term.
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These are additional to the quadrupole term and are due to the surface motion .

2.1 General procedure for the aeroacoustic
equation and solution

The general compressible and viscous flow motion can be expressed in the Navier-
Stokes equation as follows.

Continuity equation

o] 0pu;
dp , dpui

ot dz; = m(zi)t) (21)

Momentum equation

8pu; + dpu;u;  O(—pbi; + 7))
at 6z,- az,-

+ pft'(zl') t) ~(2°2)

where
p de‘nsity of the fluid
u; velocity of the fluid in i direction
p pressure of the fluid
m mass change rate in the fluid element
f body force in the fluid element
6;; Kronecker delta (6;; =0,t # 3 &; =1,1 =)
7;j viscous stress temsor 7;; = p (g—:,% + %{- - 25 B_ZL)
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The surface in motion shouid satisfy the following equation

of ., of _
3 + Uia—z’_ =0 (2.3)

where the surface is defined by the equation
f(:L'.', t) =0 (2.4)

and v; is the velocity of the surface.
The above continuity and momentum equations are valid in the fluid, that is,
outside of the surface f(z;,t) = 0. Thus, if there is a body, the equations outside .

of the body surface can be expressed by using the Heaviside function defined as
H(f) = 0 f<0 (2.5)
=1 f>0 (2.6)

wherel f(z:,t) > 0 is for the outside of the surface and f(z;,t) < 0 is for the inside
of the surface.

The interesting quantity here is the perturbed density (p — p,) H(f) where p,
is the density in the medium. The continuity equation (2.1) becomes as written

below for the region outside of the surface, after multiplying equation (2.1) by
H(f),

Sl =p)H} + S (puH)

a‘;f. + p6(f)(ui — v;) a:{i + m(z;, t)'H (2.7)

= pos(f)vi'g— a_
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where 6( f) is the delta function having zero value except at f = 0, that is, at the
surface.

With the same procedure, the momentum equation (2.2) becomes

o s
E(Puiﬂ) + E{(Puf%‘ + pbij — ;) H}

= {pui(u; — v;) + pbi; - TiiN(f)% +pofiH (2.8)

The above equations can be obtained by using the properties of the Heaviside
function described in Appendix A.l. and by using the equation of the surface
motion (2.3).

From the two equations (2.7) and (2.8), the aeroacoustic equation can be ob-
tained by the following procedures :

Take the operator 2 for the contiﬁuity equation (2.7) and the divergence aiz,

for the momentum equation (2.8). Add the two equations and substract agai:_; in

both sides of the combined equation. Then the aeroacoustic wave equation is

a2 a2 92
(- ) (=i = 32—z

d0z,0z;
d of
dz;

+ 7z, (F.',"S(f)—‘j - PfiH) (2-5)
v 2 (Q.-é(f)% ¥ mH)

where

Ty = puw;+{p—ai{p— po)}bij — 75 (2.10)
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F;; = "{Psu Tij pu,( - v)} , (2.11)

Qi = povi+ p(ui — v) (2.12)

T;; is the Lighthill quadrupole strength and Fj; is the dipole strength and Q; .is
the monopole strength.

The above .inhomogeneous -wave equation is nonlinear and there is a term in-
cluding the dependent variable (p — p,) in the right hand side. However if the
right ila,nd side is considered as the source term prescribed beforehand , the wave
equation behaves like a linear inhomogeneous equation with the sources in motion.

The solution of the equation (2.9) can then be easily obtained as following :

s H (o - p)ad) = [ ,3‘,;3 ‘?;y’_ (YT, (o

+ ./,, : R 3y; (5(” .,(y.,f) H(f)p fi(y:, ‘r)) 6(g)ciy.-d1~

+ _/ /rRar ( (f) Q:(yu 1) + H(f)m(y;, 1')) 6(g9)dy;dr

(2.13)
where R is the relative distance between the source and the observer
R=| 2] (2.14)
and g is the function describing the space and time relation as below
R
g=1—t+ — (2.15)

[
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The coordinate z;,¢ is the position and time of the observer and the coordinate
Y¥:, T is the position and time of the source in the space fixed coordinate as shown
in Figure 8, where the observer and source may be in motion or fixed. The

coordinates have the following relationship :

0 d
0 0

By using the above relation and by taking the partial integration over space y;

for quadrupole and dipole terms and time 7, the solution (2.13) becomes

snalH (o= p)et) = gam [ [ FHOTs(w o) dsde

+ 312./:1 /; % (6(f)g—£ﬂf(y" T) - H(f)Pfi(yi,'r)) 6(g)dyidr

+ 5, ¥ (“f )5 Qv 1) + H{f)ms r)) 6(g)dyidr

(2.18)

‘In the solution , the sources are defined in the space fixed coordinate y;. How-
ever it is useful to specify the sources in the body fixed coordinate n; moving with

the velocity v as shown in Figure 8 such as
T | [ !
w=m+/anMf (2.19)

The volume changes of fluid element in the two coordinate system gives
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dy; = dn; : (2.20)

The volume integration for the dipole term including F;; and the monopole
term including @; in the above equation can be changed into a surface integration
and the time integration over 7 in the solution can be carried out by using the
properties of the generalized function described in Appendix A.2.

From equation (2.15) , (2.14) and (2.19), g has the following form for both the

source and observer in arbitrary motion -

R
g=1—-t+— (2.21)

(4

where

R = |z;—y|

= lat+ [ oient)dt —ni = [ u(s)ar' | (2.22)

v is the velocity of the body and v? is the velocity of the observer and z{ is the

initial position of the observer.

Then
dg oR 1
= = 14 =-
ar + ar a,
i — Y% Y
= 11— —— 2.23
| Zi— Y Iao ( )
= l_Mr

where M, is the source Mach component in the direction to the observer as shown

in Figure 8. The above relation depends on the source velocity v; explicitly

23




whereas the observer velocity v? is implicitly related in the relative distance |
z; — y¥; | between the source and the observer.
Thus, the final form of the solution (2.13) becomes as given below by using the

equations (A.6),(A.8),(2.20) and (2.23)

H)o=po)lit) = 3::;1:,- /vp {41r:§(|ﬂi"f )M |] i (229
- 6?1:.- -/VF [41raf]f;(|”{,:¢3\4r |]f¢ dn; (2.25)
* % Ve [41mon;z(|m1’ T:)Mr IL dn; (2.26)
+ ai,-‘ / [41r ;i;}jl(;’ifef)\lr IL ds (2.27)

1,Qi(mi, 7.)
* 3t/ [41raoR|1—M|] 45 - (22)

where [; is the outward normal direction to the surface S defined as

af/on

4= a7 am]

(2.29)

Vr is the volume actually occupied by the fluid, S is the surface of the body and
the integrands are evaluated in the body fixed coordinate n; and at the emission
time 7, defined in (A.9) and (2.21).

The above expression for the acoustic Solution is the general form including the
quadrupole term, T;; and the dipole term, F;; and the monopole term, sometimes
called thickness term, Q,-,- and terms of mass change and body force. The surface is
not necessarily impermeable, that is, which normal velocity l;v; is not necessarily

the same as the normal velocity of the fluid l;u;. The body and the observer cé.n
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be in arbitrary motion. However, this is restricted to a homogeneous medium at
rest.

For the case of the moving surface considered here, the monopole and dipole
terms domina;te the quadrupole term at the relatively low Mach Number. The
source strength F;; and Q; in (2.11) and (2.12) can be simplified for the rigid surface
such that (u; — v;) = 0. In the following section, the alternative useful expressions
for the monopole and dipole terms for the rigid surface will be discussed in the
case of no mass change and no body force in the fluid. The kinematic relationship
between the time and space for both thé source and observer in arbitrary motion

will be also discussed.

2.2 Kinematic Relationship between the Space
and Time

From equation (A.9) and (2.21), the time and space relation between ¢, 7, and R

becomes
r,=1— R(Tc) t, T, 7’!‘) (230)
a, :
where
[ Te
R =| z? +/ v,(z;,t')dt' — n; —/ v(n;, 7')dr' | (2.31)

Then the relation between the time scales in emission time 7, and in reception

time ¢ can be obtained from the following
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R 1
oar. ]

at dat a,
_ R;v? R;v;0r,
=" ra T Ra (2:32)

Thus

a7, 1-R;/R-v?/a,
ot 1—R1/R'vi/a'o

1-M?
= T (2.33)

The relationship between the time scales of the equation (2.33) can be related
to the conventional Doppler shift in frequency as follows for the special cases that
the rﬁotiohs of the source and the observer is in the same straight line or the
velocities of the source and the observer is the same.

In that cases, % is constant, so

'+ C (2.34)

where C, is constant.
For a simple harmonic source, the source is described in the emission time

domain 7, as

h = he«™ (2.35)

where w, is the source frequency.

This source will be observed in the reception time domain ¢ in the form below
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p= [ﬁeiwer’]r,=l—R/ao (2.36)

By using the equation (2.34), the pressure p will be

i 1oM2, _we Ro
p= ﬁe'(w' =TSN “°) (2.37)
From the above equation, the observed frequency w, becomes
1- M’ :
Wo = T pf e (2.38)

which is the conventional Doppler shift in frequency.

The above relation in frequencies comes from the kinematic relation in time

and space (2.30); ( The relation can be also obtained from Figure 9 for the special

case of linear motion). It can be said that both the observer and source motion has

an effect in frequecy , but only the source motion has an effect on the amplitude

through the factor | 1 — M | in equation (2.23) and (2.24). In other words, the

observer in motion just collects the wave information already accumulated due to

the source in motion but differently from the stationary observer in frequency.

2.3 Alternative expressibns for the monopole
and the dipole terms

2.3.1 Monopole term

The monopole term in equation (2.13) becomes as shown below by using (A.3)

a d
(- pdeat) = 55 [ [ margrond(D3Lo(o)dudr
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. 1 9H(), .
- —a‘/;i r41ra§Rp° or 5(g)dy'd1-

oty J: 41m§R”°E{1 — H(f)}6(g)dy:dr  (2.39)

Hereafter, (p — p,), itself, represents the density fluctuation in the outside of
the surface.
Using equations (A.8) and (2.23) and taking the partial integration over the

time 7 as done in (2.18), equation (2.39) becomes

32 po{1 — H(f)}

(o= po)lzut) = wlr  4ma?R 6(g)dyidr
_ po{1 f)} .
BT /v,, [41ra2R|l—M |} an; (2.40)

where Vg is the volume occupied by the body, that is, the volume inside the
surface.
The above expression is useful especially for the case of compact source. In

that case, equation (2.40) becomes

62 [ poVB

(p = po)(zist) = 55 R | 1= |]r, . (2.41)

which shows that the strength of the monopole is the same as the displaced air
mass p,Vp having the same volume of the body.
From the original expression in (2.24) it is hard to describe the compact source

strength because the strength of the monopole in (2.24) is expressed in terms of
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the normal velocity of the surface having the positive value in the front of the body
and the negative value in the rear of the body for the closed surface. This situation
occurs also in describing the thickness effect in aerodynamics. The thickness effect
can be represented by the distribution of sources and sinks at the surface of .the
body ; or it can be represented by a doublet distribution(? 7! for which the direction
vector is opposite to the direction of the uniform flow for an axisymmeric body, -
or a single doublet for which the strength is related to the area for a cylindrical
body and related to the volume for a sphere.

Unlike the stationary monopole source, which has no directional pattern for
a compact source, the moving monopole source has a directional pattern in the
direction of the source. This means that the source representing the effect of the
thickness in motion has the property of a dipole source whose direction is the same
~ as the direction of motion, as in the case of the aerodynamics explained above.

The equation (2.41) was used in the calculation of the acoustic pressure due
to the rotaing body in the paper by Wright and Leel49! even though the equation
was derived in different waylso]. It turned out that there is no difference between
the chordwise compact source and the noncompact source up to Mach Numbef\
0.7.

The more useful expression can be obtained by changing the time derivative in

t into 7, having the same variable inside | ] in equation (2.40) or (2.41) such as

_ 81’, 0 61', a 1 poVB
(0= po)(zirt) = at ar, (at ar, [41ra§R| 1- M, |]fe) (242)

Using the equa:tion (2.33) for %, the density in equation (2.42) can be calcu-

at)
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lated in the emission tline 7, domain as

(2.43)

(- rdant) = e (A D | L el ] )

1-M, 87, \1- M, 07, [4ma2R|1-M, ||

The density in the observer time ¢ domain can be transformed by using the
time and space relation of the equation (2.30). In the case of the noncompact
source, the density can be also calculated from the equation (2.40) with the same

procedure used in the case of compact source.

