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I, INTRODUCTION

A substantial amount of work has been carried out in the field of
jet noise in an effort to understand noise generation and propagation,
and also to decrease the noise produced firom the exhaust jet by chang-
ing the configuration of the engine nozzle. HMuch of the research has
been characterized by an attempt to introduce local modifications in
the flow field that do not require major modifications to the gpgine

&

design, Therefore, schemes usually considered are limited to changes

localized downstream of the converging section of the nozzle (Refs. 1-4).

The results of these investigations indicate that large reductions
in noise levels at some distance from the engine can be obtained, e.g.,
Mangiarotty and Cuadra (Ref. 3). However, such reductions are con-
sistently coupled with substantial decreases in thrust., A typical ex-
ample of such results is presented in Fig. 1, where the amount of
suppression is related to losses in thrust. WNagamatsu, Sheer and Gill
(Ref. 4) have obtained large noise reductions (20dB) by splitting a
supersonic jet into 191 smaller shrouded jets. The thrust loss was,
however, 25%. Such losses are not easily acceptable, and they may be
unnecessary, if the f£luid dynamic changes required for decreasing the
noise are incorporated initially in a good aerodynamic mnozzle design.

The inéight necr.ssary for establishing rational suppressor design
eriteria has been sought by many research efférts aimed at determining
the location of noise sources within jet flows, their relative
importance to the overall radiated field, and the mechanisms by which

noise generation occurs. Information of this type has been obtained
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from detailed measurements of the level and spectral composition of the
radiated sound in the far-field (as, for example, in Refs, 5-6), by the
sise of directional microphones to isolate the contribution to the
radiated sound of small regions of the flow (Ref. 7), and by cross-
correlation between the radiated acoustic field and either the velocity
fluctuations (Ref. 8) or the pressure fluctuations (Refs. 9-11) in the
source field,

Tn addition, detailed studies of the level and spectral distri-
bution of the pressure fluctuations within small model jet flows have
been made by Nagamatsu and several associates (Refs. 12-14). Part of/
the present investigation was directed toward a similar survey of'the
static pressure fluctuations within the cold supersonic jet flow ex-
hausting from a relatively large 7 inch exit diameter convergent-
divergent nozzle., The nozzle is designed to yield shock-free (balanced)
flow with a jet Mach number M.j = 2. Both the flow in this perfectly
expanded case, and an overexpanded flow with Mj = 1,8 were surveyed.

An important aspect of the problem of jet noise which could lead
to a better understanding of noise generating mechanisms is the propa-
gation of pressure disturbances in the presence of £low, Research in
this area has included a study by Chih-ming and Kovasznay (Ref. 13) of
periodié wave propagation across a two-dimensional layer of turbulence,
and analytical investigations by Slutsky and Tamagno (Ref. 16) and
Gottlieb (Ref. 17) of the field due to an harmenic source radiating
From a two-dimensional region of flow, across a velocity discontinuity,
into a medium at rest. Although the last reference also includes

results for the reverse case of a source radiating into a region of



Elow from one at rest, the use of an improper boundary condition at the
interface is believed to invalidate the resulits for both cases. .The
problem of a source within a eylindrical flow region was treated by
Slutsky (Ref, 18), and was extended by Liu and Maestrello (Ref. 19)
to the case of a real axisymmetric flow with diverging boundaries. 4&n
experimental investigation of refraction (Ref, 20) has included
measurements in the acoustic far-field of a pure-tone point source
located inside a low speed jet flow.

Mixing induced disturbances at the periphery oF an axisymmetric
jet £low mot only propagate inte the surrounding medium but also
toward the centerline of the flow. A recent analysis by Ferri, Ting
and Werner (Ref. 21) has shown that the nonlinear propagation of a
circumferential disturbance at the edge of a cylindrical supersoconic
flow toward the axis of the flow will exhibit efifects such as
focussing and distortion of wave profile. (Also included in this
reference is a study, in the same vein as those described in the previous
ﬁaragraph, of the propagation of an acoustic disturbance from the core of
a supersonic jet through the shear layer, Fig. 2). An experimental
verification of Chese phenomena requires the ability to first induce a
v wwn distnrbance at the edge of a supersonic flow and then to observe
th.. disturbance at it propagates into the flow. A major effort of the
present investigation was the development of the experimental procedures
and data processing mecessary Lo accomplish this. (Although a method of
detecting a weak acoustic signal in turbulent airflows has bheen investi-
gated (Ref. 22), its scope, as will be discussed in Section IV, is

rather limited),



The task of implementing the required Faeilities and instrumentaltion

was divided into three phases:

a.

construction of the facility providing two concentric jets
of cold air; calibration of the jet's aerodynamic charac-
teristics and measurement of noise generated in the far
field and near field for evaluation of uniformity, in-
tensity, spectrum composition.

constructien of a signal gemerator providing a set of one
to six signals of appropriate intensity, frequency and
form; channeling of the signals to the desired injection
points, establichment of the gignal form at the inje;tion
points, time-delay control are studied in this phase.
assembling a data acquisition system consisting of
pressure probes, a stand and scanning mechanism for the
probes, a recording system, and a signal enhancement
system for separation of the injected signal from tﬁe

background noise of the jets.

Many of the results obtained from the application of these facilities

and systems to the stuidy of wave propagation, as well as to the survey of

i

ambient static pressure fluctuations, have been presented in various

articles published during the course of the investigation (Refs. 23-26).



TT. EXPERIMENTAL FACILITIES AND PROGEDURES

A, Jet Facility

The facility utilized iun the experimental program was designed with

the objective of satisfying the following requirements:

a, That many nozzle configurations can be set up for
experiment without introducing major changes in the
facility

b. That the élow conditions through the primary and
secondary nozzles can be controlled independently
and that

c. The nozzle jets discharge in the open space outside
the laboratory and their directiom is such as te
produce minimum reflections from the surrounding

ob jeects.

A steel cylinder, Fig. 3, (1% ft. L.D, and 7 ft long) closed at the
two ends by two flanges and designed for 1600 psi nominal pressure, is
csed as the settling chamber of the primary nozzle. One flange is blind
while the other one has a central rectangular hele with 7 3/4™ by 5 3/4"

gides with rounded cormers, bored imte it. This flange was used to sup-

port the coaxial axisymmetric nozzles with circular cross sections (Fig. 4y .

The coaxial secondary nozzle has a separate annular settling chamber
built around the mozzle itself. Celd air (Tés SOE‘R) was supplied to
the settling chanber from a 1700 ft3 bank at a maximum pressure of

2000 psi through three regulating valves.
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The inner (primary) nozzle, with a throat diameter of 5.25" and an
exit section of 7' diameter, provides a M = 2 supersonic jet, and requires
110 psia stagnation pressure to preduce a jet with 14.7 psia exit static
pressure, free of shock-expansion surfaces (mass flow 60 lbm/séc)..

The outer (secondary) nozzle provides, in this configurati;n, an
anmular jet of 10" 0.D, and 7" I.D., at M = 1 also balanced (Fig. 5),
(Po = 30 psia, Pe = 14.7 ésia, 20 Ibm/sec). The outer nozzle was ;
designed initially for subsenic Mach numbers with a jet exit 0.D. = 1z
(also with a mass flow of 20 lbm/sec.) amd tests »f its characteristies,
alone or together with the M = 2 inner jet, have been performed, This
set of nozzles was implemented with a series of pressure taps and
tested to verify the flow axial symmetry and the Mach numbers were ob-
tained by using standard recording eguipment.

A series of tests was conducted with various combinations of the
jets mass flows, to measure the sound level in the far field at
selected points; namely, at 46 ft., 92 ft, distance and about 600 ft.

across the Harlem River, at various angles with the jets axis (Tables

1l and 2},
B. Sipgmal Generators
Two acoustic signal generating systems were prepared for this in- r

vestigation. The first consisted of a 100 watt Altee 290-E loudspeaker,
with a 3 inch exit diameter catemocidal horn, driven by a H-P 33104
function generator (operatimg in the sine mode) through a Bogen 100
watt power amplifier. The syne output of the function generator

acted as am extermal trigger for a General Radio pulse generator



(type 1340)., The resulting pulse train, adjusted for proper amplitude,
was recorded along with the transducer cutputs and served to synchroe-
nize them with the loudspeaker generated signal,

The second (multi-source) generator is the pneumatic siren system
shown in Fig. 6 and consists of a manifold receiving air from the high
pressure line (2000 psig) reduced to 20-200 psig by a pressure contrel
valve, The air flow from the manifold enters inte six 5/8" I1.D.
nozzles and is alternately shut off and opened by a rotating valve.
This rotating valve is formed by a disc attached to an electric moter
with speed variable up to 10,000 rpm, and presents in front of the
nozzles a row of 24 circular windows of 1/2" diam. From the other side
of the rotating dise, six pipes of 5/8" 1.D., placed in continuation of

the six mozzles, bring the resulting pressure disturbances to the signal

injection poeints. The six lines are symmetriecally placed around the axis

of the tumnel and have the same length (about 10 feet), except for a
H~shaped segment that permits ome to change the line length by about

1 foot, thereby intreducing a delay-time in the signal arrival at the

injection point of up te 1 mseec, The synchronization pulse train in this

case was again provided by the GR pulse generator being triggered now by
a rotating contact-switch system aligned with the 24 windows of the

rotating valve, Fig. 7.

