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SUMMARY

A small high speed (Mach 2.5) cold jet was operated with the exhaust stream passing
through a hole in the wall of a 100,000 cubic foot reverberation room. The reverber-

ant SPL was measured to allow determination of the total acoustic power generated by

the flow inside the room. The jet nozzle was then progressively withdrawn, so that a
smaller amount of the mixing flow was retained within the room. The experiment was
repeated with the jet inside the room, with the flow directed outwards, and the jet
nozzle moved back into the room. The resultant acoustic power curves were differentia- |
ted to give the acoustic power generated per unit length of the jet flow. The results

for the total acoistic power and octave band power distributions are presented and
experimental details reviewed. It is concluded that the flow near the supersonic core

tip is responsible for the majority of the noise generated.
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1.0

INTRODUCTION

The accurate definition of the acoustic source distribution in a jef stream will
allow a positive analysis for jet noise control by nozzle and suppressor design.
The way a jet flow mixes with the atmosphere to create sound is complicated,
especially for high speed jets where the mechanism can involve several different
kinds of processes. Theoretical and experimental studies of jet noise in the past
have been in terms of generalized results and an accurate definition of source

properties has not been forthcoming.

Experimental measurements of the near and far sound field of jets have indicated
a basic difference between sound generated by subsonic and high speed supersonic
rocket exhaust. These observations have indicated that the major source region
for a subsonic jet is the initial mixing flow near the nozzle, while the region of
maxlmum noise production for a supersomc Jet flow appears to occur at a point

downstream from the nozzle.

Theorehcal evaluation has further confused the understanding of this problem.
Rlbner (Reference 1) and Lilley (Reference 2), following Lighthill's analysis of
aerodynomlc noise generation (References 3 and 4) have shown the initial mixing
region of a subsonic jet to be the main acoustic source region. By use of the
ncﬁ:rmalized results for assumed flow similarity regions, they determined the well
kt;jown xo and x-7 power laws for the acoustic source strength in the initial mixing
region and the far downstream fully developed turbulent flow region respecfiVer.

Tﬁis was in agreement with the generally observed experimental results.

However, the analysis of supersonic turbulent flows by Ffowcs-Williams (Reference 5)

suggesfed that the initial flow near the nozzle was also the major source region for

hlgh speed supersonic jet flows. This was in disagreement with the experimental

- vudence (References 6 and 7) The near field acoustic measurements have been

crufucnzed on two acco,unyl,'s., First a microphone in the near field will not measure

—
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acoustic intensity exactly because of the difference in phase between particle

o

I vélocify and pressure in this hydrodynamic region. Secondly, a microphone will
= ~ respond to sound radiated from points other than directly opposite it in the flow.
. If‘WC,lS with this disagreement in mind, that the experiments reported here were
T déSféned. The objective was to develop an experimental technique to obtain

| accurate measurements of the acoustic source distribution in jet flows, and then
w to examine the source distribution in various classes of jet flows. The technique

developed involved firing a small jet through an orifice into a large reverberation
room and separating the jet flow into two parts; one part within the room for which
the total acoustic power generated can be measured, and one part outside the
room whose sound field is excluded. The acoustic source distribution could then

be determined absolutely by posmonmg the jet to mclude various porhons of the

Jet flow within the room.

Results are presented for a Mach 2.5, 1860 fps nitrogen jet, which was the first

of‘ic series of hot and cold subsonic, supersonic and rocket exhaust flows to be

eXamined The following sections give a brief description of the apparatus used
in the experiment, the results obtained, the examination of orifice size, shape and

edge effects on the noise field generated, and the analysis used to obtain the

source distribution results. A final section summarizes the conclusions of this

report and indicates the importance of the downstream portion of the flow to

: : the total sound generated by this particular jet.

diad




DESCRIPTION OF THE APPARATUS AND

EXPERIMENTAL TECHNIQUE

Figure 1 illustrates the technique used to obtain the measurements reported here.
Thfe sketch shows a small jet fired through a hole in the wall of a large reverbera-
tion room. The total sound power generated in the roomis then determined by
méasuring the reverberant sound pressure level and correcting for the absorption
characteristics of the room. By positioning the jet at different distances from

the orifice, a varying amount of the mixing flow was contained within the room.

