
Fundamentals of Aeroacoustics 



INTRODUCTION TO AERO ACOUSTICS

AERO ACOUSTICS

Discipline that leads with noise generated aerodynamically , multidisciplinary topic
,

bridging aero and

acoustics .

° Difference with acoustics : sound propagation in air with complex situation where sound travels in

non uniform flows
° Gopeng : Investigates coupling between hydrodynamic c incompressible , and/or entropic C thermal )

unsteadiness in a fluid and its acoustic mode
.

Thermo - acoustic resonance

Flow 0.7  m us No flow
-

.  →←!•qoE→
Sound senator : aerodynamics

€
Sound propagation : aero acoustics

-

PHENOMENOLOGY
:

Wind musical instruments : feedback tones through he coupling between unsteady vortical flows
in He shear layer

,
sound waves and acoustic modes

.

Feedback

→

i

Aircraft Noise :

Let  noise turbulent flow in
He engine plume

Fan noise unsteady forces by rotating engine components on surrounding fluid
Airframe noise turbulent flow past He airframe GO landing gear

WIND TURBINES :

• Noise generated by wall - bounded turbulent fluctuations convected past He trailers edge

are responsible for the noise generated
.

T - E noise ! Same for coolers fans



INTRODUCTION : ( THINGS TO IMPROVE & WHY IT  CHANGES so  MUCH )

o Ones a small energy portion generates noise . SO two systems with similar performances an

produce  veg different  noise levels
.

° A Cot to do  still to reduce noise
. Optimize design . .

.

0 Aircraft design  optimization requires fast  and accurate

computational predictive  methods
.

0 Active noise control devices  needs knowledge

KEY QUANTITIES
Helmholtz Number :

ACOUSTIC ANALOGY :

Equivalent sources sneak the same Sound

we dont  care  what

tfaeepas
Jas

eons as

Outside is he

some
.

HISTORY :

Strouhal : fo  = Sto ¥ → first  related He sound emission to He flow friction ,
but Lord Rayleigh

realized later that  actually It  was due to periodic vortex shedding .

@ygyyJg3hilips.pposed a model of sound selection with 3D
. ( span wise

. )

SOUND OF FLOW PASSING CYLINDER !

The periodic vortices induce  a
harmonic

lift of Komal frequency fo and a 0rad of frequency

of 2 fo
.



CIRCULAR CYLINDER
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Acoustic fluctuations are so small that can be assumed to be isentropic
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Supposing small flow perturbations
.

Low Mach number
, quadruple pole can be neglected .
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Algebra continued :

- ¥ . ( Fifty" ) = - E
.

.

' Fi

ja " "
t In Fikret )

i

-
*  

is! "
=

2 II.att
.

- - II neareneeor
- sis

a ÷ .
. ! I '

= .

a

Neglect  near feed term

- ¥
 
if Finlay .

. ÷ . ri

1
.

2 Filet ) n

Pc x. t ) = fi
Yr Cor de

Now  we  can extend he vector to polar coordinates :

Ocho , t ) = f ! y! co ,

.

2 Fifer) dy
F' = - D= . Ipo Uozcod! { Fy = - D=

. z pounced

pcr.o.tl = (sncoif.ee?CecuetIdy-iwscolf.e?zcoctretloy )

Cece ) = Cena ,
e

' info I  +

Feb ))
using these

Cd ( t ) = Cdma
,

e
- ich # I  +To Cy )) for  integration

per .at , = ipouodfocemaxs " lol
e

- info It- I )
. J

.

- iieecy )
dy tf Ie4 Cor

pcr.o.tyzipouodyfgfemaxsncole-izrfokt-EI.ge?e.iieeclon

ACOUSTIC INTENS TY

des  compute  acoustic  intensity for  a harmonica signal :
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BASIC DEFINITIONS

Acoustics : science of sound Sesoahon and propagation . Woman hearing : 20ha - 204ha

Aero  acoustics : sound generated aerodynamically

Sound :
pressure perturbation that propagates in  a fluid accordingto a  wave motion

Sound pressure disturbance : p
' Ctl . PCH - Po where : Po

 =p = FI as
¥ f pet - it's de '

An  appropriate measure of the strength of a signal is He root mean square : F .

- M¥2

Definition of RMS :  root  mean square Sinusoidal wave Threshold hearing Threshold pain

frm s = fin
.

F = RIB Inn a Io
- 5Pa Baxa sopa

Logarithmic scale is used due to large rage :

sound Pressure Level I SPH : Lp = solos (fig ) ! 20 log (fig ) dB

Pref .

- 2. so
.

spa

LOGARITMIC SCALE OF Ivi ENS IT > AND power
Doubt's The Prms corresponds to a 6.02 increase in SPL

Sound Intensity : Sound Power

ICX ) =p
'

V
' D= §aIn DA in  a quiescent fluid C medium at  rest )

Sound Intensity Level Sound Power Level

LI  = solos (¥Ig ) HIT -

- dB coecibee ,
Lw -

- solos ( Eeg ) Lw = dB c decibels

Poy .

- so 12W
Iof = 1012 Wlmz

SOUND LEVEL  PERCEPTION

Affected by frequency .
Two pure tones of same SPL are perceived at different loudness

The loudness level LN of pure tone of a pure tone is defined

as He SPL at Shut
.

Noise  weighting : hearing sensitivity into
account

,
SPL Lp is  weighted in

frequency - dependent  way :

Lp A  = LD  + D La C A - weighting



ENSEMBLE AVERAGE Statically Stationary Process Hauto  correlate .  on Function

A process pct )
,

the  average over time . P is He auto - correlation and t and St  are  arbitrary time shifts

PCI ) = ( p
'

CHP
'

C t  t -48 = ( p
'

AtP' C t  t  I +StdLp > Lt ) .