C. Probes and Supporting Structure

Probes were supported in the flow by the structure shown in Fig. 8.
A massive base can be meved down a 10 ft long track fixed te the ground
and oriented along the z-axis, as well as normal te this streamwise

direction. A motorized mechanism attached to the base allowed for a

e
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13 inch vertical traverse of the flow at a speed 0f approximately 2 in/sec.
Two pressure probes can be mounted, either singly or together (separated
by 1.5 inches in the wvertical y-direction), at the end of a knife-edged
wing (Fig. 9) which was then fixed to the tep of the traversing
mechanism and exténded into the flow. The wing also served to enclose
the transducer cable%.‘

Static pressure fluctuation measurements were made using two probes,
both consisting of Kulite piezoresistive pressure transducers (Type
€QS125-100) housed in the ends of a 6 inch long stainless steel tubes
fitted with Bruel and Kjaer #UA0385 ogive nose cones, Fig., 9. One
tuge has a constant 1/4 inch 0.,D, and the other a 3/8 inch 0.D, taper-
ing to 1/4 inch. The transducer semses the pressure in a cavity
(formed by the B & K nose cone) which is in contact with the outside
nressure field through a wire mesh ring. A '"blind" solid steel nose
cone was éonstructed for use in determining how large a part of the
" .insducer output sigmal was due te spurious, non-pressure noise such as
that resulting from vibraﬁion of instrumentation cables. Specifications
for the two transducexrs, identified as #1l and #7, as well as a typical
- eircuit diagram are presemted inm Fig. 10. The resonance frequemcy of

130 kHz indicates a flat (+ 1 db) tramsducer frequemcy response of ./
N .:’

DC-4{0 kHz as shown in Fig, 11. The Helmholtz resomance of the proha cavity
mentiened above should net significantly affect measurements wiﬁﬁin this
range of frequencies. It i$ believed that this resonance frequency is
much higher than the 20 kHz found in Ref. 27 for thz cavity of a

siwmiiat 1 inch diameter B & K nose cone. In fact, simple scaling

considerations would indicate a frequenmey on the oxder of 80 Wiz. The



sensitivities of the transducers were verified using a 1 kHz pressure

field of known level (154 dB).

B, Instrumentation

A diagram of the insﬁrumentation set<up for recording the transducer
outputs and generating the acoustic signal with the Altec loudspeaker is
shown in Fig. 12. The output voltage of transducer #1 was amplified and
filtered by a Princeton Applied Research amplifier'(Hodel‘113)'which has
a maximum gain of 104. The RMS level of the amplifier output was
moenitored en a voltmeter. A Bruel and Kjaer Type 2606 measuring ampli-
fier with a maximum gain of 96 db served the same purbose for the output
of tramsducer #7, its meter indicating the RMS level of this output.
Typical amplifier bandpasses used were 30-300,000 Hz on the PAR and
92.5-200,000 Hz on the B & K. The low frequency roll-offs were needed
to eliminate the effect of 2 Hz mass flow fluctuations (ereated by valve
oscillation) on the measurements. Both ‘amplifier outputs were displayed
on a 2 channel oscillescope and recorded on a 7-chamnel Honeywell 5600
tape recorder.

Tape recordings were made primarily at 60 ips although a speed of
15 ips was also used. The transducer outputs were all simultanecusly
recorded beth in FM’doﬁble extended mode and Pirect mode. The pulse
train symchronized with the acoustic signal gemerator was recordeéed only
in Nirect mode. At 60 ips, the recerder bandwidth is DC-40 kHz for FM
and 300-300,000 Hz for Direct. At 15 ips these become DC-10 kHz and
100-75,000 Hz, respectively. When the traversing mechanism was used,

a marker signal locating the position of the probe along the y-axis in

the flow was recorded in TM mode.
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Basically, three experimental procedures were followed to azcquire
data. With one of the probes located at various fixed positions inside
the jet, 15 to 20 second recordings were made of the transducer output
at each position. The RMS level of the static pressure fluctuations
represented by this output was determined from &ﬁ on-line reading of ¢
the appropriate meter, while the recordings were later analyzed to ob-
tain the spectral distfiﬁution of the fluctuations, Again with only one
probe, the traversing mechanism was used to vertically scan the static i
|
pressure fluctuations across the jet. Im this case the transducer ‘
output was recorded during the scan along with a signal marking the
.approximate pesition of the moving probe, 1In the last procedure, the
set-up for which is shown in Fig.. 13 for the loudspeaker, both probes
(separated by 1.5 inches in the vertiecal direction) were placed in the
field of the acoustic signal generaﬁor. The two transducer outpuits were
recorded both with and without jet f£low. TIn the former case, 40 seconds
of data was recorded ta allow the subsequent processing to separate the
dcoustic signal from the jet pressure flucfuations.
The systems used to analyze the recordings are shown in Fig. 14.
The jet traverse recordings were played through the RMS circuit of the
B & K measuring amplifier and then displayed on the oscilloscope 'to-~
gether with the marker signal, thus givimg a trace of RMS level Sf
static preésure fluctuations vs position traversed along the y-axis. f
In all other cases, RM3 playback levels were ménitored on.a voltmeter. %
Spectral distributions of the recorded static pressure fluctuations at
various points in the flow were obtained using a General Radie narrow

band wave analyzer (Model 1900A) linked to a General Radiec (Model 1521-R)
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graphic level recorder. The signal recovery processing was accomplished
by feeding tpe recorded transducer pick-ups in the field of the acoustic
signal generator into one of the channels of a Saicor BAI-42 correlation
and probability analyzer operating in the enhance (ensemble averaging)
mode. In this mode, 100 values of the incoming signal are sampled (at a
predefined increment), digitized and added to 100 memory bins each time
a trigger pulse, of pfescribed amplitude and duration, is sensed at the
EXT SYNC terminal of the analyzer. These éxternal triggers were pro-
vided by the pulse generator being itself triggered by the recorded
synchronization pulse train, This procedure was followed because the

pulse amplitude required by the analyzer is greater than that which can

be recorded, and alse due to the faect that some distortion cecurs te the

pulses in the recording/playback process. Thus, the pulse generator
served, in a way, te transform the recorded pulse traim into one having
the required properties. At the end of the processing, the levels in
the 100 bins of the amalyzer were displayed across the escilloscope
sereen and phetographed.

An electronic simulation of this signal recovery processing was
carried ouE.using the system shown in Fig. 15. A General Radio (Type
13908) raﬁdom naise generator served to simulate the jet static pressure
fluctuations while the sinusoidal output of the function generater re-
presentéd the acoustic trace signal. The two were summed and filtered
by the PAR 113 operated in its differential amplifier mode. The
resulting sum was handled as 1if it were the amplified output of a
trancducer in the flow with the exception that recording was bypasged

in some of the simulation studies, The meter could be used to monitor

11



the RMS levels of the molse and signal, separately or combined,

E. Modifications

At the beginning of the third year of the experimental program it

became necessary to relocate the Jet Woise Facility from the Bronx, N.Y.

te Westbury, L.I.,N.¥Y. Although the general configuration of the faeility

was kept unchanged, some advantages were derived from the new emplacement

and some improvements were introduced as dictated by previous experience,

They can be summarized as follows:

a) The concrete platform and the streamwise rails of the

b)

probe Suppoft structure was extended in length teo

20! from the jet exit. The mechanism of moving and
locking the probe support te the rails was improved

te permit better control and faster ope;atiom as well
as to explore the jet up to 28 B (Fig. 16)

The air bank volume available is twice as large as the
one used previously permitting twice the number of
tesf runs between the same limits of pressure and
keeping the same test time and mass Elow.

The valve control panel and the data recording instru-
mentation were placed close to each other and in a
position from which a better visual control of the

jet is possible amd that permits the two operators to

communicate easily.
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The following additions and modifications were also made to the

preumatic signal generating system:

a) TFabrication of an injection ring placed at the exit of
the primary nozzle that permits radial injection of 6
simultaneous signals (at variable phases) through 6
slots %" wide and 3.5" long in the circumferential
direction evenly distributed along the circumfgrence

(Fig. 17).

'b) Fabrication of a manifold to distribute the high pressure
air to the six port of the pneumatic siren,

e¢) Modification of the siren to reduce the gaps in front and
aft of the spinning disc to eliﬁiﬁate unwanted resonances

occurring in these gaps (Fig. 18).
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LIT, STATIC PRESSURE FLUCTUATION MEASUREMENTS

A, General Remarks

Prior to dealing with the primary objective of this inveétigation,
which was to develop and implement a procedure for externallj injecting
and then tracing an acoustic signal through jet flows, a survey‘w&s made
of fluctuating static pressure levels in the primary flow. This survey
was useful in two respects. It first of all provided a good idea of the
sort of background noise levels which would have te be contended with in
detecting the induced signal, and secondly, the data revealed the ex-
istence of several interesting phenomena related to the problem of
supersonic jet noise generatiom. Aithough,such measurements are common
in the literature, as for example in Refs, 10-14, 28, it is also common
to find these studies employing flows exhausting from nozzles with exit
diameters on the order of 1 or 2 inches. Considering the probes
ordinarily used, this leads to a ratio of jet diameter to probe diameter
in the range 4-10.,  For the present investigafion this ratieo is 28, thus
subsctantially decreagiug the errors in measurement due to changes in the
pressure field induced by the intveoduction of the probe in the flow.

The effects of the probe wing support shown in Fig. 9 should be small
due te the limited upstream influence in the supersonic flow regimes
of the jet; and was minimized still further by making most of the
measurements of this survey using eonly the upper, more slender probe
(housing transducer #1), thus eliminating the bulky structure required

to support the lower probe.

oy
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The validity of using the B & X ogive nose cones, described in
Section LI and shown in Fig. 9 , to acecurately represent the static
pressure fluctuations in subsonic and transonic flow has recently been
verified (Ref. 11) with the use of an intersecting laser technique which
does not FEquire that obstructions be placed in the flow, It was also
found that in supersonic flow there is a complex structure of weak
shocks attached to the nose cone which would tend to give extraneously
high pressure fluctuation measurements. But of three nose cones tested,
the B & K was found to yield the most consistent results. It should be
added that any vibration of the probes would tend te aggravate these
problems of induced pressure disturbances, although such effects would
be primarily confined to relatively low frequencies.