2.3.2 Dipole term

The dipole term in the solution (2.13) is

(p = po)(zirt) = ai.- /S [4“ ;ﬁil(’lln_fel)w : I],c ds (2.44)

For the moving body, it is convenient to change the space derivative in the above
equation to a time derivative. First, let’s consider the compact source. Then the

equation becomes

1
(p -—_ po)(zi,t) = az‘- 41raoR l 1- M ,

F(r)| (2.45)

where
F; = |;F;; (2.46)

Using the following relation for arbitrary function F(z;, 7.(z;,t)) = F(z;,t),
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(%F(Int))‘ = 3z, Tc(zn )) + +aiF(znT¢(znt)) (g;}')‘ .(2'47)

where the subscript ¢ in ( ), indicates that the variable ¢ held constant, equation

(2.45) becomes

y _ 0 Fi(r.)
(0= po)(z0rt) = 7= [41ra,,R| 1-M, | l

z;
0 Fi(r.) ar, ) :
ar, l41moR |1 - M, | ] (61:.-), (2.48)

From equation (2.30), (%)‘ in the above equation can be obtained as
b

0.\ R 1 ‘
(72), = Famowm 249

The equation (2.45) has two terms : the first term has the space differentiation

and the second term has the time differentiation. The first term becomes

3 F, 10R F,  F, 3
[R|1-M,|]r = “Ron[1-M| Ron M (2.50)
(R, (REM,_ | _F
= Rz{R+‘|1—M,|(R B M) Tiomyp
where
dR R
== 3 (2.51)
9 _ B R M; )
gz LM = R(R M (2:52)



The second term becoinies

a2 F(:z:,-,'r(z,-,t)) 61, _ ] 1 _a_ . 1 6F,
o RI1-M,| \35;), = “Fioapar | P M Yo 5n
1 (R:M; 1 R:MN\?
_ yLViyg 34¥d¢ _Mq
' RZ{R +|1—M,|<(R) )}
R; F 1R, 1 9F,
"R|1-M,|? RR|1-M,][?ar, (2:53)
where
3 ' o [ RiM;
o |1-M,| = ‘E(( - ) w) (2.54)
R _ R,
W = "R (2.55)
é
Combining (2.50) and (2.53), the equation (2.45) becomes
L &1 9K 5y (2.56)

(p—po)(zl')t)=_41ra%_k_ll M. Iz 31,

where O(R;z) is the second order for the disfa.nce R , which can be negligible for
far field condition and for unsteady force Fi(r.).

~ For the noncompact source, it will be

1

(0= 2)(58) =~z [ BT 5 32 P 45(0) + O(R) (257

This final form will be used to calculate the acoustic field due to the blade
vortex interaction considered here. The unsteady load due to the interaction will
be analyzed in the following chapter with the tip vortex model determined from

the blade tip geometry. |

32



Chapter 3

Analysis

3.1 Rotor Tip Vortex

The most significant interaction between the rotor fip vortex and the following
blade occurs in forward and descending flight of the rotorcraft. In that case, it
is expected that the tip vortex core structure becomes an important factor in |
analyzing the interaction. It islobserved that the tip vortex quickly rolls into a
concentrated vortex and persists for many span lengths. before it decays (as in
the case of the fixed wing tip vortex). However, because of the unsymmetric
disribution of circulation toward the_ tip and the unrolied inboard vortex sheets of
the rotor blade as shown in Figure 10, the rotor vortex is more complicated to
describe. Thus, for simplicity, the rotor vortex is modelled as an equivalent rotor
tip vortex pair, s.e., a tip vortex with an equivalent inboard counter vortex of the
same strength, which replaces the unrolled inboard vortex sheet. The curvature
of the vortex filament is neglected locally during the formation of the vortex and
the oncoming velocity near the tip is assumed equal to the velocity at the position
of the maximum circulation on the span. With this tip vortex model, the vortex

core structure and strength are related with the tip aerodynamic parameters and
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are determined by following the general approach used by Spreiter-Sa.cks[231 for
the potential part and by Roberts!38l for the turbulent viscous core. Once the tip
vortex is determined, it is assumed that the vortex persists until it decays. The

position of the vortex in general depends on the span disribution of circulation .

3.1.1 Relation between tip aerodynamic parameters and
vortex core '

Consider a rotor blade of radius R, rotating with an angular velocity 2 in a stream -

of uniform velocity U,. The blade will have a poiﬁt of maximum circulation at

a radial distance R,,, With the assumptions of an equivalent fip vortex, it is

conyenient to consider the lift and drag on the rovtor outbéard of the radius R,,.

Thus,

Ly, = EP(QRm)zCLtAt (3.1)

where A, is the area of tip outboard blade. And the velocity of the blade at the

radius R,, will depend on the azimuthal angle ¥ ; i.e.,

Us

Um=(QRm)-(1+an

sin ¢) (3.2)

so that the lift coefficient Cy; will in general depend on (U, /Q2R,,) sin . Alterna-
tively, the lift can be expressed as the integral of the distribution of tip circulation

I'; around the blade; 1.e.,

Lip = HORw) - (R = R}l [ Gud( 2 ) (3.3)
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where T, is the circulation at R,, and G; =T';/T',, and the origin of y coordinate
is located at R,, as shown in Figure 10. From this alternative expression of lift

and the equation (3.1), it can be seen that

R-Rn,Cu 1

Tm=(0B)(—5 ) 4p o (3.4)
where

The quantity s, represents the load characteristic of the tip segment of the blade
and AR, is the equivalent aspect ratio with equivalent span length of 2(R — R,,).

With the:assumption of the equivalent tip vortex the drag near the tip can be
obtained locally from the conservation of the linear momentum in the cylindrical
control volume encompassing the equivalent blade of the spanlength 2(R — R,.) as
shown in Figure 12. Neglecting the contributions Qf the viscous shear stress on

the control surface, the force on the blade is

F= —//pz?(t'z‘-r‘i)ds —//pr'idS (3.6)

where ¢ is the flow velocity vector which components are 4, v and w in z, y and 2z
directions, respectively and p is pressure and fi is unit normal vector on the control

surface S. The z direction force, corresponding to twice the blade tip drag, is

35



D= //s (py — p2 + puy? — pu,?)dS, — //s pu3v,dS; (3.7)
. 2 3 :

where subscript ;=; 2 5 represent the quantities on the control surfaces and subscript
r represents flow quantities on the radial direction of surface S;. S; and S; are the
surfaces normal to the z direction, which have same areas, and S; is the cylindrical
surface. In the surface S}, the flow is assumed uniform with v, = U,,,v; = w,; =0
and the surface S, is assumed Trefftz plane where w, is the twice w at the blade
trailing edge. For a cylindrical surface of infinite ;'adius, the term involving v, is
negligible. By introducing the total head H in incompressible flow, the equation

(3.7),then, becomes as below.
D= [ / JHi—Hp+ -gi(ul2 —w?) + g(uf + w,?)d5, (3.8)
3
where
1 2, .2 2 |
H=p+§p(u + v° + w®) (3.9)

Assuming that the terms involving the differences in H and u between S; and S,
planes are mainly due to the viscosity in axial direction z, the last term, which is
related to the rate of formation of rotational energy in S, plane, can be defined as

the lift-induced tip drag D;,. Thus,
1
D,‘g = EP(QRm)ZCDuAl = //s g(vzz + wgz)d52 (3.10)
3

where
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! y
D;‘ = p(R - R")Fm./() Ggﬂ)d(m) (311)

and the induced drag coefficient Cp;; is, in general, a function of (U, /QR,,) sin ¢.
If the kinetic energy is conserved until the vortex rolls up completely as assumed

by Prandt120 or Spreiter and Sacks!23! in the fixed wing case, equation (3.10)

becomes
1 2. .2 1l
D; = // =p(v* + w')dS +2/ —pve 2mrdr (3.12)
pot. 2 o 2
where
Vg = —21”' (3.13)

The rotational energy has two pa.rfs ; one from the potential part outside of the
equivalent tip vortices and the other from the vortex cores of radius r,. The vortex
core structufe is assumed not affected by the vortex pair, so it becomes a circﬁlar
flow. The vorticity in the core is assumed a function of the radial distance r rather
tﬁan a consfant of solid rotation as assumed by Prandtl or Spreiter and Sacks,
where the vorticity ¢ = 38T /dr. The strength of the point vortex, I',, is assumed
the same as the maximum circulation on the blade, I',,, which is actually almost
90% of I',, as determined from the experimental data of Tung[42].

The surface integral of the potential part can be transformed into a line

integral[24] by means of the Gauss thorem with the potential function ¢, then

1 3¢
Digory = f 2P%5, 4 (3-14)
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where i is the unit normal vector to the contour of integration following the
circular core vortex and a branch cut placed between the vortex pair as illustrated
in Figure 12. If is assumed that the line integral at the far distance is neglected.

The potential function ¢ is considered as a two dimensional vortex pair in the

Trefftz plane as

T, . 2 . 2 :
= —2(tan"! = - —tan”" = 3.15
¢ 2117( an y—rq an y+rd) ( )

where the origin of ¥ coordinate is the center of the vortex pair and rq is half of the
separation distance of the point vortex pair. After integation along the branch cut
for the potential part (no contribution results from the circular contour of vortex),
equation (3.12) becomes, using equation (3.13) for v, :

I

ro2 . 11 Td ro (T 2
D,--p-2781nh 5;;+p-2?/0 (—) dr (3.16)

where r; is determined by using the conservation of centroid of the vorticity

L[t dG .
ra=(R~Rn) [y tdy = (R~ Ru)s (3.17)

By combining equations (3.1),(3.4) and (3.10), equation (3.16 ) can be ex-

pressed in terms of the tip aerodynamic parameters s;, ¢,

ds” = sinh™* (ﬁ:—&——f—)—) + /0'0 (£>2 ? (3.18)

e¢ ro PO

where e, is the tip aerodynamic efficiency
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2
CL.

= TAR, Cp;,

(3.19)
Then, r,, the radius of the turbulent vortex core, is expressed in closed form
as below

ro = (R — Rp)s:/ sinh (is-z - /o'o (I\%)z ﬂ) (3.20)

€4 r

Thus, the relation between the tip aerodynamic parameters; s, e;, (R — Rn)
and I';,(= T, ), and one of the vortex parameters, r, has been obtained in equation
(3.20 ). Finally, r, will be determined by evaluating the integral in equation (3.20)

as shown in the equation (3.47) in the following section.

3.1.2 The turbulent viscous vortex core

For large distances from the vortex center, the tip vortex behaves like a point
vortex of constant strength I',. Near the center of the vortex , where the turbulent
and viscous effects are significant, the vortex core can be described as a circular
axisymmetric flow in space fixed éylindrical coordinate (r, 0, z) aé shown in Figure
11. The assumptions are made that the tip vortex core structure is not affected
by the inboard blade vortex sheet and the curvature of the vortex filament is
neglected. |

With the further assumptions that the flow is incompressible with constant
kinematic viscosity and the the axial gradient is smaller than the radial gradient,

the flow in @ direction in the vortex core can be expressed as follows :
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D vve] 8 vy v 2u [Ove v |
”[E”” ]"'é?["(ar )]+ 3r ] (3:21)

r r r r

where

D a 0 d

and u, v,, vy are the velocities in z, r,§ directions respectively.

The continuity equation is
—_—t - =0 3.23
’ r(rvr) (3.23)

For turbulent flow, the velocities are-decomposed into mean values and turbu-

lent components

Y = u 4+ u
v, = ¥ + v : (3.24)
vg = Uy + v

Substituting these velocities into equation (3.21 ) and using the continuity
equation, we can obtain the equation for turbulent flow. Taking the mean and

dropping ~ for the mean values , equation (3.21) becomes

D vaa] _ 9 vy vy 2w ([0vy w]| 18—, 0 ,—
Dtvo-*— | = [V( — + = | 3; . rzar(v,v,,r) a:z:(uv,,)

(3.25)
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where v is the kinematic viscosity v = p/p.
From the above equation, we can obtain the transport equation for circulation

[ in the core representing the angular momentum, rvy, as follows :

D d

10 == 2, 0 =
ol B 4 [;E(v,vor ) + r—(u'vp) (3.26)

Dt or oz

where

' =2rmrvg (3.27)

The last two terms, including Reynolds stresses v'vj and u'v), represent the tur-
bulent effects on the angular momentum in the core. The solution of the equation
(3.26) can not be obtained without the knowledge of the two Reynolds stresses.
However, an approximate solution which represents the main characteristics of the
turbulent effect can be obtained if equation (3.26) is modified into an appropriate
form such that the two terms including the Reynolds stresses are replaced by an

eddy viscosity term as follows :

DT a 14T
Dt~ Tar (‘” + 6):—) (3.28)

where ¢ is the eddy viscosity in the vortex core which is assumed variable in the
radial direction.
The left hand side is the convective term and the right hand side is the viscous

and turbulent diffusion term where the turbulent effect is much larger than the
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viscous effect in high Reynolds Number flow. The eddy viscosity ¢, which has
the dimensions of length times velocity, is modelled such that the length scale is -
assumed to be propotional to the radial distance r ; this is different from other free
turbulent flows of constant length scale as pointed by Hoffmann and Joubert!31],
The velocity scale is assumed to be the radial gradient of the angular momentum.
Thus, the eddy viscocity € may be written as

a(rvg)

e = k’r o

(3.29)

where k is a constant which will be determined later in Section .