- ¥1 In N⇐PnC t )
Tip ,  caley Pce , decays to 0 for large I Cforget the past )

we can split He signal Into segments of duration St and consider

this  segments  as  independent  realizations of He process . ESTOKFOURIER TRANSFORM : use to  analyte  on frequency domain
.

-

A  Statistically stationary random process  is

conveniently analysed in He frequency domain

through He fourier transform .

Icw ) =

.

§ hi C t ) exp C - i WE ) dt →  ones works I htt ) is square integrable f ! 1h
'

C t ) Pdt  < as

[ = Fd f =
we A  signal can be recovered bed te Sunnah  on of he spectral components  with

22 He inverse Fourier transform

htt ) = In ! in Cws expciwt ) Ow

AUTOCORRELATION  t  FOURIER  TRANSFORM :

Autocorrelation function :PCI ) = C P
' ( t ) P' l ttt ) ) Is Sanae  integrable if it decoys to zero sufficiently

fast for large values I . We  can  use He fourier transform .

Few ) = f.
 

IPC Heap C - iwc ) de and the  noose F' =P C I -
- o ) = §:#wjdzw = fjpcg, of

ENERGY INTEGRAL DIVISION : BANDS

we can divide He energy integral in bands and compute He energy for every band
. I ? = f Cfl of

The
bands

 are defined by a lower
,

as  upper  and a  central trauma : Bfi .

- fi  h
- fil energy is preserved : =§pT

CONSTANT Narrow BANDS C tipi  Cally as directly from Discrete Fourier Transform)

Dfi  
= If =  constant fic = ( filet fin ) 12 - foot  isf

BAND SOUND PRESSURE LEVEL Lip - 20 log ( Fil fic ) I Pres )
m -

- s octave band

m -

- % one - third octave bandhe = zm =  constant fic .

-
C fie fi )

' " Sfi  
= C 2M "

- 2
- n "

) fic
)

m -

- Iga one twelfth  octave band

central feguacies : fic  
= ( fief in )H = 2mi foc reference central frequency → foe -

- I huz

while Noise : Octave band linearly increases by 3dB band
, % band increases by Sd B1 band

WAVE THEORY Of SOUND

p -

- density ,
V=  velocity , p = pressure , ee  =  specific total energy ,

in = local injection  rate
, f .

- local force per  unit of volume

⑥ = local heating. rate



Cows - IT  UTIUE RELATIONSHIPS

ee  = e + Az v2 e = Cv . T especifk internal energy .

f
dynamic  viscosity

Inca -1 tou - ZIP . v ) , Iii  =m(3,+3i ) - 25M ( FIT)Sii
. qsij.s.si ;

of = - HOT fourier law of heat conduction p=pRT perfect gas Caw Sij -

- 0 i t it j

More terms :

Cp = Rt Cu specific heat  capacity at  constant pressure

Y = CPK
.

with e.g . yes
.

u for  air specific heat  ratio

ENTROPY : S GIBBS RELATIONSHIP

Tss = Se - ( Dlp 2) Sp for  a perfect gas : S=Sr  t Cv - log (E) (Ep )
'

reference  staleDeice He following differential relationship : Ss = Cv ( SF - 8¥ ) I I )
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'
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,
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°

Neglect the effects of viscous stresses
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ACOUSTC EQUATION FOR A MEDIUM AT A  REST V 0=0 Po  
= constant  = Pcs PO  

= PO CX )

Jp '

Jet v
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.
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Acoustic EQUATION ASSUMING COSTA NT  MEAN FLOW DENSITY

÷
.
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'
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'  

= Qp Qp = ( I - %ns ) ?f + of
.

. - of
'

00=0 Laplacian

✓ Acs  speed of sound

Force  acts  as  a dipole

[ I . FI't ?aw FF
'

)
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In f. domain - lip - sp  
= Ep

t
h = I

a

INTENSITY
,

POWER
,

ENERGY CONSERVATION

Po IIe + Tp '
= f

'
→ multiply by u

' Ze (Po . I V' 2) t V
'

. Tp '
= V' of

'

⇐ go
IIe t pot . v '  = O

'
→ multiply by '

'  '

Ipo It ) , pro . vi. - food
'

p
'

Adding them both :

Ze ( po . Iv '
2

t ) * D. C put ) = vi. f 't fo O' '

p '

Integrating over a  volume V containing all He Sources

Assuming a steady V and using Gauss theorem

r  r  a

I =p
'

.  v
' is the  acoustic  intensity .

V OV Vs

Sound Power on periodic signal and taking the time - average over  a period :

Ot ! In DA  = §E du =P



ACOUSTIC ANALOGIES

We have to predict noise is He far field . how do  we Predict It ?
far - field

FULL CFD : hybrid CFD I CAA
Sample
acoustic

accurate high accurate CFD near freed data

CFD
↳  propagation

Expensive Less expensive accurate through  acoustic

analogies
large domains Smell domains

high acrostic resolution high resolution only neo field nearfield

Separate he sound generation from propagation
FORMULATION OF Acoustic ANALOGIES

Light hill : turbulent flow  in  a

Flow sobering equations Wave Goat  on : Depending on He ref . Quiescent  environment

propagation . I Source term wave  equation  and  source

we can  have  diff formulation

Ffowcs Williams  and thaw -lungs :

extension to flow  confined by Surfaces

in  arbitrary motion .SOURCE INFORMATION

SOLID PERMEABLE

° Integration of pressure field over a Integration of He pressure field over a  control surface

the physical surface of He body
o Includes also He non - linear cquadropolc ) sources  inside surface

a Confines all He flow  non - linearity ° The control surface  shall be placed in  a linear flow region .

in  a  volume integral over a domain
exterior to a body

THE FFOWCS WILLIAMS AND NAW WINGS ANALOGY

The TWh analogy accounts for movement L such as propeller or rotors

The flow enclosed by he surface feat ) so
,

can be replaced by a quiescent fluid and a  surface distribution

-

of sources  which restore He conservative character of He field .

