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SUMMARY

Spark shadowgraph photographs of the jet flow at Mach numbexrs

of 0.6 to 1.4 were obtained which indicated the presence of
shock bottles for supersonic Mach numbers. Mean and fluctuating
velocities contours were determined for a convergent nozzle from
the surveys with impact pressure and piezoelectric pressure gage
probes. The velocity and piezoelectric pressure fluctuation
contours were similar for subsonic Mach numbers of 0.6 to 1.0.
But for supersonic Mach numbers of 1.2 and 1.4 the length of

the supersonic region increased as the sguare of the Mach num-
ber and the peak pressure fluctuations occurred close to the
sonic velocaity contour. For subsonic Mach numbers of 0.6 to

1.0 the peak pressure fluctuations occurred in a toroidal region
located approximately 4 to 6 diameters from the nozzle., An
analysis was made to show that the output of the piezoelectric
pressure gage was proportional to the turbulent velocity Lluctu-
ations. Downstream of the core region for subgonic Mach numbers
the velocity decay along the axis varied as x~L 1n the fully
developed turbulent region and for supersonic Mach numbers of
1.2 and 1.4 the velocaity decay downstream of the sonic location
was also x~1. The piezoelectric pressure fluctuations along

the axis in fully developed turbulent subsconic flow varied as
x~1.74 for both subsonic and supersonic jet Mach numbers.

The normalized overall sound pressure levels for subsonic jet
Mach numbers of 0.6 to 1.0 were similar with the pressure level
decreasing monotonically with angle from the axis. But for
supersonic Mach numbers the overall sound pressure levels de-
creased initially and then increased with angle due to the
existence of shock bottles. The normalized sound power spectra
for subsonic Mach numbers were similar and for supersonic Mach
numbers the power spectra shifted to the higher freguencies.
Overall sound power increased as U¥ for subsonic Mach numbers
as predicted by Lighthill but for Supersonic Mach number range
of 1.0 to 1.4 the sound power varied as ULZ because of the shock
waves. Overall sound power levels for suﬁersonlc jet Mach num-
bers at different total temperatures were correlated with the
superscnic Jet noise theory of Nagamatsu and Horvay.
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1.0 INTRODUCTION

The noise emitted by the jet engines is a critical problem
around metropolitan airports because of the large number of
commercial jet aircrafts on scheduled flights and the long
range jet aircraft with long take-off distances. For the
supersonic transport airplanes,. the jet engines have large
thrust with supersonic jet exhaust velocities and thus, the
jet exhaust noise during take-offs is critical without a sup-
pression device. To reduce this exhaust noise by suppressors,
it is necessary to obtain some knowleddge regarding the noise
generation mechanism and suppression phenomenon fOor supersonic
jets. Even for subsonic jets the actunal location of the noise
sources within the jet from the turbulent fivctuations has not
been well defined. But for supersonic jets the available flow
and acoustic experimental data is very meager and the relation-
ship between the noise generation. in the supersonic region and
the radiation to the far field 1s not too well defined. - The
present investigation is a continuation of the research under-
taken to gain fundamental flow and acoustic knowledge for sub-
sonic and supersonic jets and some of the previcus results . are
presented in Refs. 1 - 3. . With better information regarding
the sources of acoustic radiaticn from supersonic jets it
should be possible to develop. an efficient suppressor for re-
ducing the supersonic jet exhaust noise.

In Ref. 3 the mean velocity and piezoelectric pressure fluctu-
ation distributiéons were determined along the axis over a jet
Mach number range of 0.6 to 1.4 for a 2 in. diameter convergent
jet. Also, the corresponding sound pressure level variations
with angular position from the jet exhaust on a 10-ft. radius
and the sound power spectra were determined for the various jet
Mach numbers. The primary objectives of the investigation were
to determine similarities and differences between subsonic and
supersonic jets and to attempt to determine the relaticnship
between the flow and acoustic phenomena in the jet exhaust.

The present study was conducted to obtain the mean velocity
and piezoelectric pressure distributions in the jet flow for
subsonic and supersonic jets. Since the acoustic radiation is
dependent upon thd fluctuating turbulent stress tensor in the
flow field as postulated by Lighthill <in Refs, 4 and 5 for sub-
sonic jets, it is necessary to determine the mean velocity
distributions in subsonic and supersonic jets and the cor-
responding fluctuating velocity and pressure fluctuations due
to 'turbulence in the jet. The available literature on. these
jet flow phenomena is still too limited to resolve. the guestion
of actual noise generation mechanisms in' the jet flow region
for both subsonic and supersonic exhaust velocities.

) p

The variation of the mean velocity along the axis for subsonic
jets has been determined by impact préssure or by hot-wire: in
Refs. 3, 6~ 9. All of tlHese references have indicated that



|

i)
the uniform core region extends over 4 to 5 diameters from the
jet exit, and the core length 1s dependent upon the ainitial
turbulence level in the reservoir. In Ref. 3 the core region
extended over approximately 5 diameters for jet exhaust Mach
numbers of 0.60 to 1.0. At supersonic Mach numbers the jet
fiow depends upon the type of nozzle, convergent or convergent-
divergent, and the pressure ratio to produce the supersonic
velocities. ILove et alll have correlated the calculated super-
sonic flow field with the experimental data for botnh convergent
and convergent—-divergent nozzles at various pressure ratiocs.
For convergent nozzles at pressure ratios greater than the
critical value to produce sonic velocaity at the exait, the jet
flow will always contain shock bottles because of the inertia
effects as observed in Refs. 3, 10 - 13 with the length of
the first shock bottle dependent upon the supersonic jet Mach
number or the pressure ratio. Similar shock bottles are formed
when the contoured convergent-divergent nozzle i1s operated at
pressure ratios greater or less than the design value for a
given supersonic exhaust Mach number. The flow fields for
supersonic jet exhaust velocities from convergent-divergent
nozzles designed for uniform parallel flow at the nozzle exit
have been investigated in Refs. 9, 14 - 16 for wvarious super-
sonic¢c velocities. Under 1i1deal pressure ratios for these noz-
zles the superscnic flow at the nozzle exit does not contain
shock waves like the convergent nozzle, but great care must be
taken to achieve uniform supersonic flow without shock waves
as discussed in Ref. 1l6. From these experimental observations
for supersonic jets, the supersonic core region and the super-
sonic region were determined and the experimental results are
summarized in Refs. 17 - 19.

L1ghth111415 showed that a fluctuating flow of gas in a turbu-
lent jet generates in the surrounding atmosphere the same
fluctuations of density as would be produced in a classacal
stationary acoustic medium by a system of external applied
stresses., And the radiated sound 1s due to the turpulent flow
which does not react significantly upon 1t Zor subsonic flow
velocities. Thus, to apply Lighthill's concept of noise radiataion
i1t 1S necessary to know the dastribution of the fluctuation

stress tensor 1n the flow field.

Hot-wires have been used by various 1nvest1gator56"8r20"23 to
investigate the turbulent velocity fluctuations in the subsonic
jet flow field. Corrsin and Ubero1® investigated mean and
fluctuating velocity and temperature distributions for a one
inch diameter jet at a velocity range of 65 to 110 ft/sec. and

a jet temperature range of 20° to 385°C. Comparison of the
relative magnitudes of turbulence level, temperature fluctuation
level, and temperature-velocity correlation were made from the
experimental data. The purpose of this investigation was to
determainé the f£low characteraistics of a heated subsonic jet.

But the later studies with hot-wires by other investigators20-23
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were directed toward obtaining the turbulent fluctuations

for the purpose of determining the noise generation mechanism
for subsonic jets as well as to attempt to evaluate the
fluctuating stress tensor or the z;{uam'irl;}poil.el'2 strength and
distribution in subsonic jet flows. By the use of two hot-
wires in a subsonic jet. Davies and colleagues22 obtained

the radial dastraibution of the turbulence level and the cor-
responding pressure fluctuations due to turbulence at a few
fixed axial distances from the jet exit. Their results in-
dicated that the maximum pressure fluctuations in the jet
were not located at the maxaimum turbulent velocity f£luctu-
ations. This 1s a rather interesting and significant data
for relating the pressure fluctuations associated with turbu-
lence level and additional investigations should be conducted
to substantiate this result for a subsonic jet.

For supersonic turbulent flows the available literature on
the turbulence meagsurements with hot-wires i1s sti1ll very
limated. Kovasnay24 investigated the turbulence level 1n a
supersonlic free stream and in the turbulent boundary layver
with a hot-wire to show that 1t is feasible for determining
the turbulent fluctuations. Laufer22s/20 ohtained hot-wire
measuremants in the free stream of a supersonic wind tunnel
over a Mach number range of 1.6 to 5.0 and showed that the
turbulent boundary layer along the nozzle walls 1s responsible
for the sound field. At present no hot-wire data s available
for supersonic jet velocities because of the difficulties in
maintaining a small diameter hot-wire with high freguency
response in the jet stream without farlure. At supersonic
flow velocities 1t 1s necessary to use small diameter hot-
wires for the high frequency range needed for measuring the
supersonic turbulence level. To overcome the limitation of
the hot-wire for supersonic jet flow, Fisher and Jonnston2?
used an optical "crossed-beam" method to measure turbulence
properties of two supersonic air jets at Mach numbers of 2,46
and 3.34. With ultravioclet light sources the distributions
of turbulent convection speeds, length scales, and spectra
were obtained for the supersonic Mach numbers. Petzit?8 aas
used the laser doppler velocimeter technigque for measuring
the turbulence level in a subsonic jet and_has obtained good
correlation with the hot-wire measurements’’® at a Jet Macn
number of 0.3. A more powerful laser has been cbtzined for
extending the turbulence measurements to supersonic jet velo-—
cities, and the electronic systems associated with this laser
technigue are being improved for use at higher jet velocities.
To resolve the noise generation sources from supersonic jet
velocities, 1t 1s imperative that the turbulence level and
the corresponding pressure fluctuations must be detvermined

in the superscnic flow fields.

Since 1t 1s nearly impossible to obtain hot-wire measurereants
of the turbulence level 1in supersonic jet flows, a Zew i1nvesti-
gators 1n the past several years have used the microphone and
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piezoelectric pressure transducers to measure the fluctuating
pressures for impact and static pressure probe conditions in
subscnic2?-34 ang supersonic4s3 jet Flows. Sidden developed
a miniature condenser microphone of nominal 0.100 in. diameter
and housed this microphone in a static pressure probe with an
outside diameter of 1/8 in. With this probe the neasurements
were conducted 1n a number of contrived unsteady subsonic flows,
including turbulent flow, to determine error between the mea-
sured and true static pressure existing without the ‘probe.
These results indicated that the correction to root-mean-square
pressure fluctuation level in turbulent flow was small for sub-
sonic flow.