The eddy viscosity fends to be zero toward the center of the core , where kinematic
viscous is dominant, and a;lso toward the outer turbulent vortex core boundary
where the circulation assumes the constant I', of the potential flow. The eddy
viscosity model is used throughout the turbulent viscous vortex core ; this form
_ becoines the same as the eddy viscosity obtained by Roberts!38l from the relations
formulated by Hoffman and Joubert31l in a way analogous to the traditional
mixing-length theory of Prandtl. |

When equation (3.29) is substituted into (3.28), it becomes

2m dr’r Or (3.30)

+u—+v—=r—

?_E - ar or a (V+rk26F 14T
at 0z ar or

This equation must be solved for I subject to appropriate boundary conditions
and using suitable approximate expressions for the convective velocities u and v,.
In the axial direction, the velocity u varies due to viscous retardation and

inviscid acceleration or deceleration such that the axial velocity u of the air just
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behind the trailing edge of the moving blade tip would be the same velocity of
the tip blade and it will return t6 ambient conditions (i.e., zero velocity) in a-
characteristic time T after passage of the blade. It is éssumed that the vortex core
persists up to time T (neglecting the initial time to roll up)-and it will decay after.
The average axial velocity in the plane normal to the centerline of the vortex core
is approximated to vary proportional .to a power of time, ¢, nondimensionalized by

T, thus :

== G

The radial velocity v, in the core.is then determined from the continuity equation

(3.23) after rewriting the axial variation in terms of the time such that z = Ut
t n—1
v, = —2 (—) L (3.32)

This inward radial veocity balances the outward turbulent viscous diffusion such

that the vortex persists until the axial velocity becomes zero. The zero axial

velocity after the time T results in no radial inflow with exponent n =0 in (3.3i)

‘ and (3.32). Then, there is only radial diffusion which causes a spreading of the
vortex core and a decay in tangential velocity.

With the above expressions for u and v,, equation (3.30 ) becomes, after rewrit-

ing the axial variation in terms of time such that z = Ut,

T T or 2T "ar dr’r Or

T

ot 2

' n (n—-1) 2 '
U (i) Qg - Uﬁ <i) r 3G = k°T, i ((c + ,-a_G_ l%) (3.33)
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where G(r,t) is the nondimensional circulation in the core G =T'/T', and c is a
nondimensional parameter related to the inverse to the Reynolds Number, Re,
based on the outer constant circulation I‘;, in the vortex, :

2r v 27t 1

=T, =% e (3.34)

Re is also related to the Reynolds Number Re, for which the characteristic length

is based on the blade tip chord. By using the equation (3.4),

Re = Re, - Cue : (3.35)
Sy
where
_ QR.2(R-R;,)
Be=—="""4m, (3.36)

(for a typical rotor blade ¢ ~ 0.01 and Re ~ 10° ).

The equation (3.33) can then be solved for nondimensional circulation G(r,t)
in the core with the boundary conditions that the circulation is zero at the center
of the core ; G(0,t) = 0, and the core merges with the potential solution, i.e.,
constant circulation T',, at the radial distance r,(¢) ; G(r,,t) = 1. The initial
condition for the decay period is given as the circulation profile at time T' obtained

in the persistence period.

Approximated self similar solution

The circulation profile I'(t,r) is assumed similar. Then, the partial differential

equation can be transformed into an ordinary differential equation by introducing
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a self similar variable

r

ro(t)

2 =

= r/r(T) (%),,. (3.37)

With this variable the equation can be written

1! .
[(c + 2G") %] +46%G' =0 (3.38)
where
xUr3(T t \2min-1 A
7 = araem+ ) (1) (359

To be similar, the parameter B should be independent of t and the exponents
m and n should satisfy the relation 2m +n = 1 in the equation (3.39 ). In the
persistence period, n = 1,s0 m =0 and r,(t) = r,(0) = r,(T'). Similarly, in the
decay period, n = 0 so m = 1/2 and r,(t) = r,(T)(t/T)3..

The second order differential equation (3.38) , which is nonlinear, can be solved

by an approximate method for small ¢ with the boundary conditions

G(0) =0 ;2=0 (3.40)

G(1) =1 ;z=1 (3.41)
In the limiting case ¢ = 0, the equation (3.38) is reduced to

(6*) +4p°G' =0 (3.42)
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The solution subject to the boundary conditions (3.40) and(3.41) is
G=(1+p%z-p%2* (3.43)

The approximate solution for ¢ <« 0 can be obtained after integration of equation
(3.38) by seeking a solution in the form of a power series in small c.
After integration, the equation (3.38) is reduced to

' - .
5? +G"” +46%G = C, (3.44)

where C| is constant to be determined later after applying the boundary condition
at z =1 in (3.41 ). The solution in the following form is tried by stretching the
independent variable z and the dependent variable G for the nonlinear problem

such that ;

=go(n) +c-gqu(n) +--- (3.45)

Q@

where

n=— (3.46)

The independent variable 2? instead of z is considered because of the behavior of
the smooth variation of the even function charateristic of G across z = 0. The
‘ only valid value of the exponents p and ¢ are p = 1 and ¢ = 2. The solution G

with the boundary condition at z = 0 in (3.40) is ( see Appendix B )
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g: c(Y— 1— %my) — ¢ (%) (Cin—-YhY)

where

Y_\/1+401ﬂ+1 22

2 ’

For z >> c, near the outer boundary, this solution behaves as
G~ ./Ciz—- (%2

and for z < ¢, near the center of the core,

2
Gzzz—
c

(3.47)

(3.48)

(3.49)

(3.50)

The constant C, is determined by appling the boundary condition G(1) = 1 in the

equation (3.47), which becomes

C, ~ (1 + ﬁz)z

(3.51)

Then, the solution for z 3> ¢ in (3.49) becomes the same as that obtained for

¢ = 0 in equation (3.43). The arbitrary parameter 8 can be now determined by

imposing the condition that the core smoothly merges with the potential solution

G =G, ; G'(1) =0, upon the solution in (3.47), giving

B =1+ 0(c)
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The solution G(z) obtained will be used to determine the turbulent core ra-
dius-r, in the equation (3.20) and the characteristics of the vortex core including
the tangential velocity profile vy in the persistence and decay periods, and the

persistence time T'.
3.1.3 The characteristics of the rotor vortex

The main parameters that éharacterize the vortex velocity or circulation profiles
are the radius of the turbulent core r, and the nondimensional quantity ¢ (which
is related to the inverse to the Reynolds Number), which are in turn related
to the tip aerodynamic parameters ; the tip circulation shape function s, the
tip aerodynamic efficiency e;, the maximum tip circulation I',, and the distance
from the tip to the position of the maximum circulation R — R,,. The additional
parameters that characterize the vortex are the maximufn velocity in the core V*,
the radius of the maximum velocity r*, the circulation I'* at the radius r* and the

persistence time T.

1)  The turbulent radius r, is now determined from (3.20) and (3.47).

In the persistence period , ¢ < T, r, is constant with time
., [48?
ro(t) = r,(0) = r,(T) = (R — R,)s:/ sinh ~ h(c) (3.53)
t
In the decay period, t > T, r, increases with time

ro(t) = (R — Rm)s:/ sinh (461? —~ h(c)) : (%)i (3.54)

¢

where h(c) is the nondimensional rotational energy in the core
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The integral h(c) is independent of the tip aerodynamic parameters but is generally

a function of ¢ because G obtained in (3.47) is a function of ¢ such that the radius

r, decreases with increasing the Reynolds Number. However, in the case of high

n

> by using

Reynolds Number ¢ <« 1 the value can be approximatly obtained as
the G in (3.49) and § = 1 in (3.51). Then, the vortex varies directly as (R — R,,)
which is a variable quantity depending on azimuthal blade position ( unlike the

fixed wing) and it is also related to the shape of the tip circulation as sy, e;.

2) The tangential velocity of the vortex can be expressed as follows.

In the persistence period,

r

vp = 21rr.,(T)V(z) (3.56)
In the decay period,
r t\"3 |
- 2o () |
Yo 277,(T) (=) T (3:57)

where .the velocity function V(z) is defined as below by using G in (3.47) with
f=1:
V(z) = ' G(z)/z2
= c¢(Y-1-InY/2)/z-2+c(YInY)/4z , 2<1 (3.58)

= 1/2 ) 221

where Y is given in (3.48) with C; =4 and = 1.
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The velocity function can be approximated in a simple forms as shown in

Figure 13 :

=2-2z , z¢<z<1 (3.59)

where z* is the position of the maximum value of V(2).-
Near the center of the core, z <« z*, the viscous effect is dominant as in a the
laminar sublayer. For z > 2*, the turbulent effect is dominant upto 2 =1 , and

the vortex behaves as point vortex for z > 1.

.3)  The location of maximum V is found by differentiation of V' (z). For c < 1,

. ¢, 1\3
P (2lnc) : (3.60)
and
r' =r,(t)z* (3.61)

The maximum velocity function V* is

Vi(z') ~ 2 - (—;—ln %)% (3.62)

which shows that V* tends to be constant as ¢ becomes small, that is, the Reynolds

Number increases, whereas in laminar case V* increases as the Reynolds Number
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increases.
The maximum circulation function G* is

c. 1 3
"G'(2') =~ 2 (EIII —) -

- In - : (3.63)

c
2 c
which shows G* decreases as the Reynolds Number increases, whereas in the lam-

inar case G* is constant.

4)  The persistence time T can be determined from equation (3.39) with g =1

_7wro(0)?  7wro(0)2  2AR:s, 1

= = 3.64
T 4k?T, 4k? (R—- R,)CpQR, (3.64)
Thus, the number of revolution for which the tip vortex persist is:
TQ 1 (R-R,)AR, s? (3.65)
2r ~ 4k* R,Cu  sinh®(4s?/e? — h(c)) |

which is a function of the shape of the tip circulation and the Reynolds Number

" (through c).

In the decay period, the rate of the diffusion can be obtained by differentiation

of ro(t) with t such as ;

dro(t) _ 1o(T) ( t ) (3.66)

d¢ = 2T \T

The constant k of the eddy viscosity in (3.29) can be obtained from the expres-

sion of T with the assumptions that it is universal for the different flows and is
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independent of Reynolds Number. In fhé fixed wing case, the persistent distances
(d = TU) are measured in many referencest3935], Then, the correlation between
T of equation (3.64) for high Reynolds Number and the experimentai data gives
k = 0.06. |

So far, the rotor tip vortex has been defined and described in terms of the tip
aerodynamic parameters. In the next section, the interaction between the rotor
vortex and the following blade will be described especially when the maximum
acoustic pressure is observed. Typically, the inte;‘action is observed in 1-;- revo-
lutions of the vortex as shown in Figure 7. In that case, the vortex can be in

the persistence or decay period, depending on the tip aerodynamic parameters as

shown in equation (3.65).
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3.2 Unsteady Loads During the Interaction

With the tip vortex defined in the previous section, the unsteady field due to
the interaction with the following blade is analyzed in the situation where the tip
vortex is aligned parallel to the following blade span as shown in Figure 7, for
which the maximum acoustic pressure is observed. The interaction is simplified
such that the vortex is straight and stationary and the blade is moving with the
uniform velocity U within the finite region of the interaction as shown in Figure
14. Thus, the interaction can be considered as two dimensional at each section of
the blade span, neglecting the tip effect. Th\e unsteady flow during the interaction
will be described under the assumption of no distortion of the vortex path or of tfle
vortex core. Even though the 'vortex is turbulent and viscous, it is assumed that the
flow around the airfoil is a potential flow during the interaction. These assumptions
mean that the vortex is forced, not free ; the vorticity field of the vortex core
and the disturbed irrotational field, including the flow around the blé.de, and the
acoustic pressure in the far field are coupled only through the surface boundary of
the blade as explained more generally by Kovésznay[4] and Goldstein!®!. This is the
same assumption as for traditional gust theorylss]. Thus the vortex behaves like a
convecting wave. These concepts were visualized by Rogler[m] ,as shown in Figure
3, in the problem of the interaction of a vortex array, representing a turbulent
flow, with a semi-infinite plate. The stream function representing the vortical
fields is not distorted but the stream function when combined with the disturbed
irrotational field, satisfying the boundary condition of no flow through the solid

boundary, is distorted to give a vortex on either side of the plate. This flow pattern
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is in general agreement with the experiments of Yul100! i the extreme case for
which the center of the vortex core meets the blade. Within these assumptions,
only the normal component of the vortex velocity on the blade surface is important,
especially in the case of zero angle of attack between the convecting flow and blade. )
In general, the assumptions are valid when the normal component of the velocity is
small compared to the convecting velocity and the rate of the diffusion in equation ’
(3.66) in Section 3.1.3 is less than the convecting velocity ; 1.e. when the interaction
occurs in fhe diffusion period of the vortex. The flow near the blade is assumed
incompressible in calculating the unsteady préssure on the blade surface in this
section whereas the air is assumed compressible to obtain the acoustic pressure at

the far field in the next section.

3.2:.1 TUnsteady loading on the surface

The governing equation for the incompressible small disturbance potential fuction,

@, in the blade fixed coordinate is
Vi =0 (3.67)

The linearized boundary condition for the thin airfoil that there is no flow across

the surface becomes as below

d¢

92 =4—-wg(z ~Uir) |z|<b 2z=0 (3.68)

where w, is the normal component at the blade surface of the velocity of the vortex
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convecting with the velocity Uy and 7 is time. The combined velocity w, and the
normal component of the disturbed velocity at the surface becomes zero.