Po
,  Po

,
6=0

Surface source distribution of mass¥ Kp - Polhlfl ]t¥µ[ Pui UCSD = Q SCSI continuity equation

heavisidefunction¥[ Pui Uifl ] t Fa. ftp.uiujtpijlhlf ) ] .

- Li Scf) momentum equation

Surface  source  distribution of momentum

fcxit ) =o control surface that moves  with velocity vcx , t )

A normal vector to He su face u  velocity of He flow

V relation of integration surface Vo Listener veloatd . A flow field is conservative if and only if
exist  a function f Such that F  = GraafQ -

- Pollini di -
- Pijhjtpuicun - Vn )

Ui  
= ( a . Pyo ) wi  + Pyo ai

Pij - Cp - Po ) Sijttij As Cons as he ret mass flow is too
, a body

with closed shape might be represented.



CONTINUED

In cg ,
The continuity ad momentum equation can be rewritten in

ye

= 81ft 3¥ = Scf ) Vn form of a standard wave equation that describes he propagation

of on  acoustic disturbance p
' in  a quiescent  environment

Tzu !?
'

= Sift3¥ .

=Sofia go.api-fz.3.cz - 02 ) p '  -

- 0

↳
wave  operator

Subs tract He divergence of He continuity equation to he time derivative of He linear momentum equator
Fwn equation :

stressor

DBM
"

UP -

Polanyi ]=z×
;

I Ti ; hip ) - I
, ( dig , gig + ⇒ agog , ]

Tci = puiui  t I P
'

- up
' ) Sii - Iii

Assume small O sits perturbations : INHOMOGENEOUS  WAVE EQUATION  For  PRESSURE

downs source term :

-
BAEZ LP

'

hell ] -

- z×
;

I Tiihlfl ) - In. ( di Sisi) + ¥10841 ]
- -

Quadrupole source ton Thickness source term

- -

Volume distribution Surface distribution
of sources of sources

Quadrupole source tcm : accounts for flow  non - e.  near , hes in He domain  exterior to tee control surfaces .

( shock waves
,  vortical disturbances )

Loading source term : accounts for unsteady loading exerted by He body on He fluid .

Thi  chess source term :  accounts for He fluid displacement produced by He body Mohon .

GREEN 'S FUNCTION

Impulse  response of an  inhomogeneous linear differential equation defined on a domain  with specified initial condition  or

boundary condition
.

Function
-

L Cx ) = fcxl Is Lgcxl -

- S Cx ) →  dcxl = fflxilgcx - x' 103×1
W

um
Operator

other function



RETARDED - TIME SOLUTION OF THE FWM ANALOGY

The computational time is now He reception time
.

It evaluates He signal received at  a surer time t

through simulation of all He disturbances reaching He observer  at He sane time t . These are emitted at different

retarded times  and cover different distances before reaching he observation point .

BAEZ LP
'

Hlf ) ] -

- z×
;

ftii Uifl ) - Fa
. I di Sisi) + It IQ 841 ]

The seen equation  in this case is :

G =
SCS ) T

>  source  emission time

If where g
-

- t - I - E r -

- Ix - yl

↳
 observer reception time

Applying greens  equation :

Grp '
= 23¥

;
ffg

,

!
"  -  " '

Ti ; dude - Faff
,

S "  -

I
. " '

Lids or  + Zeff
,
! " '   " '

Quoi

Applying a change of variables and considering that :

w
I C Ing where He sum  is tater  all over He loosen '

or He retardedf Fcc ) Scs cell -
- E -

n ,  z 2g 12T time Cauchon 8=0 and Bye = - z t Mr  where Mr  = Miri

is He component of He source Mach number vector  in He director

of He observer fi = C Xi . yi ) Ir

F ( Tn " I : When source is in subsonic motor
. ones one solution of retarded time cgration . If

Supersonic motion
, moe than one . This is due to  impulses at different times can

be perceived at he same time

2812 e : II - Mrl accounts for a dilatation or contraction of He observer time scale

Wr
.

the source the scale : Doppler effect
.

Assuming subsonic flow motion and He retarded time
.

[
*  

= t
-

K - HTML he solution ca be rewritten :

up '
-

- %.lu?ninl..ov.E.if..l...hinI.:s-iEels
. .

I .is
Singularity can be removed with a

different  charge of variables .

Chase space derivatives to time derivatives :

⇒
.
! .is?al..os---EIeS...olrtiiIiI...os-lrkiiIn.d...os



up
'  

= I fool
,

du + Eze f.
 

of 1. out f ! movie I. Sad :i Duos - if .dIi÷d .at#k.olEn..i.os

Moving He time derivative with the integral

¥1
,

= ( y.tn ¥ ! )
of

Ix : derivative tales at fixed observer position and using

IF = - cm . z=EcMc 3¥ -

- Efrirdfitccmrz - u 'D
The retarded time equation  can be written as :

P' cx.tl = Poi ( x
, t ) + PL Cx , E) t P 't cx.tl

-
-

-
LoadingThickness Quadrupole

ADVANCED - TIME SOLUTION

The computational time is
the emission time

,
consists in using a retarded time approach but He point

of view of th source
. At each computational time and for each source element

, He time at

which He disturbance will reach He observer
.

retarded time equation : Setting tret = t

Iet  = t -

Htt ' - Y ' Tret ) I
retarded time  equation T  

=
Htt 'T ) - yet ) I

C C

at  an  observer time ft T

time  at  which a disturbance

Tre 't
= t  + T

-

H C t 'T ) - Y ( Tret
' I I

emitted at y will reach he
C

observer
.