In general, the measured pressure fluctuatiens at a point X in the

flow can be separated into several terms: A,

P (X,t) = p(x,t) + p () (1)

meas probe (g’t),+ Pyib &) + p

alec

where p(E,t) is the true jet static pressure fluctuation (i.e., the ex-
cursion from the mean statie pressure, P(x)); pprobe(;’t) is the pressure
disturbance induced by the presence of'the probe and support as discussed
above; and pvib(f,t), Pelac(t) are pfgssure equivalents of electrical
noise induced by vibration of the transducer and cables, and inherent

in the measuring electronics, respectively. By a procedure to be
described, the overall RMS level of the third term above was found to be

typically about 22 dB below that of the sum of all the terms. The noise

floor of transducer #1 and its amplifier was 125 dB (in equivalent



pressure level re. 0,0002 uBar), while for transducer #7 it was 122 dB.
This put the fourth term at least 35 dB below amny of the measured levels.
Thus, the disturbance created by the presence of the probe, particularly
in the supersonic regions of the jet, is likely to be the most signi-
ficant source of error in the measurements. (An estimate, either ex-
perimental or amalytical, of the magnitude of this error is beyond the
scope of the present study although some attempts have been made by
previous investigato;s (e.g., Refs. 9 and 11). All of the above com-
rements of the measured pressure fluctuationg are assumed to be station-
ary random functions of time.

Tt should be noted that error considerations of this kind are not
of critical importance for the signal tracing aspects of this investiga-
tion. In that case, the measured pressure fluctuations will consist of
the induced acoustie signal, as sensed by Ehe transducer, plus a random
component attributable to the various sources described in the previous
paragraph. The individual contributions to this random noise background
sie significant only in the semse that they increase the total RMS level
ttus lowering the effectiveness of the signal recovery processing.

In what follows, the static pressure fluctuation level (SPFL) at

a point X in the flow is calculated according to the formula,

—, Prms (}?)
SPFL(x) = 20 1ogl - dB - (2)
0 po
where
o e -
prms(x) - “E} Io Pheas (x,£) de

and p_ = 0.0002 Bar = 2.9 x 1077 psi.
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A distinction is made from ordinary sound pressure level (SPL) since
besides acoustic disturbances the static pressure fluctuations in a flow
also include aerodynamic disturbances convected along streamlines.

The flow from the primary nozzle was studies in two running condi-
tions. ¥For the first, the chamber pressure was maintained at 80 psia,
yielding a mass flow of 40 Ibm/sec and a nozzle exit static pressure of
10 psia. The shadowgraph in Fig. 19 exhibits the initial shock struclure
associated with this,overexpanded jet. The second was the design condi-
tion: a chamber pressure of approximately 110 psia (mass flow of 60 lbm/sec)
yielding a balanced jet free of shock-expansion surfaces. TFor both flow
conditions the exit Mach number ME = 2, being.determined‘by the nozuzle
geometry. Defining the jet Mach number, Mj, as the Mach number that
would result from an isentropic expansion of a given chamber (total)
pressure to almespheric pressure, it is clear that Mj = 2 for the bal-
anced jet, while Mj = 1.8 for the overexpanded jet.

All the static pressure fluctuation (and acoustic signal tracing)

measureﬁents_for this study'were made in the plane z = 0 (Fig.3 ).

B. Static Pressure Fluctuation Levels in the Overexpanded Jet

A somewhat simplified illustration of the jet flow exhausting from
the primaty nozzle with an overexpanded exit static pressuye of 10 psia
is presented in Fig.20a. The lengths of the supersonic core and super-
sonic mixing zeone were determined from equations empirically derived by
Nagamatsu and Hexvay (Ref. 29) which express these lengths in terms of
the jet Mach number (in this case, Mj = 1.8), The pesition of the

sonic line along the jet centerline was approximately verified by a

17



series of pitot and static pressure probe measurements. It was also
assumed that the jet spreads initially at a total angle of 12°,

The variation of overall SPFL along the centerline of this jet is
shown in Fig, 21. Due to the supersonic exit Mzch number, a point on
the centerline does not "see" the nozzle lip or any part of the sub-
sequent mixing layer until it is at least about one nozzle diameter (D)
downstream of the exit. OLonsequently, the levels measured at x/D < .5
give a good indicatiom of the pressure fluctuations existing in the £low,
before it exhausts into the atmosphere, due to upstream turbulence
created in the valves and settling chamber and to radiatiom from the
nozzle boundary layer. The high levels (~ 165 dB) obtained in this
region ave not surprising since there was no attempt made to quiet the
£'5w entering the nozzle by the use of screens or flow straightners.

Su~h a procedure becomes necessary when the details of the far-field
radiated sound due to the jet alome are sought (as in the case, for
example, in Ref. 6 where upstream'disturbances were lowered to megligible
levels). Since the jet is overexpanded the supersonic core will contain
a cell structure of shocks and expansions which is partially shown in
Fig, 20a, Where the conical shocks of this strmeture converge on the
centerline, a small Mach disc is formed, the first of which can be seen
in the shadowgraph of Fig. 19. Very marked increases in pressure fluctua-
tion level were found near both of the first two of these discontinuties,
that is, at /D 2 .5 and x/D = 2. The level was also found to vary
erratically {(+ 3 dB) during the course of a measurement at each of these

positions. Such phenomena could have been the result of some interaction
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between the weak shocks attached to the probe and the Mach discs, es-
peciallﬁ when the probe is vibrating, or due to the convection of the
high level upstream disturbances through the jet shock structure. If
the latter is the more impertant effect, as is believed to be the case
at least for the overall increase in level, these regions could be
significant sources of radiated noise. The remaining measurements
made along the centerline indicate an increase in level up te a max-
imum at about 3 diameters downstream of the exit (i.e., the end of the
supersonic cere), and a fall-off afterwards. Similar results were ob-
tained by Nagamatsu and Sheer (Ref. 14) for amn Mj = 1.4 flow from a

1 inch exit diameter convergent nozzle. Using e specially designed 1/8
inch probe, they found a peak statie jressure fluctuation level on the
jet axis also at the end of the supersonic cere (i.e., at approximately
7 diameters).

Spectral densities of the static pressure fluctuations at selected
points along the jet cemterline are presented im Figs, 22-28. The
initial distributien (x/D = 1, Fig. 22).shows that there is a significant
amcunt of low frequency (50-300 Hz) energy at the outset of the flew.
This could be due Lo both long Wavélength disturbances originating in
the settling chamber and to low frequency mass flow fluctuations. The
pressure fLuctuations at thié positic were amalyzed for high‘frequency
content and show thaf, beyond 30 kHz, complex resonance phenomena begin
to oceur. The strong peak at 70 kHz, for example, recurs in every
spectrum analyzed at this frequemcy and is thought te be the Helwholtz

resonance of the nmose come cavity. A comparison of this first spectral



distribution with the ome at x/D = 2 (Fig.23) shows an unusual increase
in energy at almost all frequencies of between 5 to 10 dB. Recalling

that this is the approximate positior of the second Mach disc in the flow,
it is possible that such a discontinuity serves te loeally amplify up-
stream disturbances. The steeper fall-off in energy above 4 LkHz

(10 dB/octave gé compared to the previous 7 dB/octave) wouid seem to
indicate that this amplification loses its effectiveness at the higher
frequencies or pérh;ps is extremely localized spatially, The two peaks

at 1200 and 1700 Hz are unique to this position (x/D = 2) among those at
which measurements were made.

Except for the spectrum at x/D = 2,6 (Fig. 24 ) which is basically
similar to that at x/D = 2 (other than actually containing less total energy),
those remaining aleng the centerline show a regular increase in energy
within the range 50-2000 Hz ﬁp to the end of the supersonic core (x/D = 8.6,
Fig, 26 ), and then downward shifts in this same range for the two beyond
this point (Figs. 27&28). Af leastitwo sources are believed to con-
tribute to the grewth of energy within this range of frequencies. TFirst
ihere are the disturbances (largely below 300 Hz) originating upstream
of the nozzle which seem to be transmitted and reinforced by the sheck
cell structure of the supersonic core, and second there are the pressure
fluctuations on the centerline induced by the jet mixing whose contri-
butien to frequencies below 2000 Hz should increase with distance down-
stream since the length scale of mixing increases. (It is difficult to
determine from the spectra whether the shock structure.aiso serves to

amplify these mixing induced fluctuatioms.) The importance of the



supersonic core to the first effect can be seen in the one gpectral dis-
tribution at a considerable distance downstream of the core (x/D = 15,7,
Fig. 28). Compared to the distribution near the core tip (Fig. 26) there’
is a sharp drop, as high as 12 dB at 70 Hz, in the energy of frequencies
between 50 and 300 Hz, while for frequencies above 500 Hz the drop is less
pronounced (3 or 4 dB). This would indicate thatrthe very low frequency
disturbances propagating through the core region of the jet cannot be
sustained; or are digsipated, onece mixing begins to eoccur. The general
subsidence of fluctuwations over all frequencies is asccounted for by the
decreasing mean flow velecity im this now fully turbulent region of the
jet.

Above 2000 Hz all the latter spectra show a fall-off of energy at an
almost constant rate of 8 or 9 dB/oct&ve with minor shifts in level as the
measuring position is wvaried.

