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Abstract. Characterisationof thepressure�eld (energy andtime scales)in theentrainementregion of a
subsonicjet permitsa betterunderstandingof its dual nature.Following the work of Arndt et al.,2 Coif-
fet et al.4 andGuittonet al.,6 thepresentstudyfurther investigatesthe interferencemechanism(between
the hydrodynamicandacousticcomponentsof the pressure�eld) �rst identi�ed by Coiffet et al. etal.,4

which wasinterpretedasimplying a linearsoundproductionmechanismwherethecoherentstructuresof
the�o w areconcerned.

1 Intr oduction

The observation by Coiffet etal.4 of an interferencemechanismbet-
weenthehydrodynamicandacousticcomponentsof thepressure�eld in
the irrotational near�eld of a subsonicjet led to the conjecturethat the
coherentstructuresin the initial mixing-layer region generatesoundby
meansof a quasi-irrotational,linear sourcemechanism.A simplemodel
was proposedto explain the interferencephenomenon,and this agreed
well with experimentalobservations: whenthehydrodynamicandacous-
tic componentsof the pressure�eld have similar energy and are out of
phase,localisedcancellationof thecoherenceis observed.This cancella-
tion canbeseenat thecrossingof theredthin solid andgreenthin dashed
lines(whicharegivenby thesaidmodel)in �gure 1(c).Guitton et al.6 stu-
diedthemechanismfor a largerrangeof velocitiesandoveragreateraxial
extension(up to x

D =10), andproposeda semi-empiricalmodelto predict
thespace-frequency coordinatesof theinterferencenodes.Thismodelwas
basedon considerationof the velocity scalingandcharacteristicspectral
decayof thehydrodynamicandacousticcomponentsof thenearpressure
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�eld. Application of this model,6 kr
M =4.3 (k beingthe wavenumber, r the

distanceto thecenterof themixing layerandM theMachnumber), made
possibleapredictionof thespace-frequency coordinatesof theinterference
nodesfor thevelocitiesandaxial positionsconsidered.

(a) line array of microphonealong the outer edgeof the
mixing layer

signature
acoustic

high frequency:

signature
hydrodynamic
low frequency:

StD

S
p

p

(�
U

2
:0
)2

�
D

�
f

U

�
�

1

1001010.10.01

1e-05
1e-06
1e-07
1e-08
1e-09
1e-10
1e-11
1e-12

(b) Typicalpressurepower spectrum(U=100ms� 1)

kr
M = 4:3' h � ' a = � [2� ]

x
D

S
t D

�����
�

��

��� 	

�

�
� 	

�

��� 	

�

(c) Cross-coherencebetween a microphone situated at
x/D=2.2andall othermicrophones(U=100ms� 1)

FI G. 1: Generaldescription

The experimentalconditionsand resultsarebrie�y recalledhere; the
readercan refer to Guitton etal.6 for a more detaileddescription.The
experimentwasperformedunderfully anechoicconditions; anaxialarray
extendingwell beyond the closeof the potentialcore (the arrayextends
over 0 < x

D < 10) comprised38 microphones,andformedan angleof
9 � with thejet axis; andtheexit velocitywasvariedin 25ms� 1 increments
from 50ms� 1 to 175ms� 1 ; theexit diameterwas50mm.
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2 Summary of previous results

2.1 The near�eld pressure spectrum

A typical near�eld spectrumis shown in �gure 1(b). The slopeof the
hydrodynamicpart (low frequency) of the near�eld pressurespectrumis
muchsteeper(between� 6:67& � 10) thanthatof themixing-layerturbu-
lencespectra(� 5=3) ; and,of thatof theturbulencepressurespectra(� 7=3
& � 11=3for thefastandslow pressureterms5). Thedifferencebetweenthe
pressureandvelocity spectrain theturbulent region of the �o w is explai-
nedby a wavenumber�lter by George5 ; however, thedifferencebetween
thein-�o w andnear�eld pressurespectrais dueto a further�ltering effect
relatedto the fact that the radialextentof theevanescentcomponentof a
pressure�eld in an irrotationalmediumcloseto a sourceis a functionof
frequency : low frequency perturbationshave a greaterradial extent than
high frequency perturbations.