Is the observer moves at constant  oeloats Cmo
,

Hen : The signal cannot be perceived before

T
 

I
=

rinoi  I i¥
= f ( no , ±

being emitted

C ( I - Mo
? ) ( I - Mor

)

radiation vector
v

Radiation Mach number

Supersonic motion :

If observer moves close to source
, solution physically acceptable

If Ob sew moves away from source ,
solution is physically unacceptable



PROPELLER NOISE

ASSUMPTIONS

a Low tip Mach number :

° Noise generating by blade loading of open Conducted ) rotors
.

°

Only constantly .  spaced blade systems  are  used in frequency domain
.

° Only formulas for Tonal Noise  contribution , due to periodic wake I stator and or  rotator are derived

> TE broadband formulas next lecture )

° Same sound generation  mechanisms  are He same : Do
,

r
,

B specific design  challenges and methods
-

° Rotor  operates in  ideal unperturbed flow conditions Notorbclnce - blade  interaction
.

FARA SAT FORMULATION IA , SUBSONIC Mov
. NG SOURCES

Thickness noise :

urtext ' = f.
 
of :{son! refs . f. feooncrnitccmr

- m 'D
) as

r2 ( s - Mr ) '

ret

Ui  
= ( I - E) Vit IT Where M is He Mach number vector of a source point  on He integration

V : surface velocity
Surface

,
He remaining terms one :

u : flow velocity Un - Vini
,

Un.  
= Viii

,

On = Vini
,

Mr -

- Miri ,
Mr = Niki

Dots on quantities denote time derivatives with respect to he source time a .

LOADING NOISE

" r Piatt -

- Zffol .is?nTf.a.dstfg..ol.Ys7nTYm.os-iIf=ofthir  " " " m "Josr2 ( s - Mr )3
ret

di  
= Pijnjtpuicun - Vn ) dr -

- Li . ti Ir -

- Lir du  = Li mi

Pij -

- Cp - Po ) Si;
 - Tij



RETARDED TIME US ADVANCED TIME FORMULATION

.
.Jet evaluation at He retarded time

c- ret  = t -

Htt ) - Yltretll Implicit equations to be solved iteratively
, up to

C 3 solutions for Supersonic rotating sources . Doppler effect
.

We can instead calculate the arrival time
.

taou  = t  t T p =

lxltt Tl - y Cell y = Source point from here
b

c X  = Observer to here

ON THE FLY IMPLEMENTATION

At He current time step k
, for every discrete surface element j :

2
. Use flow  velocity , pressure and density to compute elementary contribution

.

2 . Evaluate he reception time thaou

3
. Store He signal as  a double array C p , taou ) hi

4
. At He end of computation

, sun up all transition Signal through

projection on  a constant time step sequence .

5
. Compute spectra :

analysis I fine domain ) synthesis Cfrequency domain )

MONOPOLE

The doppler frequency shift  and amplification can be illustrated by considering He acoustic

field generated by a  monopole of strength QCEI moving along X = Xslt ) in a quiescent medium
.

• Plx.tl
^ DERIVATION :

× sit ,
IT 3¥ - OP '

- Po It { Qcttscx - xsct , ) )

After : green 's function ,
evaluate y . integral

. change of variable

N

pcx.tl =p. # JQCT ) Slt .  I . K - xsctlllc ) de → JQC E) Scgcc ) ) de = {
Qt )

ur Ix - xsc -41 n -

- s 13¥ ( Tn . ) I

where :

gczy ,
t - T - IX - Xslt )l

cm ,  = Vs . f a =

Xi - Xsi

. -

E. = - ' + I
, ,

= . . .in .

" " 3¥ ' " " ' ' "



Changes of variables and substitutions

retarded time

Platt .

 - po &
,

It { QC In . )

hrlx-xscenx.gl/z.mr1ziy1/Tn=t-lx-xsLtnH/c

Relationship between emission  and reception time :

Joi s contraction and higher
- =

o Approaching subsonic Of Mr EI ( I . Mr )
"

Z A
detected frequenciesat

z . Mr ( Ti )
a

b- Receding subsonic - I ⇐ Mr  s O 0.5 E ( s - Mr )
- s

⇐ y
dilation  and lower

doppler detected frequencies .

greg shift
°

Approaching supersonic Mr > I ( I - Mr T '

LO signals emitted later  are

detected earlier
.

Consider monopole moons Sub sonically , reception time unto emission time
Accoustc pressure from subsonic ally moving monopole tales form :

Pc " t ' = Eur f.÷ .pt#.n.pfrir-icCnr.ny3)re+rir--ri2fi

DIPOLE

Force Flt ) moving in a quiescent medium
.

The radiated acoustic pressure is our . bed by wave equation .

f. IIe,
- Of = # if FCHSCX .  xslt ) )

Solution  is :

Pats -

. I .Zxilur Let

Subsonic dipole : higher order Doppler factors appear for higher multi soles .

Er
.

- fireur " " ti - - Eli.int
.

- If " "
I

,

- I Ii. In
.

Frein .

Using emission . time derivates has several advantages but results in transonic singularities .

due to doppler effect .

COMPACT MONOPOLE - DIPOLE  FORMULATION

Geometry : fluid displacement
, monopole contribution If we are only interested in Cow frequency noise

,
such Hat Xs >  chord

Force : fluid loading , dipole contribution acoustically compact  source
.

The blade can be replaced by on equivalent blade with

he same span wise load distribution  and flow displacement



ROTATING SOURCES - FREQUENCY DOMAIN SOLUTIONS I 114 )

Monopole pcx.tl Assume periodicity =o= POZefurrfs.my/ret
t - e + I de -

- Cs - WWE

Fourier :

Pmcxiw
) = - iwm f

.