The spectra of the static pressure fluctuations measured within the
supersonic core of the overexpanded jet (Figs. 22-25) all contain a streng
pcak at a frequency which varies between 8300 and 900 Hé. It is thought
that this is a manifestation of the phenomenon known as supersonic screech,
that is, the coupling of some discrete upstream disturbance with the shock
structure of the jet through a feedback loop. The specitral density of the
radiated sound field at a_distance of 10 feet from the mnozzle exit and am
angle 6f 45° from the centerline ig included in Fig. 29 to lend support
to this conclusion. Measured with a separate acoustic microphone and
amplifier, the radiated sound clearly shows a screech frequency (or shock

tone) at about 800 Hz. The reasons for the slight differences in the



frequency at which the peak occurs were not established.

To determine the degree to which spurious electrical noise induced by
the vibration sensitivity of the transducer and cables affected these
results, a series of measurements were made at x/D = 2.6, the spectral
analyses of which are shown in Fig. 30. The u;permost curve is the
specﬁral distribution of the statie pressure fluctuations measured at this
point by the probe fitted with the usual B & K nose cone, Its similarity
to one obtained prev?ously at this position (Fig, 24) is an indication of
the reproducibility of the results. The two lower distributions are of
transducer output signals obtained with the B & K nose come replaced by
ene whieh seals-off the transducer frem the Jjet pressure flucltuations
(see Fig.9 ). As indicated, some pressure disturbances (partiecularly at
frequencies below 500 Hz) were reaching the transducer until the threads
by which this "blind" nose cone was attached teo the prebe were sealed
with & silicone ceompound. With this accemplished, it could be seen from
the lowvermost ecurve that, over a wide range of frequencies, the spectral
distribution of the electrical noise induced by vibration was at least
20 dB below that of the static pressure fluctuations at this position,

It is possible that, even with the precautions takem, some pressure
disturbances were still being transmitted through the "blipnd" nose come

te the transducer, in which case.the estimate above is comservative, The
overall measured levels in the two cases were 144 dB and 166 dB. The
conclusions reached here are valid for other measurements in the flow since
the general vibration level was not noticed to change appreciably with

positien.



The variation of overall SPFL with vertical distance from the center-
line (y/D), at selected downstream stations, is presented in Figs. 31la & b.
The initial profiles show peak fluctuations occuring in the jat mixing
region. There are rapid decreases in level outside the flow. while the

interior is characterized by regions of censtant level around the center-

line. The sharp rise in fluctuations near the centerline at x/D = 2 has

been discussed previously in relation to the flow discontinuity which
exists at this position. Here it cam be seen that the effect is very
local in terms of the tramsverse direction te the flew., The tendency for
the mixing region peaks to first meove in toward the centerline and then
to diverge outward is an indication of the initial contraction of the
flow streamlines resulting from the overexpanded nozzle exit pressure of
10 psia. Although there is a gemeral tremd in these initial prefiles for
the level to rise for all y/P as the downstream distance increases, this
occurs at am accelerated rate in the core of the jet until at =/D = 8.6
the most intense statie pressure fluctuations along the cross-section
are found near the centerline. Beyond this point, near the end of the
sup "Tsomic core,rthe flow becomes fully turbulent and the jet centerline
is also the center of mixing. The last two profiles show more even
distributions of level across the flow and a decreasing trend with distance
downs tream.

A recent investigation (Re£.30 ) of a small Me‘: 2 jet has included
profiles of RMS hot-wire voltage fluctuwations im the flow. The similarity
in the shape and development of these profiles to those measured here
would perhaps call for an examinétion of the relatiomship between the iwe

measured properties of the jets.
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C, Static Pressure Fluctuation Levels in the Balanced Jet

The changes that occur in the jet flow field when the nozzle exit
static pressure is raised from 10 psia to the level of the ambient
atmospheric pressure are depicted in Fig., 20b. Besides the disappearance
of any finite flow discontinuities in the supersoniec regions of the jet,
the entire flew structure is elongated in the streamwise xadirection.‘
Again, the extend of the various regions of flow were determined accord-
ing te the results éf Ref. 29, The measurements made in the overexpanded
jet were basically repeéted for this new shock-free, bal&nced jet and are
presented in Figs. 32-40.

The first, that of the variation of overall SPFL along the centerline
of the jet (Fig. 32), shows that the imitial level of static pressure
fluctuations (mainly originating upstream of the noezzle exit) is approxi-
mately the same as before (- 165 dB). Missing, though, are the strong
peaks in level near the exit which were previously associated with the
shock structure of the overexpanded jet. After a similar imcrease with
distance downstream, a maximum level eof about 171 dB is reached betwéen
x/D = 9 and 12, Although this again corresponds to the approximate
position of the supersonic core tip (i.e., x/b = 10), the maximum level
is now 6 dB lower tham that obtained, at x/D = 8.6, along the center-
line of the overexpanded jet (Fig. 21). Thus even with the 33% lower
mass flow,.the static pressure fluctuvations alomg the centerline of the
overexpanded jet are gemerally higher than those for Fhe balanced jet.
This is directly relatable to the shock structure present in one flow

and not in tHe other. It is interesting to mote that at x/D T 15, where
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the effects of the shock structure are not as important, the levels in the
two jets are about the same (~ 170 dB).

There are some striking differences in the spectra obtained -for the
two flows. The original low freguency (50-300 Hz) content in the static
pressure fluctuations is still present as can be seen in Fig. 33. But now,
in the shock-free flow, the energy within this band of frequencies does
net grow appreciabiy with distance downstream. For example, at 50 Hz there
is a 4 dB variation gmong all the measured positions while, previously, a
growth in level of 20 dB occurred, at this frequency, from x/D = 1 to
x/D = 8.6. With this very low frequency effect absent, the contribution
of the jet mixing to the statie pressure fluctuations on the centerline
can be more clearly identified., Before the rapid fall-off in energy at
high frequencies, a "shoulder" can be seen to exist in all the specﬁral
distributions. Besides growing in level consistently with each position
further downstream, this "shoulder" is centered about mometoniczally
decreasing frequency for each sﬁch position. At x/D = 1 (Fig.33 ) it is
located around 1500 Hz with a level of approximately 120 dB, while at
x/D - 15 (Fig. 39) its center frequeney is more like 350 Hz and its level
has z2lmost reached 140 dB, It has already been mentioned that, as the
mixing region of ghe jet increases in size, the pressure disturbances
created would reasomably be expected to contain emergy at correspondingly
decreasing frequencies. The shifting frequency above is a clear demom-
stration of this effect. The strong peak between 800 and 900 Hz that
appeared in the spectra for the over-exparded jet is also now missing.

This is more support for the previous conclusiom that the peak is
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associated with a shock-related phenomenon (screech). For high frequencies,
the spectral distributions behave similarly for the two flows. Except for
the first (Fig. 33) which falls-off above 4 kHz at 7 dB/octave, all the
distributions in the balsnced jet (Figs. 34-39) show a decrease in energy
above 3 kHz at a constant rate of 8 or 9 dB/octave.

The profiles of wverall SPFL at various cross sections of the balanced

jet (Figs. 40a & b) also show significant changes., The first three pro-

files are bascially,the same with the only change being that the peaks in

level occurring in the mixing layer of the jet are located in lime with
the no%zle 1lip sinece the flow now exists more or less parallel te the
centerline. The sharp rise in level at x/D = 2 near the centerlime,
previously asseciated with the Mach disc present at that position, ne
longer exists. Although the profiles again show a pattern of imcreasing’
levels with distance downstream, the shift of the peak to the centerline
doeslnot occur. What is seen instead is a broadenimg of the peaks as the
miz<-g region grows in size. Even after the flow is believed te have
become fully turbulent (i.e., x/D > 10), thé highest levels of statie
pressure fluctuatioms oceur at some distance off-center. The remarkable
growth of the very low frequency energy along the centerline of the over-
expanded jet, which does not take place here, is thought to be responsible
for the special significance the centerline has to the profiles iﬁ that
flow. As the turbulence becomes fully developed and the mean flow

velocity drops, the profiles in both £lows (i.e., at x/D = 15) become

rather f£lat and show a trend teward decreasing levels.



Due to the limited number of measurements in this survey of static
pressure fluctuations in the two flows, the results are intended to show
only general trends. A detailed investigation of the phenomena observed

here would require a more extensive series of measurements.



TV, ACOUSTIC SIGNAL TRACING IN SUPERSONIC JET FLOWS

A, Basig for Signal Recovery Processing

In general, an understanding of interactions between perturbations
generated by turbulence produced at a given point of a flow and pressure
fluctuations induced at a different point is still lacking. The usual
approach to such investigations is based on acoustic theory. However,
this approach is not sufficiently accurate in the investigétion of
interactions taking place inside jet flows. Any fluctuation produced
at a given point fixed with respect to the nozzle exit, propagates like
a sonic boom produced by a supersonic airplane. The amplitude of this
effect when considered in terms of variable speed of sound, decreases
with distance from the source as indicated by acoustic theory, however,
the wave shape ultimately steepens te fofm an N-wave of finite length.
It is especially interesting in this comnection that on the basis of
linear theory, waves radiated from out of phase eddy disturbances
would tend to cancel at the jet axis, On the basis of nonlinear theory,
however, it is seen that the waves do not cancel on the axis or anywhere
else. Instead there is a tendency to generate strong shocks near the
jet axis which can interact strongly with existing jet shocks, and there
is always am increase in the relative strength of the high frequency
spectral content of the sound generating mechanism and corresponding
radiation. Tor example, two waves of same time history but opposite sign
are pictured in Fig. 4] originating at different points A and B on the
periphery of a jet (41a). The initial time histories are idealized as

cycles of a simple sine wave (41b). These waves steepen, and if the jet

.



is big enough will appear as diagrammed in Fig.4l1lc. When these waves
interact on the axis point 3, they would be sensed by a microphone as a
sawtooth of double the frequency of the original components. In any

event, the phase structure has so shifted that the original phase cancella-
tion can no longer occur. This phenomenon explains some of the longi-
tudinal waves found experimentally in supersonic jets. The investigation
of all these interactions are of extreme importance for the understanding
of the interaction between Lurbulent cells pfoduced by shear flow at
different regions of the jets.