Nakamura and colleagues>? used a microphone with impact and
static pressure probe configurations to measure the turbulence
level 1n a low speed pipe flow with a diameter of 37 cm. They
found that the sound pressure-levels in decibels re 0.0002 y
bar for the impact pressure and static pressure probe con-
figurations differed by approximately 24 db with a 1/3 octave
"band filter over the flow velocity range of 3 to 10 m/sec.
These results indicated that the pressure fluctuations measured
with the 1mpact pressure probe configuration was a function of
the turbulent velocity fluctuations, and the static pressure
fluctuations measured with the static pressure probe was a
function of the pressure fluctuatiocons due tc turbulence. Fuchs
analyzed the fluctuations in a subsonic uniform moving medium
originating from convected sources31r32 and conducted with
microphone probes of various configurations to measure the
static pressure fluctuations in a subsonic jet £low33. The
radial static pressure distribution at an axial distance of 5
diameters from the jet exait for a velocity of 30 m/sec. was
gquite different from that deduced by Davies and colleagues

by means of two hot-wires. Lau, Fuchs, and Fisher34 used a
microphone static pressure prcbe and hot-wire simultaneously
with the hot wire placed at various axial positions from the
static pressure orifices to measure the pressure and wvelocity
fluctuations 1n the core and entrainment regions of a room
temperature subscnic jet. Correlation technigues were used to
determine the phase relationship between tne pressure fluctu-
ations, and the axial and radial velocaity fluctuations in each
of the two regions.

Maestrello and McDa1d35 measured the pressure fluctuations on a
plate placed close to the edge of a subsonic jet for the purpose
of attempting to determine the strength and location of noise
sources 1n a high velocity subscnic jet. The acoustic sources
were traced to the periphery of the jet by means of wave-vector
decomposition of the space-time correlation of the pressure

field on a plane of rigid surface located in the vicinity of

the jet. Unfortunately, this method does not give details of

the acoustic generation within the jet flow due to the turbulence.
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To obtain information of the turbulence level for subsonic and
supersonic jet flows, Nagamatsu and colleague52'3 measured the
piezoelectric impact pressure probe fluctuations along the axas
for a jet Mach number range of 0.60 to l.4. For subsonic jet
Mach numbers of 0.6 to 1.0, the peak pressure fluctuations
occurred at an axial position of approximately 9 diameters from
the exit of the convergent nozzle. But for superscnic Mach
numbers of 1.2 and 1.4 the peak pressure fluctuations occurred
just ahead of the_sgonic velocity location on the axis. A laser
doppler technique 1s being developed for use at supersonic
velocities to determine the correlation between the piezoelectric
and laser measurements at supersonic jet velocities.

The noise generation Erom subsonic jets has been analyzed by
L1ghth1114'5, Ribner and others and a rather complete review
of the exaisting literature on the get nolse generation phenomena
15 presented in Ref. 36. Phillips considered the generation
of sound from supersonic turbulent shear layer and Williams3
extended the analysis to the generation of sougd from turbylence
convected at high speeds._ Recently, Ollerhead Plumblee>”

and Nagamatsu and Horvay have considered the acoustic radaia-
taion from supersonic jet exhaust veloc:ities, and the later
reference considered the flow and acoustic characteristics of
supersonic jets in deriving the acoustic radiation from super-
sonic jets.

Experimental data for the acoustic radlatlon fizm subsonic jets
have been obtained by wvarious 1nvestlgators at various
subsonic exhaust velocmtles For iupersonlc exhaust velocitzies
the available literature2:5:16,45-47 on the acoustic and flow
phenomena 1s still 1lmlted. Potter and Jones were able to
determine the dastraibution of the acoustic radiation as a
function of jet length from a small Mach 2.49 nitrogen jet.
Their results indicated that the maximum acoustic radiation
occurred just ahead of the sonic velocity on the jet axas,
which was nearxly 20 diameters from the jet exit. Nagamatsu
and colleagues3 by means of the piezocelectric pressure fluctu-
ations and near field microphone measurements also found that
the peak acoustic radiation occurred in the vicinity of the
sonic velocity on the axis for a Mach 1.4 convergent jet, whach
was approxaimately 12 diameters from the jet exit.

The pgesent 1investigation was the continuation of the previous
study~ for the purpose of determining the mean velocity and
turbulent fluctuation distributions in the jet flow field for a
jet exhaust Mach number range of 0.60 to 1.4 from a convergent
nozzle. In Ref. 3 the mean velocity and piezoelectric pressure
fluctuations were determined along the axis for subsonic and
supersonic jet velocities. For the purpose of determining the
location and strength of acoustic sources in the jet flow, it
15 necessary to know the mean velocity and fluctuating gquantities
in the flow field. Also, for supersonic exhaust velocities,
the locataion of the sonic contour 1s necessary to define the



supersonic and subsonic mixing regions. An analysis was made

to show that the piezoelectraic impact pressure probe fluctu-~
ations were related to the turbulent velocity fluctuations and
the experimental correlation with hot-wire and laser results

1s discussed. The experimental flow measurements Ior subsonic
and supersonic jet velocities are analyzed and the acoustic

data are correlated with subsonic jet noise theory of nghthlll4’5
and supersonic theory of Nagamatsu and Horvayl7.



2.0 EXPERIMENTAI, FACILITIES AND PROCEDURES

2.1 Air Supply and Gas Fired Heater

For the flow and acoustic investigations of subsonic and super-
sonic jets exhausting tc the atmosphere from 2 and 6.15 in.
diameter convergent nozzles, shown in Fig. 1, the compressed
air 1s supplied by two 800 hp three-stage compressors and a
two-stage 200 hp compressor. For supersonic Jjet exhaust opera-
tion with the 2 in. nozzle both 800 hp compressors were re-
gquired for Mach numbers greater than 1.4. With all three com-
pressors 1n parallel it was possible to operate the 6.15 1in,
diameter nozzle at 850 ft/sec. at a flow rate of approximately
12 1bs/sec. After the compressors the air was passed through
after-coolers, large o1l separators and settling tanks. A
photograph of the jet exhaust test facaility, consisting of the
2 1n. and 6.15 in., diameter nozzles, 1is shown in Fig. 1 with
the building housing the compressors and a cooling tower on
top of the building. From the building the air supply 1is
passed through 8 in. diameter pipe with insulation so that
heated air can be used to i1nvestigate the jet temperature upon
the flow and acoustic characteristics for subsonic and super-
sonic jets., Just inside the building the air supply 1s diverted
into two 4 in. diameter pipes connected to the main 8 in. pipe,
and on one 4 in. pipe a Fisher pressure control system 1s in-
stalled for regulating the nozzle reservoir pressure. With
this automatic air flow control system 1t 12s possible to main-
tain the pressure at the preselected constant operating value
in the 12 in. and 24 in. diameter reservoir chambers located
at the end of the 4 in. and 8 in. dia. pipes for the 2 in. and
6.15 1n. diameter nozzles respectively as shown in Fig. 1. A
large gas fired air heater i1s avairlable to heat the air to
1260°R at 500 psig for hot jet experiments. The 1nitial 4 in.
diameter pipe used for the 2 in. nozzle has been réeplaced by
the 8 in. diameter insulated pipe for the purpose of operating
a 6.15 i1n. nozzle as well as to be able to use the heated air
supply.

A 1 in. diameter convergent nozzle attached to a reservoir
section of 6 1in. diameter, cf. Fig. 2, was used inside the
Fuller compressor rcom to obtain the mean velocity and piezo-
electric impact pressure probe fluctuation distraibutions for
jet Mach numbers of 0.6 to 1.4. The compressed air to this
nozzle was supplied by the 200 hp compresscor from the adjacent
Combustion Building. With this nozzle inside the building at
was possible to make detailed radial surveys of the impact
pressure and piezoelectric pressure probe fluctuations over a
large distance from the nozzle exait. These radial surveys at
various distances from the nozzle exit are dafficult to conduct
outdoors with the 2 in. and 6.15 in. nozzles, ¥ig. 1, because
of the wind conditicns. Alsc, with the indoor nozzle 1t was
easler to obtain optical photographs of the jet flow field waith
a short duration spark source.



2.2 Nozzle and Test Facility

A convergent nozzle and a contoured parallel flow nozzle for
an exit Mach number of 1.5 with throat diameter of 2 in. have
been used to obtain the flow and acoustic characteristics and
the previous results are presented in Refs. 1 - 3. The 1 in.
diameter convergent nozzle has exactly the same geometrical
shape as the 2 in. diameter convergent nozzle used for the flow
and acoustic studies with the outdoor facility, Fig. 1. The
gecmetry for the 6.15 in. diameter nozzle for subsonic jet
flow velocity range of 100 to B850 ft/sec. was also the same as
the 2 1in. convergent nozzle. With these convergent nozzles it
1s possible to investigate the effects of nozzle diameter upon
the acoustic and flow characteristics of subsonic and super-
sonlc jets. For these different size nozzles, both the static
pressure and total temperature of the compressed air were mea-
sured in the plenum chamber, which contained screens to break
large scale turbulent eddies 1nto smaller eddaes.

For both the 2 ain. and 6.15 in. diameter nozzles trolley
systems, as shown in Fig. 1, were used to conduct axial sur-
veys of the jets with impact pressure, total temperature, and
plezoelectrin pressure probes. BSimilar axial surveys in the
vertical direction from the 1 in. diameter jet exit were con-
ducted with the movable probe holder shown in Fig. 2.

2.3 Instrumentation

Reservoir pressures in the settling chambers for the different
diameter nozzles were measured with a Heise gage. High impact
pressures 1n the jet flow for the highexr velocities were mea- '’
sured with pressure gages and as the impact pressure decreased
downstream of the jet exit a mercury manometer was used. For
each test the ambient pressure and temperature were ocbserved.
All static and impact pressures were read aiter the flow and
pressures were stabilized. Also, diififerent diameter impact
pressure and static pressure probes are used depending upon
the diameter of the jet nozzle. The axial and radial impact
pressure surveys conducted for the 1 in. nozzle, were made
with a 1/16 in. diameter probe.