! ¥ ,
eiw " " " '

de pcx.ws .

. fjpcx.ae iwtot

Dipole Assume periodicity .

- oP' A

th
- II. I Fifa71 , ] - ( Fi ri " r

) t .

. t.ir , ot.es . mader 212 - Mrl ret
Fourier :

PDCx.ws
= - Fr f.! Fyu - ihr ) e-

 iwlttrk ) de Platt =Faf
.

!Pc× , wie
- iutdw

@Atggggggg@
Xm= I Rosin (G) cos (9)

,
Rosin CO ) since ,

,
Rows co ) ]

Beggs
Xs  = l Rs  cos Cdt ) ,

Rs .  sin ( et ) ,
O ]

F -
- F. ( sink ) sin ( rt )

, sink ) cos Crt ) , costs ) ]

⇐ f
' Iis:i:is::!:L:: " .com.om .

else

E

Remarks

• Once FCE ) and Qct ) are prescribed we  can
Ose exact  or  approximate expressions of Fr ( t ) and ref ,

to  compute the radiated noise in He frequency domain : with numerical integration .

° Time  integral must be bound
,

boundaries not  - A  and A
, Least Common Multiply er of FI tf and act )

° Numerical integration  is not  avoidable
, time domain is preferred

° On frequency domain
,

we  remove th singularity problem
° Frequency domain : good to derive  analytical formulas

,

but chord wise compact and far field approx

must be introduced ( × > > chord ,
r > > Rs )

ANALYTICAL EXPRESSION OF AtFIELD NO . SE FROM A ROTATING FORCE

Without  radial force  component .

PD ( Yw ) 2 if f.
 

! Ff e-iwh.iq ,
, ,

Expand with Bessel functions

Pshaw ) x
the

" % "

{f
.  

⇒ osco , wscheihmsncdoscri-de-iw-d-tf.sc , since , sncy , snore - ygeihrssncolwstk-41e-iw.de )Ur Ro

where :

Posix ,w , = then!up!
"

!in3nChRs  sncone-inefcw-nriff.sn chaos colours )



Supposing that He force  acting on He radial segment  is periodic with tee fundamental period of rotation 2%
The force  can be wrten  as a fourier series :

Fett = In [ Ecw ) e
- iwtdw = f÷Fs e-  isnt

with : Fs -
- I J!

 

eisre

Discrete force  spectrum :

Ecw ) .

 - §
.

Fs Scw - sr ) ) substitutes into Pscx
, w )

Far field is  necessarily discrete  with fundamental frequency r

is

PD ( x. w ) = I PN C x ) Scw - Nr ) Sth  = N

N  = - is

Obtaining :

Pvlxjn IN re
- ivrroic

Wcpo If
 is

Fs  E  " N - St H - E ) Ju . s ( Nrps sneak ) ( TE such tuscaloosa ))

Discrete noise expect rum : M= 7th

Put Xyz
IN re

- wrrok
C

urcpo If
 a.

Fs  E  " N - she - E) To . s ( Nmsin co ) ) ( . Thissuch t  cos Colusa ))
#  blades

D equally spaced blades :
e

. ICN - she
→ j

 it . sloe - 23T
'

) interference function N - MD

'

MB asPmplxyzim BRE'  "  "  "

€
,

Fs  e
' i CMD- sloe - E ) yo . ,

fmpmsnco, ) (.
m such t  cos Colo  so ))UR  CRO

MDM
Pmo IN a iyB÷ Es Fse

' in ' - skein 's . she - rsro 'd
3mg.scmDusnconfmh . synd +  oscoloscrl ) Rs -

- LET

PROPERTIES

1. Periodic blade loading generates discrete - frequency noise  at He Blade Passing Frequency Brize and harmonics
.

2 . Each tone  is He result of the sum of infinite free - field radiation  modes Csl

3 .

The magnitude of each mode  is proportional to he blade loading harmonics Fs  weighted by Bessel function  as  a  result g Doppler

4 .
Each mode rotates  with equivalent phase  speed Is  when St  MB he mode  is  an effectively  spinning mode which sues  zero  contribution  on He axis

5 . The special case  5-  MD corresponds to the Symmetric  mode ,  most efficient one directly related to He o2factor
. Radiation along He axis .

6
. The mode 5=0 corresponds to steady contr buton of force . Contribution to thrust of propeller .

Contribution  is smaller than He one

from higher blade loading harmonics in  non . uniform ,  ties of forces .

7 . The rotor . locked noise has  a  zero  contribution along He  rotor  axis at  on  angle such that  Osco ) = they located in He

front  of He rotor
. If a  noise  is  measured along tee  axis

, harmonic loadings are present .



NO .

SE FROM A ROTOR Io TUE WAKE OF A STATOR

A stator of T vanes generates wales chopped by B . balded rotor

The loading harmonics acting on Kee rotor  are multiples of the
number of vanes C SV )

NOISE FROM A STATOR IN THE WAKE OF A ROTOR

A  rotor of B blades generates Wales im pining on a V - varied stator
.

The loading harmonics acting on He rotor  are  multiples of He number

of vacs C SV )

The force do  not  rotate ; He first  care  angle is to

PROPELLER NOISE

SPECTRA AND SOURCES OF NOISE

Tonal noise :

Loading noise

Thickness  noise

Broadband noise :

Turbulent boundary lager trailing edge noise

Blade Passing Freeway Tp .

- period of one  revolution
BPF  = ¥p= fB D : # blades f :  rotational frequency

a " " a " Ii's
" ! male

.
! " " - Eis.li?iiiisl.=...tI.l.ln7i7n7sl.=

.
×

- -

Loading noise : Steady and
Thickness  noise : Contributor

Unsteady pressure  contribution  on
from th blade  surface  motion

He surface ( M >  0.7 ) important !



