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Introduction

The main objective of this experimental invesﬁigation is to

. obtain gualitative and quantitative information on the propagation
of wave inside é jet (single or multiple) with particular attention
to refraction oeray trajectories and distor;ion of wave profile
due to nonlihear effects.

As shown in‘Ref. 1, the sound fays can originate in the dis-
turbances of the mixing zone, {(Fig. 1), propagate through the wake
of the nozzle trailing edge, and enter inteo the su?ersonic part of
the jet. Then after propagatipg'downstream and crossing thé-sonic
surfachfM=l}, they can curve back upstream and reinforce the
'original mixing zone distﬁrbance. ‘The focusing of sound rays on
the axis together with the steepening of the compression wave front
due to non—linegr effects (that appear when high level of pressure
flﬁctuation occurs inside the jet and propagate through the super-
‘sonic flow) can play an important role in creating zones of sound

intensification or generation, particularly near the sonic surface

(Fig.2) (Ref. 2.).

An éxperiméntal method is used in studying this phenomenon
" which consists of injecting from outside the jet, at one or various
points near the mixing zone, a set of pressure signals, and.detecting
" them with one or more mic;ophones placed inside the iet. Thelsignals
are detectedlin the presence of the background noise of the jet

itself, and the chahge'of propagation time and form occuring at

-



various positions of the sourcéémigfophone set is being studied.
The development of this techhique:required the sblution of
; ;many éetailed préblemg;.”ln particular, the intensity of the
iﬁjected signal must be high enough to permit separation of the
‘signal itéelf'from the ndise bgckground; moreover, its initial
'».forﬁ must not be'steep.if steepening due to travel inside the jet

/

 is to be studied. o -
The task of implementing the facility and the instrumentation
- was divided into three phases: ' : ‘ I

-
.

a. . construction of the facility providing two concentric jets JE

of cold air; calibration of thekjet's aerodynamic charac-
. . q‘\\ ’ ’
. teristics and measurement of noise generated in the far

i

. field and near field for evaluation of uniformity, in-

"

' tensity, spectrum composition.

: yf%f . .b.. construction of a noise generator providing a set of one

':to Six signals of appropriate inﬁenéity,lfrequency and
{ form; channeling of the signals to the desired injectién
boints,'establishment of the signal.form at the injection
points, time-delay controi are studied in this phase.
&, data acguisition system cpnsistipg of the microphone, the
stand and scanning mechanism qu'the microphohes and other‘ﬁ

p;obés,‘the recordiﬁg system'and signal enhancement system

L =2=
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i-;”'_ " forfseparétion'Of.the signal fromithe_background'noise‘of S

ff{"fhi .. the jeﬁs:.study‘Qf7theic°ntrqlling-pa;ameters‘tp epeimise
= - the system. . .1 o e




J"‘fsﬁate of the Work Performed tqﬁDate

.In the Progress Repbrt covering the period from September 1,

;{‘%}1972 through February 28 1973, the fac111ty was descrlbed in its
'more general conflguratlon and for the spec1fic study of two ccaxial

Jets (cold a1r To=530 R) which were selected for this 1nvestlgat10n, Q]}rt

(Flg.‘B)

The inner nozzle, with an exit section of 7" diameter, provides -

'~ a M=2 supersonic jet, and requires 115 psia stagnation pressure to
produceﬁa jet with 14.7 psia static pressﬁre,'free of shock—expansion'?f}f

. surfaces (mass flow 60 1bm/sec).

The outer nozzle provides, in the last cohfiguration, an

“'i annularljet of 10" 0.D. and'7" I.D. at_M=1;also balanced, {(Fig. 4);

"“:,;(P=30 psia, p=14.7ﬂpsia, 20 lbm/sec). The outer nozzle was designed:“7ﬂ§

(™

‘initially for sqbsonie Mach Numbers with a jet exit 0.b.=12"(also
- with a mass'flow of 20‘lbm/sec,) ana tests of its charecteristics, ,'li
l."l”:alone or together‘with the M=2 inner jet, have been performee.

'Thls set of nozzles was 1mplemented with a series of pressureltaps cr;‘ﬁi
‘_and tested to verify the flow ax1al symmetry and the Mach numbers :

obtained by using stendard recording equipment,

On the other hand, since in thisAinvestigapion we want to

. support a measuring'probe (microphone, pitot, hot wire) inside the

"jet itself, a stand with sufficient strength and stiffness (Fig. 5)

was prepared .and_implemented with an actuating meehanism4(Fig. 6).