Th;e jet flow used was that from a nitrogen storage tank to give a fully expanded
Méch 2.5 jet with an exit diameter of one inch. The room used had an internal
voglume of 100,000 cubic feet, which was more than sufficient to insure that the
sound field in the room would not affect the acoustic source characteristics,
Fféures 2 and 3. The perfectly expanded computer designed nozzle gave a jet
exit Mach number of 2.49, with a jet exit velocity of 1860 fps, when operated
af%fhe correct pressure ratio. The flow was examined using a shadowgraph technique
cmfcl was observed to be fully expanded with no noticeable shock wave structure. |
Nijfrogen gas was chosen for the flow because of its availability and convenience

for accurate control.

A plenum was used to settle the gas before the nozzle; Figure 4 shows a photograph

of the plenum and nozzle set up in front of an orifice plate.

Microphones were positioned both inside and outside of the room, with the inside '

crophones located at several points, some near the source, to insure the most

m
: !
accurate reverberant sound pressure level was determined. Data was initially

~ acquired on tape, but all later measurements involved on~line analog data re-

“duction to insure that the highest frequencies were covered. The jet was first

'oplerdfed with the flow directed through the orifice aid into the reverberation
~ room, with the nozzle being progressively moved away from the wall. Then the

~nozzle was set up inSide' the room, ‘with the jet being*""di'recfed H1rougH‘:’fhe‘ orifice
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and out of the room. The nozzle was next moved back within the chamber sO

that the larger amount of flow was contained within the room.

All orifices were constructed in 3/4 - inch thick aluminum plates and were
positioned in the center of one of the walls of this reverberation room. For each
nofzzle-fo-orifice separation, different orifice sizes were examined and, once a
size to give minimum disturbance to the flow field and to the resultant sound
pressure level inside the room was determined, a standard ratio of nozzle exit
di{:mefer to jet flow diameter was held for all separation distances. The shadow-
grc;ph photographs of the jet flow were used to judge the size of orifice required.
Addifionc-lly, the effects of the orifice edge shape were further examined. Certain |
hojle tones were created, and this extraneous effect was examined and eliminated
fr_c;m the results reported here. The details of these effects will be discussed in

later sections of the report.

Table I is a list of the runs completed in these experiments and indicates all rele-

vant parameters and dimensions.



3.0

DATA REDUCTION

[

In order to convert the reverberant sound pressure levels measured in the room

to acoustic power, the reverberation characteristics of the room are required.
Figure 5 shows the measured reverberation time for the chamber (time for the

lével to fall 60 dB) and the corresponding absorption of the room in Sabins (ffz).
The figure also shows the calculated high frequency absorption for various humidities,
where the absorption is controlled by the molecular atmospheric absorption in the
room. The results show ¢ constant low frequenrcy absorption of just over 200
equivalent ffz up to a frequency of 500 Hz. Above this frequency, the atmo-
spheric absorption becomes the controlling factor. The results show the import-
ance of humidity, especially at the high frequencies, and it was therefore import-
o;nf to measure the exact conditions in the room during each test run. The jet
itself consisted of dry nitrogen, however in view of the large volume of the room
and the relatively small amount of gas introduced during each run, the conditions

in the room were not considered to change during each run.

The acoustic power can be obtained from the reverberant sound pressure level by:

i

PWLf= SPLf + ]O‘Iog]ocl\c - 6.4 + Hf . (])

where  PWL is the acoustic power level in dB, re: 10-13 watts

SPL is the reverberant sound pressure level in dB,

re: 0.0002 dyne/cm?
—.,a is the total absorption in Sabins.

ahd' H is the correction for humidity

The subscript f indicates that the calculation must be completed at each frequency

in the spectrum of the sound, and the appropriate values of absprpﬁbn, area qnd -
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Beéca‘use of the large reverberation time ‘of the chamber (approximately 18 seconds),
fhcéa sound field in the room was allowed to build up to its reverbéronf level before
thtle data was recorded. After acquisition of the data, the measured sound pressure
was examined for discrete frequencies by use of narrow band filters, and none were
found. This was expected since the nozzle was operated at perfect expansion and
no shock waves were associated with the {low. The data repeatability was checked
by performing duplicate tests for many specific nozzle-to-orifice separation dis-
tances, and the results repeated remarkably well (within one dB). In addition,

the levels recorded by the several microphones in the reverberant acoustic field

also agreed, for a given test condition, within one dB.