BROADBAND NOISE  - FREQUENCY DOMAIN :

.

I RAILING EDGE NOSE

Blade section of chord
"

C
" and a span length " L " with mean flow in He x direction

. Far field noise due

to trailing edge noise

spit can -

- ( IIa 12210.1¥
. hs )

" I!!! . I It E ( to . his ) )

'

dis

I =
I

non dimensional acoustic wave number
Zao Opp  wall pressure Wwe number freq . espectrum

o = ftp.zz
'

P . G transformed distance from trailing edge Uc boundary Cage eddy convective velocity

big . he
p2= I 2

ITE : radiation integral function

Radiation integral function is He sum of :

I TE
= Iste , IZTE Accounts for the wave bach reflection at He leading edge .

derived from semi - infinite flat plate HI
.

- HEI non dimensional have  number  stream  wise
.

M = Ufo average nach number

ii. - we

czaopy Rest  is  more  efratrons . . .

C-
*

Fresnel integral

The wall pressure wave  number is given by :

where :

S * bound as eager displacement thickness
.

Lw wall shear Stress .

LEADING EDGE NOISE :

Far field noise due to imposing turbulent fluctuations .

⑧

I tales into  account both ke leading edge contribution and he backscatter 'y of TE
.



Iww  can be  related to the velocity power respected density 0ww Cw ) and span wise correlation length few , hgl

Assuming frozen es convected homogeneous isotropic turbulence C w  = Ux Uo )

Lt 
= 0.4 K2 's

Is → k is
He turbulent hnehc energy and E is ke dissipation  rate .

IMPLEMENTING A ROTA
-

ING REFERENCE SYSTEM

Apply a frequency shift correction to each section to account for he Doppler effect

We ( Y ) Mt . Sh O Shy Mz  and Mt :  axial and tip Mach numbers
= It

w ~s . ME an
'

co )

COMPARISON WITH EXPERIMENTS

increases th peaks mostly .



AIRFOIL SELF NOISE

LAMINAR BOUNDARY LAYER INSTABILITY NOISE

> nul noise

° Low Reynolds  number ( 50000 C Re C 500000 )

- Small perturbation  in laminar b - e are  amplified coherently over  a

laminar separation  bubble or separated shear layer .

° These amplified Instability wares pass th trailing edge and Scatter  sound

> Propagate  upstream  and they trigger  new  instability waves .

TURBULENT BOUNDARY LAYER TRAILING EDGE NOISE

o Broadband Noise

° Characteristics  of The > 300000

a Random  organization
°  Different pressure forces between sucker  and pressure  sides leads to  scattering

BLUNT TRAILING EDGE NOISE

o For blunt trailing edge Tonal noise

o Vortex shedding happens .  vortex by roll up process

a Ths  vortex  Shedding is  restricted to
a  narrow band of frequency .

> Dominate  over turbulent boundary Eye TE  Noise .

SEPARATION AND STALL NOISE

> At high angles of attach He flow  car  separate on th section side and

generate  shedding of vortices  Tonal Noise

. Deep stall happens  at high angles of attach .

s Large scale structures , low frequency noise



Tip NOISE

o Only encountered on a finite  wing

> Related to the tip vortices

o Generale  noise
, unsteady

TRAILING EDGE NOISE

EFFECT OF SOLID BOUNDARY

Light hill : noise generated by turbulence in an unbounded medium
.

I xp ups nos IR2

Curle : inference of solid boundary upon
He radiation of sound

.

It pub no I tf auto
stronger sound emission

at low  nach numbers
£ I  

is
in presence of a  surface

If he .  -
hc = 2nd Xa Ccs the source can be treated as point source Vall Otts Ago

° If the train of codes has wavelength X = 28

with 8 He length scale of turbderce
.

° If He train of eddies convects at  velocity Ucs

and arguer frequency u = 2262
x

NON COMPACT SURFACE

Is pups Mo
'

PSI . ¥ sink 012 )
-

for non - compact surfaces Sound radiation

Is directed toward ke upstream deck  on
.



EFFECT  OF AIRFOIL GEOMETRY

a If TIS ' C 3.3 ,
the  airfoil is considered sharp where Tis He TE thickness and

8 *
is He displacement thickness  at  TE -

- At  attached flows ,
radiated noise is broadband .

0 If TIS "
> 3.3

,
vortex shedding lubed to

tonal noise  occurs .

Diffraction THEORY

Assume frozen turbulence :

If He ai foie is thin and He can be small

( by -

- o ) ,
he surface pressure expressed as :

P l tix , bit ) =p C t ,  ×
,

o , z ) = poet ( wt - hxx - htt )

In a turbulent b - e
.  convection is mainly directed in stream wise direction .

P ( tix , o .
z ) = poeilwlhxt - X - he 16×2 thx

V

for  a giver location Z He

phase is  constant
.

SOLUTION OF THE SEMI - INFINITE HALF PLANE

Ignoring equations :

The auto - spectral density of he far . feed acoustic pressure  is :

Eaa -
- ( 4147422422 ( I.io/Ynocwi0l

-
~

wavenumber freq. spectrumacoustic

transfer function

In 3D , ht  to  → ( h . ¥ ) replaced a back scattering

L = Ls  +22
←

direct  scattering



LAMINAR BOUNDARY LAYER INSTABILITY NOISE ( TN DETAIL )

freaxuacg jump  as function of Re

Ladder structure :  caused by He frequency

Cad between He scattering og He boundary )
superposition of tones at frequencies fn

and broadband energy content centered at

layer  instability noise and He discrete  noise
a frequency fg .

produced by a  aero  acoustic feedback loop .

INSTABILITY CONCEPTS TAM

Hypothesis :

> Total change of phase over feedback loop is equal to  a  integer  multiple of 22

a The length of loop is Lf

a Constant  convective velocity for He instability waves .