An experimental study of the propagation of pressure waves in the
interior of a jet flow requires a means of measuring certain properties
of a trace signal which has become a relatively small component of the
pressure fluctuations at a point in the flow. The properties of interest
for a periodic trace signal would be its overall amplitude, the amplitude
and phase of a significant number of its harmonic components (so as to
yield an estimate of the time signature), and its phase (or time delay)
relative te a reference. Measurement of these sigral parameters wou ld
be required for the determimation of wavefront orientations whem studying
refractions, and for detecting the presence of focussing and nonlinear
steepening phencmena (as discussed above and theorized in Ref. 21). These
last two manifestations are of course related since pressure amplitude is
a governing factor in the nonlinear steepening of compression waves.
Strictly speaking a single temporal disturbance of reasonable form and
duration could yield the informationm required to investigate these effects,
but as a practical matter, the separation or recovery of the trace signal

from the high level random pressure fluctuations present in the jet cam



only be realized if the signal is periodic.
Leaving the actual physical situation for the moment, the problem

can be stated as follows. Given a function of time,
F(t) = 8(t) + N(t) , (3)

which is the sum of a periodic, deterministic sigmal (S) with period T, and
stationary random noise (N), how does one extract a useful representation
of the signal (i.e.; determine any of its unknown parameters) if the RMS
amplitude of W(t) is much greater than that of §(t)? The problem is, in

a general sense, one of filtering, that is, the removal of as much of the
obscuring noise as possible from F(t). This procedure could be char-

acterized as a transformation , such that
. Fee) =1 \:F(t)-’ = S(t) + n(t) %)

where again n(t) is stationary random noise. The effectiveness of such a
procedure would be typified by the improvement in signal-to-noise ratio
(SNR) from SrmS/Nrms to Srms/nrms' More generally, instead of the signal
8(t) with some noise, the transformation could be such as to yield directly
some required property of S(t) with an error, e.g., the amplitude of one
of its frequency components.

With this in mind, some of the possible approaches to the problem are
frequency filtering, aute and cross correlation, or ensemble averaging.
The first method involves filtering out all frequencies in the spectrum
of F(t) except those in a narrow band which includes either the funda-

1
mental frequency, £ = "/T, of the signal or any of its harmonics. if

the spectrum of N(t) is spread over a sufficiently wide range of frequencies,



this Ffiltering would considerably increase the signal-te-noise ratio thus
allowing a more accurate measurement of the amplitudes of the spectral
components of S{t). The theory of filtering, as well as certain aspects
of correlatrion techniques, are dealt with thoroughly in Ref, 31 for
application to problems in radio engineering. Of course, a very large
literature exists in the field.

The use of correlation methods is practical when S(t) is a sinusoidal
signal Acos 2rft. By calculating the average auto-correlation of the
function F(t)

tl
Ry (D =3 [ F(®) F(eem) at 5)
5]

for t', ¥ - ©; or the average cross-correlation of F(t) with some reference

signal, 8'(t) = A' cos (Znft + O},

tl’

Rpst () = = J F() 8' (t-7) dt (6)

t?
o
for t' - w, it is shown in Ref. 22 that
1 .2
RFF(T) -3 A" cos Zmrft {7)
and
Rpg' (7) _.%AA' cos (2nfE + ) (8)

where o is a relative phase. These results are obtained under the condition
that the noise, N(t), has a zero mean and is uncorrelated with the signals
8¢t) and 8'(t). In most circumstances, these conditions are readily
satisfied. Thus the auto-correlation procedure leads to an estimate of the

sipusoidal signal amplitude A, while cross-correlation yields both A and the
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phase, @, of the unknown signal relative to some chosen reference. The
shortcomings are that, besidas not providing any phase information, the
auto-correlation processing requires a long delay time T, and that both
techniques are not readily applicable to periedic signals of arbitrary
harmonic composition. For an initial signal-to-noise ratio of -20 dE,
Smith and Lambert (Ref. 22) using a 1000 Hz signal and an analog
correlator obtained improvements in SNR of 20 dB for auto-correlation
and 40 dB for cross -correlation. Typical improvements using frequency
filtering are on the order of 30 d3.

Ensemble averaging, as it is applied in this investigation, involves
the sampling of one-hundred equally spaced values of the function F{t) a

certain namber of times, K. The resulting sequence of values,

Il

F,(k)E F(t, + ipt) i o, 1, ..., 99

i k
k=1,2,...K (%
is summed according to
K K K
= _ 1Y% k) _ 1 =gk L1 © (k) .
F, KL B, =% Z =8y +tg ) N i=0,1,...99 (10)
k=1 k=1 k=1

In the above, At is the sample increment and f:k is the time when sampling
of the k-th set of 100 values of F(t) is begun. The success of this

method depends on choosing rthe t, 's such that they are synchronous with

k
the periodicity, T, of the signal S(t), that is,
£, =t +a (k-DT k=1,2,...,K (11)

k d

where £q iz a relative time delay which can be related to i phase,
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w, by w = Zﬁtd/T; and @ is the smallest integer for which tk+1 - tk =

of > 99 At. Ordinarily, At is chosen such that 99At is nearly a full
period T, in which case‘ d,; 1 and each successive cyele of §(t) is
gsampled, 1In this way, it can be seen that the sequence of sampled values

Si(_k)= § (&, +14t) = S(tg + iAt) = 8; for all k. It follows thot,

%

T S S o

Fi—Si-i-KZ N =5 4m, i=0,1,....,9 (12)
k=1

where Fi is now & 100‘ point approximatien of 8(t).

Assuming that N(t) is stationary random noise, uncorrelated with S(&)
and with zero mean, an estimate can be made of how the error (or no.ise), 0,
in this r-epresentation of S(t) will vary with the total number of summations,
K. DNoting that the expected value of f‘i is Si’ it is possible to show that

the variance of f‘i can be writtem as,
2 k-1

- . -
var[F.] = —I—?—— [1+2 Ei -]l (13)
m:

where @ 2 is the variance of N(t) (o,_q =N_ ), and pm is the normalized

N s
(letm)

correlation between Ni(k) and Ni that is, if the auto-correlatiom

3

of N(e) is Rp(T),

(mT) .
%n = R;N__z' 14
Oy

The noise im the final 100 point representation of 8(t) will have an RMS
level given by no = Jvar[Fi] and can be seen to be (for large K) less

than the original N by a f&ctor‘\’ 1+ p(k) /'41(, that is,

Bms _ \ll + Vo(Kj <1 (159

Hims V ®
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where

K-1
p =2 ) -P o (16)
m=1

Since for a given K Cthis factor is a minimum when p(K) = 0 (it is unlikely
that p(K) < 0)), large positive correlaticns, 0, between successive
samples of N(t) tend to adversely affect the outcome of this procedure.

In conclusion, the improvement in SNR achieved by this method of

signal enhancement will be

20 10g VB

Yl + p(X)

_ K
= 10 log if;f}ﬁi) dB

For a sufficiently large number of summations R, an accurate estimate can
thus be obtained of the gignal amplitude, time signature (fi, i=0,...,99)

and relative phase ().

When S(t) is a sinusoid, it would be possible to increase the effecti-

veness of this technique by combining it with the frequency filtering
discussed earlier. That is, by first filtering the spectrum of F(t) out-
side a band which imcludes the frequency of the signal, the total SNR
improvement after subsequent ensemble averaging would be significantly
higher tham that o?tained by the use of this method alone. In the
general case, however, of a signal with harmonic components, the relative
phase shifts induced between the components by electromic filters would
make the results unacceptable for subsequent emsemble averzgimg. The
wider filter bandwidth required to pass all the harmonics would also
diminish the advantages of filterimg. For these reasons, the use of

filtering in conjunctiom with ensemble averaging was not considered
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further in this investigation.

B, Electronic Simulation Results

To investigate the parameters involved in the procedure just described
and to calibrate the processing system to be used, a simulation study was
conducted wi£h the set-up shown in Fig. 15. The random noise, N(t) was
simulated first by electronically generated "pink" rieise, and then also
by filtered “white" neise (bandpass: 1000-3000Hz). The signal, 5(t),
proevided by the funetion generator was a sinusoid with a peried
T = 180 pysec (f = 5500 Hz). The signal and noise were summed by the
differential amplifier and then fed intoe the digital analyzer operating
in its enhance (or ensemble averaging) mede. Under these controlled
conditions, it was possible te measure and vary the input signal-te-noise
ratie. The sample increment, At, used in all cases was 2 pseec., Initia-

tion of sampling at the times &, = td-+ 2(k-1)T (k = 1,2,,..,K) was

k
accomplished by a sequence of pulses, synchronized with the sinusoidal
output of the funetien generator, acting as triggers for the analyzer,
The factor of 2 in the expressioen for -tk is te take inte zceount the
fact that the sampling of each 100 points teok 200 ysee, thus requiring

that the separation between sueccessive £ 's be two periods, 2T, That is

k
slightly more than one cycle of the'sigﬁal was sampled for each k and
only every other pulse triggered the amalyzer. The delay time £y = 0
since mo delay developed in the signal between the output of the funection
generator and the imput te the analyzer.