:wThis permits scanning of the'probeanring the test over a displacement -

of 13", in a transversal dlrectlon Wlth respect to the jet axis. In?”l
, addltlon the p051t10n of the stand can - be varled up to 110. from R

the jet exit axially and 24“ transversally by clamping it te a

: strong horizontal base.-

A series of tests wasGonducted w1th varlous comblnatlons of .fgxw

‘' "the jets mass flows, to measure: a) sounddlevel in~the far field ﬁ?fif

T e T

E;at selected points; namely, at 46ft., 92”£t,hdiStance and\about
'L600 ft.‘across the Ha;lem_hivet, atlnarioes‘angleslﬁith thef}ets__
‘axis} andﬁ b) pressure fluetnatlon level.insldeithe iets; (tables
;.1 and.2) . | . | |

Two noise generators have been‘preparedrfor thlS 1nvestlgat10n.
t?The first one, outlined in the‘last progress teport, is a pneumatlc
'nsystem shown in Fig.- 7 and cons;sts of a manlfold‘rece1v1ng alt from 5
}the hlgh pressure llne (2000 p51g) reduced to '20 200 psig by a |
ilpressure.control valve. The air flow from the manlfold enters 1nto‘.
i{siz 5/8" I.D. nozzles and is alternately‘shnt off and opened by a
ilrotating nalve, (Fi&dla).'rThls rotating Yalee.is,formed by a dlsc.-P'.
‘“h attached to‘an.electric motor with sPeed‘variable up to 10,000 rpm,A

and presents in front of the nozzles a row of 24 clrcular windows of :

';1/2" diam, From the other side of the rotating dlSC, six plpes 5/8" o

';I;D., placed in contlnuatlon of the- 51x nozzles, brlng the resultlng
itf;V”pressure disturbances‘to;the signal_injectlon'p01nts;l

B { EIFE N



The six lines'ere symmetrically placed around the axis of
- the tunnel and have the same length(about 10 feet), except for
°15a U—shaped segment that permlts one to change the line length

Tfﬁiabout 1l foot, thereby 1ntredu51ng a delayntime in thl slgnal e

.

- arrival at the lnjectlon p01nt of about 1.2 msec.

Sl

Experiments have been carried on one line only with disc
. . - . .
. . ~

:.SPeed of 2000 rpm, giving a signal frequency of 800'c/sec, using”

:'air_pressure of 35 psia. Duct 1engths'of 1 foot and 10 feet were

:LLPressure level flﬁétuation, waslobtained-et 4 inches ftom the};
'S;Pipeﬂoutlet, with hoth pipe lengths. Hewever, as expected |
;steepenlng of the 51gnal profile occuts w1th the long plpe, 1h
1fWhlch case, the s;gnals arrlve:es.a series of splkesl(Fig. 9.
;Since signals with smali slopee are'reqﬁired,ian additional device“;
"vhas-been studied to tegenerete.e signal ﬁnder.exciteﬁent from the*.

‘h,SPikg' Several configurations of Helmholtz'resonetors have‘bgenl:wj;
‘fﬁgfieonsidered: the hest'results were_obtainediﬁith the one Shown ﬁn
Q;Fig;’li,'and the éignal ptoguced is shown ih'Fig.-lo;"

This signal'will he’tested for its,propagation threugh the
. Jet as'soonLas the 5ystem will be available;“howevet, it afpee;ed
4.conve;ientto:use éleo“aﬁ:eiéctricaliy:drigen'system.Whtch proyidesh

" "a higher frequeﬁcg;iange{aqd:a wellebehaved‘eigeelffe;m:at;all?x

‘i - frequencies. . 177

.;gused. The signal intensity of 144 4B measured as peak to peak“?w;;:;i

E I




An Bltec Lansing 100-watt driver has been tested for this 

v%/: purpose. This driver has a 1" dia. diaphragm, placed as near . .

X
h .

nlas possible to the sound injection points with a short 3" long .

‘:]caténoidal horn to optimize coupling of the driver with the

J‘“ externa1 field. '_ “'. 

