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EOREVORD

The purpese of thias test was two fold. An accustic evaluation
¢f a water-cocoled flame bucket was desired so that both mear and
far field moise reduction effests could be determined. An effort
vas made to simulate water flowv conditione thut would result from

gravity flow from a large reserveir ever a set of four weirs.

Test results are preaented in graphical form for miorophones
located in both near and far field lecations. Analysis of the
data indiocates an optimum wvater flow rate to exist for various lo- -
oatiene in the acouatic field. An attempt is made to explain the
pheniomenon in terms of theoretical relatienships and properties
of the fluid flow. Suggestions sre made for further analysis ef
these test resulty as vell as future ztudiec., Several modificetiens

are proposed for the present test equipment.
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SUMMARY

:3A series ¢f small-scale model recket tests wvas verfermed to
eveluate the acoeustical performance ef water-eeeled flame buokets.,
Data vollected from these tests indicated the change in seund
pressure level is a funotion of wate. flew-rate raties for locations
in both the near and far field.()The water flew-rate ratio is
defined as: water flew rate/propellant flew rate. Reductiens of
wp to 12 db ip the noise level were observed in the 1800-2400 sps
baend for eonditions in the far field with a water flow~rate ratie -
ef 3.33/1. This sctave band cenverts te s Strowbal number of 0.045,
whiob lies within the peak of generalised data from previously
reperted tests. The Btrsuhal number = f. 4_ ., vhbere f. is the
ween goemetric frequenmey of a partiiuiar oot!vo band, d is the
rogcket exit diamoter iz feet, and U the rocket exhaust mean velooity
in feet/seeend.
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INTRODUCTIO

The prepesed series of large booster reckets nov uander ocen-
sideration for space exploration preseuts serious problems for the
static testing of rocket engines. The difficulty of traneperting
these large engines froem the plave of manufacture will }oqulro that
statio test cites be built elome to large centers of po;nlatinno
The aseustic environment of such a sitaation would be intelerable
if measures wore not taken to modify the teat site. There modi-
ficatiens should ronglt in a ohange in directivity of the acoustie

field and a reduction in the acouatic pewver at the source.

The present test was intended to be exploratery in nature and
to indicate whether the direot injection of water inte a flame

bucket would be sn efficient and practical means of noise reduction.
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DSSCRIPTION OF TEST PROGRAM

The medel rocket engines used im thias test had an exit diameter
of 1.8 inches, The weight flew of prep2llants per engine was 0.78
peunds per seeond, and the jet atream jower was approximately
3.4 x 10% vatse (Reference 1). Tvs engine operation vas used at all
times during the test,

The flame bucket vas designed and develeped by the Thermedynawics
Laberatery of General Dymamics/Convair (Referemee 2). A sketeh of
the flame bucket is showa in Pigure 1. The vater injection system
was designed to simulate gravity flow over a set of feur weirs,
Figure 2 shows an sverall viev of the test site during a typieal rum.
The mierophones were ecovorod with thin plastie blkl to protect them
ageinet vater damage when not used for data taking. This phote
shows the lecation of mierophene mumber 3 and vill serve to show the
slutter ef hard surface reflectors that caused the soattering of
data for this microphene lecatien. A large metal box was construoted
to aet as a water reservoir, and the water flew rate wes then varied

by changing the ntatie head above the weir, Figure 3 shows a test

. engineer preparing to oalibrate the wator flow rate. Vster flow-raste

raties of 1.0, 1.5, 2.0, 3.0, 3.33, 6.0, and 6.0 were testod as
well as the dry conditien. Preo field measurements wvere also taken
to find the e¢ffects of the flare ducket on both the aear and far
field attenuation.
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ACOU. RAS ENTS

A bloek diagran of the acoustical instrumentation im shown inm
Figure 4a. A sketeh of the microphone losations appears eas Figure 8.
A photograph of the test equipument installation appears as Figure 6.
A basic uicrophone, pre-amplifier and pewver supply is repeated fer
each channel. The Alteo condenser micrephones vwere laboratory cal-
ibrated prior te the test using a Western Electric 640 AA wicrophene
as a reference standard. The General Radio pertable calibrator was
used both before and after each duy ef testing in the field.