FEEDBACK

Phase condition for feedback loop : 22¥ = 21ft change in phase of instability

Zrfndg ( Ict Io ) = 2 rn

22¥ = 2¥f change  in phase of upstream

travelling acoustic  ware
in

varies uh ai foie , free stream

velocity and angle of attak

Stg.
=

ALL n
-

Ucs www.cl-UP/co

INSTABILITY CONCEPTS AR DEY

a Acoustic pressure at the frequency of He * Reason : scattering of surface pressure perturbations induced

instability waves  is proportional to the wall by instability waves
, developing in He b - l and amplified

pressure fluctuations new He trailers edge through a separation bubble upstream of TE
. phase Off of r

due to Olf r action

D-  est fit at phase diff of r
. stability

waves

at TE

hotta



INSTABILITY CONCEPTS DESQUENSES

The modulation  of the primary tore mas be  cause by

a secondary feedback loop hat  modulates He main feedback loop
.

Might explain He presence of multiple tones
.

BLUNT TRAILING EDGE NOISE C IN DETAIL )

f airfoil thickness  at TE

. CTE
- 73.3

TE

↳ b - e displacement thickness at trailing edge

>
As He ratio increases He band - width of He noise decreases

a the tonal noise contribution rises

> More noise is generated .

HYPOTHESIS

° Only parallel gusts contribute to radiated Sound

The vortex shedding leads to high correlation of up wash velocity .

Spouse  correlation

rn length

in ur

Normalized
Auto spectrum of radiation

The up wash velocity integral

JET NOISE

The engine jet  is one of He biggest  contr buttons to noise on aircraft .

Viscous

Tfr  on laminar to

Subsonic turbulent
,supersonic D

'

pl  
= Dft t I NV C P . Pc ) 8

viscous forces  are

NON-LINEAR more relevant

microphone
O

i ao
microphone

.  - . .  \  
/
- ,

\



SUBSONIC JET

Dependence on Re :

SAME !

JET FLOW DEVELOPMENT

MIXING LAYER NOISE : DIRECTIVITY

directivity changes ca - Mjcosco ) )
?

LIGUT hill 'S Acoustic ANALOGY

Non - linear  acoustic

- generator
pcx.tl -

- Ics ly .
t - E) Ida

Ty
.

 -

- puiuj
 

t Cp - past ) Sij - cij un

-
~ retarded

Sound generated by
sound generated time

by unsteady convection
u sous effects

of flow



Assuming that He Source moves at  velocity U we define  a moving coordinate system Such that

He source emits when crossing y at time I :

M =
I

cis

f- y - cos M ( t - E) = y - Come

Going He followers equation :

The source tom is equal to He double

divergence ,
that

, neglecting He retarded time
,

in He for field is zero
.

if IN ⇒ ly I

xixj

I Tij  = Txx

The  contribution to He for field noise involves only He components aligned in He direction from × to y

and its  amplitude is proportional to the second time derivative of Tij at emission
.

All He sources radiate regardless of their position  with respect to the flow boundaries

Ratio of kinetic  energy escaping as sound :

P ;
 =p ; Aj UP One ,

a  small

fraction of energy

Scapes  as  noise
.

SIMPLIFICATION
EFFECT Of TEMPERATURE

Tij  =p uiuj t ( p - Cod ) Sij - Tij Assuming a high The number

high Red Dipole

Tijvpuiujtcp -

pas ) Sij Qoaowpoee

= 16 It .  

Perfect gas : p
'  

= Co2 -1 PI s ' Non  isothermal jet dipole
sources become  relevant

.

Tijnpuiuj isotropic flows Dependence  is M '

Low M Nonlinear part  is lost !

Tijnpcouiuj
in

linear  compression pot  is preserved

EFFECT OF CONVECTION

• Assuming that dominant sources are all convected

downstream parallel to He jet  axis at  a constant

convective  velocity Uc  and Mach Mc

° When source  is convected relative to He observer

He radiation Is directed In He downstream direction .

o



SUPERSONIC JET

SUPERSONIC JET NOISE CAUSED By INSTABILITY WAVES

Generated really close to the jet  exit

Thes may be generated by instability wares in He mixing lager.

Has  a  near field acoustic field ,
similar  and propagates with a

velocity smaller than speed of sound
.

NOELLE DESIGN ON DIT ION NOT SATISFIED :

Turbulent mixing noise t Shock associated noise

downstream propagating upstream propagating

-

The frequency of He shock associated noise charges with

the direction of propagation

O
The fundamental screech tore has frequency smaller than

/
the broadband contribution .

• The screech tone can be seen as lower bound of He

Shock wave broadband associated noise spectrum .

SCREECH TONES : Supersonic engine in sub design ( propagates upstream )

TtTTagggTTtgg

Ls s . Interaction between large vortices in
k - y

He stew eager and He shook cell

which turns into an oscillatory motion

2. Generation of acoustic waves

Propagating upstream

-8

3
.

Interaction between acoustic  wares

Instabilities  and discontinuities create  noise
and lip produces vortex .

Period of oscillation is eyal to he t  me for  a disturbance to travel one shock cell

inside th wake t the time to travel upstream .

g, = leads( set Mo )



SUBSONIC JET : JET NOISE MODELLING

PANS using h . E for turbulence intensity and length scale
.

Approaches for  modelling : Lighthall 's
,

Tan ,
Aun ant .

LIGUTUKLS ANALOGY :

The far - field spectra for He intensity of He sound feed
are related to He fourier transform of He autocorrelation

function of He far - field pressure .

urbol.at statistics are stationary .