The perturbed pressure is given by the linearized unsteady Bernoulli equation

__, (%, 0
P==p, (E + U az) (3.69)

and the uﬁsteady lift can be obtained by integration of the pressure difference

between the upper and the lower surface along the chord

b
L(r) =~ [ pu(z,7) - pu(z, 7)dz (3.70)

To evaluate the lift due ot the vortex interaction, it is useful to consider an
~ oscillating blade in the uniform flow with the boundary condition that the flow at

the surface moves with the same velocity of the blade :

8¢ _ az,, 621, _
3. = —a?-{-UbE lz|<b 2=0 (3.71)

= wy(z,7)

where z(z,7) is the motion of the blade having zero thickness and w;(z,7) is
a convenient shorthand for equation (3.71). For a simple harmonic motion of a

blade,
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2(z,7) = Z()e "

wy(z,7) = Wy(z)e™” (3.72)

Using the conservation of circulation in the flow field (i.e. the shedding vorticies
in the wake and the changing circulation around the blade) and assuming that
the vorticies convect with the free stream velocity U, , the pressure disigribution
on thg blade in the simple harmonic case was obtainéd by Schwarz(62! in the
following form ( which can be obtained also by using the conditions of no pressure

discontinuity across the wake, and at the trailing edge, ¢.e. Kutta condition) :

: _ d¢y d¢y
—(pv — p1) = 2p, ( 37 + U az)

= Ap(pUs, k, z*, Wp)e*" (3.73)

where Ap is the spatial part of —(py — pr) and z* is the nondimensionalized space

z/b ,and k is the reduced frequency of oscillation defined as

_wb

=T

(3.74)
From the result for the simple harmonic motion of the blade, the loading due
to the gust can be obtained by comparing the boundary condition on the surface

in (3.68) and (3.71). First, for a sinusoidal gust, the boundary condition becomes
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wy = —wy(z— Upr)

— _-w—gew(r—z/Ub) (375)

where W, is the magnitude and w is the frequency of the sinusoidal gust convecting

with the velocity Us. Comparing (3.72) and (3.75),
W = —we . (3.76)

The pressure distribution on the blade due to the sinusoidal gust can then be
obtained from (3.73) by using the above relation for w;.

Next, for a sharp-edged gust (step gﬁst), known as the Kiissner problem, the
lift can be obtained by taking the Fourier transform of wy(z — U,7) of the step

gust[57], which is

wy(w) = /c: w,(z — Upr)e ™ dr

= ﬁ)_o_e-'ke—'kz' ‘ (3.77)
w

where w, is the magnitude of the step gust.
Then,

W= uw) | (378)

and from (3.70) and (3.73) , the lift for the step gust becomes
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1 <] 1 _ . o wr '
L(t) = ﬂ/_w [b/_1 Ap(pUs, ky z*, —wy(w)dz*| e dw (3.79)

and may be expressed as follows

L(s) = 2mp,Usbw,9(s) : (3.80)
where
o~ S(k ik(s—1) ' .
¥(s) = -211; /_ . —(lfk——dk (3.81)

which is the lift response function for the step gust, called the Kiissner function(®6!

and

S(k) = C(k)[Jo(k) — iu(k)] + Ji(K) (3.82)

which is the lift response function due to the sinusoidal gust, called the Sears
function!601161] 3nqd

2)
ofk) = — HH)

= HO®) + B *) (3:83)

which is related to the lift due to the oscillating blade in the uniform flow, called
the Theodorsen function!®9!,

J,, is the Bessel function of the first kind of order n and H? is the Hankel function
of the second kind of order n. The variabie s is the nondimensionalized time defined

as
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8§ = — (3.84)

For the vortex gust, the lift due to the interaction can then be obtained by

using the Duhamel’s integral with the Kiissner function in the time domain. Thus,

dwu(a)

L(s) = 2mpUb [w,(o)¢(s) + / 27 y(s - 0)do (3.85)

where o is the dimensionless time at the leading edge.

Here, the normal velocity of the vortex gust on the surface, w,, becomes the
tangential velocity of the vortex if the blade cuts through the center of the vortex
core. After the transformation of the coordinate system between the vortex fixed

coordinate and the blade fixed coordinate as shown in Figure 14, the velocity w,

becomes
r, z, —ob '
w, = 21rr.,V ( - ) (3.86)
and the gradient of the gust velocity is
dw,y(o) r, b z, —ob
= - =V .
do 2rr, 1, r, . (3.87)

.where V is the vortex velocity function of (3.58) in Section 3.1.3 and z, is the
initial distance between the center of the vortex and the leading edge of the blade.
As shown in Figure 17, the gradient of the gusf velocity depends on the turbulent
vortex size, r;, the laminar sub core radius, r* and the gradient at the center of

the core 2/c.
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The lift in (3.85) can be evaluated easily analytically or numerically if the
Kiissner function, which needs an integration for the whole range of frequency as

shown in equation (3.81), can be approximated in a simple analytical form.

3.2.2 Behavior of the Kiissner Function

The function is shown in Figure 15. It shows that for this step gust there is a |
time lag in the lift to have the asymtotic value. This time lag results from the
wake contribution to the lift and the virtual mass effecf due to the acceleration of
the flow in addition to the effective change‘ of the angle of attack due to lthe gust.

The approximate form of the Kiissner function can be expressed in a series of

exponential terms!%2! as follows

¢(s) =1-0.5¢"""* —0.5¢" (3.88)

This is valid for the whole range of s in general. A more accurate form can be .

obtained by using the asymtotic expression of the function near the origin[59],

s < 2, (the time required for the front of the step gust passing the chord), as

follows
23 s s 23 : ‘
= — 1 - - ~ 3 < 2 *
o) =\ 7 ( 12796  13440° ) 7= (3:89)

Comparing (3.88) with (3.89) near the origin, there is no significant difference in
unsteady loading as shown in Figure 15. But if this loading acts as the acoustic
source, a significant difference occurs near the origin because it involves the gra-

dient of the Kiissner function a_gﬁ;}_, which might be called the acoustic responée
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function for a step gust.

Then for s < 2,

8y(s) 23(11 31 51, 7 23 2)
=231 51, T 23 3.90
" Bs 7 \25 212 T 206° ~ 213240° (3.90)
and for s > 2,
a'g(s) = 0.5 0.13¢=0-13(s~0.1) 4 ( 5e=(e=0.1) ' (3.91)
S

The gradient of the fuction has an integrable singularity at the origin and the
expontial terms are modified to give a smooth function. This is shown in Figure -
16.

The exact form of the gradient of the function is from equation (3.81)

O9(s) _ 1 [ oo e
= [/ ~ S(Rett Nk (3.92)

3.2.3 Evaluation of the lift

The lift in (3.85) can be easily evaluated in the time domain with the approximated
Kiissner function in the previous section and the vortex velocity function V in
Section 3.1.3.

Analytic Evaluation

First , with the simplest form of the Kiissner function of (3.88)

¥(s) =1-0.5¢"%1% —0.5¢~*
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and the approximated velocity function (3.59) in Section 3.1.3, the integral (3.85)
can be calculated analytically. The velocity function V is transformed in the time
domain with the relation used in (3.86), i.e.,

r zo—Usr z0—5b

Z2 ==

Yo r, N

(3.93)

where z, is initial distance between the vortex center and the leading edge.
The transformed approximate velocity function V'(s) is as shown below in each
of five time periods. The velocity in the turbulent region and in the sublayer region

on the vortex core are approximated by linear functions.

VI(S) | = —;o—'_‘?ﬁ < s S S1 (3.94)
Va(s) = -2+ 2% 51 <8< 8 (3.95)
Vi(s) = 2z : 83 <5< ss (3.96)
Vi(s) = 242 $3 < s < s (3.97)
Vi(s) = -3 54<s . (3.98)
where
so=0,31=20;7'o,32=170;r’sszzo-bf'r’&:f%-& (3.99)

Because of the discontinuity in the gradient of the above approximated velocity

function, the integration in (3.85) should be calculated for each period and it
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should be added up to s to get the accumulated effect. Thus, the lift at s in

Si—1 < 5§ < s; becomes :

L(s) = 2nUp [wg(o ¢(s)+/ (dwg(a)) ¥(s — o)do + E/
(3.100)

The integration in each peribd is simple because of the constant gradient of the
velocity except for the potential region which reqires the Exponential Integration
functions E,(a) and E;(a) as shown in Appendix C. The general form of the lift

can be expressed as below

L(s) = 2mbpU, [Pi(s) + Po(s)e™®"> + Py(s)e™] -~ (3.101)

T,
27r,(0)
where P.-(s),i: 1,2,3 are tabulated in Table 1.

The lift becomes zero as s — oo, which can be checked with the asymtotic
value of the Exponential Integration function in P,(s) and Pi(s) in s > s,. As

shown in Figure 18, E;(«) diverges as s — oo in the form :

Eia) = /_; Z.dt a>0 (3.102)
~ %I(a) (3.103)

whereas I(a) converges. So, the expression for the lift becomes zero
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PP, [p(s _ ?)] 50 s — 00 (3.104)

whére p is positive.

For the case of a discontinuity in the velocity function, the gradient becomes in-
finite. In that case, the integration should be evaluated by the superposition of the
regions having finite gradient with proper initial conditions at each discontinuous

' region.

Numerical Evaluation

A more accurate evaluation of the lift can be done lnumerica.lly with the more
refined Kiissner form of (3.89) for s < 2 and the complete form of the vorfex
velocity function V' of (3.58) in Section 3.1.3. The integration in (3.85) should be
calculated at each time s in the o domain. Asshown in Fiigure 17, it is convenient
to shift the coordinate o such that w, has a symmetric form. Then, the integration

in (3.85) is equivalent to the following :
dw, :
L(s) ~ / o W5 -z- —)dz (3.105)
[

In discretized_form, it becomes

N, dw, To ‘

) ~ 3 () - 9ls = 2~ ) A (3.106)
where

Zn = —F+) A (3.107)

=1
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z, = ——

b
z = 8 Zo
N b
and
dw, _ duw, :
- (—2n) = —=(2n) (3.108)

To calculate the integral more effectively, the coordinate z is discretized nonuni-

formly such that near the sublayer region of the core Az is small and in the poten-

tial region Az is large. For the large intial distance (zy — 00), the initial condition

in (3.85) is neglected (wy(0) ~ 2 — 0). In that-case, numerical calculation is done

for finite zo and the residual part (—co < z < —z;) is done analytically , where
1

the velocity function (V' = ;) is that for the potential region. Then, the residual

part of the lift is

Lg(s) ~ T L1y gsetmtetemzo/t) _ g pe-(eti-2o/)] 4y 3.109
-z 2
It becomes
1 1 0.1320/6 » Zoy| 0134 L g Zoy| -
Lg(s) Io/b+0'5 [_zo/b 0.13¢ E,(0.13 ; ) e +0.5 T e " Ey( ; )| e
(3.110)
where
E(k) = /kmez dz (3.111)
—k 1 1-2 1.-2-3
~ e—k-[1+—+ + +] (3.112)

a a? ad
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which shows Lg(s).can be negligible for relatively large value of zg/b.
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3.3 Acoustic Pressure

The acoustic pressure for a moving body in the presence of the vortex can be
obtained by using the Ffowcs-Williams and Hawkings equation in the medium at
rest and by assuming the nonuniférmity is confined to the sources { i.e., constant
acoustic propagating speed). The signal is analyzed in space-fixed coordinates and
the sources are described in body-fixed coordinates. The equation has monopole,
dipole and quadrupole sources corresponding to thickness, surface pressure fluctu-
ations and unsteady flow fields. Here We consider only the dipole source because,
assuming a thin airfoil and low mach number, we can neglect the monopole and

[13) , the dipole source in the equation

qu'a;'upole terms. As explained by Curle
represents the effect of the scattering due to the body for long wave lengths of the
signal compared with the body size ; then the source can be related to the total
force on the surface. Actually the observed acoustic signature during the blade -
vortex interaction contains all frequencies but considering that most of the energy
comes from the lower frequencieslgsl'[94], a chordwise compact source can give the
basic property of the éignal. In the case of a large but finite source region where
the tip vortex and the following blade interact , a spanwise noncompact source
is more appropriate. The acoustic pressure is analyzed in the simplified situation
such that a finite unsteady dipole source, whose strength is related to the unsteady

load, moves linearly.

The inhomogenous wave equation with a moving dipole source is

(;’_; _ agvz) (p=p2) =~ (F.,a(f)%) (3.113)



where a, is the constant speed of sound in the medium at rest, F;, is the dipole
strength defined in (2.11), and f is a function of the body surface
The solution of the acoustic pressure p in 3-D space is

(3.114)

L. 19 F,n, N
p(Z,t) = 4162'4[}”1_1\7{_%'] S (7)

where p is related to p with the isentropic relation p = a2(p — p,).

The relative dista.nce_ between the observer fixed and the source in linear motion

with the velocity U is
(3.115)

R=|Z—1Ur, —1|

where Z, is the initial observer location in the space-fixed coordinates and 1 is the

source positions in the blade-fixed coordinate as shown in Figure 19.

" = R+ Ryj+ Rk (3.116)
= mi+ 0+ nsk (3.117)
The source is evaluated in emission time 7, defined as
(3.118)

et BB )
aO

The above time relation is related to the Doppler shift due to the relative motion

between the source (7) and the observer (Z) and

(3.119)




is the Doppler factor in amplitude due to the moving source.