The sigmal definition at the output of the azmnalyzer has been shown te

depend on the number of summations performed and on the auto-correlation
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of the noise. Two other factors affecting the outcome are the input
attenuation (IA) of the analyzer and whether the analyzer processes the
data in full or clip mode. In full mode there is a proportional rela-
tionship between the analog voltage, S(t) + N{(t), being sampled and the
digitized data stored and then summed; whereas the clip mode operates
such that all sampled pesitive voltages are digitized as + 1 and negative
voltages as -1, The discussion and cenclusions reachea in the preceding
section obviously apply to the full mode of operation.. The use of clip
rather than full mode processing results iﬁ significantly higher im-
provements in SNR. Implicit in the use of this mdde, however, is the
conditien that the input SNR be somewhat less than 1. In the limiting
case of N(t) = ¢ (SNR >> 1), it can be seen that this mode will take an
input simusoidal signal and process it inteé a square wave. Such dister-
tion does not occur if the input has a significant random component. This
leads to the comclusion that, in the case of signal recovery from a back-
ground of high level noise, clip is the favorable meode of operating, while
the full mode is useful for improving the definitien of slightly neisy
signals or for displaying clean sigmals in a format comparable to other
processed data.

Calibration curves for these two modes of operation are shewn in
Figs. 42+44, The signal amplitude at the conclusion of processing in the
Full mode (Qutput Srms) can be seen from Fig: 42 to be directly propor-
tional to the signal amplitude being processed (Input Srms) and the number
of summations (K), while inversely proportional to the input attenuation
(TA). The situation im the clip mode is quite different (Fig.43 ).

{Although still depenﬁing directly on the number of summations (since the



output in both the full and clip modes is the result of a straight sum
and not an average), the output signal amplitude mow varies in direct
proportion to the signal-to-ratio of the data being processed (Input

rms/Nrms)' For large signal-to-noise raties, this linear relationship

breaks down and it can be seen that there is a limit to the output signal

amplitude which can be obtained for a given number of summations. As
indicated by the arrew, for Srms/Nrms > .8, the distortion referred te
in the previous paragraph begins te occur to the output signal. On the
other hand, there is a iimit (for a given K) on how low a SNR can be
processed to yield a signgl free enough of noise to be reasonably identi-
fied. This subjective limit is indicated om the two curves of Fig. 43
by vertical lines. The limit is lowered by a factor of twe (Erom
Srms/Nrms = ,003 to .0015) when the number of summations is guadrupled.
Although final SNR's were not systematically measured, indicafiens are
that the improvement in SNR with clip mode processing increases approx-
imately as the,4gfﬁnd is independent of the spectral distribution, and
thus the auto-correlatien of the background noise (i.e., p(K) - 06 in the
expressions derived previously). The curve im Fig. 44 indicate that
the output signal amplitude in the e¢lip mode is independent of tﬁé in-
puf attenuzation setting of the analyzer if it is chosen within ai
proper range.

A sequence of ocutput signals obtained frem the clip mode simulation
processing are shown in Fig.45 . The variation of output signal ampli-
tude and definition (i.e., final 3NR) with imput SNR is clearly demon-

strated. The limit of reasonable definition mentioned above can be seen

Eo be somewhere between the £fifth amd sixth trace.
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In the physical problem under consideration, the random noise, N(t),
to be dealt with (at some point X in the jet £low) is the Poeas (Q,t)
discpssed and surveyed in Section III, These high level random pressure
fliztuations act te critically obscure the presence of a periodic acoustic
signal S(;,t) at that point, whese source is an artificially gemerated i
periodie disturbance at the edge of the f£low. To make use of the results
obtained in the electronic simulation just described, it must be assumed
that the jet pressure fluctuations and the acoustic trace signal at each
peint X combine in an additive manner, that is, such that the transducer

senses SCE,t) + p (§;t). Also required is that Poeas (ﬁ;t) be

meas
stationary, have zero mean, and be fully uncorrelated with S(X,t). Under
these conditions, the transducer output voltage can be recorded, along
with a pulse train synchronized with the signal source disturbance, and
processed using the elip mode, ensemble averaging technique to recover

a useful representation of the unkmown signal, S(f;t). The success of
this processing has been seen to depend on the initial signal-to-neise
ratio, Srms(ib/prmscg)’ and the number of summations performed, K. The
definition of the final signal representation could thus be improved by
imcreasiﬁé the amplitude of the signal source, by decreasing the level

of jet p;essmfe fluctuations, or by maximizing K. The only reasonable
way te accomplish the second is by lowering the level of disturbances
originating upstream of the nozzle, The maximum number of summations

pessible in the processing is equal te the number of cycles of the

signal that are recorded, i.e., f

Kmax = fTR (17)
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where £ is the signal frequency and TR ig the total duration of each
measurement in the flow, The choice of frequency is restricted by the
respense limits of the signal generator and, more jmportantly, by any
physical requirements of the propagation study. The running time of the
jet flow is detexmined selely by the available air supply.

Once a measurement in the flow was processed, the signal amplitude
at the output of the analyzer was used, in cenjunction with the results
of Fig. , te obtain the signal-te-noise ratio SrmS (ib/prms(Q). The
agoustic signal amplitude at the point X in the flﬁw, SrmS (x), was then
determined by multiplication eof this ratie by prms(ib as measured during
precessing (i.e., since the signal level in all cases was very small it
could be assumed that p @ = p__.¢ @01 TSE +p .
(E,t)]rms. The time signature of the sigmal as well as its phase relative
to the source disturbance can be estimated directly from the analyzer

output representatiom.

As a reference, a recording ef the acoustic signal at each point ¥ in
still air (i.e., without the jet flew) was also processed. Since an intense
noise background does mot exist in this case, the proceséimg was done in the

full meode of operation,

€. Results of Signal Tracing

1, Loudspeaker Sigmal

Tn the first experimental application of the signal recovery pro-
cedures, an attempt was made to map the field created by a single Altec
loudspeaker within the primary jet im Che two running conditions des-

eribed in Section III. The mouth of the loudspeaker horn was placed at
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the edge of the flow near the nozzle exit, i.e., & im. below the jet
centerline and 2 in., downstream of the nozzle exit as shown in Fig.

In order to maximize the possible number of summations in the éignal
recovery processing, a rel&éively high loudspeaker signal frequeney of
5500 Hz (T = 180 usec) was chosen aleng with a total rumning time for

each measurement in the flow of 40 see. This allowed for K . = 220,000
possible summations, and a corresponding maximum possible improvement in
signal-to-noise rati® of approximately 53 d8. The output amplitude of the
loudspeaker was also optimized to a level of about 150 dB at the center

of the horn exit plane. As described in Sectien II, the loudspeaker was
powered in a sinusoidal mode., The mapping of the loudspeaker signal field
consisted of am attempt te ebserve, through signal recovery processing,
the acoustic signal present at several positions along the cen#erline of
the jet (¢/D = 0) and aleng a parallel line 1.5 inches below (¥/B =~ .2),
for downstream distances ranging only as far as 19 inches (x/D = 2.7). Due
to the high levels of background pressure fluctuations and the iimi;ed
signal source strength, successful recovery was restricted to this initial
section of the jet.

Signal traces resulting'krom the processing of measurements at these
positioms im the balanced jét are presented in Figs. 46-51, (The spikes
which appear on some of the traces just to the left of center are due ta
an effect in the electronics and should be ignored.) At each position
(identified according to +he labels assigned in Fig.52 ), Lwo traces are
shown; the upper is of the acoustic signal as it exists at that point in
still air, while the lower shows, when the recovery processing succeeds,

the signal arriving at that point in the presence of the supersonic flow.
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Due to the sample increment used in the processing (At = 2 psec), each of
these 100 point traces is of 200 psec of the signal, that is, of slightly
more than one cycle., WNext to each trace is an indicatien of the sound
pressure level of the signal it represents. The variation of signal level
in still air and within the flow is summarized in Fig, 52,

The acoustic signal field imn still air can be seen te be very complex.
There is a significant amount of distortion occurring to the original
sinusoidal disturbance as it propagates both directly amd after reflection
from nearby surfaces to each measuring position. The distortion itself
can be related to the high level of the initial disturbance, while the
spatial complexity of the field is due to the high frequency of the signal
and the proximity of the signal generator to a number of scattering bodies
(Fig. 13). One consequence of the high frequemcy, and the resulting wave-
length in still air of about 2.5 inches, is that signals originating from
oppoesite edges of the source disturbance (the 3 in diameter exit of the
loudspeaker.horn) arrive at some positions with significant phase shifts.
the variation eof signal level (Fig. 52) shows that, im the vicinity of
the loudspeaker where measurements were made, the acoustic field is very
directional with most of the energy concentrated close to the axis of the
horm.

Appreciable changes occur to the field in the presence of the balanced
supersonie flow. Although a strong directionality pattern still exists
(Fig. 52), it is now centered about a ray making am angle of approximately
60° with the axis of the horn. S8ince the Mach angle in the floﬁ is 30°
(M = 2), this is a demonstration that, oace the initial disturbance crosses

the thin mixing layer present in this early stage of the jet, its region of



influence is determined (due to the supersonic convection) by the char-
acteristic lines in the flow (two of which are shown). As a result, little
if any of the disturbance would be able to reach points upstream of the
characteristie which emanates from the nozzle lip. This is clearly the case
since no signal is recovered at the first four positions along the centerline
and the first two along y/D = - .2 (Figs. 46-47). (When the processing does
not yield anything which can be reasonably identified as a signal, an esti-
mate is made of the 'minimum signal level which could have been recovered
from the known noise level at each poiﬁt. This estimate is indicated in
Fig.52 by horizontal dashes. The signal level at these positions is then
somewhere bealow thig mark.) The maximum signal levels attained wichin the
flow are lower than those in still air possible due to the fact that not
all of the source energy is tramsmitted across the flow boundary, that is,
some is reflected back toward the source, A series of measurements along
both sides of the flow boundary would be required to investigate the
mechanisms involved in the transmission of the disturbance through the
shear layer at the boundary. As would be expected, the peak level along
y/D = - .2 is slightly higher than that alomg the centerline in still air,
but within the flow the reverse is Crue. :This is perhaps an indication of
a focussing phenomenon which could be enﬁanced and explored further using

a circumferential distribution of source disturbances around the periphery
of the jet. An attempt was made to determine whether the signal level -
dowvnstream of x/D = 2.7 along the centerline increased due to an interior
reflection of the disturbamce from the opposite edge of the flow (i.e., at
Y/D'; + .5). Although there were some signs of such an effect, the signals

recovered in this region were generally too weak to allow a definite
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conclusion to be reachesd.