The data was reduced in 1/3-octave band sound pressure ievel form and then, with
the aid of the above relationship and the known room absorption characteristics,
converted to 1/3-octave band acoustic power levels. These values were then

combined to give the overall acoustic power levels.



4.0

RESULTS

Figure 6 shows a typical result for the measured reverberant sound pressure level
within the room. The measured spectrum shows a rapid falloff on the high frequency
power which is the result of the room characteristics. Figure 6 also shows the

room correction, which is added to the results to give the total acoustic power
spectrum in 1/3-octave band. These acoustic power results are then summed to

give the overall acoustic power produced by that part of the jet within the room.

Figure 7 shows fne spectra of acoustic power level measured for the various cases
when the jet was directed into the room. This figure shows two points. Firstly,

" -the overall sound power is reduced as the jet is removed from the wall leaving a |
smaller pc;rf of the flcw within the room. Secondly, for the same variation, the
low frequency power is mcreased Thrs increase is judged to be due to an orifice
effect and will be discussed in more defarl later. The general reduction in acous-
tic power is seen fo be at the higher frequencies olfhou”gfh no significant reduction
apparently occurs until the separation distance has increased to over 13 inches

(13 nozzle exit diameters). The results for the case when x = 0 inches gives the
reverberant sound pressure level measured w;'ithlin the rloogm for the total acoustic
power of the jets, sirice the whole of the jet mixing flow was contained within

the room in fhis case. Figure 8 shows this measured sound pressure level corrected
with rhe room reverberanf characferrshcs to grve the acoustic power specfrum, ‘

directly compared to a predrcfed spectrum of acoustic power, derlved from the

results given in Reference 8. The overall acoustic power was calculated, on the

basis of the acoushc power curve given in Figure 22 of Reference 8 for the 1860

fps jet of exit dramefer l inch, to be 155,7 dB re: 10~ 13 waﬂs The measured

| total acoustic power was 152.5 dB. The spectrum was calculafed on the basis of

a normahzed spectrum curve based on exit dramefer and veIocrfy alone and the
normalrzed curve used is ‘that grven m ReFe'ence 8 based on the resulfs of Refer-

ence 9. Further, to allow the specfrum shape to be beffer examined, fhe predlcted

overall Ievel was adjusfed to be fhe 152 5 dB level that was measured
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The agreement is regarded as good.

Figure 9 shows the measured spectra of acoustic power for the case when the jet
was fired out of the reverberation room. In this case, the results were acquired
on magnetic tape and are clipped at the higher frequencies because of the tape
recorder limitations. However, they do again show the increase in power as the
jet is brought back into the room and an apparent orifice effect at the lower fre-

quencies as observed in the previously discussed results.

The fofol acoustic power generated for each condition is plotted in Figure 10
agamsf distance from the nozzle to the orifice. The acoustic power is seen to
remain constant as the jet is withdrawn from the room, when it is directed into
the room, until the jet has been moved a distance of approximately 14 diameters
out. The level then decreases rapidly for greater separations. For the case when
the jet was directed out of the room, the level is seen to be small initially and
increasing rapidly and then leveling off as the jet is brought back into the room.
These two curves were then differentiated to obtain the acoustic source distribu-

tion in the flow.

Figure 11 shows fhe overall acoustic power generated per umt length, normahzed
on exit diameter of fhe nozzle, cnd shows a concen'rrahon of power at some 20
exit diameters from fhe nozzle:.‘ The two curves arr_e‘ for the results ‘of ‘the two
configurations; the jet into the room and the jet directed out of ‘fhém}éom .. These"
results show very good agreement, and suggest that the energy loss through the
oruf:ce is very small. Because of the nature of the differenﬁafibn, the results for

the Jet out of the room will be more accurate for the small values of separation

distance and the results for the jet into the room will be more accurate for the

'Iorgéf’valﬁu,es of separation distance . This is b’e'ccuse it is easier to determine

| small changes of power at lower acoustic intensities, espec:olly where the values

are read to the same occurccy on a decubel scale.