The tape ropﬁrdor output was fed through the analysis system
shown in Figure 4b. Elestronioc calibratisn signals placed ontc the
teape at the tiwe of data recording wera fed through ths analysis
system and used as reference levels. All sound pressure levels*®
(SPL's) are well within the linear range ef the miocrophones. The
Aupex model 601-2 tape recorder i{s & two-channael machine. Because
run times were limited teo 10 to 156 seconds, the test conditions had
to be repeated three times to gather data frow all wmicrophones.
Initial tests showed the duta to be repeatable ge within 4 1 db se
this method of dAata collection is believed to yield consistent

resul ts.

* Sound pressure level (SPL) im decibels is equal to 20 leg P
vhere P is the rme sound pressure being weasured and P, Pe

is the reference pressure of 0.0002 dyna/ola.
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Visual observation of the wéter epray pattern vhen the flame
buocket was in operation imdicated that it would net be poeeible
to place the wicrophenes in all neceasary locatione te probe the

asouetic field and determine the aecustic power. Microphone number 1

was moeved to an alternate location during thie aseries of firings to
prevent any pesnibility of damage from water blast, PFigures 7 and 8
were taken in sequemce during the operatien of the flame bucket.
Figure 7 vas taken juet before the gatee were pulled with th: flame
bucket operating dry. Cempare the relatively atable surface of the
water roservoir im this figure with the¢ highly turbulent eurface as
shown in Pigure 8 after the gates were pulled. It zppeare that the
water and rocket exhauet were wmixing in the area of the weir. This
uixicg precess is vather unsteady and might ascount for the turbulence.
Apparently the high velooity efflux Zrom the flame bucket caused

wvater to be aspirated from the water reeervoir,

Analyeis of the date from microphone number 3 showed a con-
siderable amount of scatter. This microphone was then tested and
fornd to de in good working order. Thie ecatter is believed to be
a reeult of poor field conditions since there were many poesible
acaustic reflectors located near the microphones as previously
mentioned. Microphone number 3 was koept as a epare, and the data

= will not be presented in this report, =

Although no direct compariaons of total power reductione are
poseible, the preeent results should give indicdtione of the pn-
tential: offe¢_ud dy direot water injoction into the flame bucket.
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DISCUSSIO TEST R

A recent paper by Cole, Zngland and Powell (Reference 3)
isousses tho effact ef varieus exhaust blast deflectors on the
accustie characteristics of & small rocket engine. They ebserved =~
that although the use of flame deflectors lowered the acoustie power
in the far field, higher sound pressure levels were ohserved in the
near field closo to the rocket. This would be explained by a change
in location of the effective sound source and the new acoustic field

cauged by the altered flow pattern,

Figure 9 has been taken from Relerence 3 and is included te
indicate the expeated reduction in acoustio power threugh the use
of thie type of fiawe deflector. A comparisonL of results fer both
free-field and dry flame bucket configurations is shewn in Pigure 10,
Miorophene number 2 is well within the near field sf the rocket
engine and shows the marked dependence of SPL en distance in that
regime. All of the spactra presented in this figure display a
sarked peak in the 1200-2400 ops band. This is in good agreemcnt
with the generalised d: ta presented in Reference 4 vhuyn the frequenoy
is presented in non-dimensienal form as a Strouhal number. The Strewhal

number = !- 4 ¢ vhere !n ifs the mean geemetric frequenecy ef
v
a particular cetave band, d is the rocket exit diameter in feet, and

U the rocket exhaust mean velocity in feet/second.

Pigures 11 te 15 present octave bahd SPlL's for all field le-
cations where ;ooa data was obtained. PFigure lla shewe that re-
ductions im the order of 12 db in the near field are possible with
e wvater flev-rate ratio ef eonly 2.0/1. It ie interesting to notae
that increasing the water flew-rate ratie to 6.56/1 did not yield
any further noise reductions in this ecvtave band. A similar trend

is seen for microphone number § (radial distance 40 feet) although
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the optimum water flow-rate ratio fer thia ectave band has shifted

te 3.33/1 (8ee Pigure 14b). Nete that for sonditions in the far field,
&t least, inereasing the water flew paat the optisum condition resnlted
ia an i-crease in SPL. This effect was more noticeable in the 1200-
2400 ops band vhere peaking in the date was observed before. This

same inforwation is presented in another farm in Pigure 16 to 20

vhere 8PL's from varieue microphene locations are plotted as a

function of water flew-rate ratio. Both oberall and octave bdand

data are presented.

