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Abstract. Characterisatioof the pressureeld (enegy andtime scales)n the entrainementegion of a

subsoniget permitsa betterunderstandingf its dual nature.Following the work of Arndt etal.,? Coif-

fet etal.* andGuittonetal.,® the presenistudyfurther investigateshe interferencemechanisn{between
the hydrodynamicand acousticcomponent®f the pressureeld) rst identi ed by Coiffet etal. etal.,*

which wasinterpretedasimplying a linear soundproductionmechanisnwherethe coherenttructureof

the o w areconcerned.

1 Intr oduction

The obsenation by Coiffet etal.* of an interferencemechanisnbet-
weenthe hydrodynamicandacousticcomponent®f the pressureeld in
the irrotational near eld of a subsonicjet led to the conjecturethat the
coherentstructuresin the initial mixing-layer region generatesoundby
meansof a quasi-irrotationallinear sourcemechanismA simple model
was proposedto explain the interferencephenomenonand this agreed
well with experimentalbbsenations: whenthe hydrodynamicandacous-
tic componentsf the pressureeld have similar enegy and are out of
phasejocalisedcancellationof the coherencas obsered. This cancella-
tion canbe seenat the crossingof theredthin solid andgreenthin dashed
lines(whicharegivenby thesaidmodel)in gure 1(c).Guitton etal.® stu-
diedthemechanisnfor alargerrangeof velocitiesandover agreateraxial
extension(up to 5=10), andproposeca semi-empiricaimodelto predict
thespace-frequeryccoordinate®f theinterferencenodes.This modelwas
basedon consideratiorof the velocity scalingand characteristispectral
decayof the hydrodynamicandacousticcomponent®f the nearpressure
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eld. Application of this model® §:4.3(k beingthe wavenumberr the
distanceo thecenterof themixing layerandM theMachnumber), made
possibleapredictionof thespace-frequeryccoordinate®f theinterference
nodedfor thevelocitiesandaxial positionsconsidered.
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(b) Typical pressurgower spectrum(U=108ns 1)  (c) Cross-coherencédetweena microphone situated at
x/D=2.2andall othermicrophonegU=100ms 1)

FIG. 1: Generaldescription

The experimentalconditionsandresultsare brie y recalledhere; the
readercan refer to Guitton etal.® for a more detaileddescription.The
experimentwasperformedunderfully anechoiconditions anaxial array
extendingwell beyond the closeof the potentialcore (the array extends
over0 < & < 10) comprised38 microphonesandformedan angleof
9 with thejet axis; andtheexit velocitywasvariedin 25ms !increments
from50ms to175ms !;theexit diametewas50 mm.
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2 Summary of previousresults

2.1 Thenear eld pressue spectrum

A typical near eld spectrumis shavn in gure 1(b). The slopeof the
hydrodynamicpart (low frequeng) of the near eld pressurespectrumis
muchsteepelbetween 6:67& 10) thanthatof themixing-layerturbu-
lencespectrg 5=3); and,of thatof theturbulencepressurespectrg 7=3
& 11=3for thefastandslow pressuréerms). Thedifferencebetweerthe
pressureandvelocity spectran theturbulentregion of the o w is explai-
nedby awavenumberlter by Geoge’ ; however, the differencebetween
thein- o w andnear eld pressue spectras dueto afurther ltering effect
relatedto the factthatthe radial extent of the evanescentomponenof a
pressureeld in anirrotationalmediumcloseto a sourceis a function of
frequeny : low frequeny perturbationshave a greaterradial extentthan
highfrequeng perturbations.

As shavn in gure 2 the hydrodynamicpart of the pressurespectrum
canbescaledwith U%, whereaghe acoustigartshavs adependencwith
U’. Frequeng wise, the hydrodynamigpartof the spectruncanbe scaled
usingthe Strouhalfrequeng.