As shown in �gure 2 the hydrodynamicpart of the pressurespectrum
canbescaledwith U4, whereastheacousticpartshowsadependencewith
U7. Frequency wise,thehydrodynamicpartof thespectrumcanbescaled
usingtheStrouhalfrequency.
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FI G. 2: Velocity scalingof the hydrodynamic and acousticparts of the near�eld pressurespectrum

Guitton et al.6 presentedanempiricalmodelwhich accountedfor both
the differentvelocity dependence,andthe differentspectraldecayof the
hydrodynamicand acousticcomponentsof the nearpressure�eld : the
following criterionwasproposedto predictthepointatwhich transitionis
observedfrom hydrodynamicto acousticdominance:

�
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Figure3 shows thepredictionof the transitionpoint for differentvelo-
citiesanddifferentaxialpositions.
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FI G. 3: Validation of the transition point evolution. The criterion
�

k r
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�

predicts the location of the transition when the

Mach changesfor any downstreamlocation. Mach 0.3and 0.5are represented.

2.2 Acoustic-hydrodynamic interference

Coherencepatternsin the nearpressure�eld canbe usedto betterun-
derstandthe space-timestructureof both the hydrodynamicandacoustic
componentsof thenear�eld. Thenulls shown in thesecoherencepatterns
(�gure 1(c)), led Coiffet etal.3 to proposea scenariowhereinthe near
pressure�eld isconsideredtocomprisealinearsuperpositionof convective-
hydrodynamicandpropagative-acousticdisturbances.It wasconjectured
thatdestructive interferencewill occurbetweenthesecomponents,provi-
dedthey arelinearly related,whentheir energiesarematched,andwhen
thephaseof the�uctuationsareopposed; in whatfollowswefurtherstreng-
thenthis conjectureby demonstrating,in a mathematicallymorerigorous
fashion,how sucha scenariowill indeedleadto highly localisednulls in
thespace-frequency coherencepatternsin thenear�eld.

First assumption : the pressuresignal in the near�eld is considered
asa linearcombinationof anacousticcomponentpa, anda hydrodynamic
componentph :

p(x; t) = pa(x; t) + ph(x; t) (2)

x beingadownstreampositionalongtheline array.
By de�ning theFouriertransformasfollow

f̂ (! ) =
Z 1

�1
f (t)ej ! tdt; (3)
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in thefrequency domainwecanthenexpressthepressuresignalas:

p̂(x; ! ) = p̂a(x; ! ) + p̂h(x; ! ): (4)

Secondassumption: the pressuresignalat a given position(denoted
x2 in what follows) canbe decomposedinto correlatedanduncorrelated
componentswith respectto thepressureat anotherposition(denotedx1) ;
thepressuresignalat x2 canthusbewritten asthelinearcombination:

p(x2; t) = pcoherentjx1(x2; t) + pincoherentjx1(x2; t)

= pCjx1(x2; t) + pI jx1(x2; t);
(5)

wherepCjx1(x; t) indicatesthe componentof p(x; t) which is correlated
with p(x1; t), pI jx1(x; t) indicatingthe componentof p(x; t) which is un-
correlatedwith p(x1; t) (< p̂(x1; ! )p̂�

I jx1
(x2; ! )) > = 0).