Rf lysin ,
I ) = Ctxxcyg , tlTxxcyz.tt -4 t source convection  a moving reference frame

h -

- Ya - Yz 3=4 - Mc Cos . I

° Far field noise depends on He source wavenumber frequency spectrum with a wavenumber

that sues a sonic velocity in He check on of he far - field and a Ooplo fin fled frequency .

wavenumber - frequency spectrum of turbulence sources is giver by

Bp TATpogggg÷gTTf

Rm Cy . . -5 , It = azoozuoze
-

'II - we "

↳  characteristic frequency
I t

magnitude of velocity
ooo  relation scale hat

\
characteristic length Scale

.

mess , compact  source

character '

hes

turbulent fluctuation ,
Leo I M characteristic Mach of turbulence



at O .  - 900

IS a RANS Solution is available is possible to estimate contribution of each elemental volume
.

experiments

match peak but  not

pitch .

TAM AND AU RIANT METHOD

Large
scales

Smale
scales

-dF÷TgtgaaSmale scale turbulence generates local pressure fluctuations proportional to be local turbulent kinetic

energy .

Pturb = Ffc v2 > = Is Fhs → lunch energy of th small scale

turbulence per  unit  mass
.

↳  random

molecular  velocity

Use Euler for propagation .

The eaiehons are rewritten in cylindrical polar  coordinates and He assumption of parallel flow is made
.

They use adjoint equation to describe he mean flow acoustic iteration effect .

Derivation using adjoint equation  in cylindrical word rates
, Greens function , convolution

, integrating by parts
autocorrelation for pressure and Former transform , integration , assumptions . .

Different coefficient



AIRCRAFT NOISE MODELLING

CATEGORIES

Man source : Man source :
Man source :

Man source :

ULD Engine Flap side .  edge  noise Rotor  noise

FAN Rotor Propeller  noise

LG
Tail rotor Wins slipstream interaction

JET
Blade  cortex  interaction LG

NOISE PREDICTION METHODS AT SYSTEM LEVEL

Fuel empirical methods : based on flight test data or component  noise

Semi - empirical methods : based on  measurements
,

recalibrate d using aah heal scaling laws
.

Numerical methods : solution of flow soaring equations

° Lineal ECO Euler ( LEE ) , potential equations ( inviscid ) . . .

> URANS C viscous & Turbo lace .  modeled ) - Aero  acrostics C engine tonal noise )

° LES
, DES

,
LBM - VLES caseous & tub dat )

METHOD VS APPLICATION

JET NOISE

Isolated
, single - stream

• demi - empirical methods : fast  and sufficiently reliable .

- Preliminary design , define on  equivalent  single stream jet  in case of dual

- Difficult to  account for flight effects

Installed
, realistic dual notices

Steady TANS

Require turning and robustness  is  weak

Difficult to handle He effect of sheared flow on  near flee propagation .

Interesting solution for preliminary design  of realistic orgies .

LES IDES ICBM - VLES most  reliable solution , after careful
validation looking at

Mesh resolution , in the shear  in particular .

Dimension  and location of He Fw - U integration surface .

Simulated physical time  and dimension of He Fw - H



FAN NOISE

° Axl - symmetric geometries :

• Unsteady DANS Leonce ) t semi empirical method ( broadband )

- Preliminary design ,
but Hey are sensitive to som parameters c not  reliable I

. Long ad fragile chain
, one method for  one source mechanism

.

-

Accurate tonal noise required turbulence - resolved formulations .

o Realistic engines :

• LBM - VLES : only demonstrated reliable solution for tonal and broadband after cheating .

.

Mesh resolution
, in particular around He rotor for  correct  Wale simulation

.

( grey orca problem )

Dimension and location of He FW - U integration sugacc . ( low  attenuation
,

max peed . frog . )

Simulated physical time for the  min
, predicted frog .

LANDING GEAR NOISE

Defeated geometry

DES ICES : too expensive on find design

research scopes

difficult account for  installation
.

Realistic geometry
LDM - VCES : best between comp

.

cost
, complexity and reliability . Cheh for :

Fidelity on geometrical model C gaps ,
holes )

Dimensions and location of Fw - h integration solace .

Simulated physical time and dimension of He Fw - U for minimum predicted frog
.

ULD Noise :

Defeated geometry

DES ICES : too expensive on find design

research scopes

difficult account for  installation
.

Realistic geometry
LDM - VCES : best between comp

.

cost
, complexity and reliability . Cheh for :

Fidelity on geometrical model C gaps ,
holes )

Simulated physical time and dimension of He Fw - U for minimum predicted frog
.



ROTOR PROPELLER NOISE

Tornal noise , isolated :

Potential methods or blade element theory Clouding noise )

Not  accurate and reliable in hover C Wale )

Limited to low speed

Steady Raus : best trade - off in  design cycles .

Tornal and/or brad band noise installed :

LDN - VLES : bet tradeoff at system level .

Broadband Noise
,

isolated :

Potential methods  +  semi - analytical methods
.

Only trailing . edge noise ano after calibration

Not  accurate and reliable in hover conditions

Limited to low - speeds

LBM-VL.ES : best tack - off .

HELICOPTER DUI NOISE

o Blade elastic deformation prescribed in He CFD model Battersea

• URANS and CDM - VLES best trade - off on design .

Blade elastic deformation from a 2 -

way coupling with
structural code

Potential method : one , method used

Determine elastic def for Ursus and did M - VES

URANS : too expensive currently .

Limited deterministic effects .

NOISE CERTIFICATION PROCEDURE AND METRIC





TEST CONDITIONS

Feat terrain No palpitations

Not excessive sound absorption coracles 's fcs Air not  above 35°C not below - 10°C

Humidity not  above 95%  not below 20%

Uno velocity : less than 22 knots
, crosswind less Har 7- hrots

METRIC

EFFECT ON NOISE RESOLUTION