( Stp) *
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( U 2:0)2

St D St D
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F1G. 2: Velocity scalingof the hydrodynamic and acousticparts of the near eld pressue spectrum

Guitton etal.® presentedin empiricalmodelwhich accountedor both
the differentvelocity dependenceandthe differentspectraldecayof the
hydrodynamicand acousticcomponentf the nearpressureeld : the
following criterionwasproposedo predictthe point at which transitionis
obsenedfrom hydrodynamico acousticdominance

M 0:375

kr
— = 43 — 1
M 0:3 (1)
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Figure 3 shaws the predictionof the transitionpoint for differentvelo-
citiesanddifferentaxial positions.
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F1G. 3: Validation of the transition point evolution. The criterion ';Tr = 4:3 O“f—s 0:378 predicts the location of the transition when the

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

2.2 Acoustic-hydrodynamicinterference

Coherencepatternsin the nearpressureeld canbe usedto betterun-
derstandhe space-timestructureof both the hydrodynamicandacoustic
component®f the near eld. The nulls shavn in thesecoherenceatterns
(gure 1(c)), led Coiffet etal.® to proposea scenariowhereinthe near
pressureeld is consideredo comprisealinearsuperpositiof corvectve-
hydrodynamicand propagtive-acoustiaisturbanceslt was conjectured
thatdestructve interferencewill occurbetweerthesecomponentsprovi-
dedthey arelinearly related,whentheir enegiesare matchedandwhen
thephaseof the uctuationsareopposed in whatfollowswe furtherstreng-
thenthis conjectureby demonstratingin a mathematicallymorerigorous
fashion,how sucha scenariowill indeedleadto highly localisednullsin
the space-frequenyccoherencgatternan thenear eld.

First assumption: the pressuresignalin the near eld is considered
asalinearcombinationof anacousticcomponenp?, anda hydrodynamic
componenp” :

P0G 1) = p(x; t) + p'(x; 1) (2)
X beingadownstreanpositionalongtheline array
By de ning the Fouriertransforrréasfollow
1
1) = f(t)d'tdt; (3)

1
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in thefrequeny domainwe canthenexpressthe pressuresignalas:
P! ) = PG ) + P! ): (4)

Secondassumption: the pressuresignalat a given position (denoted
X2 in whatfollows) canbe decomposedhto correlatedanduncorrelated
componentsvith respecto the pressuret anotherposition(denotedx,) ;
thepressuresignalatx, canthusbewritten asthelinearcombination

p(XZ;t) - pcoherentjxl(xz;t) + pincoherentjxl(xz;t)
= Peix, (X2; 1) + Prjx, (X2; 1);
where pgiy, (X; t) indicatesthe componentof p(x; t) which is correlated
with p(X1;t), pijx, (X; t) indicatingthe componenbf p(x; t) whichis un-
correlatedwith p(xq;t) (< P(Xq;! )puxl(XZ?! )) >= 0).
Acoustic-hydrodynamic dephasing: By de nition of acomple quan-
tity (De Moivre's formula):

PP(x1;!) = jpP(xe ! )j€ @ (6)

(5)

and

"(xs;!) = jp"(xs ! i€ " (7)
Thereactve andprogressie component®f apressureeld in anirrotatio-
nal mediumareout of phaseoy 52 . By identifying the acousticperturba-
tion with the progressie componentandthe hydrodynamicperturbation
with the reactve componentthe ratio of the two componentsanbe ex-
pressedsfollow :

PA(x1;!) ipP(xy;!)jée =

(x!1)  jP(xsl)je (8)
_ JP(xy;! )J )
i (x D] ©)
_ P )] i,
IRTECHN (10)
(11)

Linear StochasticEstimation : We will assumehatthe coherentpart
of the signalin x, with the signalin x; is a linear combinationof an
acoustic-relatedomponenanda hydrodynamic-relatedomponent

Pejx, (X2: 1) = Pejxy:alX2;t) + Pejxyn(X2; t) (12)
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Eachcomponenbf the signalat x, which is coherentwith the signal
measureatx; canbeexpressedisingLinearStochastiEstimation(LSE?)
andits generalisedetarded-timandfrequeny forms(SLSE). Thepresent
approacltconsiderghesituationfor asingletime delay(i.e. LSE).