In producing these results, the values for the acoustic power at different nozzle-
to-orifice distances were fitted by smoothed curves that were differentiated to

give the results of Figure 11. !

t

The initial mixing region is shown to be a very low producer of noise, and the

~ constant xo, as predicted for subsonic jets, is not obtained for this jet flow.
Figure 12 shows the mean of these two results plotted on a log-log plot to allow
fhe'c'xcousfic power laws to be determined. The slope of the initial acoustic power
disfribuﬂon curve is most effectively fitted by an x] curve and the downsfream
curve is best fitted by an x-6'5 law. Also shown on Figures 11 and 12 are the
estimated locations of the laminar core tip and the supersonic tip. The latter

point is indicated as the region of most intense noise generation.

The results for '173'-o<‘:'ra've band acoustic power levels were combined into octave

- band values, and the process of plotting and dlfferenhchon repeafed for 5 ocfcve
bands. The distribution of octave band acoustic power sources defermmed is
shown in Figure 13, where the mean result of the two basic expenmeni's are ploffed
and compared to the result for overall values previously determmed These results
show the increasing downstream distance for the lower frequency sources. This is
as expected since fhe turbulence properties likewise will change to larger scales

and lower frequencies with downsfream dlstonce

Figure 14 shows the ‘e’ormayl ized souree ‘seecfrum at four points in the jet flow
plotted against the normoliz‘ed distance from the nozzle. This figure also includes
the results obtained for a jet engine exhcusf (Rererence 10) and for model rocket
and Mach 3 air jet flows (Reference 11) from the near field noise measurements.
The higher Strouhal number results are in agreement, but at the lower Strouhal
numbers some difference is 'Vd’bparenf. The résults for the two points nearest the
“nozzle and in the initial mixing flow show the greofesf dlfference. This is
,surpnsmg, since the results for the jet englne suggesfed that it was parhcularly

for fhls,pqr,t of a jet flow that the normahkzahon’would apply. Otherwise the



resulfs obfamed here generally agree with the values for the jet engine and the

model air Jefs. the results for the rockets falling in the upper part of the shaded

area at |ower Strouhal numbers.

The results of Figure 14, in conjunction with the overall source distribution of

Figure 12, will allow the acoustic source spectrum to be predicted for all points

in the jet flow. The normalized spectrum results indicate that the region of max-

imum source intensity for any given frequency f occurs at a distance of

1.2V a
e o
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from the nozzle for such jet flows.

In order to examine the importance of any shock turbulence interaction noise,

the experimem"wos repeated with the jet fired into the room at a total plenum

pressure of 300 psig compared to the value of 238 psig for perfecfly expanded

flow. Shodowgrophs of such a condrhon had mdlcoted that a shock wave pattern

is set up. Figure 15 shows the source dlsfrrbuhon for this case of the _;efflred into

fhe room directly compared to the source dlsfrrbuhon for when the jet was operated

at normal pressure and the results irdicate little significant difference. In fact, the

: difference -is less than that which is observed between ﬂ;rejfwo source distribution |
= curves obtained for the two exoerimenfs of the ‘_Wief fired,inito'the room and out of |
T - the room at normal pressure for perfeci expanded flow. This result suggests that
I the shock turbuience interaction noise must be small and not at all srgmfrcanf
T compared to ‘the other sources of noise generaréd by-the supersonic Jef flow.

T . | As was mentioned earlier, the optimum orifice size was used in producing these

results. A series of experiments was completed to examine the effect of orrflce
diameter and Figure 16 shows some typical results. The values shown in Frgure 16a,

for a jet orifice separation of 21.5 inches, indicates no apparent difference in rhe

10
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noise generated within the room for a range of orifice diameters from 4 inches to
9 inches, the jet diameter was estimated to be jusf over 2 inches at the orifice.
Figure 16b shows some results for a greater spacing and with a sharp edge orificé
as opposed to the square orifice used in most of the experiments. Here again

little difference can be seen in the results.  Figure 16¢ shows some results for
when the jet was fired out of the room and here ‘if;;ap;pears that the larger orifice
allows more sound fd escape out of the room res'p'iﬁng in a lower level. The results
for different orificé edge shapes are shown for two examples in Figure 17. No |
significant difference can be seen between the values for acoustic power deter-
mined using either a sharp edge orifice or a square edged orifice as sketched on
the Figures. It was concluded that the edge shape had less effect on the measure-

ments that a small change in orifice diameter.