A 1/4 in. diameter Kistler guartz piezoelectric pressure trans-—
ducer was used as the impact pressure fluctuation probe. The
pressure gage was mounted with the gage face exposed perpen-
dicular to the free stream. The output from the pressure
transducer was read with a Ballantine rms meter and the response
time of the gage was less than 20 p sec. An analysis of the
plezoelectric pressure gage output will be presented in this
report indiacating that the rms output is a linear function of
the turbulent velocity fluctuations ior subsonic jet velocitiss.
A smaller lead-zirconate—titanate prezocelectric pressure trans-—
ducer with an outside diameter of 3/32 in. has also been used
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to survey the turbulent fluctuations in the jet flows and the
results were similar to that obtained with the larger diameter
Kistler gage.

The total temperature in the plenum chambers was determined by
either a chromel-alumel thermocouple or an Ashcroft dial
thermometer. A chromel-alumel thermocoupls was used in the

total temperature probe for the axial surveys along the jet

axis. The outputs from the total temperature thermocouples

1n the plenum chamber and in the jet flow were recorded simul-
tanecusly on a Minneapollis-Honeywell visicorder. These thermo-
couples were calibrated over the range of total temperature
encountered in the flow for subsonic and supersonic jet velocities.

Instrumentation for obtaining acoustic information consisted
of a B&K 1/2 in. free field response condenser microphone with
a cathode follower for a fregquency response of 20 Hz to 40 kHz.
Before each run the microphone was calibrated with a Bs&K piston
phone calibrator which produced an oscillating dynamic pres-
sure of 124 db re 0.0002 u bar at 250 Hz. PFar field acoustaic
measurements were made with the microphone placed in the plane
of the jet axis at 8 angular positions on a 10-ft. radius for
the 2 in. diameter nozzles. The output of the microphone was
connected to & Ballantine true rms voltmeter, B&K sound level
meter, and General Radio tape recorder which had a frequency
response of 15 Hz to 16 kHz. To obtain sound power levels at
high frequencies a Norelco eight channel tape recorder with a
response of 15 Hz to 100 kHz was purchased. The Ballantine
true rms voltmeter had a f£lat freguency response better than
200 kHz. The tape recordings were analyzed using a B&K 1/3
octave-band analyzer coupled to a Hall squaring circuit and a
digital integrating voltmeter. With this procedure mean sguare
pressure determinations over 5-second periods for each analyzer
band were made as discussed in Ref. 1.

With the available optical ainstrumentation it 1s possible to
obtain schlieren, shadowgraph, and interferometer photograpns
of the jet flow. Also, laser equipment 1s available to deter-
mine the mean and fluctuating velocities in the jet flow as
discussed in Ref. 28. For the schilieren and shadowgraph photo-
graphs of the jet flow, the duration of the spark light source
1s 0.4 microseconds and some of the shadowgraph photographs of
subsonic and supersonic flows from a one in. diameter convergent
nozzle are presented 1in Figs. 3a - c. With this short duration
spark source, it 1s possible to observe the eddies present at
the outer beoundary of the jet as well as the Mach waves for
supersonic Jet velccities. The £field of view for the portable
interferometer is 2 in. diameter with either green or white
li1ght sources.

2.4 Procedure

With the 2 ain. diameter ncozzle located outside the building,



Fig. 1, for flow and acoustic investigations two separate runs
were made at each selected reservoir pressure for jet flow Mach
numbers of 0.60 to 1.4 to obtain the acoustic and flow data.
After the jet flow had attained egquilibrium condition the noz-—
zle and reservoir pressures and the total temperature in the
reservolr were recorded. For the 2 in. nozzle the total pres-
sure and total temperature surveys were made along the jet axas
from the nozzle exit to 40 nozzle diameters. With the 1 in.
convergent nozzle, Fig. 2, the total pressure and Kistler
plezoelectric impact pressure fluctuation surveys were con-
ducted at a large number of radial and axial positions for jet
Mach numhers of 0.60 to 1.4 in order to obtain the constant
Mach number and piezoelectric pressure fluctuation contours.
This information i1s necessary for understanding the noise
generation mechanisms from subsonic and supersonic jets. The
one 1n. drameter nozzle was selected to conduct the detailed
flow field surveys because the nozzle was located inside the
building which eliminated the outdoor wind conditions present
with the 2 in. nozzle.

Both near field and far field acoustic measurements were made
with the 2 in. nozzle located ocutdoors. The far field micro-
phone measurements were made on a 10-ft. radius from the jet
exit and the output tape recorded. But for the near field
microphone positions the output was connected to the Ballantine
rms voltmeter to obtain the sound pressure level at each loca-
tion 1n db re .0002 microbar as discussed in Ref. 3.
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3.0 MEAN AND FLUCTUATING VELOCITY DISTRIBUTIONS FOR SUBSONIC
AND SUPERSONIC JETS

3.1 Shadowgraph Photographs of Subsonic and Supersonic Jets

To obtain flow features of subsonic and supersonic jets, both
surveys with impact pressure and piezoelectraic pressure probes
and optical photographs of the jets were obtained with the one
in. diameter convergent nozzle, and the shadowgraph photo-
graphs are presented in Figs. 3a - ¢ for jet Mach numbers of
0.6 to 1.4. Since the field of view using a parallel light
system 15 limited to the size of the 4 x 5 film sheets, a 12
in. diameter mirror was used and the camera was moved relative
to the jet exhaust to obtain the shadowgraph photographs over
the 1n:tial 8 ain. from the jet exait. It was necessary to ob-
tain two photographs of the jet which wvere superinposed for
these photographs. With a spark light source duration of 0.4
B sec. 1t was possible to obsexrve the eddies at the jet
boundary as well as the turbulence in the jet. For a jet Mach
number of 0.6, Fig. 3a, the vortex formation close to the jet
exit 1s quite evident and the outer edge of the jet boundary
1s very airregular. It is-interesting to note that the flows
for jet Mach numbers of 0.6 to 1.0, Figs. 3a and b, are quite
similar. For these exhaust Mach numbers the jet emerging from
the convergent nozzle seems to have a laminar layer around the
periphery before breaking down into a turbulent region as ob-
served previously by other investigators with small jets. The
transition to a turbulent type of layer takes place in a short
distance for these subsonic Mach numbers. These shadowgraph
photographs 1indicate that the flow for a sonic jet velocity is
similar to those for subsconic velocities, and the impzact pres-
sure and total temperature surveys along the jet axis at Mach
numbers of 0.6 to 1.0 an Ref., 3 showed the same result.

There 1s a drastic change in the flow phenomenon as the jet
velocity i1ncreases from sonic to supersonic as indicated in
Figs. 3b and 3c. As soon as the pressure ratio for the con-
vergent nozzle exceedad the sonic value, the shock bottleslorllrl3
were formed due to the 1inertia effect of the air emerging from
the convergent nozzle as discussed in Ref. 10. At the lower
supersonic Mach number of 1.2, Fig. 3¢, the spacing between the
shock bottles 1s smaller than for the higher Mach number of 1.4
and the region of shock bottles or the supersonic region in-
creases with the increasing supersonic Mach number. By com-
paring the shadowgraph photographs of the sonic and supersonic
jet the spreading of the supersonic jet over the initial region
from the jet exit 1s lessgs than for the sonic and subsonic jets.
At a jet Mach number of.l.4, Fig. 3c, the diameter of the shock
diamonds decrease slowly with distance. Approximately seven
shock bottles are evadent in the jet exhaust, which indicate
the extent of the supesrsonic region., As the diameter of the
supersonlic region decreases with distance from the jet exat,
the region of subsonic turbulent mixing increases rapidly with
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distance. Dosanjh and Lu3 have shown that the shock bottles

in the supersonic jets are sources of acoustic radiataion.
Nagamatsu and colleagues2 have compared the darectivity, power
spectra, and overall sound power level for contoured parallel
flow and convergent nozzles with a throat diameter of 2 in. and
a pressure ratio for a Mach number of 1.5. Due to the exastence
of shock bottles with the convergent nozzle, the overall sound
pressure level did not decrease as much with angular position
from the jet axais as the parallel flow nozzle and the overall
sound power level was 3 db higher for the convergent nozzle.

Since the shadowgraph photographs indicate only the supersonic
region and the outer boundaries of the subsonic and supersonic
jets, axial surveys with impact pressure and Kistler pressure
fluctuation probes were conducted to determine the flow char-
acteristics within the jet flow and the results are presented
in the next sectaion of the report. With hot-wire and laser
techniques it is possible to obtain the fluctuating and mean
velocity distributions within the jet flow for subsonic jets.
But for supersonic exhaust velocities a laser technique 1s
being developed to measure the flow conditions within the jet.
By combining the shadowgraph photographs, Figs. 3a - ¢, with
the radial surveys within the jet flow, 1t should furnish
additional information regarding the mixing phencmena of sub-
sonic and supersonic jets.

3.2 Mean Velocity Distributions

Impact pressure surveys for jet Mach numbers of 0.60 to 1.4
were conducted at various axial and radial locations from the
one 1n. diameter convergent nozzle, Fig., 2, with a 1/16 ain.
diameter impact probe, and the results are presented in Figs.
4a and b through %a and b. To determine the Mach number from
the impact pressure probe data, the static pressure in the jet
was assumed to be egual to the ambient pressure. This as-
sumption 1s reasonable for subsonic jet exhaust velocities,
but for supersonic velocities the assumption is not valid
close to the jet exit but becomes more reasonable further
downstream as the jet velocity decreased and becomes subsonic.
For subsonic jets the local flow Mach numbers were determined
from the equation

5 R
=1+ X Ew? YO (1)

_2
Pg
At supersonic jet velocities the Mach number at the exit of a
convergent nozzle 1s sonic and the static pressure 1s greater
than the ambient pressure. Thus, in the immediate wvicinity of

the convergent nozzle exit the Mach numbers were determined
from the equation
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And farther downstream from the jet exit where the static pres-
sure 1s close to the ambient pressure the Mach numbers were
determined from the Rayleigh formula

1 Y
p —
a _ 2y 2 _y - 1\y - 1lf{y + 1.2 y - 1
Eg (Y + 1 M Y + 1) ( 2 . =

It was shown in Ref. 3, with a 2 in. diameter convergent noz-
zle, that the difference in the Mach numbers determined by

these equations became smaller as the jet Mach number approached
unity.

The contours of constant Mach number for subsonic jet Mach
numbers of 0.6, 0.7, 0.85, and 1.0 are presented in Figs. 4a -
7a. And the radial flow Mach number distributions for various
axial positions from the nozzle exit are presented in Figs.