Pejx:a(X2r t) = B(X1; X2; Co) p(X1; t ta) (13)
and
Peixih(X2;t) = B'(X1; X2 Ug)p" (X1t th) (14)
: _d X
with t, = & and tp= T (15)

FIG. 4: Schematic gur e of the interfer encemechanismmodel

Thenby combiningtheterms

Pejx, (X2 1) = PejxyialX2i ) + Pejxg;h(X2;t)
BF(X1; X2; )P (Xt 1) (16)
+ B (X X2 U (Xt )

In thefrequeny domain:

Bcix, (X2;1)

| | 17
= PA(x1; X2; C)PP(X1; ! )€ @+ B'(X1; X3 Ug)p'(xq; ! )€ ™ )

Experimental obsewation : Obsenation of the spectrumin the near
eld shaws thatthe transitionfrom hydrodynamicto acousticdominance
occursatafrequeny whichwe heredenote! ; :

B0 0i = 06 ! 0 (19)

6
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Thisrelationcorrespondlzothe% = 4.3 criterion,meaninghattheacous-
tic andthehydrodynamicelds have the sameeneny.

Cross-spectrum:

Thefollowing developmentswill demonstratéow the simple physical
scenarigoroposedccanindeedleadto nodesin the space-frequeryccohe-
rencepatternsThe cross-spectrurBpp(x; X! ) ontheline arrayis writ-
ten:

Spp(x; x51) =< pix;1)p (x51) > (20)
where<> denoteanensembla@verageand thecomple« conjugate.Using
equatiorb , we candescribehecrossspectunfor x; andxs, Spp(x1; X2;! ).

Spp(x1; X2; 1) =< (X1 1)P (x2;!) >
=< P(X1; ! )(Bejx, (X231 ) + Byjx, (X251 ) >
which canbewritten:
Spp(X1;X2; ! ) =< X3! )Py, (X231 ) >
+ < P(x1 )Py, (X251 ) >
As thecross-spectrurbetweerthecoherenandincoherentomponents
Is zero,thisbecomes

(21)

(22)

Spp(X1; X2; 1) =< P(X1;! )Py, (X2; 1) > (23)
by choosingthe hydrodynamic-acoustidecomposition
Spp(X1; X2; !
pp(X1; X2; 1) (24)

=< (P(x1;!) + P"(x ! D (BejalX2i ) + Bejn(X2i!) >
by introducingequations, 7 and 17, we get:
Spp(X1; X2;!)
=< (iP(xy; ! i€ =+ jo(xe; ! )jE M)

(P(X1; X2; Co)P? (x1;! )e ' (25)
+ (X X2 U)p (X! )e ' 1) >
usingequation8 :
Spp(X1; X2; ! )
=< (jp*(xa; 1 )i =+ jpM(xa; ! i€ )
(B(x1; X2; Co) " (X3! )}ghg‘(ii;i;}e g4 (26)

+ B'(x; x2; U P (xa5! )e ' 1) >

7
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choosingd (x1; x2; Uo)p" (x1;! )e ' » to putin factor:

Spp(x1; X2;!)
=< (jPP(xy; ! )j€ =+ jp"(x 1)iE ") B (xe X2 Up (xq;! e T

(X215 X2; Co) JO(X3 1 )] v 2 0
B (%1 X2 Ug) 0P (X1 1 )] i 27)
27
usingequation7 again:
Spp(xwixait) |
=< (jpP(xy; ! )je = + jp(xg; 1 )je 1)
B'(x1; X2; Ug)jp"(x1; ! )je "re ' (28)
B(X1; X2; C) I (X1 1) i 0 0
O'(x1; X2 U) JP (X5 D) ">
by rearrangingheterms:
Spp(X1; X2;!)
=< B'(x1; %23 Ui (x1; 1 )j%e '
PG . W 29
Gpoan® Y >
(X215 X2; Co) JOP(X33 1 )] ior 2w
O (x1; %2 UQ) 0P (X1 1)) ">
with equation8 again :
Spp(X1; X2;!)
=< B'(x1; %23 UQip" (x1; 1 )j%e ' "
P (X5 ! )]
1+ Pl (30)
(L 'm“(xl;!)J)
(X1 X2, Go) I (X1 D iy o ) 1) >