Pure sinusoidal signals can be obtained up to 14 KHz, and -

intensity up to.1541d3-at%thékth#oap‘gt_a-ﬁiequencyioflsixﬁzyvﬁJ.
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fﬂ;Signal Processing and Instrumentation Problems

The suecese of the present jet'noise program depends on our
Q;abilityttolnote the development and nonlinear steeﬁening of an
_giexternallylihjected sighal as it_ptopagates into and through the.f
':jet. Thus,-cprrent plans ceneist“;f the comp;etion of the jetl

“ aerodynamic facility;-eohstruction'of a set of high intensity,

e

}ﬁhigh repetitionarateeacoustic wave pulses, ahd investigation of
'"fthe adequacy_of.the instrumentation and of data proCeseing

. techniques. . | o | |

An electronie simulationlef the physieal model has been

v carried out in order to check the edeﬁuacy of the sound wave

'f'source and of the operating procedures. -An important reEult of .

hthis simulatioﬁlwas a better understanding of the'very strong
|tioperatlona1 1nterdependence and 11m1tatlons exlstlng between
‘signal amplltude,'SLgnal pulse repetltlon rate and total facility
ii'runnlng tlme: The experlmental set up of thls 51mulatlon is out-
""Wg.‘linled in Fig. _1'2_.' | | |

"The basic noise signai esed was.a triangular.ramp with a
“;j;duration of atout .3 msec and a repetition rate of .6‘msec (1600

4 ?epulsee per secqnd). Due to the use of a 10 XC low pass filter,
t;considereele roundihg of'the eignal oecers, as shown ih_Fig. 13,
trace la. When the SLgnal is mixed w1th whlte n01se in the ration

J 'lf of: 1 to 64 and then passed through the 10 Kc low pass fllter, the'

o




“§-Signal to noise}ratio. is lmproved by a factor of about 2. The 1,71.5
VereSultlng mlxed srgnal ‘is shown is Flg. 13, trace 2a, and the

ﬂ:pulse is apparently not detectable in the noise. When the signal

‘:;-;“is summed about 16 000 time us:.ng clipped mode eummation, a s:l.gnal
h?can'be detected. as in Flg. 13, trace ;b. The merovement in
Qreignal to noise ig closely equal to the square root of the number
“E‘ofesums- i.e., -16,000-130 or 42AdB.d ' _ ) . - =%?i;
When the number of summatlons is 1ncreased to 32K 64K andr .
;T%to the maximum’ storage capacity of the SAICOR SAI 42, the resultant
:Efdetected signals improve as. shown in Flg.' 3, traces 3h, 3a and-Zb,
{Qtrespectlvely,. Use of . ordlnary.uncllpped 31gnals requlres a much
'{flarger number of summatlons to achieve equlvalent results. (Cllpplng
;f{is appropriate'when the-determ1n15t1c+31gna1-1s.a.perturbation_on theul;{

.

lhl'noiee, but grosely dlstorts the detected result when the signal is

s;fQCOmparable with the noise. ) o ' .' 1' . o

~-For larger values of 51gnal to noise ratlos than those dlscussed

”if'above, the data processing is 1mproved.- In order to 31mu1ate thls

. ‘condition, the signal and noise were mixed in the ratios of 1/32,
-‘E;'l/ls'and 1/8, and the detected signal improvements (at a constant
"f116K summatlons) are noted 1n Flg. 13,'traces 4a, 4b and 5a, res—],‘

;;?pectively, The' combinatlon of S/N—l/B and 8K summatlons, ‘gives prgl‘:

. the result nqted Fig;eha'trace 5b and 15 of the same quallty as

' 4band 5a.
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In the above tests, the fllter settlng was chosen so that the ‘fﬁ.;i*

i
b

pulse peak amplltude was not apprec1ab1y affected ﬂhlle fllterlng

‘3fout as much of the hlgher frequency nolse as possxble. The'loglc

.

‘fef thl& proeedure must be furthsr eens;de;ed ;n the lsght ei the

._\___ X

S
.

™

_steep fronted.‘
't b. If the noise spectrum drops with freqnency, then low pass
filtering may be without benefit. .-

Since the amplitude of the classical jet noise spectrum drops

ilour noise‘might be better represented by electronic”"pink“‘noise
@f{hén‘by “white“ti On the ether hand;~the;e are regions in the jet--
;s'high- and so low pass fllterlng may be useful.,

Simulation of the jet noise by electronlc plnk noise and sub-~

»"use of the lOKc fllter gave negllglble increase in S/N ratio.
on theiother hand, some lmprovement of S/N ratlo ‘was achleved
?“(about 1.3) by filtefing out the low frequency noise'below 100 Hz.