The traces obtained in the presence of the flow, particularly where
the signal levels are high (Figs. 48-49), clearly show that the source
disturbance remains sinusoidal as it propagates through the jet., The
complex pattern of distortion occurring to the signal profiles in still
air does not exist in the flow, at least as far as can be seen from the
"cleanly" recovered signals. This could be due to the lowering of the
initial disturbance level by the reflection at the flow boundary combined
with the absence of any scattered fields within the flow. On the other
hand, this effeet together with the absence of significant phase differ-
ances between signals arriving at various points within the flow (i.e.,
6a,6b,7a,7b), might invelve phenomena rgquiring further investigatiom.

The measurements at two positions in the flow (ba and 5b) were
repeated and are presented as 6a' and 5b' in Fig. 53 . Except for slight
differences in the still air signals (due to errors in positioning the
probe in the spatially inéricate field), the results show the basic re-
producibility of the measurements and subsequent précessing.

Tn Figs. 54-60 are presented the results of a sequence ©f measurements
tracing the acoustic signal within the overexpanded jet (Pe = 10 psia).
Other than the absence of data for positions 8a and 8b, they consist of
he same set of measurements made in the balanced jet. The interpretation
of the results here, however, is more difficult for two reasons. The
region of the jet through which the signal is being traced is no longer
one of constant mean flow veloecity, but.ra;her consists of the previously
described shock-cell structure. Farthermore, at the time these measure-

ments in the overexpanded jet were made, the signal being recovered a2t
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each point in the flow was the sum of the usual acoustic eignal plus a non-
pressure (electrical) signal being induced (electromagnetically) in the
recording instrumentation by the signal generating system. The two main
sources of this spurious signal were found to be the proximity of the
loudspeaker power amplifier to the transducer amplifiers and the existence
of a section of unshielded cable leading to .the loudspeaker. The signals
‘recovered at the first few positions in the flow (Fig. 54) were primarily
due te these sources since the points are outside the zome of influence

of the acoustic source, This conclusion was verified by repeating the
measurements at two of these positions (la and 1b) using the "blind" nose
cone shown in Fig. g9 to seal-off the transducer from any acoustic signal.
The signal levels obtained from processing these measurements were only
slightly lower tham those obtained with the transducer capable of sensing
pressure fluctuatiens, thus indicating that although most of the signal is
due to nonpressure sources, some acoustic signal can still perhaps reach
these positions by upstream propagation through the subsenic mixing and
beundary layers in the flow. The actual error caused by the electrical
signal would depend on the phase it has relative to the‘acoustic gignal at
each point. (The sources of the electrical signal were 1argely}éliminated
prior to making measurements in the balanced flow.) '

The signal traces ebtained within the overexpanded jet, as well as the
variation of signal level shown in Fig. 60, must therefore be interpreted
with some caution. However, several of the basic phenomena observed for
the signal in the balanced jet can still be seen to occur here. The

signal traces recovered with some clarity (Figs. 55 and 56) again show that

the disturbance remains simusoidal as it now propagates through the various
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flow regions comprising the initial cell structure of the overexpanded jet.
There is also, as before, an absence of large differences in phase between
many of the signals within the flow. Although the acoustic signal field is
again convected downstrzam (Fig.,ﬁd), the shift is significantly less than
it was in the balanced flow. Thefe are two possible reasons for this. The
most obvious is that the Mach number at which the field is convected drops
from M = 2 to M= 1.6 across the first shock in the flow shown in Fig. 60
Less obvious is the fact that, due to this shock, the initial flow stream-
Tines will be deflected toward the centerline of the jet causing the flow
boundary to move away from the signal source disturbance. Since the
convection would then begin closer to the lines along which measurements
wece made, it is reasonable that the convected distances are less. These
two effects can be pictured more clearly in terms of thé characteristics
in the flow. The first can be seen as an increase in the angle of the
characteristic lines with respect to the flow direction, and the second
as an upward (vertical) shift of the points‘frog which the characteristics
emanate.

The failure to recover a signal at positions 3a and 10a (Figs. 55 & 58)
in the oéerexpanded jet was due to the unusually high level of jet pressure
fluctuations resulting from the presence, neaxr these positions, of the first

two Mach discs in the flow.

2. Multi-Source Siren Signal

Tt was clear from the beginning of this experimental program that a
study of the propagation of mixing induced disturbances into the core of a2

supersonic jet could best be accomplished using a civcumferential
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distribution of signal sources. To this end the pneumatic siren

system described in Section II was designed, constructed, and installed.
The system consists of a rotating-value siren that generates from one to
six signals (Fig. 6), lines (5/8" I.D. and approximately 17 ft lonmg) for
channelling the signals to the flow (Fig. 16), and a ring that injects
each signal along a 60° arc of the flow boundary near the nozzle exit
(Fig. 17). The system was des;gned to allow independent control of the
amplitude and phase of each of the six signals: the amplitude by six
valyes controlling ;he siren back-pressures and the phase by the variable
length of the delivery lines. The frequency of all the signals was the
same but variable through the speed of the rotating-valve (disc).

Early preliminary testing of the sireﬁ was conducted with only one
signal line operating and with the disc at a speed of 2000 rpm, giving &
signal frequency of 800 Hz. The signal was measured at a distance of 4"
from the outlet of various lengths of 5/8" 1.D, straight pipe emanating
from the siren. As expected, for high back-pressures a significant
amount of steepening occurs to the compression phase of the signal as it
propagates along the pipe. TFor back-pressures higher than 30 psia and
pipe lengths greater than 1 ft. the signal at the measuring position is
sensed as a series of spikes instead of the more simusoidal signal that
results when the back-pressure is much lower. In order to regemnerate a
more acceptable signal, several resomalor type devices were added to the
end of the pipe. The best results were obtained with the configuration
shown in Fig. 61. The signal measured after a length of 10 ft. of pipe
is shown in TFig. 62;, and that which results after the addition of this

resonator appears as Fig. 62b. The signal amplitudes in the two cases
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Wwere .14 psi zero-to-peak and 134 dB, respectively.

It was also discovered during these early studies of the siren that
a significant amount of unwanted sound was being generating by leaks at
the disc-air supply interface and by resconances excited at certain disc
speeds in the cavities surrounding the disc. One possible solutien to
this problem was te provide a sound iseolating enclosure for the siren.
The solution chosen, was to make the modifications to the siren shown
in Fig, 18? also shown in this figure is a ball-bearing support which
wag added te the sir;n shaft to uncouple the siren disc from the
electric motor.

Once the multi-source signal generating system was put in the final
operating configuration shown in Fig. 16, tests were conducted to de-
termine the effects of the siren disc speed (frequency), and the baclk-
pressure and length of each of the signal linec on the signal amplitude,
phase and shape{ This had to be done for each of the six lines indi-
vidually and in various combinations, including of course the case where-
all the lines operated simultaneously. The signal was measured im each
case at the centerlime of the injeetion ring shown im Fig. 17 (coimciding
with the centerline of the jet nozzle)}, just downstream of the exit plane
of the ring. .

To obtain the feiative phase nf ~ach signal, a reference or synchre-

nization sigmal was required. This was first provided by the output of a

h

* i.e. to enclose the rotating disc between two Fixed thick plates, leaving
a gap vf ~ 1/16" between the disc and each plate
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pressure transducer semsing the signal along one of the six lines near
the downstream side of the siren. While this line was being used to pro-
vide the reference signal it had to be disconnected from the injecticn
ring so as not to affect the signal measured from each of the other five
lines. Because of this inconvenience and the fact that the transducers
available did not quite have the necessary sensitivity for this applieca-
tion, a mechanical centact-switch device was developed. This system,
shevn in Fig. 7, comsists of a disc artached to the siren metor shaft
whose rim is made up of altermating conductive &md non-conductive

regions aligned with the 24 windows of the siren's rotating-valve. A
contact switch riding on the ?im of the disc opens and closes a bridge
circu’ £ yielding an alternating voltage (zero whenm closed, 3 volts when
opened) which is then used to trigger an electronie pulse generator. The
final result at the output of the pulse generator is a continuous train
of pulses at the precise frequency of the siren signals and whose ampli-
tude and duration can be adjusted to any required values. Begides
serving as a referente with respect teo which the relative phases of the
six siren signals could be measured, the pulse train could also be used
to set the siren digc.speed (i.e., by measuring the pulse frequency with
a ~ounter) and te synchromize the signal recovery processing as deseribed
in Section II.