3.3.1 Far field approximation

The solution can be expressed in terms of a time derivative instead of a space
derivative by using the relation of (3.118). For the far field, it can be approximated

" as in equation (2.57)

L1 8 .. .. R, .
p(Z,t) = - 41rao/s[a¢f'(”?’”) ®1-i Ep dS(7) (3.120)

Te

where f; is the force on the blade.
Neglecting the time variation of R along the source region and the drag force
effect, the acoustic pressure can be written as follows for a chordwise compact,

but spanwise noncompact, source

1 R, +h ] 9
7,t) = — 2 / °r d 3.121

P(Z,1) dma, R |1 -M- £ |2 /& [67 7 ﬂs)] e " (3121
where R* is the distance from the observer to the center of the source and I3 is

half of the source distance in the spanwise direction n; as shown in Fiigure 19. For

a rectilinear moving source, the emission time 7, is obtained as shown below :

t.—- M \[(t - M)z - (1 - M2) {t2 _ Rf+R§+(Ra-na)’}

r. = ' e al
¢ 1-M? 1 - M?

(3.122)

The + sign is for the source moving toward the observer.
The acoustic pressure is composed of two parts; a directivity function for a

point source defined as
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D— B____ (3.123)
R 1-M-K?

and an integral along the spanwise source direction for a noncompact source. -
The integrand of the time variation of the lift in the integral can be obtained

as below by using the Duhamel integration of the gradient of the Kiissner function

3—';’;{5)-, defined in (3.90) and(3.91) in Section 3.2.2, ( which represents the acoustic

response function for the step gust)

* dw,(o) Y(s — o) aia '

e (3.124)

aa—f(s, y3) = 2mpUsb lwy(O)%-gﬂ +/0
The acoustic pressure also depends on the gradien/t of the gust % which is a
function of r, and ¢ as shown in Figure .17. The schematic diagram for the
Duhamel integration is shown in Figure 20, where the contribution of the gradient

at the center of the core is large because of the delta-function-like acoustic response

function %Eﬂ. The contribution to the integral along the span of equation (3.121)

comes from two factors: one from the lift variation along the span, which is zero

in our 2-D approximation in the calculation of the unsteady loads , and the other

from the emission time variation along the span as seen in equation (3.118).”

3.3.2 An alternative form for a spanwise noncompact
source

The acoustic pressure for a noncompact source expressed in the form of (3.121)

can be interpreted such that the acoustic pressure observed at Z and ¢ is the

accumulated pressure of the multiple compact point sources emitted at the same

time 7, but having different propagation times R(r,Z,#)/a, depending on the
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position of the sources 7 as in (3.118). And it has an inteéﬂ for which the
variable n; is different from the variable of the integrand of the gradient of the
unsteady lift expressed in term of 7. The difference in the variables 'ma.kes the
integration sometimes difficult to evaluate. An alternative form of the acoustic
pressure{86] can be considered which has the same variables for the integrand and
the integral as follows :

For fixed Z and ¢, dn; in equation (3.121) can be written

Ons

=34 ,
df]3 aTc 7, (3 125)

Then, equation (3.121) can be written, after changing the varable n; to 7., as

1 9 R; 6173

—LT,‘ — ¢
)Rz|1—M.§|2afc

- 3.126
4na, Jr- OT ( )

where 7} and 7, are 7, at 3 = l; and —I;, respectively in equation (3.122).
The quantity %’3 can be obtained by differentiating the time relation (3.118) with

7. and using (3.115), s.e.,

19R
1+ -5, =0 (3.127)

OR R , o7 |
=1 a0 (3.128)
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R a7 R =
2 =l"g M (3.129)
and %f becomes
ans _ RO -£. M)
= .130
ar, R — 13 (3.130)
"Thus, the acoustic pressure p(Z,t) can be written as
ot .
p(Z,t) = - - g—L(re) = i‘ dr, (3.131)
fra, e ORI M E|(Re—n0)
‘where -
B-M = R, -Ur, | (3.132)
Ry—n = JR2— (R, -Upn) - RZ (3.133)
R = t; Te . (3.134)

Neglecting the time variation in the point source directivity part as in equation

(3.121) for the far field , it becomes

1 R, 9 R(1- 2. A1)
Zt)=— . —L i .
p(Z,1) ama, g?(1-M B2 J: 07 (1) j— dr.  (3.135)
With nohdimensional variables,
ot {1 — -4+ R,

p(f’ t) — _4 1 - R’Z-. R‘ . ) aiL(S) -(1 M?)s t-_tRle — ds

C MG R 1M B2 s T A (7 - )2 — M((R; - 5)? + By)

(3.136)
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" where R, and R, afe nondimensionalized by the semichord b, and ¢ is nondimen-

~ sionalized by b/U; and

. =3 =3 = _
_ |M2 \/ I ’ (1 - MZ) {22 - Rn'*'Rz'*;(gRa*'la)’}
1 — M?

(3.137)

The acoustic pressure expressed in (3.131) or (3.135) can be interpreted such that
the the acoustic pressure observed at Z and ¢ is the accumulated pressure emitted
at different times 7. depending on the source position y; but having the same
propagation time R(7., Z, 77)/a,.

The forms derived here are ﬁseful in the evaluation of the integral because the
integrand is a direct function‘ of the variable s. It iwill be used in the calculation
of the acoustic pressure especially when the observer is far off the center of the
source. In that position, the observer can easily detect the effect of the spanwise

noncompactness of the source having relatively large aspect ratio.
3.3.3 Interference of the spanwise non-compact source

The compactness and the noncompactness depend on the characteristic time of
the acoustic signal and the source dimensiﬁns. In most cases, there is no clear
relationsﬁip between the charateristic time of the acoustic signal, which is not a
simple harmonic signal; and the source dimensions whether the source is compact
or noncompact. To visualize this relation, it is useful to consider a point source
signal and to interpret the signal due to the noncompact source as ‘the result of

the interference of multiple point source signals.
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Consicier a point source zignal, first, which can be represented as 9 L(s)/ds in
the emission time domain s as shown in Figure 21 neglecting the point source
- directivity function.in equation (3.123). In the emission time domain, the lift L(s)
can be. the one measured or computed for each span location. Tﬁe acoustic signal
really observed is the one in the reception time domain £ as shown in Figure 21(b)
which can be obtained after transformation from the emission time domain with
the time relation ¢ = 7, +R(7,,13)/a,. The amplitude is the same for corresponding
t and 7 but the width d; reduced for the source moving toward the observer. Then
the ndncompact source signal can be obtained by summing the point source signals
in thé, reception time domain ¢ with the delayed time At due to the different source
positions y for each signal as shown in Figure 21(cj. This delayed time related to
tﬁe source dimension causes interference, which con.tribu_tes to the amplitude in
a destructive way and aisQ changes the directivity pattern from the point source
directivity.

The interference is closely related to the ratio of At and d;, where the width
of the signal, d;, depends on the strength and the strucure of the vortex and the
maximum delayed time between the ends of the source region, Atyq4., depends on
the observer position, as shown in Figure 22. If the observer is far from the i)lane
of symmetry of the source, greater interference is expected, but if the observer

" is in the plane of symmetry of the source, there is small interference where the
» maximum acoustic pressure is observed ; then the source can be approximated as
a point source to evaluate the maximum acoustic pressure in this simple geometry.

The effective ratio of At and d; can be estimated from a simplified point source

signal and its spectrum as shown in Figure 23. Assuming the signal is periodic, it

74




can be expanded into a Fourier series having a basic period, T; and a fundamental

frequency, wo = 27 /T,. Then, the signal f(¢) can be written as

fO)= Y Flowp)e™o  (3.138)
where
1 To/2 —thwot '
F(nwp) = T ]_ o (et (3.139)

For the simplified signal of a generalized sawtooth function, the Fourier coefficient

F(nw,) is

e~ — {21np,
(2mnp;)?

 F(nuwn) = 1- . Ap, (3.140)

where A is the peak amplitgde and p; is the solidity defined as d,/T. As shown
_ in Figure 23, the amplitude of the nth harmonic | F(nw,) | decreases toward the
higher harmonic as (np)~2.

Assumiﬁg that the spectrum begins to decay signiﬁcanfly at np, = N, the

corresponding harmonic is

n, =

N
— 3.141)
Pt ( -)

which becomes highér for smaller p,, that is, narrower the width d,. The corre-

sponding frequency is

= —w 3.142
Pt ° ( )




Thus, the corresponding period is

= = (3.143)

This period T,. can be the characteristic time of the acoustic signal and the con-
tributions of the waves for.which periods are less than T}, is small. From Figure
23, it is seen that N = 1. Thus from equation (3.143), T,,, = d;.

Thus, if d¢ is much greater than the time due to the delay in the source,
At, there will be no interferenﬁe between the signals as for a ?oint source. Or

interference will occur approximately when At > d,/4.

.,3.3.4 Evaluation of the Acoustic Pressure

For the noncompact source or the point source, the acoustic pressure depends on

the lift variation with time dL/3s due to the vortex interaction.

Point source

For the point source, the acoustic pressure can be described as shown below from

equation (3.121)

1 M2 3L(s)

" 4ma, R* b T 8s

(3.144)

p:

The directivity function D expressed in terms of directional angle is-
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sin 8

(3.145)

b= | 1 — M cosfcos¢ |?
where
Ry, = R'cosfcos¢
R, = R’'sinf . (3.146)

R; = R®cosfsing

This directivity function evaluates the effect of the observer position located in
the far field with the same radius from the initial source position rather than ffom
the moving source position as shown in Figure 33.

" From the general expression for lift L(s) in equation (3.101) in Section 3.2.3,

the lift variation can be obtained as

%L(s) = %{Pl(s)+Pz(s)e‘°'”"+ Py(s)e™}

= Qi(s) + Qu(5)e™""* + Qs(s)e™ (3.147)
where Q;(s),t = 1,2,3 are tabulated in T'able 2.

From this expression, the maximum acoustic pressure can be obtained by dif-
ferentiating the pressure with time. Differentiating 2 L(s) between s, and s; ,
the pressure increases monotonically and differentiating it between s; and sy, the

pressure decreases monotonically. So the maximum pressure occures at s = s3 and

the maximum pressure in nondimensional form is

b
Ima:(ss) = —r—
2
- Z O.Sk.' (l — -}—i) e-"i('o+f‘)/b
=1 k,‘ To



2 b1 /2 T
+ > 0.5k—— <—.+ 2) (e'”‘"' /s _ 1)

= ro k; \c
2 .
- 20510, - k,'zngx (k;r,,/b) . e—k,-!r ’ (3.148)
=1 ’
where
~ 1 M 2l; pU,bT,
I(s) = —p/ (4_” Rb 1, "D) (3.149)

and k;, =0.13 and &k; = 1.

For the extreme case ¢ = 0, (after series expansion of terms incA:IIuding e/l for
small c)

' azoea(s3) = —f—o - 'Z::lo.sk,- [(1 - klri) ehrelt 4 4 k;%El (k%)] (3.150)
which gives a finite value of the maximum acoustic pressure.

As mentioned before, a more accurate results can be obtained by using the
acoustic response function of (3.90) in Section 3.2.3 for s < 2. In this case, we
need numerical intégration as in the case for the evaluation of the lift of (3.106)
~ in Section 3.2.‘3'except near s = /b which has a singularity in acoustic function.
This can be done by analytic integrz;,tion for s < € with the linearization of the

gradient of the vortex velocity %’- for small € and numerical integration for s > ¢

as below
dL(s) _ Y. dw, oy Ty
3s = I( + nzz:l E(zn) E(S — Ty — ?)AJI" . (3151)
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where

A = Zo
YT
Zo
Iy = S8 Ab+e |
. .
o= -2+ Ax (3.152)
) =1 .
e < Azy
The analytic part I, is
-3 V2(11 1 51 7 23
L= Al . Sy 5] 4 3.153
= Joozy U (2\/5 sVt 306Y “213am0? ¥ (3.153)

where a and ' are the coefficient of the linearized velocity function such that
w, ~ az + b’

and

a =
€
B = a(—s+ ﬂ)+w‘,(s—ﬂ)
: b b
y = s—z— -2 - (3.154)

The residual problem for z, — 0o can be neglected as in the case of the evaluation
of the unsteady lift in (3.110) in Section 3.2.3.

With this more accurate acoustic function it turns out that for the extreme
case of ¢ = 0 the acoustic pressure has peak value of infinity. This is different

result from the finite value of (3.150) which is obtained by using the approximate
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acoustic function. The infinite value is due to the discontinuity in the vortex
velocity w, for the case ¢ = 0, in which case the velocity can be obtained by
superposition of the simple velocity function inclﬁding the sharp edged gust. The
corresponding acoustic pressure to the sharp edged gust is the acoustic function
defined as (3.90) in Section 3.2.2 which has the infinity at the orig‘in. Thus, the
acoustic pressure for this case ¢ = 0 has the infinite peak value.

The signal evaluated is in the emission time domain s and its numerical values
are obtained at nonuniformly divided intervals of s as in the case for the evaluation
of the unsteady lift to calculate efficiently. The signal in the reception time domain
ot is then obtained after the transformation of the numerical value of the pressure .

by using the time relation :

+ \/(RI—UT,)2+R,§+R§

2
a,

(3.155)

t=r,

Noncompact source

From the results of the point source, the pressure for the noncompact source can
be obtained from equation (3.121) or (3.136) depending on the observer pos'ition.. :
- If the observer is near the pla;ie of symmetry of the source, équation (3.121) is
more efficient in calculation because the results converge after the summation of
relatively few delayed point source signals. The process of the calculation is the
same as shown in F'igure 21. The practical problem comes from the fact that each
point source signal in the reception domain 7 has numerical values at nonuniform

time intervals of ¥ ( due to the nonuniform intervals in the emission time domain s
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and its transformation to the reception time domain through its own time relation
depending on the source position ). This causes the difficulty in numerical sum-
m.ation of the point source signals. The. problem can be solved by x;eevaluation
of the numerical values of the point source at unifofmly distributed values of
close enough to pick the peak value of the signal. This requires the interpol-a'.tion
of the values nonuniformly distributed . Once it is done, the summation of the
delayed point source signals is easy for the case that the results converge quickly
with relatively few point source signals.