4b - 7b. With the existing survey device 1t was possible to
survey the flow field from the jJet exit to 18 in. downstream,
and the radial surveys were conducted at given axial locations.
To regulate the reservoir pressure in the 6 in. drameter plenum
chamber, Fig. 2, a valve was installed in the 2 in. diameter
pipe upstream of the chamber. Withain the plenum chamber flow
straighteners and screens were installed to break up the eddies
and decrease the turbulence level. At the end of the plenum
chamber a one 1in. diameter convergent nozzle was attached with
an area contraction ratio of reservoir to nozzle area of 36.
Even with this arrangement for the one 1in. diameter nozzle,

the uniform core region for the subsonic jet Mach numbers was
slightly less than 4 diameters while for the 2 in. convergent
nozzle 1n Ref. 3 the region extended to approximately 5 diameters.

The contours of constant Mach numbers for subsonic jet Mach
numbers of 0.60 to 1.0, Figs. 4a - 7a, are quite similar. As
the jet Mach number increased the intersection of the contour
of constant flow Mach number of 0.2 with the jet axis moved
farther downstream. And the contours of higher constant Mach
number also extended farther downstream with increasing jet
ex1t Mach number. For these subsonic Mach numbers the outer
edge of the jet boundaries are indicated by dashed lines in
these figures, and the boundaries were not sharply defined by
the impact pressure probes because of the turbulent eddies as
shown by the shadowgraph photographs, Figs. 3a - c¢. Also,
near the jet exit the probe diameter 1s 1/16 in. so that the
dimension i1s relatively large for a one in. diameter nozzle to
obtain local flow conditions where gradients are large. For a
sonic jet exhaust Mach number, Fig. 7&, the sonic Mach number
extends to nearly 3 diameters from the jet exit and the flow
1s mixing rapidly with the ambient air so that the sonic region
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is relatively small downstream of the nozzle exit. Consequently,
the sonic jet has flow characteristics similar to the subsonic
Jets where the subsonic mixing region is dominant and no Mach
waves are present like the supersonic jets.

By plotting the radial Mach number distributions at various
axial distances from the jet exit for subsonic Mach numbers of
0.6 to 1.0, Figs. 4b - 7b, the change in the large velocity
gradient existing at the nozzle exit with distance becomes more
evident. For all of these subsonic Mach numbers the f£low Mach
number decreases very rapidly at the nozzle exit as a function
of the radial distance from the axis. As the axial distance
increases from the nozzle exit, the wvelocity in the central
region of the jet decreases and the jet spreads out with the
mixing of the praimary jet with the ambient air. For all of
these subsonic Mach numbers the radial velocity distributions
at the 18 diameter location from the nozzle were rather gradual
as indicated in Figs. 4b - 7h., The transitions in the radial
velocity distributions with axial daistance for these subsonic
Mach numbers were also rather gradual as indicated by these
figures. At a greater distance than 18 diameters from the noz-
zle exit the velocity in the jet becomes smaller as found in
Ref. 3 from the axial velocity measurements over 40 diameters
from a 2 in. diameter nozzle. For a sonic jet Mach number the
radial dastraibution across the nozzle exit was nearly uniform
as shown in Fig. 7b and the velocity on the axis was sonic at
the 3 in. location. But at the 5 in. loc¢ation the flow Mach
number had decreased to 0.93 on the jet axis.

In Figs. B8a and 9a the contours of constant flow Mach number
are presented for supersonic jet Mach numbers of 1.2 and 1.4,
and the corresponding radial distributions of the Mach number
for various distances from the convergent nozzle exit are pre-
sented in Figs. 8b and %b. By comparing the Mach 1 contours
for jet Mach numbers of 1.0, 1.2, and 1.4, the supersonic mixing
region 1increases very rapidly with the jet Mach number as found
previcusly in Refs. 3 and 18. The intersection of the sonic
contour with the jet axis increased from approximately 2.75

to 10.7 diameters from the nozzle exait for jet Mach numbers

of 1.0 and 1.4 respectaively as indicated in Figs. 7a - 9a.

The increase 1n the supersonic region varies approxXimately as
the square of the jet Mach number as observed previously in
Refs. 3 and 18. This rather rapid increase in the supersonic
region with Mach number was alsc indicated by the shadowgraph
photographs of the sonic and supersonic jet fiows in Figs. 3b
and ¢. The shock bottles in the shadowgraph photographs gave
the approximate extent of the supersonic region of the jet flow,
but impact pressure, hot-wire, or laser radial and axial surveys
are necessary to locate the boundary of the supersonic and sub-
sonic turbulent mixing regions for sonic and supersonicC jets.
Even at the jet Mach number of 1.2 the supersonic region ex-
tended to approximately 7.4 diameters from the nozzle exit,

Fig. B8a, which 1s nearly twice the length compared to the sonic
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jet, Fig. 7a,.

With convergent nozzles operated at pressure ratios greatex
than the value to produce sonic exhaust veloC1t§, the shock
bottles are produced in the supersonic region2:5r10,13 5o that
the flow Mach number varies along the jet axais depending upon
the location relative to the shock waves, Fig. 3c. For these
radial and axial surveys for supersonic jet Mach numbers the
axial and radial spacings were too large to observe the detailed
flow Mach number variation along the jet axis as indicated by
the shadowgraph photographs, Fig. 3¢, for jet Mach numbers of
1.2 and 1.4. At these Mach numbers the region of subscnic
turbulent mixing close to the nozzle exit 1s rather small as
indicated by the velocity contours in Figs. 8a and 9a and
shadowgraph photographs in Fig. 3c¢. But this subsonic maixing
region for the supersonic jets 1ncreases rapidly with axial
distance, Thus, for supersonic jet Mach numbers the noise
generated in the supersonic turbulent mixing regicn must pro-
pagate through the supersonic and subsonic region before the
acoustic radiation emits to the surrounding quiescent atmo-
sphere. It is not clear at present what type of noise generation,
monopole, dipole, gquadrupele, or oscillating shock waves 1s the
dominant acoustic source in the supersonic core and turbulent
mixing regions. These velocity contours for supersonic jets do
define the region of supersonic and subsonic f£lows.

In the subsonic turbulent mixing region surrounding the sonic
and supersoni¢ regions, Figs. 7a - 9a for Mach 1.0, 1.2, and
1.4 jets, noise will be generated due to turbulent velocity
fluctuations and this acoustic radiation will propagate through
the subsonic turbulent mixing region to the outside. The
acoustic radiation will have to propagate through a region of
large velocity gradient as shown by the wvelocity contours for
subsonic and supersonic jets. The generation and transmission
of the acoustic radiation zn the subsonic turbulent mixing
region with large velocity gradients from sonic to zero velo-
city in the subsonic mixing region are still not too well
understood except for 1deazlized cases r36-3%  once the jet
flow becomes completely subsonic across the jet, from initial
supersonic jet Mach numbers, the subsonic turbulent mixing
regions are similar as observed previously in Ref. 3 and will
be discussed in more detall in the latter part of this report.

The radial flow Mach number distraibutions for jet Mach numbers
of 1.0, 1.2, and 1.4, Figs. 7b - 9b, indicate that large velo—
city gradients exist in the vicinity of the nozzle exait, which
were evident in the shadowgraph photographs, Figs. 3b and 3c.
This large velocity gradient at the jet periphery exists over
greater distances from the nozzle exit with increasing super-
sonic Mach numbers. Also, from the radial velocity dastri-
butions 1t 1s evident that the region of supersonic flow in-
creases rapidly with the jet Mach number. Because of the
presence of the shock bottles in the superscnic jet Mach numbers
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of 1.2 and 1.4 the flow Mach number distributions across the

jet at a fixed axial location close to the nozzle exit are not
constant, Figs. 8b and 9b, as would be observed for a contoured
nozzle for parallel flow at the exit as observed in Refs. 9,

10, 15, 16. Once the flow in the jet becomes subsonic f£or these
supersonic Mach numbers the variations cof the Mach number across
the jet are guite similar for initial jet Mach numbers of 1.0,
1.2, and 1l.4. This jet mixing phenomena for supersonic jets
were observed by other investigators”’-“’ >,

3.3 Piezoelectric Pressure Fluctuation Distributions

Since hot—-wires with high freguency response, which 1s neces-—
sary for supersonic velocities, are too fragile to use in hagh
velocity air streams, a Kistler quartz piezoelectric pressure
transducer with a response time of less than 20 p sec. was used
to measure the pressure fluctuations. These gages have been
used extensively for measuring static and impact pressures in
the hypersonic shock tunnel®°® where the hypersonic flow duration
time in the test section i1s approximately 3 milliseconds. For
the present investigation of the flow field with the piezo-
electric pressure transducer, the diameter of the Kistler gage
was 1/4 in. and 1t was used with the gage surfacs exposed as
an impact pressure probe. Some preliminary results were ob-
tained with a smaller lead-zirconate-titanate gage with an
outside diameter of 3/32 i1n. and the shape of the pressure
fluctuation distributions were very close to that gbserved
with the larger Kistler gage. Recent results3:29-34 yith
microphone and piezoelectric pressure gages in subsonic turbu-
lent flows and jets have indicated that the output of the
pilezoelectric impact pressure probe 1s a function of the
turbulent velocity fluctuations. In the next section of this
report an analysis of the piezoelectric pressure fluctuations
and correlation with hot-wire data for subsonic jets will be
presented.

The radial dastributions of the piezoelectric pressure fluctu-
ations are presented in Figs. 4c - 7c¢ for subsonic jet Mach
numbers of 0.6 to 1.0. In these figures the output of the
Kistler gage from the pressure fluctuations was measured with

a Ballantine wvoltmeter and given in terms of rms an mv. For
all of these subsonic jet Mach numpers the magnitude of the
piezoelectric pressure fluctuations at the exit plane of the
convergent jet was nearly constant across the nozzle and the
magnitude was quite low. This may be due to the fact that the
one in. diameter convergent nozzle was attached to a 6 in. dia-
meter plenum chamber for large area contraction ratio in order
to dampen the disturbances in the flow. At the one 1n, axial
location from the nozzle exait the arplitude of the piezoelectric
pressure fluctuations increased compared to the nozzle exit for
these subsonic Mach numbers. At this axial station the peak
pressure fluctuations occurred at approximately r/ro = 1.1 for
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jet Mach numbers of 0.6 and 0.7, Figs. 4c and 5¢, while the
peaks were sharper and were located at r/ro = 1.0 for jet Mach
numbers of 0.85 and 1.0, Figs. 6¢c and 7c. These pressure
fluctuations results agree with the jet flow boundary indicated
in the shadowgraph photographs, Fig. 3a and b. For an axial
distance of 3 diameters from the nozzle exit the maximum
magnitude of the piezoelectric pressure fluctuations occurred
at approximately the x/ry = 0.75 location for jet Mach numbers
of 0.6 to 1.0, Fags. 4c - 7c¢. And for these subsonic jet Mach
numbers the magnitude of the peak pressure fluctuations was
nearly five times that existing at the jet exit plane. The
highest piezoelectric pressure fluctuations occurred at approxi-
mately r/r, = 0.5 at an axial location of 5 diameters for these
Mach numbers and the magnitude of the peak pressure fluctuations

was approximately 6 times the pressure fluctuations existing at
the jet exit.