A final series of’erperimenfs weré éomplefed to examine the effect of varying
total pressure on the sound field prdducea by the flow, to i_‘n’vesfigafe the noise
field produced by turbulent shock interactioi: when the jet was operated at non-vj
ideal ?expansion conditions. The results are shown in ngure 18. Figure 18a shows
fheicc‘ouis'fic power spectra for fhe total sound power genérafed by the jet when the
jet was operated with different plenum pressures. Here the whole{jet was 'éé)ntainemd
within the reverberation room and the results show the ,,,s,pecfrU'rrrl Iéve»ly‘incregsirig,
with opproxirri\dfely‘f‘ne same basic shépér‘os the pressure ‘increases, (jet Qéloc‘ify
increases). Figure 18b shows the measured values when the first 21 .inches of the
jet was excluded from the room, and indicates here that the increase in sound for
higher plenum pressures is at higher frequencies, the spectrum shape for the lowest
pressure shd&ing a very broad spectrum peaking at lower frequencies thar: the results
for the other pressures used. For these tests, it was recognized that shock waves M
wou;.i[a_'be formed in the flow at these non-ideally expanded conditions and Figure
19 (from Reference 8) shows shqdowgrcphs of the jet flow, and indicates the shock

patterns formed.

n



Figure 20 is a plot of the total acousvztic;power measured for the two examples

examined in Figure 18. These values are plotted against a parameter of exit

density squared times exit velocity to the 8th power, and show how the results

for the total jet noise follows these expected results. The velocity to the 8th

% power law is that predicted for jets within this velocity range, under 2000 ft per
~! second. The density correction used is that suggested in Reference 12 and has

been found most suitablé for the collapse of acoustic noise results for jet engines
operating within the same velocity range. The results for the second example,
oy when fheffi'rsf 21 inches of the jet was excluded from the room, show the acoustic

power generated increasing more rapidly than the basic power law for the total

™ sound generated. These results show how the downstream portion of the flow be-
comes more important as the jet velocity, and hence the length of the laminar
]‘ :

and supersonic cores, increases, especially at the lower plenum plenum pressures

(lower jet velocities).

12_'




5.0

DISCUSSION OF RESULTS

First the validity of the experimental technique must be examined. On the basis
of the absolute nature of the experiment, the only region for criticism must be the
assumption that the sound power measured within the reverberation room is due to
that part of the jet within the reverberation room alone. Obviously, certain parts
of the sound generated in the upstream flow will be carried downstream and re-
fracted out through the flow to be radiated out of the jet at a point further down
from that where they were generated. In addition, a certain amount of sound

must leak through the orifice, because of the highly directional nature of the sound
field radiated, and it was for this reason that the experiment involving varying

the orifice size and edgé conditions were completed. Any effects would also be
indicated by the differences between the acoustic source distribution obtained
from the two basic experiments when fhe*jef was fired into the room and out of the
room. Examinaﬁo“n of Figure 11 indicates that this difference was only small and
in fact was generally less than the experimental:‘eriror”th‘t could be expecfed;"'An
average Iine was drawn between the two results obtained, and, the acouéfic power
curve generofed was considered to accurately represent the source distribution

existing in the jet flow.

The examiration of the results for varying orifice size and the low frequency peaks
measured in fheir’esu,l’fs for large separation distances, suggested that certain edge
tones or hole effects were generated by the jet passing through the orifice. How-
ever, the results of Figure 7 indicate that this sound was centered at a frequency
of less than 200 Hz whereas the total acoustic power spectrum of the jet noise is
centered at 5000 Hz, which is more than a decade higher. Therefore, it was
r?cognized that orifice effects existed, but because of the significant difference
between the two peak frequencies of ihe extra sound and the jet noise, the hole
tone noise could be eliminated by smoothingthe low frequency curves into fhe  :

baSi'c‘sou‘nd level measured when the jet was completely contained within the

“room.