For the case which requires maﬁy source signals to converge, the other form
of (3.136) is more efficient in the evaluation of the acoustic pressure as in the
c.asé where the observer is far from the plane of the symmetry. In this case, the
accumulated acoustic pressure at each value of f , coming from different source po-
sitions and emission times, is evaluated by integration of the infegra.nd from s; to
s} numerically in the emission time domain s, so it does not require interpolation
to sum the signals. This method has its own problem especially when there is a
small interference effect betweén the sources ( In order to include the peak value
of the acoustic pressure the pressure should be évaluated at each small range of ¢,
which-requires a lot of integration ).

Iﬁ both methods, to get the directivity effect of the peak acoustic pressure
due to the interference of the noncompact source in addition to the point source
directivity function D of the equation (3.145) , the geometric relations between
the distance R and the directional angles in (3.146) are used in the time relation

of (3.155) for the time transformation and in the integrand of (3.136).
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3.3.5 Moving observer and moving source

So far only for the moving source, which cause the Doppler shift and Doppler
factor, has been discussed. If t_he observer is also moving, the time relation related .
to the Doppler shift in (3.118) is changed, that is, the relative distance R between

the observer and the source is changed according to

R(TC)t) 5) !7)

Qo

T.=t— (3.156)

where

R=|(Ry+Vt—Ur)i+ Ryj + Rsk | (3.157)

and V is the velocity of the observer moving at the same direction of the source.
So the time relation of (3.155) is changed such as
t = 7.(1-MM)+ Moa&

(/]

+ 7.(1 - M,M) + Mo% z 2 — (Ro—a(g}rc)z N Rg:,,Rg -
- M; 1— M? (3.158)

and s} and s] in the equation (3.136) are changed after substitution of Ry + V¢
instead of R, in 'equation (3.137).

The above time relation is reduced to R, = R; =0 to

(1-M)r. + %
(1 - MO)

(3.159)
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, which becomes ‘the same as (2.34) with C; = - &1 1,

The acoustic pressure for a point source or a noncompact source can then
be evaluated for al'moving source and a moving observer by following the same
procedure of the previous subsection with the time relation (3.158). In this case,
- the directivity function can determin_e the effect of the observer position which is
moving at the same velocity of the source, that is, located at the same radius from

the moving source rather than from the initial position of the source.
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3.4 - Noise Reduction and Performance

From the previous section, it is known that the acoustic pressure at the far field
depends on the delta-like acoustic response function and the gradient of the vortex
| velocity at the surface for given source and ‘observer mqtion. The gradient is
directly related to the vortex size r,, which can be expressed in ferms of the blade
tip aerodynamic parameters, and is also relatﬁed té the Reynolds number Re via the
nondimensional parameter c. In general, the amplitude of the acoustic pressure
is reduced for larger vortex size and lower Reynolds Number. However, a lower
Reynolds Number corresponds to a lower maximum‘circulation along the blade
span I',, which is one of the primary paré.meters in bl‘ade performance. So, with
fixed Reynolds Numl;'er, the a;coustic pressure may be reduced by increasing the
vortex size. |

As illustrated in Figure 24, several methods can be considere!®! to increase
the vortex size.- The first group of methods is the modification of the tip shape,
the second group‘ is the attachment of the vortex dissipator to the tip, and the
third group is the injection of air from the tip. The injgction of air at the tip
along the center of the vortex accelerates the axial flow near the vort.ex core. At
the same time, this also reduces the inward flow at the beginning of the formation
of the vortex, which reduces the persistence time T. Then there is only outward
diffusion near the core and when the vortex encounters the following blade after
time ¢, the vortex size increases from the initial size r,(t = 0) to rAO)ﬁ‘Tt due
to the diffusion as expressed in equation (3.54) in Sectiqn 3.1.3. Practically, the

alignment of the direction of the injection with the center line of the vortex core
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is not easy and this also require additional power to inject the air. The vortex
dissipater considered in the second group also promotes the earlier diffusion of the
}iortex core. However, this i.nCreases the form drag at the tip. And the two kinds
of the methods explained requires the additional anal&sis to describe the detail
relationships be;tween the parameters related to the amount of the air injection or
the geometry of the dissipator and the vortex core. So the first group of methods
( increasing the vortex size by modification of the tip shape ) is considered now
because the relationship between the initial vortex size and the tip aerodynamic

parameters is already defined in equation (3.53) and (3.55) in Section 3.1.3 as

10(0) = (R = Rn)su/siah (% - %) o (3.160)
As shown in fhe aboveequation, the vortex size increases with the distance between
the position of the maximum circulation along the span and the blade tip, i.e.,
(R — R,). However, the larger distance a loss of lift considering that the lift
is Weighted toward the tip due to the rotation of the blade. So the analysis is
restricted for the given disténce (R — R,,) in addition 'to the given maximum
circulation I',,, which is mentioned before. Then the remaining parameters are
the tip loading factor s, and the tip aerodynamic efficiency e;, which aré directly
related to the circulation shape near the tip. Before further analysis, it is assumed
that the tip circulation shape normalized by the maximum circulation Iy, and the
distance (R — R,,) are almost constant during one blade revolution. For forward
flight of a helicopter with low advance ratio and tip shape fixed, there is a resonable

approximation even though in practice I';, and (R — R,.) depend on the azimuth
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‘angle 9.

3.4.1 Modification of the tip circulation shape .

To make the anaysis simple, consider the effect of the modification of the tip cir-

culation shape rather than the tip blade shape itself. And consider the normalized
tip circulation shape expressed in terms of the angle 8 rather than y ( for which

the origin is the position of the maximum circulation) as follows

Gly) = L (3.161)
L'
= G(9)  (3.162)
where
y = Y/(R- Ry)
= cosf (3.163)
and
0 <y< 1 (3.164)
32'- >0> 0 (3.165)

The general tip circulation shape should satisfy the following boundary condi-

tions

" G0) = 0

G'(Z’Z-) =0
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The circulation shape considered here, which satisfies the above conditions, is the

form of the power of the sine function :
G(9) = (sin8)* ~ (3.168)
This function represents the elliptic loading if p = 1 as sh&wn in Figure 37(a) and

the rectangular loading if p = 0.

The loading factor s, is then obtained as follows

1
« = [ Gly)dy
= / * (sin8)?*' do - (3.169)
0 0
- If pis an odd integer
1-3.5---p =« .
— - 3.170
=346 - (p+1) 2 (3.170)
and if p is an even integef
2.4.6---p
s = P (3.171)

1-3-5---(p+1)
If p is natural number rather than integer

_ e+ 1Ir(3)

where I'(z) is the Gamma function having property

87




[(z +1) = 2l(z) (3.173)

To calculate the aerodynamic efficiency e, it is convenient to expand the cir-

culation function (3.168) into Fourier sine series :

G = (sinf)’ = Y Ansinmé (3.174)

where m should be odd integer to satisfy the conditions of (3.166) and (3.167).

The coefficients A4,, is obtained as follows

4 (5 ..
A== /0 G(8) sin k6df

(3.175)
where
[’ sinmosinksds = 0 ,m#k (3.176)
0
= % m=k (3.177)

If p is integer and odd number, the coefficient A,, is obtained from (3.175) and
. (3.174) as follows |

o [sinpe — ( ’1’ )siﬁ(p— 2)0 + - -(-1)5 ( Ly )sinﬁ] (3.178)

2

where ( s ) is the binomial coefficients defined by

(p)=p(p-1)(p—2)--~(p—q+1)
q ) q!
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For example, if p=1, A, =1andif p=3, 4, = % and A; = —%,
If p = 0, the coefficient A,, can be directly obtained from equations (3.175)

and (3.174) as shown below
41
Ap=——"
™m

If p is integer and even number or natural number, the coefficient A,, is

= i/;(sin 8)? sin mfdé
7 Jo

= %/j(sinﬁ)”“ [(2cos0)"“l - ( ml_ 2, ) (2co86)™ % + ( m2—3 )(2 C?)s&)"“s -

= L+L+L+--- ‘ (3.1_81)
where
- i _1y)i-t m—i L ;;+1 m—(2i-1)
I, = 11-( 1) ( i1 )/0 (sin 8)P7*(2cosb)
4, i m=i\omanTE+ DI =it 1) |
- = _1 t—1 o m—2s1+41 2 2 182
e (1-1)2 NG R )

From the coefficients A,, obtained, the aerodynamic efficiency e, is easily ob-

tained from the well known expressionlwl as below
oo A 2

—=1+Ym (—2) < (3.183)
2 A, ,

ana

8 = A]_ (3.184)

N
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Typical values a.re. ee=1land s =% for eiliptic loading and ¢, =0 and s, =1
for rectangular loading.

Thus the radius of the vortex size r, can be obtained from the equation (3.160)
by ﬁsing the above expressions of e; and s; for the normalized circulation shape

(3.168) as below :

‘ R’""_((zm = %Al/sinh (’—’;- iloj mAZ — i—%) (3.185)
The nondimensionalized vortex size r,/(R — Rn) is 0.3488 for elliptic loading and
0 for the extreme case of rectangular loading ( in which case the tip vortex is point
vortex and the induced drag, which is related to the rotational energy of the tip
vortex, is infinite). |
From the anafysis done so far, the acoustic pressure due to the blade vortex
interaction can be calculated for the tip circulation shape considered here, and
the relation between the noise reduction and the corresponding tip aero.dynamic :
efficiency, which is one of the parameters of the performance, can be 6btained for
the various circulation éhapes, that is, for various powers of the sine function of

equation (3.168).
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Ch'apter‘ 4

Results & Discussion

From the prev10us analysis, we ﬁnd that the unsteady lift and the acoustic pressure
are closely rela.ted to the slope of the vortex velocity, which is a functlon of the
vortex turbulent core size r, and the nondimentional parameter ¢ ( inverse to
Reynolds Number Re). |

The vortex vélocity profile has been computed and compared with the avail-
able experimental data. Unsteady lift and acoustic pressure are calclulated and
variation of maximum acoustic pressure is found in terms of the parameters r, and

c. The noise/performance trade-off for blade tip loading shape is also discussed.

Vortex Velocity Profile

The general vortex velocity profile along the radial distance r from the center of
the vortex core is shown in Figure 13, based on equation (3.58). The distance r
and the velocity vy are nondimensionalized by the turbulent core radius r, and by~
the potential velocity at r,, that is, I',/2nr,, respectively.

The specific vortex structure is calculated and compared with the experimental

data obtained by ’I\mg[42] and Ballard(43! for a blade having AR =13.7and R =
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1.05m in the hovering conﬁiﬁon. The experiment results are shown in Figure 25
and Figure 26, respectively. In Figure 25, Tung’s data measured by hot-wire show
the ﬂuctuating velocity after the peak va.lug,'iﬁdicating the turbulent behavior of
the flow, and shows a smooth variation of the velocity in the potential region and
near the center of the laminar core. The circulation iﬁ the potential region seems
to be constant and its value is almost the samé as the -maximum circuiation on the
blade. In Figure 26 , Ballard’s data ﬁleasured by a laser velocimeter are shown
with the circrulaltion along the blade span.

First, Tung’s data is compared with.the present theory and it is shown in
Figzlzre 27. Both the \}elocity and circulation proﬁleé of the vortex show good
agreements with experiment in general, even though the maximum velocity and
- its position are underpredicted. In the exi)erimental data, the circulation of the
vortex I, is almosf 90% of the maximum circulation at the blade I',. The velocity
profile predicted with the present analysis is also compared with that predicted
with the Betz and the Spreiter and Sacks analysis for the persistence region in
_Fz_'gure 2. In the case of Betz theory ( modified by Donaldson[27]), it shows
generally good agreement outside of the core. Near the center of the core the
present analysis is more realistically represents the turbulent viscous cofe whereas
the Betz vortex has infinite velocity, especially for the elliptic tip loading. In the
case of the Spreiter and Sacks theory, the maximum velocity is finite but the its
position is overpredicted because of the solid rotation model of the c01:¢;.

It is assumed that the vortex at ¥ = 65.4° is in the persistence period based
on the estimation from equation (3.65) that the vortex presists until ¢ = 150° for

these conditions. And the distance from the location of the ma.ximum circulation
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to the tip, (R - R,), is taken as 4.4% of the bl@de span length, R. The value is
obtained from the comparision between the measured circulation near the center
in Figure 25 ( which corresponds to G(r/R) = 130 r/R ) and the simplified
expression of the circulation ( G(2) = V(z)z = 2z — 2* where z = r/r, and
V(z) =2-2) from équatién (3.59). From the two expressions for the circulation
, ro becomes 0.0154R. Assuming the tip circulation is elliptic, r, = 0.349(R — R,,,)
from equation (3.53). Then (R — R,) becomes 0.044R by comparing the two
expressions for r,. |

In terms of the blade geometry, the radius of the turbulent core r, = 0.422b
( where b is the half of the chord length) a.nd. the diameter of the core is 3.5 .
times the maximum thickness of the NACA 0012 airfoil. The maximum .velocit;y
vg is almost 40%'of the rotating tip speed QR; Reynolds Nurﬁber based on the
circulation in the potential region, Re = I',/v, is 2.0x10°.