For axial distances greater than 5 diameters from the jet exait,
the magnitude of the piezoelectric pressure fluctuations de-
creased and the peak fluctuations occurred on the jet axis as
indicated 1n Figs. 4c - 7c. At a distance of 18 diameters the
variations of the piezoelectric pressure fluctuations across
the jet flow were guite similar for jet Mach numbers of 0.6 to
1L.0. The magnitude of the pressure fluctuations on the axis
of the jet decreased to the value exasting at the jet exit for
an axial distance of approximately 18 diameters for jet Mach
numbers of 0.6 to 1.0 as aindicated in Fags. 4c¢c - 7c.

The radial distraibutions of the piezoelectric pressure fluctu-
ations for supersonic jet Mach numbers of 1.2 and 1.4 are pre-
sented in Figs. 8c and 9c¢. For these Mach numbers the piezo-
electric pressure fluctuations are nearly constant across the
nozzle exat, but at an axial leocation of one diameter down-
stream the piezoelectric pressure fluctuations are lower over
most of the central portion of the jet than at the nozzle exit.
But at a sonic jet Mach number the piezoelectric pressure
fluctuataions are about the same on the axis for both the noz-
zle exit and one diameter downstream as indicated in Fig. 7c.
The radial location of peak pressure fluctuations for Mach
numbers of 1.2 and 1.4 moved from r/ro = 1.0 at an axial dis-
tance of one diameter to the r/rg5 = 0.25 location for an axial
position of 7 diameters at a Mach number of 1.2 and to r/rO =
0.25 at an axial position of 9 diameters for a Mach number of
1.4. Downstream of the position for peak pressure fluctuations
the radial variations of the pressure fluctuations for these
supersonic Mach numbers were similar to those observed with
sonic and subsonic jets with the peak occurring on the jet axis
and decreasing away from the axis. The ratics of the peak pres-
sure fluctuations occurring in the jet flow to that at the noz-
zle exi1t were approximately 7.5 and 9 for jet Mach numbers of
1.2 and 1.4 respectively as indicated in Figs. 8c and 9c¢. These
ratios are higher than those observed for sonic and subsonic
Jets.,
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In Fig. 4a - 9a the contours of constant piezoelectric pressure
fluctuations are presented for jet Mach numbers of 0.6 to 1l.4.
For subsonic jet Mach numbers of 0.6 to 1.0, Figs. 4a - 7a,

the contours of constant amplitude of the piezoelectric pressure
fluctuations are guite saimilar like the contours of constant
flow Mach number in the flow. The region of peak pressure
filuctuations for these subsoconic Mach numbers occurred not on
the jet axas but off the axis in a toroidal region. 2nd the
peak toroxrdal pressure fluctuations were located over an axial
distance of 4 to 6 diameters as indicated in these figures.

The centers of these toroidal regions were located at approxi-
mately 50 percent of the nozzle radius from the jet axais. For
these subsonic jet Mach numbers the toroidal region of peak
pressure fluctuations occurred downstream of the core region

in the flow adjustment regicn before the fully developed turbu-
lent flow was established. The shadowgrapn photographs, Faigs.
3a and 3b, for these subsonic Mach numbers seem to indicate the
existence of a high turbulence region as observed with piezo-
electric pressure fluctuations. Downstream of the location for
the peak pressure fluctuations the contours of constant pres-
sure fluctuations indicate that the amplitude of pressure
fluctuations for a given axial location was not highest on the
Jet axais but was located approximately 50 percent of the nozzle
radius from the axis. Even .-for the 18 in. location from the
nozzle exit the amplitude of pressure fluctuations was not the
greatest on the jet axis. Evidently 1t requires a greater
distance from the nozzle exit for the jet to become fully turbu-
lent with peak pressure fluctuations occurring on the ax:s.
Additional investaigations will be conducted with the prezo-
electric pressure gage to determine the radial daistributions

of the pressure fluctuations for axial distance of 18 to 40
drameters from the nozzle exit.

For supersonic Mach numbers of 1.2 and 1.4, Figs. 8a and 9a,

the peak pressure fluctuations were located in a toroidal region
as for subsonic jets, but these toroidal regions were located
farther downstream from the nozzle exit. At a jet Mach number
of 1.2 the toroidal region for the peak amplitude of pressurs
fluctuation was located over an axial distance of approximately
5 to 8 diameters from the nozzle exit, and the toroidal region
was located at approximately 40 percent of the nozzle radius
from the jet axis. Also, it is interesting to note that the
peak pressure fluctuations occurred close to the sonic velocity
at all axial locations as shown in Fig. 8a. At any given axial
location in the supersonic region there is a very large incresase
in the pressure fluctuations with distance from tae axis and
they attain a peak value at the sonic line before decreasing
rapidly outside the sonic velocity region. Downstream of the
supersonic region, the contours of the piezoelectric pressurs
fluctuations are similar to those observed for subsonic jets.

As the jet Mach number was increased to 1.4, the toroidal
region of the peak pressure fluctuations moved farther downs:tream
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and occurred over an axial distance of approximately 7 to 9
diameters as shown in Fig. %9a. Also, this toroidal region
was located closer to the axis than for the Mach 1.2 jet.
Again the amplitude of the peak pressure fluctuations occurred
close to the sonic velocity location in the jet. The shadow-
graph photograph, Fig. 3c, of the jet flow at a Mach number

of 1.4 i1ndicates the approximate location of the sonic velo-
ci1ty from the shock bottles. Sonic velocity must be close to
the outer edge of each shock bottle. The radial dimension of
the shock bottles decreases with the axial distance from the
nozzle exit. On the axis of the jet the flow became sonic at
approximately 10.7 diameters from the nozzle exit. Again for
this supersonic Mach number the peak pressure fluctuations in-
creased with radial distance from the jet axis for a given
axial distance in the supersonic region to the peak value in
the vicinity of the sonic velocity before decreasaing towards
the outer edge of jet in the subsonic mixing region as shown
in Fig. %a. Downstream of the supersonic region the contours
of constant pressure fluctuations were similar to those existing
at sonic and subsonic Mach numbers, Figs., 4a - 7a.
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4.0 PIEZOELECTRIC PRESSURE FLUCTUATIONS AND TURBULENT VELOCITY
FLUCTUATIONS

4.1 Hot—-Wire and Piezoelectric Pressure Fluctuations

The noise produced by a subsonic jet exhausting into ambient
air i1s due primarily to the turbulence i1n the highly sheared
mixing region as shown by Lighthill i1n Refs. 4 and 5 on sound
generated aerodynamically. He derived the exact eguations of
motion 1n a compressible fluid and compared these with the
equations of sound propagation in a medium at rest with the
introduction of the stress tensor T as the forcing function.
To solve the exact equation for the'dcoustic propagation from
subsonic jets, 1t 1s necessary to know the strength and dastrai-
butions of the stress tensor in the flow field.

Since the appearance of_Lighthill's papers on aerodynamic noise,
different 1nvestlgators7r8r2 - have investigated the distrai-
bution of the turbulence levels for subsonic and supersonic
Jets. The majority of the available references for the turbu-
lence level 1n subsonic jets were obtained with the use of hot-
wire, but for high subsonic and supersonic jet velocities the
envireonment in the jet flow 1s too severe for the hot-wire_to
survive. Thus, 1in the past few years other 1nvest1gator527!25
have investigated the use of optical methods to determine the
turbulence levels 1in high subsonic and supersonic jets. In
prainciple the optical technigque i1s not limited by the jet velo-
city and 1t 1s possible to determine the turbulent velocaity
fluctuations without disturbing the flow. Besides the optical
techniques to determine the turbulence level in the high velo-
city jets, pirezoelectric pregsure transducers_have been in-
vestigated in subsgonic flows2? 730 and Jjets 1~34 5ng in super-
sonaic jet flows?r3, The plezoelectric pressure gages have

been used as impact and static pressure probe configurations.
In this Section the piezoelectric pressure gage results will

be correlated with the hot-wire measurements and an analysis
w1ll be presented to show relationship between the piezoelectric
pressure fluctuations and the local turbulent velocity
fluctuations.

Laurence’ surveyed a room temperature subsonic jet with a hot-
wire and obtained the wvelocity profiles, turbulence intensities
and spectra for a 3.5 in. diameter jet at Mach numbers of 0.3
and 0.7. 1In Fiag. 10 the hot-wire data along the axis for a

Mach number of 0.3 1is presented. Laurence's results for the
level of the axaal velocity fluctuations was normalized with
respect to the peak value located at approximately 9 diameters
downstream of the nozzle exit. Bradshaw and colleagues8 investi-
gated the turbulence in a circular jet with a hot-wire at a Mach
nunber of 0.3. A 2 1in. diameter nozzle was used in their study
and great care was exercised 1in minimizing the turbulence level
and disturbances in the reservoir section before the room
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temperature air was accelerated through a centraction region
of 36:1. For this nozzle arrangement the boundary layer at
the exat was found to be laminar at a Mach number of 0.3, and
the normalized velocity fluctuations along the axis are pre-
sented in Fig. 10. Pett1t28 conducted an experimental pro-
gram to test the validity of the laser Doppler velocimeter for
measuraing the turbulence against the not-wire measurements in
a subsonic air jet at a Mach number of 0.3. For this purpose
a small 1/2 in. diameter jet was constructed and attached to

a 4 in. diameter plenum chamber with screens and honeycomb.
The hot-wire data for the velocity fluctuat:ons along the axis
are presented in Fig. 10 and the results agreed well with the
data of Laurence and Bradshaw for slightly larger drameter jets
at Mach 0.3.