13
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A shadowgraph evaluation of the flow field from this nozzle (Reference 13) showed
that Mach waves, lip interaction disturbances, and shock turbulence infemcﬁons;all
apparently radiated a disturbance which could be seen visually on the shadowgraph
picﬁ:res.: However, the acoustic results measured here would suggest that none

of these mechanisms was significant to the total sound field produced.

The sound produded by the radiated shocks from the jet flow initial region, obser\)e,di
on the shadowgraphs, would apparently produce sound at frequencies g’reaferﬁthn
10,000 Hz. This result is based on measurements of the distance séparating the
propogating disturbances. The measured acoustic spectra show that very little
sound was radiated at these high frequencies. Additiona?glly, the disﬂibufion of
acoustic power ikndicrzdfes that at all piressures the total ;sound is dominated by the
sound from the sources at about 20 exit diameters ,‘down‘sfrecm.’ Any sound due to
Mach waves or exit |lip sHoék ,ngiisé would be radiated from fherimmediiafé Fflow
downstream of the nozzle, cs'-ind'i'éoted by':;fhfé”ghdddwgraph?. The expéfiment
completed here has ‘sho>wrn that this is @ region of low ’r_\oisre generation. ‘Furtherg‘," ;
the emeriménts at various plenum pressures suggest that the noise from the sh6c|§<
turbulence interactions is ihsignifiéanf compared to the noise due to the turbulent
shear. As a result, it was concludéd that the turbulent shear flow was the only

significant source of sound radiation.

Thé ;necsured acoustic power generated differs from the predicted result of Ribner
(Reference 1) and Lilley (Reference 2) by‘folld;}ying an x] rdfher than an xo
relationship for the sound generated per unit length of the initial mixing region

flow. This difference could be explained as the result of the different flow pattern
formed, since the jet used in the experiments reported here was supersonic rather than
su‘B’sonic. However, the pro’boblec"‘rea%oh for the difference will be more concerned
with the aSsumpfions of both a constant value of maximum normalized 'furbulenf,,

infensi,fy and of similar flow profiles over a range of Mach numbers.

14
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In deriving the x0 laws, the assumptions of the stress Tensor T proportional jfo:
the square of the turbulence intensity u2 proportional to the velocity squared ~U2
are fmodev. The basis of the second assumption is the similarity of the flow in the
initial mixing region. However, measured results of turbulence show that the
intensity of the turbulence is not a constant through this region, but that the
values increase from a minimum at the nozzle to reach a maximum at some disfonoe |
downstreom‘From the nozzle exit. For a small cold round subsonic jet, the root
mean square intensity of the Iongi’rudinol velocity fluctuations was measured to be
a maximum of 0.08 at the nozzle exit rising to 0.14 compared to the jet exit

velocnfy at a distance of two diameters from the nozzle, (Reference 14), Further

downsfreom, the intensity remained essenholly constant to the end of the initial

‘mixing region, and over this part of the flow the results of uniform generation of

sound would be expected to apply.

The normalized intensity of the turbulence in the initial mixing region of a super-
sonic jet will be smaller than for a subsonic jet. This is related directly to the

high speed of the jet; the supersonic velocities not allowing disturbances to

'propogofe as effecfively as in a subsonic flow. The resultant turbulent mixing

action is therefore reduced, the muxmg process is slowed ond the initial super-
sonic mixing region and laminar core of the jet Iengfhened As the jet mixes
and slows; the furbulence strength increases and eventually, at the subsonic core
tip, is similar to that for a subsonic jet mixing flow. This increasing furbulén'r
intensity will account for the uncreosung source sfrength with downstreom distance

for a supersonic jet, and oddmonolly cause the major source producmg region to

occur at a point dlsfonf from the nozzlé and the mmol flow.