Acoustic-hydrodynamicdephasing: By de�nition of acomplex quan-
tity (DeMoivre's formula):

p̂a(x1; ! ) = jp̂a(x1; ! )jei� a (6)

and
p̂h(x1; ! ) = jp̂h(x1; ! )jei� h : (7)

Thereactiveandprogressivecomponentsof apressure�eld in anirrotatio-
nal mediumareout of phaseby �

2
2 . By identifying theacousticperturba-

tion with the progressive component,andthe hydrodynamicperturbation
with the reactive component,the ratio of the two componentscanbe ex-
pressedasfollow :

p̂a(x1; ! )
p̂h(x1; ! )

=
jp̂a(x1; ! )j
jp̂h(x1; ! )j

ei� a

ei� h
(8)

=
jp̂a(x1; ! )j
jp̂h(x1; ! )j

ei (� a � � h ) (9)

=
jp̂a(x1; ! )j
jp̂h(x1; ! )j

e+ i �
2 (10)

(11)

Linear StochasticEstimation : We will assumethat thecoherentpart
of the signal in x2 with the signal in x1 is a linear combinationof an
acoustic-relatedcomponentandahydrodynamic-relatedcomponent:

pCjx1
(x2; t) = pCjx1;a(x2; t) + pCjx1;h(x2; t) (12)

5
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Eachcomponentof the signalat x2 which is coherentwith the signal
measuredatx1 canbeexpressedusingLinearStochasticEstimation(LSE1)
anditsgeneralisedretarded-timeandfrequency forms(SLSE3). Thepresent
approachconsidersthesituationfor asingletime delay(i.e.LSE).

pCjx1;a(x2; t) = ba(x1; x2; c0)pa(x1; t � � ta) (13)

and

pCjx1;h(x2; t) = bh(x1; x2; Uc)ph(x1; t � � th) (14)

with � ta =
d � r

c0
and� th =

� x
Uc

: (15)

FI G. 4: Schematic�gur e of the interferencemechanismmodel

.

Thenby combiningtheterms

pCjx1(x2; t) = pCjx1;a(x2; t) + pCjx1;h(x2; t)

= ba(x1; x2; c0)pa(x1; t � � ta)

+ bh(x1; x2; Uc)ph(x1; t � � th)

(16)

In thefrequency domain:

p̂Cjx1(x2; ! )

= ba(x1; x2; c0)p̂a(x1; ! )ei� a + bh(x1; x2; Uc)p̂h(x1; ! )ei� h
(17)

with � a = ! � ta and� h = ! � th (18)

Experimental observation : Observationof the spectrumin the near-
�eld shows that the transitionfrom hydrodynamicto acousticdominance
occursat a frequency whichweheredenote! t :

jp̂a(x; ! t)j = jp̂h(x; ! t)j (19)

6
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Thisrelationcorrespondsto the kr
M = 4:3criterion,meaningthattheacous-

tic andthehydrodynamic�elds have thesameenergy.
Cross-spectrum:
Thefollowing developmentswill demonstratehow thesimplephysical

scenarioproposedcanindeedleadto nodesin thespace-frequency cohe-
rencepatterns.Thecross-spectrumSpp(x; x0; ! ) on the line arrayis writ-
ten:

Spp(x; x0; ! ) = < p̂(x; ! )p̂� (x0; ! ) > (20)

where<> denoteanensembleaverageand� thecomplex conjugate.Using
equation5 , wecandescribethecrossspectumfor x1 andx2, Spp(x1; x2; ! ).

Spp(x1; x2; ! ) = < p̂(x1; ! )p̂� (x2; ! ) >

= < p̂(x1; ! )( p̂�
Cjx1

(x2; ! ) + p̂�
I jx1

(x2; ! )) >
(21)

which canbewritten :
Spp(x1; x2; ! ) = < p̂(x1; ! )p̂�

Cjx1
(x2; ! ) >

+ < p̂(x1; ! )p̂�
I jx1

(x2; ! )) >
(22)

As thecross-spectrumbetweenthecoherentandincoherentcomponents
is zero,thisbecomes

Spp(x1; x2; ! ) = < p̂(x1; ! )p̂�
Cjx1

(x2; ! ) > (23)

by choosingthehydrodynamic-acousticdecomposition:

Spp(x1; x2; ! )

= < (p̂a(x1; ! ) + p̂h(x1; ! ))( p̂�
Cjx1;a(x2; ! ) + p̂�

Cjx1;h(x2; ! ) >
(24)

by introducingequations6, 7 and 17 , weget:

Spp(x1; x2; ! )

= < (jp̂a(x1; ! )jei� a + jp̂h(x1; ! )jei� h )�

(ba(x1; x2; c0)p̂a� (x1; ! )e� i� a

+ bh(x1; x2; Uc)p̂h� (x1; ! )e� i� h ) >

(25)

usingequation8 :

Spp(x1; x2; ! )

= < (jp̂a(x1; ! )jei� a + jp̂h(x1; ! )jei� h )�

(ba(x1; x2; c0)p̂h� (x1; ! )
jp̂a(x1; ! )j
jp̂h(x1; ! )j

e� i �
2 e� i� a

+ bh(x1; x2; Uc)p̂h� (x1; ! )e� i� h ) >

(26)

7
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choosingbh(x1; x2; Uc)p̂h� (x1; ! )e� i� h to put in factor:

Spp(x1; x2; ! )

= < (jp̂a(x1; ! )jei� a + jp̂h(x1; ! )jei� h ) � bh(x1; x2; Uc)p̂h� (x1; ! )e� i� h �

(
ba(x1; x2; c0)
bh(x1; x2; Uc)

jp̂a(x1; ! )j
jp̂h(x1; ! )j

e� i ( �
2 + � a � � h ) + 1) >

(27)

usingequation7 again :

Spp(x1; x2; ! )

= < (jp̂a(x1; ! )jei� a + jp̂h(x1; ! )jei� h )�

bh(x1; x2; Uc)jp̂h(x1; ! )je� i� h e� i� h �

(
ba(x1; x2; c0)
bh(x1; x2; Uc)

jp̂a(x1; ! )j
jp̂h(x1; ! )j

e� i ( �
2 + � a � � h ) + 1) >

(28)

by rearrangingtheterms:

Spp(x1; x2; ! )

= < bh(x1; x2; Uc)jp̂h(x1; ! )j2e� i� h �

(
jp̂a(x1; ! )j
jp̂h(x1; ! )j

ei (� a � � h ) + 1)�

(
ba(x1; x2; c0)
bh(x1; x2; Uc)

jp̂a(x1; ! )j
jp̂h(x1; ! )j

e� i ( �
2 + � a � � h ) + 1) >

(29)

with equation8 again :

Spp(x1; x2; ! )

= < bh(x1; x2; Uc)jp̂h(x1; ! )j2e� i� h �

(1 + i
jp̂a(x1; ! )j
jp̂h(x1; ! )j

)�

(
ba(x1; x2; c0)
bh(x1; x2; Uc)

jp̂a(x1; ! )j
jp̂h(x1; ! )j

e� i ( �
2 + � a � � h ) + 1) >

(30)

The cross-spectrumcanbe cancelled,if andonly if, thereexists a fre-
quency ! t sothatthelastterm( ba(x1;x2;c0)

bh (x1;x2;Uc)
jp̂a(x1;! t )j
jp̂h (x1;! t )j e

� i ( �
2 + � t

a � � t
h ) + 1) is null.

8
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(
ba(x1; x2; c0)
bh(x1; x2; Uc)

jp̂a(x1; ! t)j
jp̂h(x1; ! t)j

e� i ( �
2 + � t

a � � t
h ) + 1) = 0

< = >
ba(x1; x2; c0)
bh(x1; x2; Uc)

jp̂a(x1; ! t)j
jp̂h(x1; ! t)j

e� i ( �
2 + � t

a � � t
h ) = � 1

< = >
ba(x1; x2; c0)
bh(x1; x2; Uc)

jp̂a(x1; ! t)j
jp̂h(x1; ! t)j

e� i ( �
2 + � t

a � � t
h ) = 1 � ei�

< = >

(
ba(x1;x2;c0)
bh (x1;x2;Uc)

jp̂a(x1;! t )j
jp̂h (x1;! t )j = 1

�
2 + � t

a � � t
h = � + 2n�

(31)

To conclude:

Spp(x1; x2; ! t) = 0 < = >

(
ba(x1;x2;c0)
bh (x1;x2;Uc)

jp̂a(x1;! t )j
jp̂h (x1;! t )j = 1

�
2 + � t

a � � t
h = � + 2n�

(32)

This result show that the nulls in the coherenceappearwhenboth an
energy criterionanda phasecriterionareveri�ed. In orderto understand
theunderlyingphysics,let usseewhatdoestheratio

p̂C jx 1;a(x2;! t )
p̂C jx 1;h (x2;! t ) becomes

whenthecriteriaaresatis�ed:

p̂Cjx1;a(x2; ! t)
p̂Cjx1;h(x2; ! t)

=
ba(x1; x2; c0)p̂a(x1; ! t)ei� t

a

bh(x1; x2; Uc)p̂h(x1; ! t)ei� t
h

=
ba(x1; x2; c0)p̂h(x1; ! t) jp̂a(x1;! t )j

jp̂h (x1;! t )j e
i �

2 ei� t
a

bh(x1; x2; Uc)p̂h(x1; ! t)ei� t
h

=
ba(x1; x2; c0)
bh(x1; x2; Uc)

jp̂a(x1; ! t)j
jp̂h(x1; ! t)j

ei ( �
2 + � t

a � � t
h )

= � 1 = ei�

(33)

ThereforetheFouriercomponentof thecoherentpressuretermp! t

Cjx1
(x2; t)

is thesumof two signalswith thesameamplitudeandout of phase,like a
destructive interference.

2.3 Further discussions

Thesenullspredictedin thecoherenceareobservedfor abroadrangeof
velocitieswith a largeaxialextent(from x

D =1 to 10).Thespace-frequency
coordinatesof the nulls (identi�ed as the pair of circles upstreamand

9
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FI G. 5: Coherenceand interferencecriteria in space-frequencydomain. Isocontour of coherence(solid black line) ; space-frequencycoordi-

nates(greenline) of egualenergy (hydrodynamic and acoustic)criterion( k
p

r r 0
M = 4:3) ; space-frequencycoordinates(red line) of dephasing(� )

betweenhydrodynamic and acousticphases.Nulls areobserved in regionswhere the two criteria are veri�ed (intersectionof the lines).

downstreamof the referencemicrophone)in the coherencepatterns(�-
gure5) correspondto pointswherethecoherenthydrodynamicandacous-
tic components(1) have thesameenergy (at ! t) and(2) arein anti-phase.
The new formulation of the problem has introducedthe frequency ! t ,
which correspondsto the point where jp̂a(x1;! t )j

jp̂h (x1;! t )j = bh (x1;x2;th )
ba(x1;x2;ta) , formulation

equivalentto jp̂C jx 1;a(x2;! t )j
jp̂C jx 1;h (x2;! t )j = 1. The developmentsof the formal problem

hasleadto the introductionof a criterion involving ! t , which is a func-
tion x1 andx2, andis directly relatedto thephysicsof thepropagationand
convectionof eachpressurecomponent.

3 Conclusion

With aview to furtherinvestigatetheconceptualmodel�rst proposedby
Coiffet etal.,3 whichsuggeststhatthecoherentstructuresin asubsonicjet
producesoundlinearly, in a mannersimilar to an irrotational,wavy-wall
typedisturbance(suchasthelinear instability wavesidenti�ed by Suzuki
andColonius7 for example),amorerigorousformalismhasbeenprovided
to demonstratethatin theirrotationalnearpressure�eld of ajet — whichis
consideredto comprisea linearsuperpositionof hydrodynamicandacous-
tic components,associated,respectively, with thecoherentstructuresof the
�o w (characterisedby a convectionvelocity) andthe soundthey linearly
generate(characterisedby a propagationvelocity)—suchinterferencecan
indeedlead to the coherencebetweentwo microphonestendingto zero.
Work is ongoingto show that the sucha physical mechanismcanbe ex-
plainedusingthelinearisedEulerEquations.

10
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