The piezoelectric pressure fluctuations with an impact pres-—
sure probe configuration were obtained in Ref. 3 for a con-
vergent nozzle with a diameter of 2 in. From the impact and
total temperature probe surveys along the axais, the variations
of the wvelocaty and Mach number were determined over a jet Mach
number range of 0.6 to 1.4. Over the subsonic jet Mach numbers
of 0.6 to 1.0 the uniform velocity core reg:ron extended to ap-
proximately 5 diameters downstream of the nozzle exit. Also,
the peak piezoelectric pressure fluctuations occurred at approxi-
mately 9 diameters for these subscnic Mach numbers. The piezo-
electric pressure fluctuations along the axis were normalized
with the peak value occurring at the 9 diameter location for

a jet Mach number of 0.6 and the results are presented 1in Fig.
10. It 1s interesting to_observe the excellent agreement
between the hot-wire data’s%:28 for the velocity fluctuations
and the piezoelectric pressure data from the nozzle exit to the
peak velocity fluctuation location. Downstream of the peak
fluctuations the normalized piezoelectric pressure values are
less than the normalized hot-wire results and this difference
will be discussed 1n the next part of this Section.

4.2 BAnalysis of Piezoelectric Pressure Fluctuations at the
Stagnation Point of a Probe

The analysis of the measurements of the total and static pres-
sures 1n an incompressible turbulent flow with pitot and stataic
pressure probes was made by Goldstein?? and experirnents were
conducted by Fage50 to determine the effects of fully developed
turbulence on the reading of the static pressure probes in sub-
sonic 1ncompressible flows. An extensive scudy of the effects
that fluctuating flows have upon the static pressure measure-
ments §n a turbulent flow and in a subsonic jet was made by
Sldon2 , and he found that the correction to the root-mean-
square pressure level wag small ain a fully turbulent flow.
Nakamura and associates>? and Fuchs and asscciates31l,34 con-
ducted investigations with total and static pressure probes
with microphones as the sensing units to measure the pressure
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fluctuations in fully developed subsonic turbulent pipe flow
and i1n the mixing region ©¢f a subsonic jet.

In a fully developed turbulent flow at low subsonic velocities
with no appreciable shear gradient, the turbulent flow can be
considered as roughly isotropic, so that

u12=;l—2=W12=%aT?T (4)

where u', v', and w' are the turbulent velocity components in
the cartesian coordinate system., For a flow with uniform mean
velocity ain the x-darection, the velocity components can be
expressed as

a=0U+u'
v = v! {5) .
w=w'

since V and W vanish in the assumed axial symmetric turbulent
flow. For this assumed low speed homogeneous i1sotropic turbu-
lent flow there will be a mean static pressure p. Besides

this mean pressure there will be pressure fluctuations associated
with the turbulent flow i1tself and tg? mean-sguare pressure
fluctuation was derived by Kraichnan as

<p'?> = p? u'* ¢ (6}

where ¢ 1s the velocity of sound. And the ratio of the turbu-
lence velocity in the flow direction to the local velocaty of
sound can be considered as the local turbulence Mach number
ul
l - Wi
M' = S (7)

Since at low fliow Mach number Y« 1, the turbulent velocity u'
1s usually much smaller than the mean flow velocity U so that
the magnitude of the pressure fluctuations associated with the
turbulent flow itself i1s small as given by Egqg. (6). And only
at higher subsonic velocities does the turbulent pressure
fluctuations become appreciable to produce acoustaic radiation.
Besides the turbulent pressure fluctuations there will be a
pressure fluctuation in low speed flows due to a sound field
being superimposed from outside the flow or generated aero-
dynamically in the flow and this pressure fluctuaztion will be
denoted by p. Thus, 1n a low speed homogeneous 1isotropic turbu-
lent flow there will be a pressure in the flow given by

P=§+<p'>+§ (8)

The pressure fluctuations caused by turbulence, <p'>, will be
assumed to propagate close to the velocity of the airflow, while
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the pressure fluctuations due to acoustic field will propagate
with the velocity of sound for low subsonic flow velocity.

When a probe with a piezoelectric pressure gage 18 inserted
into the turbulent flow, there will be pressure fluctuations
generated by the interaction between the probe and the turbu-
lent flow adjacent to 1t. These pressure fluctuations appear
as a self-generated noise and must be considered as an inter-—
ference factor for pressure measurements 1n a moving medium.
S1don?? investigated an error-compensating scheme for cor-
recting the unsteady pressure measurements for low speed turbu-
lent flow. For an impact pressure probe configuration with a
piezoelectric pressure gage, the self-generated noise effects
are small, but this i1s not the case for the static pressure
probe.,

At the stagnation point of the 1/4 in. diameter piezoelectric
pressure gage with the pressure sensing surface exposed normal
to the flow direction, the turbulent flow 1s forced to come to
a rest, and 1in this region there are strong gradients of the
flow properties. For a low subsonic flow the density can be
considered to be constant 50 at the stagnation region there
w1ill be large velocity and pressure gradients as the flow is
decelerated to zero velocity at the stagnation point. Thus,
in this region the spatial changes will exceed any temporal
ones. Under these circumstances the total pressure along a
streamline in turbulent flow from Bernoulli's eguation 1s
given by

. .
pp =P +5pa (9)

where g 1s the vector velocity consisting of a mean vector
velocity and a vector turbulent velocity. By substituting
Egs. (5) and (8) into Eg. (9) and neglecting higher order
terms of the turbulent velocity fluctuations, Eg. (9) can be
split into mean and fluctuating parts respectively:

T S
PT“P+§DU (10)

Pp = <p'> + B + p U0 (11)

It 1s implied in this linearization that the following velo-
city conditions are satisfied

u', v', w' << U
(12}
u'?, v'?, w'? << u'"
and the flow velocity is low so that turpulent flow can be
considered as being incompressible waith constant densaity. The
contribution of the pressure fluctuations due to turbulence
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<p'> given by Eg. (6} for low speed isotropic turbulent flow
should be small and Nakamura et al30 have obtainea experimental
data in low speed turbulent pipe flow which confirms the_low
level of pressure fluctuations due to turbulence. Fuchs32 in
his analysis of the pressure fluctuations at the stagnation
pornt for low speed turbulent flow showed that the static pres-
sure fluctuation was an order of magnitude smaller than the
total head fluctuations.

When the acoustic field from outsaide the flow field and the zero-
dynamic noise produced by the turbulence 1s negligible, the
acoustic pressure fluctuation p in Eg. {(11) can also be neglected.
Thus, the piezoelectric pressure fluctuation with a total pres-
sure probe configuration in a low speed turbulent flow with
negligible acoustic field is given by

P,}. = 0 ﬁ 1’ (llé)

which 1g dependent on the axial velocity fluctuations and the
1local mean velocity. Thus, a piezoelectric pressure gage in an
impact probe configuration can be used in place of hot—vire
method to investigate the fluctuaticns in unsteadv flows as
discussed by Si1ddon2? and Fuchs , and the correlation of the
hot-wire and piezoelectric pressure probe data in Fig. 10 con-
firms this hypothesis for low speed turbulent flow encountered
in the mixing region of subsonic jeis.

The application of Egq. (lla) to determine the velocity fluctu-
ations for higher subsonic and supersonic unsteady £flows musc

be used with caution because the flow can no longer be consicdered
as being incompressible with constant density. Also, in deriving
this equation 1t was assumed that the pressure fluctuations cue
to turbulence and the sound field generated aerodyvnamically are
negligible for low speed unsteady flows. At higher velocities
where compressible effects and pressure fluctuations due to
turbulence and aerodynamically generated sound fields are not
small in Eg. (8), they must be considered in the piezoelectr:ic
pressure fluctuations. For supersonic flows there will be a
detached shock ahead of the impact pressure probe so that the
pressure fluctuations associated with the shock waves must be
considered. Laser technlque28 and additional stagnation and
static pressure fluctuations will be obtained for subsonic azn
supersonic jet velocities to develop a relationship between the
plezoelectric pressure fluctuations at the stagnation point -rith
the turbulent velocity fluctuations.

The piezcelectric pressure fluctuations with the impact pressure

probe can be normalized with respect to the jet exit velocitr Uj
to obtain

Pr

G”GI

= 2 (13)
U U
P55 7 3
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2and the axial velocity fluctuations can be expressed as

(14)

In Figs. lla and 1lb the variations of the mean velocity along
the jet axis are presented for convergent nozzles with an exit
diameter of 1 and 2 in. respectively for jet Mach numbers of

0.6 to 1.4. For both nozzles the velocity decay along the axis
with distance for subsonic Mach numbers of 0.6 to 1.0 downstream
of the 1nitial core mixing region when the fully turbulent flow
1s established in the jet 1s given by

« (x/p)"L (15)

d”ﬂl

J

For supersonic jet Mach numbers of 1.2 and 1.4, the sonic loca-
tions for these Mach numbers are shown in Figs. 1lla and 1lb, and
downstream of the sonic locations in the fully developed subsonic
turbulent flow the mean velocity decay for these supersonic jet
Mach numbers 1s given by Eg. (15). As the supersonic jet Mach
number increases the sonic location moves downstream as the
square of the Mach number as discussed in Refs. 3, 17 and 18.
Thus, for supersonic jets with ambient reservoirr temperature,

the velocity in the fully developed turbulent subsonic flow
decays like that for subsonic jets.

By comparing the core lengths, in terms of nozzle diameters,
for subsonic Mach numbers of 0.6 to 1.0 for these twe nozzles
in Figs. lla and 11b, the core length is shorter for the 1 an.
nozzle than for the 2 in. nozzle. Thigs difference 1s probably
caused primarily by the higher initial turbulence level in the
reservoir for the smaller diameter nczzle. Also, the core
length for the 2 in. diameter was approximately 5 diameters
from the nozzle exat, which 1s higher than most published data
and implies that the 1nitial turbulence level was gquite low.
But 1t is i1nteresting to note that in spite of the difference
1in core lengths for these two nozzles the velocity decay in the
fully established turbulent flow regions for these nozzles -was
the same. Evidently the initial turbulence level in the jet
flow does not influence the velocity decay in the fully turbu-
lent flow region. Similar flow phenomena were observed at the
supersonic jet Mach numbers of 1.2 and 1.4 for these two nozzles
as indicated in Firgs. lla and llb.

The velocity decay along the axis for a heated jet will be more
rapaid than that for a room temperature jet because 0f the heat
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transfer to the ambient air as discussed in Refs. 9, 10 and 15.
But, the sonic location for supersonic jets is mainly governed
by the jet Mach number and not influenced appreciably by the
temperature as discussed in Refs. 3, 17 and 18. The available
data on the velocity decay with heated jets are staill limited
because of the difficulties of measuring flow properties at
high temperatures.