Next, Ballard’s data are compared with the simpliﬁed equation of .the_vort'ex
in equation (3.59). The vortex just behind the trailing edge in Figure 26 seems
to be not completely rolled up and the vortex at ¢ = 180° is assumed in the
persistence period ( tﬁe vortex persists untill almost two blade revolutions from
equation (3.65), which is longer than the Tung’s vortex 'becausel the maximum
circulation is lower and the distance (R — R.) is larger). Taking (R— R,) =0.1R
from the Figure 26, r, = 0.035R for R, = 1.0z10°. Then; the position of the
maximum velocity r* ='0.18r, = 0.007R from equation (3.60), which seems to be
smaller than that obtained from the data. However, the trend in equation (3.59),
that the radius r* becomes larger for a larger r, and a lower maximum circulation

T, ( s.e., higher ¢ ), is as expected comparing the data obtained by Tung with
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the data by Ballard. The gradient of the velocity, nondimensionalized by the tip
épeed, in the turbulent region seems to be 3.75 in Figure 26 and is 3 from equation
(3.59), and the maximum velocity is around 20% of the tip rotational speed both
in the data and the simplified expréssion V(2) = 2 in equation (3.59) ; this is
considered to be good agreement.

From the comparisons v;rith the experiment data for the two cases, the present
theory seems to give a reasonable estimate on the velocity of the tip vortex. It
should be also mentioned that the maximum velocity of the vortex is around
20 ~ 40% of the rotating tip speed in these cases. But if the position of maximum
circulation (R— R,,) is shifted toward the root, the maximum velocit.y of the vortex

can be reduced substantially.
Unsteady Lift and Acoustic Signél

Typical nondimentional unsteady lift and acoustic signal for the vortex gust are
plotted in Figure 28. It is observed thaf the lift calculated from equation (3;.101)
is similar to the vortex velocity profile _becaﬁse the negative velocity of the vortex
contributes to t.;he change of the effective angle of attack at the blade surface,
which results in a negative lift at the beginning of the interaction.. It is shown
that the vortex velocity is symmetric at the surface but the lift is unsymmetric
due to the behavior of the Kiissner function as shown in Figure 15 ( It introduces
a time lag near the origin of the function due to the shedding vortices and the
apparent mass effect ). |

The acoustic signal shown in the Figure28(b) is for the part of the lift variation

in equation (3.147), which is unaffected by the location of the observer. The signal
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" is calculated for a point source in the emission time domain s and it is similar to
the slope of the vortex velocity profile because the acoustic function in equation
(3.96) acts like a delta function which assumes the value of the slope during the
integration in equation (3.124). So the amplitude of the peak acoustic pressure is
related to the slope of the vortex at the center of the laminar sub core, 2/c and the
width of the signal is related to the radius of the laminar core size, r*. The signal
is also distorted due to the time lag in the acoustic function as in the Kiissner
function. From the acoustic point of view, the unste;ady lift acts as a strength
of the source and its slope is directly related to the amplitude and width of the

acoustic signal through the vortex structure.

Reynolds Number and Vortex Size Effect

It is exi)ected that both the peak unsteady lift and acoustic pressure decrease with
increasing turbulent vorte:;c core size r, and smaller Reynolds Number(Re =T,/ u) :
because the gust function is T',/27r, - V(0 /1,) in equation (3.86). But the acoustic
pressure is more sensitive to the slope of the core 2/c(~ Re) shown in Figure 20,
because again the behavior of the delta function, like the acoustic function, varies
as the slope of the laminar core 2/c.

In Figure 29, the nondimensional acoustic pressures for a point source, calcu-
lated numerically based on the equation (3.151), are shown for two different values-
of turbulent vortex radius r,, nondimensjonalized by the half of the chord length
b, with the fixed value of ¢ and in the emission time domain s ( where s = 2 is the
time required to pass through the chord). The different values give the different

peak amplitudé and width. Approximately, half of the value of the vortex size

-95



gives twice the value of the peak amplitude and half of the width, giving a sharper
shape to the signal. This sharpened shape contributes to the higher frequencies of
the acoustic pressure , as explained in Section 3.3, which are more annoying than
the lower frequencies. So the quantity of inferest here is the peak amplitude of
the a.coustic"pressure, which is related to the shape of the sigﬁal. In _Figure 30,
the é.coustic .pressures are shown for the different values of ¢, inverse'ly related to
the Reynolds Number, with fixed vortex size r,. It is shown that the lower value
of ¢ gives the higher amplitude but the width is unchanged, which also makes the
shape sharper. Considering that the pressure is nondimensionalized by a quantity
iﬁvolving T, (~ 1/c), the pressure ( not nolndime.nsionalized ) is more senstive to
the value of c.

" For the peak acoustic pressure, the effects of the Reynolds Number and vortex
size are shown in Figt;re 31. This shows that the peak acoustic préssure increases
for the smaller vortex and the higher Reynolds Number. For this nondimension-
lized peak acoustic pressure, it s,eéxﬁs that the pressure becomes infite for the
infinite Reynolds Number partially due to the property of the vortex and the be-
havior of the point source in the incompressible. flow. However, -the pressure will
remain finite for the -noncompact source due to the interference effect between the

sources.
Noncompact Source and Observer Position Effects

The results so far are for a point source and plotted in the emission time domain
because it is not necessarily to introduce the time relation in equation (3.118) (

which makes the analysis simple) and the amplitud.es are not changed between
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the reception time domain, ¢ , and the emission .time doxﬁain , 7, (as explained
in Section 3.3 for a point source). The observer position is not considered in the
results. Ho'wev.er, for the noncompact source, the signal should be plotted in the
reception time domain and the observer position should be considered as shown
:in equation (3.121) or (3.131).

In Figﬁre 32, the effect of the observer positioﬁ on the acoustic pressure at the
far field in the reception domain is shown for the spanwise noncompact source.
The positions in the z, and z, directions are fixed as 5006 and tﬁe position in the
z3 direction ( spanwise direction) has the values 0,100b and 5006 for the spanwise
source size of 20b. In the figure, the effect of the position on amplitude and width
of the signal for the fixed ¢ and r, are shown. For the pos.ition at R; = 0, equation
(3.121) is used because of the small interference between the sources and for the
positions at R; = 100b and 500b, equation (3.131) is used. In both eqpations, the
directivity function defined in (3.123) is not considered yet. So these effects in
amplitude and width are mainly due to the interference of the noncompact source
resulting from the integration in equation (3.121).

In the case when the observer is in the plane of the symmetry of the source,
that is R; = 0, the peak amplitude is 17 in Figure 32 ; this value would bé 20
if there were no interference for the source size of 20 ( nondimesionalized by b )
because the peak amplitude of the point source for unit nondimensionalized source
size is 1 in Figure 29 for ¢ = 0.01 and r, = 4. In the case when the observer is far
off the symmetry plane, for example R; = 5005, the width of the signal becomes
the order of the actual size of the source. Actually, the width in the reception time

domain is almost the same as the time delay due to the source size, which is less
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than the actual size of the source. This is explained in Section 3.3 ; the maximum
time delay At,,q, (for a source Mach Number M = 0.5 and the samé distance and
source size) in Figure 22 is around 6, which is almost the; same as the width of
the signal, 6, in Figure 32.
Directivity Pattern for the Peak Amplitude in the Acoustic
Pressure
To obtain the directivity pattern of the peak acoustic pressure, the observer po-
sition is expressed by the angles 8,9 and the distanc¢ R* between the center of
the source and the observer as defined in equation (3.146) and shown in Figure
33. The distance R" is taken'a.s 714b corresponding to R, = 500b, R, = 5000
and R; = 100b. Considering that the source is moving and the source strength
, 1.e., the unsteady lift, is a function of time, it is more reasonabie to calculate
the acoustic pressure for the moving observer with the same velocity as the source
-and having the same distance R* from the moving sourcel in all directions; As
shown in Figure 34, the interference effect ( the directivity function in (3.145) is
not considered yet) due to the noncompact source is the same in the § direction
in the ‘pla.ne'of_ the symmetry for the moving observer because the time interval in
reception domain is the same as the interval in emission domain in all directions,
that is, 2 = 1 in equation (2.33) for the moving source and moving observer with
the same velocity. This time relatipn is one of the primary factors in the process of

interference as explained in Section 3.3. On the other hand, the interference effect

1
1—-M,

for the fixed observer depends on the § direction in Figure 34 because %’f =

for M? = 0 in equation (2.33), that is, even though in the emission time domain
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the time scales of the signals are the same, the time scales in the reception time do-
main are different, depending .on £he location of the observer. Ho’wever, as shown
in the figure (not scaled), the effect of the moving observer is small for far field
locations of the observer.

The total directivity patterns for the peak amplitude including the directivity
funétion defined in equation (3.145), in addition to the interference effect meﬁ-
tioned so far are shown in Figure 34,35 and 36 for ¢ = 0,7/6 and 7/3 (¢ is
defined in Figure 33). As shown in Figure 34, at the plane of the symmetry of
the source, the directivity pattern for the noncompact source is almost the same
as that as the point source because of the small interference. However, for fhe
plane at ¢ = 7/6 in Figure 33, there is a large difference in‘the directivity be-
tween the noncompact source and the point source, as shown in Figure 35. This is
mainly because the interference in the noncompact source in different 8 directions
is different even though the time scales are the same since both the source and
observer are in motion with the same velocity. At § = x/2 -in the 9 plane, the peak
amplitude of the nonocompact source is the same as that for the point source, as .
in the case of ¢ = 0 because the interference is the same and is small. The pattern
in ¥ = 7/3 is almost the same as the pattern in ¢ = 7/6 as shown in Figure 36.

In summary, the directivity patterns of the peai( acoustic amplitude are more

.concentrated in the plane of the symmetry compared to that of the point source.
In that plane, the maximum peak acoustic pressure is observed and the value is

almost the same as that of the point.source.




Noise Performance Trade-Off

To reduce this maximum peak pressure , wé need to reduce the vortex size r, and
Reynolds number Re as shown in Figure 31. As explained in Section 3.4,lone
method would be to increase the distance, (R — R,,) between the location of the
maximum circulation and tip, becausé ro, and Re both are directly related to it
from equations (3.53) and (3.36). For given R, reducing R,, would result in a loss
of iift near the tip which is proportial to (QR,,)? with the same lift coefficient.
The other method would be to change the tip loading shape which is related to r,
for the fixed value of (R - R,,) and T, | |

Here, the influence of blade loading on the noise and performance has been
studied for variations of the circulation.shape of the form I'/T, = (sing)*™!
(m = 1 elliptic loading) as shown in Figure 37(b). For large valﬁes of m, the core .
radius, nondimensionalized by (R — R,,), increases and there is reduction of noise
compared with the elliptic loading, but the tip loading relief'. also gives a reduction’
in the tip efficiency, defined in equation (3.183), as shown in Figure 37(c). By
relating these two effects through the S/alues of r, and ¢, Figure 38 is plotted. It
shows that a maximum noise reduction of 5dB in the peak amplitude ( which is
related to the high frequency annoying noise) is obtained for m = 2 with 25% loss
of tip efficiency and a noise reduction of 3¢B with 5% loss of efficiency. For the
triangular loading there is more than 8dB reduction in noise but also more than

30% reduction in tip aerodynamic efficiency.
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Chapter 5

Conclusions

The blade vortex intera.c‘tion, where the turbulent viscous core is cut by a following
blade, is analyzed under the assumptions that no distortion of the vortex path and
no distortion of the vorticity of the core takes place during the interaction. From
the analysis and results, several conclusions can be drawq as follows:

(1) The detailed vortex structure, including the viscous and turbulent core
generated by the rotor tip, can be approximately predicted with a simple turbulent
core model and equivalent tip model. The size of the viscous core is of the order
of the thickness of the blade and the size of the turbulent core is 3~5 times the
blade thickness in the hovering case. |

(2) The interaction between a vortex core and a following blade is énalyzed
in the time domain , and a simple relation between the vortex structure an.d the
unsteady pressure signal, using a gust analogy, is developed.

(3) Acoustic pressure is obtained by introducing the acoustic response function
for the step gust with a chordwise compact source. It shows that the spanwise
non-cc.>mpact source gives a sizable effect when the observer is off-center of the

source because of the large interference effect.
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(4) Maximup: acoustic -pressure varies with Reyilolds Number( ', /v ) and
vortex size, which is related to the tip loading distribution. The effect of a moving
observer seems to be not significant in this blade vortex iﬁteraction.

(5) Shz;.pe modification of the tip gives a maximum reduction of 6 — 84B in-
cluding the triangular loading ; a reduction of 3d B in maximum acoustic pressure,
| compared with the elliptic loading, can be achieved for 5% loss in aerodynamic

efficiency.