A series of clese-up photographas of flame bucket performance
wvas taken during the test and are presented in Figures 21 through
24. These phetegraphs shov dry operation and water flewa of 1.0/1,
2.0/1 and 2.0/1, re pectively. These uame olose-up scenes may be
seen in a short filw meas of theme tests (Refereace 8). *

Pigure 28 will serve as the first of a set of 3 summary plots.
Overall sound prescure levels are plottgd as a funotior of water

floverate rotio for midrophenea 1, 2, 4 and 5. Thias figure ahows

that different water flov rates will prove cptimum for various - ==

distances under csnsideration. This same .nformation ie presented

in Pigure 26 pletted as a funciion of radial distance frem the flame
bucket. Nete that doubling the diatance from the microphone resulted
ia a 6 db drop ef sound pressure level. This wonld be indicative of
far field locatiens. Micrephene number 2 (at a distance of 6 fest
from the flame bucket exhaust) and microphone number 3 (at a dintance
of 40 feet) were located en the same r:y from the flame bucket.
Mic-ephone number 4 was lecated well below its ideal lecation (if it
were to be on this same ray) and the dste reflects the non-uniform

acoustic field.

Pigure 27 shews the sound pressure level relative to dry operation

fer a number of different vater flows. This information is presented
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as a funotion of the dimensionless frequemoy parametors (Strouhal
number). Data from large rocket engines (Reference 4) shovw a peak
in the sound prescure level spectrum for Strouhal numbers of 0.02
to 0.04, PFigure 27 indicates a reduction of approximately 10 dd

in the noiss level for this range of frequencies.

Ths basic theory of Lighthill (References 8 and 7) predicts the

sound power of turhulent jets to vary as

Pa 93"41\)8

S Co
Sﬁ = mean density of the jet
SL- mean denaity of free stream
d = diameter af the nossle
\J = mean vels2city of the jet
(o= mean specd of sound in the free ctrean

This theoratical result does not account for high speed flows where

the turdulent jet becomes supersonie.

Data presentad by Povell (Reference 8) indicates that the
expenent of veloecity is reduced from a value of 8 for lov speed:
flow te a value of 3 for gupersonic speeds. The pressure amplitude
in the near field ef rocket exhanat becomes great enough to cause

non-linear ¢ffects theredby invalidating the classical acoustie theory.

Experimental data indicates that the efficiency of noise pro-
duction of a turbulent jet varies as the fifth power of the jet Mach
nu-borvU/e.. However, thia relation could not be expected to hold
for large scale rocket engines, for at a NMach number of six, all of

the kinetie energy of the jet would be converted into acoustic energy.
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Yhe data indicatas that this sfficiency approaches a valus of 1% of
the mechamiocal power of the jst for large engines. A complste the-
oretical explanation of thease eumpirical observations is not available
at this time. However, it might be pesxsible to make ueveral obser-
vati~ns absut the experiment being raperted upen in this report.
I

The reduction in noise level dus to direot injection of water
fnte the flame bucket may be examined in relation to changes in the
properiies of the flow. A t-ansfer of thermal ensrgy between the
exhaust gases and ths water streas causes steam to be generated with
the ~esultant lowering of the gas temperature and ochange in denaity
of the exhaust stream. Turbulent mixing will occur betwoen the gas
stream and the water whioh in turn lowers the jes velooity considerably.
The flawe bducket acts as a diffuser which in tura lovers the exit
velooity of the stweam. Fowever, this tends to inorease the offective

oxit area of the jet stream.