B(x1; %23 Ue) 0" (X131 )i
The cross-spectrunsanbe cancelledjf andonly if, thereexists a fre-

queny ! ‘sothatthelastterm(g(()’(‘llf)’(‘j_&))fgﬁg‘(ifi Ig}e iz* 2 D+ 1)isnull.
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PP(X1; %25 Co) IPP(X5! )i ioe L +
. . 2" a h 1)=0
0'(Xz; X2, Uo) JP (X 1 )] )
BP(X1; X2; Co) JPP(X1; ! 1)) i+ L 1)
<=> - -@ ‘2 a h
B (X1 X2; Ug) jp(x1; 1 Y] 31)
. . A 1ty
_sS (X 1; X2; Co) Jp (Xq;! )Je iGv 4 D=1 d
(X1; X2; Ug) (X131 )]

bP (X15X2;C0) jPP(X1s! )i —
<c=> B(xaxzUe) jph (xas! V)]

1
|

e

3t a2 = T
To conclude:
( B (x1:X2;00) J0°(xai! )i = 9
Spp(X1; Xz 1) = 0<=> D0zl Jo (xat O] (32)
s+ 4 nL= +2n

This resultshow that the nulls in the coherenceappearwhenboth an
enepy criterion anda phasecriterionareveri ed. In orderto understand

. ot
the underlyingphysics,let us seewhatdoestheratio Sglh—gz:t; becomes
Xl; 1
whenthecriteriaaresatis ed:

Bcixa(X2i 1Y) BA(X1; Xo; Co)PR(X1; ! D€ =
Bcin(X2: 1Y) B(Xq; X2, U (X! D)
07 (X 1; X2 Co) p(xy; | B0 D2l
b(X1; X2; Ug) PN (X 13 ! )€ & (33)
_ Bxaix200) i i e 4 1)
B (x1; X2; Ue) JB" (Xa; 1 9)]
= 1=¢€

ThereforegheFouriercomponenof thecoherenpressurdeermp!Cthl(x2; t)
Is the sumof two signalswith the sameamplitudeandout of phaselike a
destructve interference.

2.3 Further discussions

Thesenulls predictedn the coherencareobseredfor abroadrangeof
velocitieswith alargeaxial extent(from 5=1to 10). Thespace-frequernc
coordinatesof the nulls (identi ed as the pair of circles upstreamand

9
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FiG. 5: Coherenceand interferencecriteria in space-flequencydomain. Isocontour of coherence (solid black line) ; space-frequencycoordi-

nates(greenline) of egualenemy (hydrodynamic and acoustic)criterion( 0 4:3) ; space-flequencycoordinates(red line) of dephasing( )
betweenhydrodynamic and acousticphasesNulls are obsewvedin regionswhere the two criteria are veri ed (intersection of the lines).

downstreamof the referencemicrophone)in the coherencepatterns( -
gureb) correspondo pointswherethe coherentiydrodynamicandacous-
tic component$1) have the sameenengy (at! ') and(2) arein anti-phase.
The new formulation of the problem hasintroducedthe frequengy ! ¢,

i i Jpa(Xl,' t)J — bh(X]_;Xz;th) .
which correspondso the pointwhere g = f oy formulation

" L

equvalentto % = 1. The developmentsof the formal problem
X1; I

hasleadto the introductionof a criterioninvolving ! t, which is a func-

tion X, andx,, andis directly relatedto the physicsof the propagtionand

convectionof eachpressur&eomponent.

3 Conclusion

With aview to furtherinvestigatetheconceptuaimodel rst proposedy
Coiffet etal.,® which suggestshatthe coherenstructuresn a subsoniget
producesoundlinearly, in a mannersimilar to anirrotational, wavy-wall
type disturbancgsuchasthe linearinstability wavesidenti ed by Suzuki
andColoniug for example),a morerigorousformalismhasbeenprovided
to demonstratéhatin theirrotationalnearpressureeld of ajet— whichis
consideredo comprisealinearsuperpositiorof hydrodynamicandacous-
tic componentsassociatedespectrely, with thecoherenstructure®f the

o w (characterisedby a convectionvelocity) andthe soundthey linearly
generatdcharacterisetdy a propa@tionvelocity)—suchinterferencecan
indeedleadto the coherencébetweentwo microphonegendingto zero.
Work is ongoingto shav that the sucha physical mechanisntanbe ex-
plainedusingthelinearisedEuler Equations.

10
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