;'Thls fllter settlng permltted retentlon of the pulse rlse detall

P

”*.;ﬂa,e we 1ose details of the pulse rlse shape 1f the pulse is'f;

“?lat about 6 dB per‘dctave at.frequencieS'above the Strouhal frequency,:
J;the earlyistages of the mixing region——where the transition frequencyl

‘seQuent processing as discussed above for white noise;confirmed that




ot . . .- Vo .

An examlnatlon was made of the optlmum procedure for operatlon
g of the HoneyWell 5600 tape recorder in these tests ~ We may considerd;“
@ ch01ce from among the followrng optlons- a) Operatlon in the M
"standard" mode whlch has a low pass cut off frequency at 60 1ps of

10 KHz and a S/N ratlo' of 46 as; b) "double extended" mode with low

o pass cut off frequency of 40" KHz and S/N ratlo "of 42 4B, and c) the'

T"extended“ mode Wlth Lntermedlate noise and cut off characterlstlcs."
. Direct record modes are‘noisier and appear te be less advantageous.
' The tradeoff parameters considered in the above are similar to those - ..

involved in the filter choice; e.q., signal shape detaifs‘uersus

J,hoise,,and consequent'data'running-time.
ﬂis used the specific recorder mode used becomes non—crltlcal and a

'Ld lower FM speed,-such as 15 ips, is also useful.

The flnal-cholce of 1nstrumentat10n parameters can be put off
mfuntll after the systematlc measurements of statlc pressure fluctuatlon
:Vamplltude and spectra are carried out in the jet.core, secondary flow-gs
,, and mixing regions.- | |

| .The.effect oflthe microphone housing on thelmeasured noise was
also considered. 'Tanéent ogive nose cones are being used with all

pressure tansducers in these tests in order to respond to static

i pressure fluctuatlons only, and not to total pressure fluctuatlons

m,whlch would result 1n very 1arge noxse amplltudes. Kulite Pressure




By

transducers are belng employed within the jet in order to guard
agalnst p0551b1e damage from large total pressure fluctuatlons
In conclu31on, the above srmulatlon study has allowed us to

" plnp01nt the crltlcal parameters whlch must be considered in the

phy51cal jet norse data acqulsltlon program. The de51gn of the

m_shock pulse generator was - modlfled to increase both pulse repe-

»;tltlon rate and signal 1ntens;ty,'and the possrble need of collectrng

'data over several runs was noted. S
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" Preliminary Tests'on-Noise DeteCtion' IR “

. During the flnal days of thls progress period, a preliminary“

test of the amblent turbulent pressure fluctuatlon level was carried

out. Inltlally a 1/2" dlameter Statham pressure transducer was used55

and frnally, we employed a new- Kullte transducer of 1/4" 0.D. and

;.08"'diameter dlaphragm. This transducer has a natural frequency of

,fabout 130 KHz and a maXimum safe pressure range of 200 psi. The

transducer was fltted w1th an oglval nose cone. manufactured by

. Bruel and Kjaer. - ThlS transducer was chosen hecause the stagnatlon -
.pressure in the nozzle flow is'considerably in excess of the maximuam

Jallowed in the avallable B and K mlcrophones.

Overall pressure fluctuatlon 1evels at the jet axls found ‘in

the prlmary flow durlng these prellmlnary tests varied between 160

and 170 dB . Slnce these flows were not run at desrgn condltlons,

:some varlatlon of level may still be expected

Prellmlnary tests were also made on the 1nput pulse generator.

dThese tests 1nd1cate that the input pulse amplltude ‘as measured in

still air at 1 foot from the generator ex1t Wlth ‘maximum generator

torage pressure is on the order of 150 dB.

- At the‘ime of thls wrltlng, prellmlnary results are belng

"obtalned u51ng the Alter-Lansrng drlver and dr1v1ng w1th a 5000

sz srnu501da1 SLgnal Srgnals of falrly low amplltude, 138 dB at

4 rnches from the horn exlt are berng detected at the centerllne

- . . .
. . . N S

O
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of the Mach-2°jet.'fabqut 30 seconds of data Qére collected . during

.. this run. The results are considered crucial as well as extremely

© encouraging inasmpch-as we_expect soon to raise the input signal

oo level by at ‘least_ 10 dB. The subsequent éteps of our program now

.
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QIConclusions and Programmed Subsequent Investigation