For the extreme case of the rotor tip in which the blade passes through the
vortex core, the chordwise non-compaét source should be considered to obtain the
correct high fréquency effects. In the following remarks three limitations of the
analyéis are dicussed ; namely unsteady compressibility , noncompactness and the

‘nonlinearity during the interaction. The vortex generatbr is also discussed. ( In
the problerh, three length scales are iﬁvolved ; the wave length of the disturbance
gust, the cha.ra,terilst‘ic length of thé body and the wave length of the acoustic

signal observed.)
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Chapter 6

Final Remarks

Unsteady Compressiblity

The exact linear unsteady compressibility effect is discussed by Grahamlﬁfi] for
a purely sinusoidal gust. It shows that thé effect,.both in amplitude and phase,
increases as the Mach number and the frequency increase. The linearized solution
. is still valid when the Mach Number becomes one if the frequency is sufficiently |
High[esl , whereas the solution becomes singular for the low frequency as in the
case of linear steady compressibility. Low frequency approximate solutions were |

t[68], Kemp and Homicz(671.

obtained by Amie For the delts function gust, as
shown by Amietlss], the trend of the effe(’:t is similaf to that for the purely sinu-
soidal gust because the delta function has the same amplitude for low and high
frequencies ( by definition). However, the effect of compressiblity is redﬁced for
the step gustlﬁzl, cémpared to the above gusts, because the amplitude of the high
frequency in the step gust is reduced.

Thus, it is expected that the compressibility effect on the unsteady lift decreases

more for the vortex gust, ( which is regular at the center of the vbrtex) because

- the amplitude of the high frequency reduces faster than that for the step gust.
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The effect of compressibility for the point vortex passing beneath at the half

" chord height was shown by Adameczyk!?ll.

and it would be useful to consider
the above mentioned effects to determine the compressibility effect for the blade

vortex interaction.

Noncompactness

The noncompact effect on the acoustic source appears when the characteristic
length of the body is larger than the wave length of the acoustic wave radiated. For
a purely sinusoidal gust, it seems that the ;effect of the nbncompactness increases
- as the Maph Number and the frequency increase. However,l assuming that the
unsteadyness of the pressure‘near the leading edge dominates that near the trailing
edge as used in high frequency analysis, the c‘ontributioﬁ to the total unstea;dy '
lift is confined at the small area near the leading edge. IThen, the characteristic
length to be used in the critefia for noncompactness should be the length of the
small area in chordwise sense, which is much less than the geometric chord length
usually used for the criteria. Therefore, it is expected. that the critical frequency
for‘noncompactness is reduced for the sinusoidal gust.

Forthe vortex gust, the cbntributi_on of the high frequency is reduced as in the .
case of the unsteady lift and the contribution of the high frequency to the farfield '
acoustic pressure is reduced because the acoustic pressure varies inversely with
the frequency.

It is also expected that the effect is reduced more in the downstream direction .
because the observed frequency decreases due to the Doppler shift in frequency

when the body is fixed in the wind ( as in the acoustic wind tunnel) or for a the
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moving body with fixed observer. The effect is opposite for the upstream direction
even though there is no difference between upstream and downstream for the body
and observer moving with the same speed. The noncompactness iz the upstream
and downstream directions becomes more serious for the case of the interaction in
cascade flow, and in the conﬁ;led walls as in the case of fans and compressors of a
turbo engine[87], whereas it is less severe for the single vortex blade interaction.
Although a clear criteria has not been given here for the effects of unsteady
compressibility and noncompactness, the above comments for the blade vortex

interaction are of interest.

Nonlinearity

The assumptions, used for the linear analysis, of the s'plitt'iﬁg of the velocity "ﬁeld
into rotafional #nd irrotational components, and the assumption of no distortion
of the vorticity field or the vortex path, are valid for the case where maximum
normal component of the gust velocity at the body surface is much less than the
convecting velocity and where the thickness of the body is small compared to
the wave length of the gust and large enough for no separation af the leading
edge. In that case, the linear theory works welll10l and it is known that splitting
of the oncoming vortex by the body is the phenomena observed in experiments.
For the nolinearity due to the thickness of an airfoil and the amplitude of a step
gust velocity, Giesingno] showed that there is no significant effect on the Kiissner
function for the 8% thick von Mises airfoil and for the gust velocity having 50%
of a convecting velocity.

However, for a free vortex interaction, the vortex path is distorted because of
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the potential field of the vortex ; this is not to be expected for atmospheric gust a
purely sinusoidal gust, a gust simulated by air injections and a weak blast vs}aVe.
So, to predict the unsteady field quantitatively and to show the géneration of the

“secondary vortex sémetimes observed, the nonlinear and viscous effects should be
considered. The quadrupole effect due to the nonlinearity in the flow field, which
would be the same order as the dipole, and the transonic effect, vortex induced or
not should be also considered in the case of higher compressible flow. Even in the
incompréssible case, the development of the prediction scheme for higtheynolds
Number flow with reasonaBle vortex core ‘is desirable.

The reasons for the large variation at the 1éading edge of the blade, observed in
the data from the large scale experiments both at low and high Mach Nﬁmber[93],
are still not re\'realed. It might be due to the high frequency effect discussed in
the high speed linear theory or the forward propagation of the shock(®8! or the

distortion of the vortex and vortex path.

Vortex Generator

In addition to those for the interaction, it is of interest to comment on the vortex
generator since the vortex strength a.pd structure are iﬁportant factors for the
interaction. In the measurement of a vortex flow, it is very useful to measure
both quantities for the vortex and the vortex generator whether it is fixed or
rotating (,3.e. maximum circﬁlation and its position, circulation distribution and
aspect ratio of the generator) because they are important parameters to predict
the vortex profile and to determine the distance of fully roll up vortex before the

interaction ( the maximum circulation distance is changed for different tip shapes
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and tip speeds in the cass of the rotating blade). It should be also pointed out
that for a two dimeusional vortex, generated by an oscillating airfoil or an‘airfoil
in impulsive motio_n, that the behavio_r is different from the tip vortex because of
no axial velocity in the 2-D vortex. However, if might simulate the tip vortex in
thé decay stage where the axial velocity is negligible.

Caré should be taken in comparing the vortex theory, which usually assumed
full roll up of the core, with the experiment data because sometimes it is observed
that the maximum circulation of the concentrated vortex is half of the circulation

at the root of the generator[33].
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Appendix A

A.l

The Heaviside function has the following properties : o

OH(f)

o ... 3F _OH(f)
= (H(DFY = H() 5, + P25 (4:2)

where F is an arbitrary function and 6(f) is the delta function having zero value ,
except at f = 0, that is, at the surface.
Using the equation of the surfa.ce motion and the above properties, the follow-

ings can be obtained

SH(f). _ 9H(f)of
ot af ot

= §(f) (-u

of
az,-

)
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and

OH(f) _ OHOf |
G - 535: (A.4)

= 6(f): (A.5)

az'.‘

A.2
The volume integration having the delta function in the integrand can be changed

into the surface integration

J,

where S is the surface of the body in the motion defined as

6(f)F(v)dy: = / e /an. ra77aneS . (A6)

f(niy) =0 ' | (A7)

The time integration having the delta function, as shown below, in the integrand

can be carried out as

/@MWﬂM—Zﬁaﬁ%ﬁ (438)

where 7! is the i th root of
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Appendix B

The equation is

U

with the boundary condition

An appriximate solution in the following form is tried

G =c-go(n)+¢*-gq(n)
where 71 is a stretched coordinate given by

n=2'/c’

Substitution into the equation gives equations for go(n) and g,(n), t.e.

4ngy +2g5—Ci =0
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gy +4ngygy + 26790 =0 (B.6)

From equation (B.5)

(]
90 45

After integration, the solution for g, satisfying the boundary condition is obtained

as _ ~.
VIiFiCom 1 1. (1+/IF4Cq

~ From equation(B.6)

- —2B%go
A X B9
Using (B.8) and (B.7), the above equation becomes
| . In (@)
g =-p{1- - = (B.10)
v1+4Cin V1+4cen
;which can be integrated to yield )
2 1++/ v
o = _% {Cm 14 12+ Cin | (1 + 12+ 4C1n)} | (B.11)
1

i1l



Appendix C

L(s) = 2mbpU,

s (Ve + [ 2 (227 - o)ao]

where
P(s) = 1-05e"" —0.5¢"
Y(s—0) = 1—0560117 _ 0 5ere?
1 2mr,(0)
I L 2
(s) (8)" 37550, T,
0<s<s
I(s) = ~Zwls)+ [~ —Teuls — 0)do
z, o (z,— ob)?
To Yo [* 1 0 o [°* 1
= |-=2-— ——do| + [-— +0.5— 0130 0.13¢
[Zo b Jo (0 — %)? ] [ b (a %2)2 do
+{_Io‘+05'° ' do| e |
LTl ozt

= Py(s) + Py(s)e™% + Py(s)e™"

112




where

’ - ’ ko
o = |- ek’] +k [ ——do
0o (o0 — 22)2 so=m | 0 7%
’ ko . k(ﬂ—') —t
/ ¢ ,d = ek_b“/ > e_dt, t——-k(d—ﬁ)
0 0 — —bn' kibﬁ ¢
z [o o] e-' oo e_t
{k(%’-v) t k2 t
0 z, z,
= —e" 3 {El k(T — 8 ) -El (k7>}
S; <s< S,
I(s) = ¢(s)+/ 6)21,1)(3 a)da+/ _._,p s—o)da
= P(s)—_ll P(3)+05b '.__1___ 0130 J i | g=0.13¢
na o 2 o .l(o'—..a.)Z
+ P(3)+05—b'/.——-1———e"da' e’
3(S1 S A (0'—-’52)2
= Py(s) + Py(s)e™"*" + Py(s)e™*
Sy < s< 8o

1) = ~Zuo)+ [ —Lb)zp(s ~o)io+ || —%w(s — 0)do
b 1
ro Jay (0 — 22)2
+ [Ps(sl) + 0.5—/ -(——ﬂjge”da] e”
rodo (0 —%
= Py(s) + Py(s)e™ " + Py(s)e™

- [pl(sl)__] #[Pite +052

60.136d0.] e—0.13n
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52 <s< 83

br,

1) = =24(0)+ [~ Tmdle— oo + [ = Lo(s - o)

[——w&—d

3CTo
= [Px(sz) + E.?_ [P2(32) 0. 53_”_/ 0. lsvdo.] g~ 0-13s

Yo CTro

[P3(sz) 0522 /.2 "da] e

CTp

= Py(s) + P(s)e™""%* + Py(s)e™*
S3 < 8 < s4
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+/" %—b-qb(s—ada / (s — 0)do |
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= [Pl 33 - —-] [Pz(sa) +0.5— b Olaodo.] 6—0.13.

To Je3

+ [P3(33) + 0.5; /;a e"da] e’
= Pl(s)' + Py(s)e™"1% + Py(s)e™*
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+ [P3(34) +0.5

b 84 (a - %p')ze

1 ﬂdaJ e—l

= Py(s) + Py(s)e™ ' + Py(s)e”’

where

ko

|7
040""&

do
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o [E(F-9) et z,
kg — = — el 4
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Appendixl D

1 2rr,(0)
prb T

0I(s) _ . o7/
5. = fracdL(s)ds - e
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51 8L 38,
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Figure 3: Flow visualization during the vortex body interaction
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Figure' 4: Spectrum for helicopter noise (UH-1A, Tiedown Thrust 600Ib, Tip
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+
T BLADE VORTEX
~ INTERACTION
£ NOISE
-4
w
[
=2
4
0 m
[- 9
S HIGH SPEED
§ " COMPRESSIBILITY
NOISE

time !¢
<«———  12REV — >

Figure 5: Impulsive noise signal
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Figure 6: Spectrum of rotational noisel®®! (a) with blade vortex interaction (b)
with tip vortex eliminated (UH-1H, 1.5 g left turn, 4 = 0.24, 120mph )
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Figure 9: space-time diagram for a moving source and observer
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Figure 10: Relation between the spanwise circulation and tip vortex

Figure 11: Tip vortex geometry

138




Figure 12: Equivalent tip vortex system

139




Figure 13: Vortex velocity distribution
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Figure 14: Coordinate system of the blade during interaction
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Figure 15: Kiissner function
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Figure 16: Gradient of the Kiissner function
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Figure 17: Profile of the convecting vortex velocity gradient at the leading edge
(center shifted by z,/b)

Figure 18: Exponential Integration function
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Figure 19: Coordinate of the moving source
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Figure 20: Schematic diagram of the Duhamul’s Integration for acoustic signal
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Figure 21: Interference process of the spanwise noncompact source
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Figure 22: Variation of delayed signal time with observer position
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Figure 23: Simplified model signal in time domain and its spectrum
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Figure 25: Experimental data for rotor tip vortex!42!
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Figure 26: Experimental data for rotor tip vortex!43l
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Figure 27: Vortex core velocity profile comparition (a) circulation proﬁle (b) tan-
gential velocxty profile
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Figure 28: Typical variation of unsteady lift and acoustic signal
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Figure 29: Variations of signal with vortex size
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Figure 30: Variations of signal with Reynolds Number (T',/v)
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Figure 31: Effects of Reynolds Number I',/v and turbulent vortex size r, on
maximum acoustic pressure
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Figure 32: Variations of signal with observer position
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Figure 33: Observer'positions in the spherical coordinates
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Figure 34: Peak acoustic pressure in the plane of symmmetry
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Figure 35: Peak acoustic pressure in the plane ¢ = 7/6
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Figure 36: Peak acoustic pressure in the plane ¢ = r/3
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Figure 37: (a) Tip circulation profile (b) Variation of r,/ R — R, and Ap(dB) with
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