This effect is obviously associated with the real nature of jet flows, and will differ

for different nozzles and jet speeds. The requirement to measure turbulence prop-

~erties in fhe Je’r flow, and especnolly in the initial mixing region is therefore

lndlcofed It is proposed to continue these experiments with other jets, both sub-

_sonic and supersonic, ond to mclude measuremenfs of the jet furbulence as well as

the sound ond source f|e|d
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CONCLUSIONS

Two significant points are concluded from these experlmenfs First, the location
of sources in a jet flow has been experlmenfally demonstrafed for the first hme,
and the results show the major region of acoustic power generation for q high
speed supersonic jet (Mach 2.5, 1860 fps) af épproximately 20 diameters down-
stream. Secondly, the experiment shows the pbtency and flexibility of the rever-

berant experimental technique for location of sources in free turbulent jet flows.

The resuits show that the noise of such high speed jets is produced pramar||y by
the region close fo the supersomc tip, and that the initial mixing region is a
minor source of acoustic power. The flow was carefully chosen to be fully expan-
ded so no shock structure was present, and it was therefore concluded that all
acoustic sources, except for those due to the turbulent mixing were eliminated

in the first series of tests. The jet was later run at non-perfect expansion con-
dmons to determine the effects of other sources, such as nozzle shock waves and
furbulence shock wave interactions of under and over-exponded nozzles. No
significant differences were observed for the source distribution in these cases

and it was therefore concluded that the turbulent mixing process is the major

source of noise production for high speed jet flows.

The results presented here are from the initial part of a continuing program and

these experiments will be exfended to mclude subsonic and supersonic hot jets.

It is anticipated that this program will provnde sugmfucanf results that should

help in the understanding of aerodynamic noise generation by jets.
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. TABLEI. TEST RUNS

| g Orifice - Jet Orifice Orifice Plenum
| - Exit Distance Diameter Edge Pressure
3 X D psig
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} Runs not included in analysis, later repeated.
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10 9. 3.2
H -13. 4.0
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TABLE I.

Orifice - Jet
Exit Distance

TEST RUNS (Continued)

Orifice
Diameter
D
in.
5.0
9.0
2.5
2.5
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4.0
5.0
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TABLE I.  TEST RUNS (Continuved)

“ Orifice - Jet Orifice Orifice Plef[\um
. Exit Distance Diameter Edge Pressure
X D psig
Run No. - in, * in. kE *kk
78 21, 4.0 S i70
79 21. 4.0 S N
80 . 21. 4.0 S 300
81 21. 4.0 S 400
82 50. 9.0 F 300
: * Negative x indicates the jet fired from within the room out through the
g ~ orifice, positive x is for jet directed through the orifice into the room.
= ** F is flat (square 90 degree) edge to orifice.
E S is sharp (45 degréé) edge to orifice
- ~*** N means plenum pressure adjusted to give perfect expansion, checked
by static pressure at nozzle lip, this pressure was approximately 235 psig.
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Reverberation Room - External View

Figure 2.
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Reverberation Room, Internal View

Figure 3.
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Figure 4. Plenum and Nozzle Showing the Orifice.
The Orifice Plate is Flush with the Inside
Wall of the Reverberation Room.
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1/3 Octave Band Acoustic Power, dB, re: 10-]3 Watt
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- Figure 7, Meosured Acoustic Power Spectra - Jet mto
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1/3 Octave Band Acoustic Power, dB, re: ]0-]3 Watt
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1/3 Octave Band Acoustic Power, dB. re: ]0-]3 Watt
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Acoustic Power in Room, dB, re: 10-]3 Watt
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Acoustic Power per Unit Length of Jet in Exit Diameters, dB, re: Total Acoustic Power
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Figure 11, Acoustic Power per Unit Length of the Jet
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Acoustic Power per Unit Length of the Jet in Exit Diameters,

dB, re: Total Acoustic Power
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Figure 15, Source Distribution at Two Plenum Pressures
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1/3 Octave Band Acoustic Power, dB, re: 10—]3 Watt
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1/3 Octave Band Acoustic Power, dB, re: 10_]3 Watt
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1/3 Octave Band Acoustic Power Level, dB, re: 10-]3 Watt
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1/3 Octave Band Acoustic Power, dB, re: 10-]3 Watt
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Figure 19. Development of Shock Patterns with Nozzle
Exit Pressure. Design Mach Number 2.47,
From Top to Bottom; p./p = 0.497, 0.747,
1.00, 1.53, 1.98 (from Reference 8).
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Acoustic Power Within the Reverberation Room, dB, re: IO-]3 Watt
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