The variations of the piezoelectric pressure fluctuations on the
axis with distance from the nozzle exit are presented in Figs.
12a and 12b for 1 and 2 in. diameter nozzles, respectively.
These fluctuating pressure data were obtained with the quartz
piezoelectric pressure gage used as an impact probe apd the
results for the 2 in. nozzle were obtained previcusly~. The
pressure fluctuations determined for the 1 in. diameter noz-
zle are not as reliable close to the nozzle exait locations as
for the 2 in. diameter nozzle because the outside diameter of
the Kistler probe was 1/4 in. As the jet spreads out with
distance due to mixing with the ambient air the ratro of the
probe diameter to the jet dirameter becomes smaller so that the
prezoelectric pressure fluctuations data should be more re-
presentative of the local ,flow conditions.

By comparaing the variations of the pressure fluctuations along
the jet axis for both nozzles, Figs. 1l2a and 12b, 1t 1s seen
that the peak pressure fluctuations occurred at approximately

& and 7 diameters from the 1 in. diameter nozzle exit for jet
Mach numbers of 0.6 and 1.0 respectively. While for the 2 in.
nozzle the location of the peak pressure fluctuations occurred
at approximately 9 diameters for these subsonic Mach numbers.
Simirlar differences in the lengths of the uniform velocity core
were observed with these nozzles at subsonic jet velocities,
Fags. lla and llb. But the magnitude of the peak pressure
fluctuations for these nozzles was about the same for the sub-
sonic Mach numbers. Alsc, the variations of the pressure fluctu-
ations with distance downstream of the peak location for both
nozzles at subsonic jet velocities were the same within the
experimental accuracy, and this variation can be expressed as

-1.74 (16)

T

pp = (x/D)
For supersonic jet Mach numbers of 1.2 and 1.4 the location of
the peak pressure fluctuations on the axis occurred in the
vicinity of the sonic velocity or near the end of the super-
sonic region for both nozzles as indicated in Figs. 1l2a and 12b.
With the 1 zn. nozzle the locations of the peak pressure fluctu-
ations were 8 and 9 diameters for Mach numbers of 1.2 and 1.4
respectively. While the locaticns of the peak pressure fluctu-
ations were 8.5 and 11.5 diameters for the corresponding super-
sonic Mach numbers with the 2 in. nozzle. The magnitude of the
peak pressure fluctuations was about the same for these super-
sonic Mach numbers for both nczzles. Downstream of the peak
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pressure fluctuations in the subsonic turbulent flow, the varia-
tions of the pressure fluctuations with distance were the same
as observed for subsonic jet Mach numbers with these two nozzles
as 1ndicated in Figs. 12a and 12b. Similar results were ob-
served with the velocity decay, BEg. (15), in the subsonic fully
developed turbulent flows for both subsonic and supersonic jets,
Figs. 1lla and 1lh.

It was shown in the analysias for a low speed turbulent flow that
the piezoelectric pressure fluctuation for an impact probe con-
figuration 1s related to the local density, mean velocity, and
fluctuating velocity as given by Eg. (lla). In Fig. 10 the
normalized hot-wire and piezoelectric pressure data correlated
well from the nozzle exit to the location of peak fluctuations
for subsonic jet Mach numbers, but downstream of this location
the normalized pressure fluctuations were lower than that ob-
served with the hot-wire data. The velocaity fluctuations for
the hot-wire data were normalized with respect to the inatial
jet velocaty while the magnitude of the piezoelectric pressure
-fluctuations i1s dependent upon the local mean velocity, which

is decreasing along the axis, Eg. (15). Thus, the piezoelectric
pressure data must be correlated to determine the axial velocity
fluctuations in terms of the initial jet velocity by sub-
stituting Egs. (15) and (16) into Eg. (14) to obtain

' o« (x/D)_'74 (17)

Gqﬂ

By correcting the piezoelectric pressure data downstream of the
location for the peak velocity fluctuations by this equation,
the corrected normalized pirezoelectric pressure data correlates
reasonably well with the hot-wire results. Further investi-
gations will be conducted with laser technigue and piezoelectric
pressure gage to determine the turbulent velocity fluctuations
in high subsonic and supersonic jets.
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5.0 ANALYSIS OF EXPERIMENTAL FLOW AND ACOUSTIC RESULTS

5.1 Flow and Acoustic Characteristics

5.1.1 Flow Characteristics for Subsonic and Supersonic Jets

The shadowgraphs, Figs. 3a - ¢, of the subsonic and supersonic
Jjet velocities from a 1 in. diameter convergent nozzle were
taken with a 0.4 u sec spark light source. These photographs
indicated that the flow structures £for subsonic Mach numbers of
0.6 to 1.0 were quite similar, but as soon as the flow became
supersonic jet Mach numbers of 1.2 and 1.4 the flow structure
changed with the appearance of shock bottles in the flow. In
Ref. 3 the flow phenomena for subsonic and supersonic jets were
observed with interferometer, schlieren, and shadowgraph photo-
graphs. All of these optical photographs have andicated the
similarities and differences in the flow structure for subsonic
and supersonic jets.

Besides the optical studies of the jet flowv phenomena axial
surveys were conducted in Ref. 3 with impact pressure, total
temperature, and piezoelectric probes over a Mach number range
of 0.6 to 1.4. These results indicated that the axial velocity
distributions were similar for the subsonic Mach numbers of 0.6
to 1.0 and for supersonic Mach numbers of 1.2 and 1.4 the super-
sonic regicn increased as the square of the jet Mach number.

In the present investigation with the 1 in. diameter convergent
nozzle, extensive axial and radial surveys were conducted with
both impact pressure and piezoelectric pressure probes to deter-
mine the mean velocity and piezoelectric pressure fluctuations
in subsonic and supersonic jets, and the results are presented
in Figs. 4 - 12, Along the axis the velocity and piezoelectric
pressure variations with distance from the nozzle exit were
simrlar for both 1 and 2 in. diameter nozzles over a Mach num-—
ber range of 0.6 to 1.4.

From the radial and axial surveys 1in the present investigation
the contours of constant Mach number and piezoelectric pressure
fluctuation were determined for Mach numbers of 0.6 to 1.4.
These results indicated again the similar flow field for sub-
sonic Mach numbers of 0.6 to 1.0 and the rapid increase in the
supersonic region with Mach number. From these contours for
supersonic jet Mach numbers it is possible to determine the
supersonic and subsonic mixilng regions. At all axaal locations
where the velocity 1s supersonic the supersonic core region 1s
surrounded by a subsonic mixing region. The contours of constant
magnitude of the piezoelectric pressure fluctuations have indi-
cated that for subsonic Mach numbers cof 0.6 to 1.0 the pressure
fluctuating fields are similar with the peak fluctuations occur-
ring in a toroidal region at 4 to 6 diameters fror the nozzle
exit. But for supersonic Mach numbers of 1.2 and 1.4 the peak
pressure fluctuations occurred in the vicainity of the contour
for the sonic velociry.
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5.1.2 Acoustic Characteristics of Subsonic and Supersonic Jets

The acoustic data presented in Ref, 3 for a 2 ain. diameter con-
vergent nozzle operated over a Mach number range of 0.6 to 1.4
was analyzed to determine the acoustic characteristics of sub-
sonic and supersonic jets. For this range of jet Mach numbers
the peak overall sound pressure level occurred at the 19.1°
locatron from the jet axis. The variations of the overall sound
pressure level as a function ¢f the angular position from the
Jet axis on a 10-ft. radius were normalized with respect to the
peak value for a given Mach number and the results are pre-
sented 1n Fig. 13. As the jet Mach number is increased from

0.6 to 1.0 the normalized ovexrall sound pressure levels vary
more over the angular position of 19.1° to 146.4° with 1ncrease
in the subsonic Mach number. For the sonic Mach number the
ratio of the normalized overall sound pressure varies continucusly
from 1.0 to .884 for angular positions of 19.1° and 146.4°
respectively. But as the jet Mach number increased to 1.2 and
1.4 the variations of the normalized sound pressure level were
drastically different than thcse observed with subsonic jets as
indicated in Fig. 13. The normalized sound pressure level does
not monotonically decrease with angle from the jet axis but
reaches a minimum value and starts to increase. And for the
Mach 1.4 jet the normalized overall sound pressure levels are
much greater than for subsonic Mach numbers. These changes in
the angular dastribution of the normalized overall sound pres-—
sure level for the supersonic Jets compared to subsonic jets are
due praimarily to the exastence of the shock bottles, Figs., 3b -
¢, for supersonic Mach numbers from a convergent nozzle. Dosanjh
and colleaguesl3 observed similar effects of the shock bottles on
the overall sound pressure level distribution. For sonic and
subsonic jets there are no shock waves so that the overall sound
pressure level distributions are similar for subsonic jets with
a continuous decrease in the pressure level with 1ncreasing
angular position from the jet axis.

The sound power spectra for the 2 in. diameter convergent nozzle3
at Mach numbers of 0.6 to 1.4 were normalized with respect to the
peak third-octave band sound power level for each Mach number and
the results are presented in Fig. 14. Since the acoustic mea-
surements were made with the microphone placed on a radius 10-£t.
from the nozzle exit, the sound power spectra below 100 Hz, which
corresponds to a wave length of approxaimately 10 f£ft., 1s an the
near field so that scatter in the acoustic data are evident. But
for fregquencies higher than 100 Hz the microphone 1s in the far
field with the wave lengths less than the 10-ft. radaius for the
microphone measurements. The normalized sound power level spectra
for subsonic jet Mach numbers of 0.6 to 1.0 are practically
1dentical over the frequency range of 150 Hz to 16 kHz. These
results are consistent with the flow observations for these
subsonic Mach numbers because the flow characteristics were

very similar as determined from the radial and axial surveys.

As soon as the jet Mezch number increased to 1.2 and 1.4 the

29



normalized sound power levels departed from the subsonic power
spectra as indicated in Fig. 1l4. The frequency for the peak
sound power level increased with the supersonic Mach number and
there was more acoustic energy in the higher frequencies than
for the subsonic jets. This sudden change in the shape of the
normalized sound power levels for the supersonic Mach numbers
from that of the sonic and subscnic jets 1s probably caused
primarily by the appearance of the shock bottles i1in the super-
sonic Jjets. Thus, the normalized overall sound pressure level
distribution around the jet and the normalized sound power
spectra indicate the change in the acoustic radiation for super-
sonic Jets compared to thav exasting for subsonic jets.