There alseo is the pessibdbilitsy eof a spectral change in the rooket
noise as a fumotion of wvater flew., This would arise from the change
in effeotive jet velooity and its effect on the noise generating
wechaniomn. Previeus experiments (Refsrenmce 9) indicate ths speetira
te be flatter for lower spseds. Octavs band data presented in this
report is not adequate to determine whether swuoh a shange took placs.
Additional narrov-band data reductien would be required to deteruins

the pcak frequemsy prasent in the sound spesotrum.

Density and temperature effects on the efficiency of jet nmoise
production are still in question, References 7, 9, and 11 indieate
that these effeots are small when ocompared to the turbulent pressurs
fluotuations of the jet mixing procesa. Lighthill (Reference 6)
shews, hevever, that a maximus value of 6 db might be axpected for
very hot jets. This result is a theoretical one im which the effects

of both tnnp.rnturo‘and dsnsity wsriation are related to the
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adiabatie pressure change. The hot gas temneraturs is reflacted in
& local mean velocity of sound. This increased noise ehould eccur
in the higher octave bands. Lighthill notee that the combuction
process itself should not be nverlooked as a contributor te the

total noiee of the rocket engine.

The reaeon for an optimum water flowv-rate ratio for far field
noise redunction ie not elearly undereteod at this time. The use eof
a gravity head in the water ruservoir would indieate that a finite
mixing rate would occur betwveen the rocket exhaust and the coeling
water. It might be possibie that when the water flew rate exceeded
thie optimum value, the mixing procees was not allowed to proceed
to completion and excessive turbulenee occurred at the weir. This
turbulence is an additione! noise source in itself. The increased
reservoir head and water flow in the flame bucket oould act as an
acoustioc reflector, thus caueing higher near-fisld scund pressure
levels in the higher frequencies and result in poreible combustion

instability of the rocket engiues.

As a fina! oheeck on the flame bucket performance, the engines
were started while the bucket wae completely flooded. Thie wus
done to simulate failure of the weir system. The bucket cleared
itaelf cof excess water, and normal operation wae then: observed. There
vere no acoustic measurements taken, hovever, because the vater spray
pattern waa unknewn and damage to the microphonee was feared if

left uncovered.
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ONCLUS]O OMM 0

This test was exploratory in nature and was done to determine
whether realistic reductions in neise levels would be achieved by
direct water injeection with the flame bucket. The results obtained
shev promise for both near and far field noise reducticn. The flame
buoket performed well during the entire series of testa. The gates
operated smoethly and no hot-spots were chbserved en the bucket after
any of the tests.

The explanation of an optimum water flow-rate ratio for far field
noise reduction ia not possible at this time. The mechanism of noise

reduetion is cemplex and can only be dencribed by experimental results.

It 1ia recommended that these studies he extended to previde
additional information necessary for construction of full-soale flecme
buckets. Further data reductien wiil de required on data taken during
the preaent series of teagta to determine the extent of any shift in

noise specirum as a functien of water flow-rate ratio.

The water reservoir should be enlarged and the weir system re-
designed. The present configuration . allows excess water to be
aspirated inte the flame bucket during the run which causes the water
level to drop in the reservoir. Thie in turn causes a drop in water

flew-rate ratio during the run.

The acoustic field should be probed to determine the acoustie

pover of the recket engine-flame buoket scombination.
Additional large-scale tests are nacessary to test the validity

of Strouhal type ssaling laws for rncket noise. Lighthill (Reference 7)

observed that the additional noise due to high temper.ture flow ocours

10
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in the higher frequencies. The present tests showed that the noise
due to the turbulent jet ococurred in the same octave band. It is
possible that larger secle engines might shov a broader band type of
noine reduction since the frequencies of the turbulent flov noise

would appear in a lower octave band.

Far field noise reduction studies are concerned with energy
present in the lower oetavo bauds (20-756, 76-150 and 18G-300 vps).
Data gathered in this teat indicate the greatest potential to ocour
in this range ef frequencies for the large scals 200ster roockets
currently being designed. liowever, a word of caution is suggested
in veing a simple Streuhal type of socaling law to extrapolate data
uatil further investigated. .

11
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Flame Bucket Operating Dry
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FIGUNE 8 Flame Bucket Operating with Water Flow
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