The signals measured with each of the six lines operated onme at a
time are shown in Figs. 63a and b, The signal frequency is zpproximately
670 Hz (disc speed 1575 rpm) and the siren back-pressures were set so
as to yield a signal level of 120 + 2 &B in each case. Although the

length of each of the signal lines was approximately the same, it can
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be seen that there are slight differences in phase between each of the
signals. Also evident are significant differences in signal shape from

one source to another. Both of these effects can be related either to
irregularitieé in the physical construction of the individual signal

lines, to differences in back-pressure required for each of the lines,

or to slight variations in setting the sirem disc speed for each measure- ;
ment, The signal shape was found te be particularly semsitive te disc

speed (frequency) - small chaqges in speed resulted in dramatiec changes

in the sigmal shape:

The effect of back-pressure on signal shape and phase is demonstra-

ted by the traces of Figs. 64a and b. Again the frequency is abeut 670 Hz,
.but now the back-pressure in each line has been increased so that the peak-
to-peak signal amplitude is approximately ten times that of the signals of
Fig, 63. The comsiderable changes in signal shape that occur cam be

related to the nonlinear variation of the local speed of sound at the higher
back-pressures which manifests itself as steepening of the compression phase
of the signals as they propagate aleng the delivery lines. The changes in
signal phase are mere difficult to explain but are most likely related to
the dependence of the speed of porpagatiom of the sigmals on back-pressure
and te irregularities in the constructiemn of the signal generatiqé system
which became significant, in terms of affecting the sigmal phase, at the
higher back-pressures.

Before proceeding with the next step which was to operate two or more

signal lines simultaneously, it was necessary te insure that the signal
characteristics of any one line were not altered by the operation of any

other line. This was accomplished by providing six ports on the imjection
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ring near the entrance to the triangular chambers of the ring (Fig. 17)
through which the signal could be sensed by a pressure transducer, First -
it ﬁas verified that the signal measured at each of these ports was due
preduminantiy to the signal arriving along each of the respective lines

and not for wxample due also te signals travelling across the ring from

other lines. Then therport signal for a given line was measured with

that line operating alone and, successively, together with each of the

other five lines. This procedure was repeated for each of th& six ports

and it was found that in each case the measured éignal did not signifi-
cantly change in going from single te multiple operatioen.

Once this was verified, it was possible to set-up the amplitude and
phase of each of the six signal sources individually and to assume that
the signal measured during simultaneous operation would be just the gum
of the inaividual component saurces. An example of the signal measured
with all six sources activated is shown im Fig. 65a. The individual
sources are set-up approximately as in Fig. 63, the frequeney being 670 Hz.
The overall signal amplitude is abeut 135 dB. This measurement was re-
peated several differvent times and the trace shown in Fig. 65b demon-

strates the reproducibility of the result.
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V. CONCLUSIONS

A facility has been constructed to provide two coaxial axisymmetric
jets of unheated air. The inner primary flow exhausts from a 7" exit
diameter convergent-divergent nozzle at M = 2, while the cencentric
secondary flow has a 1@% oﬁtside diameter and is soniec at the exit, The o
large dimensions of the jets permit ome to place probes imside the jet
" core without significantly disturbing the flow.

Static pressure fluctuations were measured within the primary flow
in two rumning conditions. Omne yieldad a perfectly expanded (balanced)
flow with a jet Mach number Mj =_2, and the other an overexpanded flow
with Mj = 1.8. The maximum level of static pressure fluctuations along
the centerline of both flows was found to be near the end of their
respective supersonic cores. However, even with the lower mass flew, the
levelg along the ceﬁterline of the overexpanded jet were gemerally higher
than those for the balanced jet. This was particularly the case in the
area of the Mach discs in the former flow where appreciable increases in
level were detected, The spectral composition of these static pressure
fluctuations tenmded to show that the higher levels along the centerline
of the overexpanded jet could be related to the shock-cell structure
present in that flow. Starting near the exit of the nozzle with a lgvel
and spectral distributiom of upstream disturbaﬁces that was similar in
both flows, the statiec pressure fluctuwations in the balanced j=zt in-
creased with distance downstream due to the addition of energy which
could be traced to disturbances origimating im the mixing layer, while

in addition to this effect, the fluctuations in the overexpanded jet
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included an amplification of disturbances propagating through the cell
structure. This was particularly evident for the low frequency distur-
bances originating upstream of the nozzle (e.g., due to mass flow flue-
tuations and the large size of the settling chamber). Since this was

the only probable scurce of disturbances with frequencies on the order

of 100 Bz, the growth in energy of the statie pressure.fluctuations at
these frequencies along the centerline of the overexpanded jet cauld'best
be accounted for in-.terms of the intensificatien of these disturbances by
the shock structure in the core of this jet. Dowmstream of this structure
(i.e., where the jét becomes fully turbulent), the level and spectrum of
the fluctuatioms were again similar to those in the balanced flow.
Another shock-related phenomenon (screech) was believed te he the cause
of a strong peak in fluctuations between 800 and 900 Hz within the over-
expanded jet.

The similarity betwesen the two flgws near the exit of Ehe nozzle and
then after the flows become fully turbulent was also evident in the pre-
files of the variaﬁion of static pressure fluctuation level with radial
distance from the centerline. TIn the initial flows, these profiles
showed a peak level occurrimg in the mixiné layer, ard 2 lower, more
constant level about the centerline. Faridownstream, the profiles in
both jets indicated a more uniform distribution of level across the
fully turbulent flows. Im between these regions, one significant
difference could be seen in the profiles for the two flows. While the
peaks in the mixing layer broadened as the scale of mixing grew in the
balanced jet, a shift in the peak level to the centerline occurred in the

overexpanded jet. The intensification of disturbances in the core of this
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jet was believed to be responsible for the shift,

The tracing of an acoustic signal through the jet flow required the
development of twe systems; one for externally injecting and then de-
Lecting the signal within the flow, and another that would allow for ob-
servation of the signal amidst the random pressure fluctuations of the
flow. Two signal generating systems were utilized. An electro-acoustic
loudspeaker was chosen because of its relatively high output over a wide
frequency range, the contrel it allows over signal shape, and the ease
with which it permits synchronization of the signal for subsequent pro-
cessing. A mult -source pneumatic siren was also developed to provide
a circumferential distributien of sources at the periphery of the flow.
Size and high frequency response were the basiec criteria used in select-
ing the transducers for sensing the signal (aud jet pressure fluctuations),
although obvious coensideration had te be given to the reguirement that the
high levels of mean amd fluctuating jet pressure were within the operating
range of the transducers. If not fer this requirement, transducers with
higher semsitivities could have been chosen.

Of the possible procedures available for recovering or separating a
periodic signal from a high level random moise background, it was concluded
that ensemble averaging most directly yields all the required properties
of the signal (i.e., amplitude, time history, and relativg phase}. An
electronic simulation study of the processing involved in this procedure
was made to determine how various parameters affected the outcome and to
calibrate the instrumentation being used. The definition with which the
signal is recovered by the processing was'found to depend approximately

on the square-root of the number of cycles of the signal available for
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processing, Obviocusly, it would also directly depend on the initial
signal-to-noise ratio of the data being processed, But since the out-
put level of the signal generators was limited and the level of jet
pressure fluctuastions (noise) could not be easily lewered, an attempt
was made.to maximize the effectiveness of the processing by inecreasing
the number of cycles of the signal sensed during a measurement in the
flow, that is, by choosing a high signal frequency and running the flow
for as long as possible. |

With the loudspeaker, a combination of a signal frequency of 5500 Hz
and a ruqning time of 40 sec. permitted a maximum possible improvement in
signal-to-neise ratio of about 53 dB: Even with this high degree of
improvement in signal definition, the successful applicatiomn of these pro-
cedures to the recovery of the loudspeaker generated signal within the
primary jet flow was restricted to a limited region of the flow. The data
that were acquired did suggest the existence of several effects. They
clearly demenstrated the supersomnic cenvection of the acoustic field and
the resulting limited upstream influence of the sigrpal source, Alse
indicated was a possible increase of signal strength as it propagated
toward the centerline of the flow. Missing in the sigmél traces re-
covered within the flow, however, was the development of any distortion
in the initial sinusoidal profile. 8ince this was seen te oeccur for
the acoustie field im still air, it would be of imterest to investigate
why it doesn't within the flow. This would apply as well as to the
zbsence of appreciable phase differences between gignals arriving at

various peoints in the £low,
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During this investigation the multi-source pneumatic signal generator
was made operational and its characteristics were studied. Since this is
a useful tool for studying wave steepening and focussing in an axisymmetric
flow, its use in investigating these and other propagation phencmena would
be valuable, The basic techniques developed during this experimental
program‘could be applied to investigate wave propagation both subsonic and

supersonic flows.
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Jet Axis

TABLE I
NOISE LEVELS DUE TO PRIMARY JET FOR VARIOUS
RUNNING CONDITIONS (T = 49G6°R)

ME PO Pe SPL AT POINT C
.95 36 psia 4.6 psia 19 1b/see 109 4B

1.18 . 41 psia - 17.2 psia 21 1b/sec 118 4B

1.99 79 psia 10.3 psia 41 1b/sec 122 4B
2.00 161 psia 12.9 psia 52 1b/sec 127 dB
2.00 . 107 psia 13.5 psia 55 Ib/sec 128 dB

REY »(yDUCTBILITY OF THH

T A ra ‘1) A
onae AL PACE ID POOR
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TABLE II
FARTIELD NOISE LEVELS DUE TO PRIMARY JET - ACROSS
THE HARLEM RIVER (T = 490°R)

DISTANCE FROM EXIT ANGLE FROM CENTERLINE P SPL
600" ’ 0° 107 psia 95 dB
620" 15° 108 psia 104 dB
850" 15° 107 psia 101 dB
500" 30° 107 psia 100 dB
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TRA-NSDUGEER NO. 1 NO. 7 o
TYPE KULITE COS-125-100 KULITE C0S+125-100
SERIAL NO. 2065-4-1 2065-5-7
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SENSITIVITY ..293 mv/v/psi 231 mv/v/psi’

MJ}X. INPUT VOLTAGE 5VDC 7.5 VDG

OUTPUT IMPEDANGE 304 & 326 &

OPERATING. TEMP. < 250°F < 250°F

CHANGE OF SENS.
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+2.5% /100°F

% 2.5%/100°F
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