Tﬁ\hoise propagatiéh iﬁside a jet, a‘facility;has been implemented
to provide_twé'coaxial axisymmetric jets of ‘unheated air. The
. large dimensions of the jets'(7" dia. the inner one at M=2 and

NﬂﬂlO"‘dia. the outer one at M=1) 1is appropriate to permit one to
. significantly the jet flow and without affecting the noise generatioh
_fénd propagation. A 1/8" dia. microphone type Kulite=CQ-125, with
" a maximum signal pressure of 200 psia, is used considering the high

7 Csitivity to static and btagnation pressure fluctuation.

f:Kjaer nose .cone for static pressure pick~up and a specially con-

& structed'noﬁe éoﬁe.fof stagnatioh pressure PiCk-dP-‘-An additional.
‘”:blind nose coné has been constfuctéd ahd.used'in a.test performéa'-f.A
H“H with the objeét to ascerfain;;hat thetﬂoise transmitted through waysf;w
% 1 other thaﬂ air_prégsurelflﬁctuation'over'the micfoPhone is.of'

.';sufficientlf small level.

”

.

In this first part'of the'experimentai investigation on

‘place a set of microphones insgide the jet core without disturking

fstagnatibn.pressure level. (115 psi) and has been tested for sen- .

It has been tested for both conditions using a 1/4" Bruel and.'ﬁ

‘In this first part of the program no special care was taken to RSN

”55,miniﬁize the'jet ﬁoi;e'prdduced upstream at the nozzies. This will

= béﬂdonq ;fterfbompleﬁiqn'of the tests in the actual .configuration. ‘-

-15-



Noise levels of 170 dB for static pressufeifluctuation have

-;beep measured at the jet axis. Preliminary_eétiﬁ&teé"éf the

1"-."stlagnati«:;n pressure fluctuation are of the.order of 185 @B and

:1nd1cate that the mlcrophone was. not overloaded
A strong and rlgld support of the mlcrophone with a motorlzed
-‘fsupporting arm have been constructed permitting scannlng of the

'3;jet, during the test, over 13 in, with a scanning speed of 1 in/sec,ff

", and has beenztested forfperformance. . ‘ o)

‘ S . : . S
- Two noise generators‘have been implemented, the.first pneumaticrﬁﬁ'
,L;apd the second electric;“‘ )
The first one will produce e pulsatlng pressure 51gnals that

;ﬂw1ll be injected at the jet boundary near the jet exit.

One signal only has been produced so far and analyzed for

_7;quality'at 800 HZ frequency obtaining a noise intensity of 138 dB
Vpat 4 in{_from the ex1t horn. The second noise generator produces

'iia continuous 51nu501da1 sxgnal at 5000 HZ with also 138 dB lntenSltY

f*iat 4 in.'from the exit‘w it has been used in .a typical test conel
“g;{flguratlon and recelved by a mlcrophone placed at the jet akls. The.
ff51gnal reeelveo was recorded on tape and analyzed with 1) a cllpped
““-imode enhanc1ng system and 2) a cross correlation method With both
?!fmethods the 51gna1 was retrleved althoughhestlmated to be 44 dB |

F"?below the jet»noise level. . o .t;fuﬁh;;}

1o
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It is felt, therefore, that a systematlc 1nvestigation program
e ‘\
“can be carrled on in the future part of thls study to trace the rays

a) The pneumatlc noise generator w1ll be brought to its N

>
A

final form and the 1eve1 of the electric one increased

“uto'its maximum value.

'”,A second mlcrophone w111 be 1nstalled on the same stand

rgrparallel to therfirst‘at 1. 1/2" dlstance with possibility

“to adjust and measure its,axial.position with respect to t'
'+ the flrst one. It w111 be used to measure the'ray |

propagatlon dlrectlon using the time 1ag measured between -
;the signals received by the two mlcrophoues.

ITA systematlc test program w111 be conducted to trace the

rays propagatlon from the source, through the jet ih

?varlous conflguratlons.

- 4
e

noise7produced upstream of the nozzle

-;—17_h



By comparing tests on the clean versus the similar ones onithe

ﬂ;noiéz jet configurationsf valuable information_will be'obtained

ﬂon the propagation;inéiﬁé‘thé”jet:of:npiée introduced upstream
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Fig. 9 Signal arriving to the regenerator after 10 ft.
—pipe—length—in—formof-spikes (5KHzZ)
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Fig. 10 Signal regenerated by Helmholtz resonator
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Signal injected
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da) N/S=32
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