In Ref. 3 the overall sound power levels were determined for
the 2 in. diameter convergent nozzle operated over a Mach num-—
ber range of 0.6 to 1.4 with a room stagnation temperature for
the jet. Since the mass flow of the nozzle decreased for lower
Mach numbers from that existing at a Mach number of 1.4, the
overall sound power levels were corrected to the Mach 1.4 mass
flow of 0.1036 slugs/sec. This was the procedure used to obtain
the variation of the overall acoustic power with jet velocity
for a constant mass flow. Over the subsonic velocity range of
672 to 1038 ft/sec., which correspond to jet Mach numbers of
0.6 to 1.0 respect&vely, the overall acoustic power increased
approximately as US. And for the higher velocity range of 1038
to 1346 ft/sec., Mach number of 1.0 to 1.4 respectively, f%e
overall acoustic power level increased approximately as U<,
Fig. 15. There 1s a discontinuity in the slope of the ovérall
acoustic power variation with velocity for subsonic and super-—
sonic jet velocities. This variation in the overall acoustic
power w1t2 velocity is different than that predicted by
Lighth1114s5 and others36/38 1n which these authors predicted

a decrease in the slope of the overall acoustic power with
velocity. In the next Section, a discussion on the correlation
of the experimental acoustic data with subsonic jet noise theory
of nghth1115 and supersonic theory of Nagamatsu and Horvay
will be presented to show the effects of jet temperature, Mach
number, and velocity.

The i1ncrease i1n the slope of the overall sound power with velo-
caty for the supersonic Mach numbers is caused primarily by the
presence of shock bottles wath the convergent nozzles. Dosanjh
and colleaguesl3 have shown the acoustaic radiations from the
shock waves at supersonic Mach numbexrs. Existing jet noise
theories of nghthlll“’s and Ribner3® were derived on the
acoustic radiation from turbulence but the noise generation
from shock waves was not considered in these theories. But the
supersonic jet noise theory of Nagamatsu and Horvayl7 was based
upon the flow and acoustic characteraistics of supersonic jets.
The effects of the Mach number and shock waves were included in
the theory by the introduction of the parameters o and £, and
these values for convergent and parallel flow nozzles were
determined for room temperature jets as functions of jet Mach
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number in Ref. 18.

5.2 Correlation of Acoustic Data with Jet Noise Theories

nghth1115 derived an equation for the overall sound power for
subsonic jets by using available experimental data and dimen-
sronal analysis as

s}

U_ A

a 5
a

where 1t was assumed that the jet densaity p_ was eqgual toc the
ambient density g This equation can also-be expressed as

_ -4 1
W= 10 *2”53
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where m 1s the mass flow of the jet. In the derivation cof this
subsonic equation there was no provision fox the noise generation
from shock waves for supersonic jets. This eguation was used to
calculate the overall sound power level for unit slug mass as a
function of the jet velocity ain Fig. 16. As can be seen in thas
figure the overall acoustic power levels for a room temperature
jet at supersonic Mach numbers are higher than that given by
Lighth:111's theory. At subsonic Mach numbers, 0.85 and 1.0 which
are the initial two points respectively in Fig. 16, the cor-
relation between the theory and experaiment is guite good, but

for the later two poaints in this figure which are Mach numbers

of 1.2 and 1.4, the experimental sound power level is much
higher than predicted by the theory due to the presence of

shock bottles.

Nagamatsu and Horvayl7 derived an equation for the overall
acoustic power output for supersonac jets by considering the
experimentally observed relationship for the supersconic length,
the linear wvariation of acoustic radiation in the supersonic
region, and the subsonic turbulent decay of x~6, The overall
sound power output from a superscnic jet can be broken down
into the contribution from the supersonic region, 0 < x < 2,
and from the subsonic region, g < X < «, by

ls ]
W=fwdx+fwdx (19)
0 %q

where w 1s the acoustic power output of a jet slice of unit
length and 1s a function of x for a given jet and ambaient
conditions. Thus, the coverall acoustic power output from a
supersonic jet i1s given by
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where o and B are exponents which have been evaluated in Ref,
18 from experimental acoustic data., This eguation was solved
in Ref., 17 by using the o and B determined from the Potter and
Jonesl® acoustic data for a parallel flow Mach 2.5 jet for
various jet temperatures and Mach numbers and one of the cal-
culated curves are shown in Fig. 16, These calculated results
indicate that the jet temperature and Mach number are important
in the overall acoustic power output from supersonic jets,
Lighthi1ll and others had compared the theory with the overall
acoustic power output from subsonic and some supersonic jets as
function of jet veloecity in which the total temperature and the
jet Mach number were varying.

In Fig, 16 the overall acoustaic power output for unit sluyg mass
flow 1n the jet at wvarious temperatures was calculated from Eqg.
(18) with o and B determined from Potter and Jones data at Mach
number of 2.5. The jet total temperature was taken over the
range of 520° to 3500°R and for sach temperature the subsonic
regicon 1s ¢given by the dashed line. These acoustic curves
indicate the importance of the jet toral temperature upon the
overall sound power level for various jet exhaust velocaities.
The acoustic power output for room temperature jets for a jet
Mach number range of 0.85 to 1.4 are presented from Ref. 3.

And the acoustic data for a total temperature of approximately
2000°R in Ref, 46 were obtained over a Mach number range of
0.87 to 1.46, which are close to the range of Ref. 3 foxr a room
temperature jet, but there 1s a large change in the acoustaic
power output with velocity, similar to that calculated fxrom Eqg.
(18). These results indicate the importance of using the cor-
rect jet and ambient conditions in the theoretical acoustic
correlation with the experimental data. Further acoustic mea-
sureitents should be obtained for various jet total temperatures
over subsonic to supersonic jJet exhaust velocities.
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6.0 CONCLUSIONS

Radial and axial surveys were conducted with impact pressure
and prezoelectric pressure transducer probes for a convergent
nozzle with an exit diameter of 1 in. over a Mach number range
of 0.60 to 1.4. Flow and acoustic results for a 2 in. diameter
nozzle were analyzed for subsonic and supersgonic jet velocities.

Shadowgraph photographs with a 0.4 u sec light source were taken
of the flow from the convergent nozzle, and for subsonic Mach
numbers of 0.6 to 1.0 the flow phenomena were similar., For
supersonxc jet Mach numbers of 1.2 and 1.4 shock bottles were
present in the flow with the number of bottles increasing with
Mach number. The mixing of the supersonic jets with the ambient
air was slower in the supersonic region than for subsonic jets.

The velocity contours for subsonic jet Mach numbers of 0.6 to
1.0 were quite similar with the core extending to approxXimately
4 diameters on the axis for the 1 in. nozzle. For these sub-
sonic jet Mach numbers the outer edge of the jet was not too
well defined because of the turbulent eddies. At supersonic
Jjet Mach numbers of 1.2 ard 1.4 the distance f£rom the nozzle
ex1t to the sonic location on the axis increased as the sguare
of the Mach number.

Contours of the piezoelectric pressure fluctuations for subsonic
Mach numbers of 0.6 to 1.0 were similar with the peak fluctua-~
tions occurring in a toroxdal regron located approximately 4 to
6 diameters from the nozzle. For supersonic Mach numbers of

1.2 to 1.4 the peak piezoelectric pressure fluctuations occurred
close to the sonic velocity contour in the supersonic region of
the jet. And the peak pressure fluctuations occurred in a
toroidal region towards the end of the supersonic region.

An analysis was made to show that the output of a piezoelectric
pressure gage as an 1mpact probe 1s related to the turbulent
velocity fluctuations in an isotropic incompressible turbulent
flow. The turbulent velocity fluctuations in low speed jets
determined with hot-wires were correlated with the piezoelectric
pressure gage data and excellent agreement was obtained.

Downstream of the core region for the subsonic jet Mach numbers
of 0.6 to 1.0 the velocity decay along the axis in the fully
developed turbulent region varied as x‘l, and for supersonic

Jet Mach numbers of 1.2 and 1. i the velocity decay downstream
of the sonic¢ point was also x *. These results for the velocity
decay were observed for both 1 and 2 in. diameter convergent
nozzles.

For subsonic ;ets the piezoelectric pressure fluctuations de-
cayed as x_ in the fully developed turbulent flow region.
At supersonlc Mach numbers the peak pressure fluctuations
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occurred in the vicinity of the sonic velocity contour, and in
the subsonlc_fegﬁon the pressure fluctuations alonyg the axis
decayed as x —°'®. These results were alsc observed for both
nozzle diameters used in the present investigation.

The normalized overall sound pressure levels for subsonic jet
Mach numbers of 0.6 to 1.0 decreased monotonically with the
increase in the angular position from the jet axis with the peak
value occurring at the 19.1° location. But for supersonic jet
Mach numbers of 1.2 and 1.4 the overall sound pressure level
decreased initially with angular position and then started to
increase. This difference in the variation of the overall sound
pressure level with angular position is caused primarily by the
existence of shock bottles for supersonic jet Mach numbers from
a convergent nozzle.

The normalized power spectra for subsonic jet Mach numbers of
0.6 to 1.0 were quite similar with the peak occurring at
approximately 2.5 kHz. But for supersonic jet Mach numbers the
normalized power spectra shifted to higher fregquencies with
more acoustic energy in the higher frequencies compared to the
subsonic power spectra. -

Ogerall sound power for Mach numbers of 0.6 to 1.0 varied as

U2 as predicted by Lighthill theory, but for supersonic jet
Mach_numbers of 1.0 to 1.4 the sound power varied approximately
as U because of the presence of shock bottles with acoustic
radlgtlon from the shock waves for a convergent nozzle.

The overall sound power levels for supersonic jet Mach numbers
at different total temperatures were correlated with the super-
sonic jet noise theory of Nagamatsu and Horvay. The observed
experimental effects of jet total temperature upon the acoustic
radiation from subsonic and supersonic jets are large and agres
with the calculated values from the supersonic jet noise theory.
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FIG.3a SHADOWGRAPH PHOTOGRAPHS OF AONE INCH CONVERGENT
NOZZLE AT JET MACH NUMBERS OF 0.7 (LEFT) AND 06 (RIGHT)
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FIG3bSHADOWGRAPH PHOTOGRAPHS OF A ONE INCH CONVERGENT
NOZZLE AT JET MACH NUMBERS OF 1.0 (LEFT) AND 0.85(RIGHT)




FIG3cSHADOWGRAPH PHOTOGRAPHS OF A ONE INCH CONVERGENT
NOZZLE AT JET MACH NUMBERS OF 1.4 (LEFT) AND 1.2 (RIGHT)
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