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ABSTRACT

The experimental engine cold flow (XECF) tests were conducted in April
1968 in Engine Test Stand Mo. 1 (ETS-1) at the Nuclear Rocket Development
Scation (NERDS) in Bevada. Poettest inspection of ETS-1 showed evidence
of damage that was csused by acoustic forces. Because the duct effluent from
XECF tests had relatively low kioetic emergy, it was apparent that the jet
noise anticipatad during later high-power engine tests could reach destructive
levels.

To determine the magnitude and extent of the noise field resulting from
ground tests of the rocket engine, Aerojet-General Corporation began a compre-
hensive investigatiom to identify the factors necessary to define the acoustics.
The investigation was divided into four steps: (1) analytical predictions of
che acoustic emviromment, (2) scale-model tests to clarify the empirical
factors required for analysis, (3) improvement of the facility components as
required, and (4) acoustic measurements of the sound pressures during power
tests (up to and including the full-power test and comparison of measured
data with predictions). This report describes the fourth step in detail and
susmarizes the entire investigation. The experimental informatiomn, theoretical
results, and full-scale test data are expected to be of value to other investi-

gators in the field of acoustics.

The ground-test facility for the nuclear rocket requires an engine test
compartment (ETC) that will enclose the engine and a nuclesr exhaust system
(MES) to couvey the heated hydrogen propellant (primary fluid) sway from the
engine and ETS-1. Typically, the ETC is purged with a small amount of nifrogen
gas. Further purging and a lov noszie back pressure are provided by introduc-
ing a large flow of high-temperature steam (secondary fluid) into the NES.

The resulting mixture of gases burus along the surface of the plume at a rate
that is coatrollad by the diffusion of ambient oxygen into the hydrogen-rich

Jeot.

iv

The results of 16 tests are reported. The gases used were principally

hydrogen, steam, and nitrogen. Mixtures of these gases, at various velocities
and temperatures, were expelled from the duct that terminated in a 45-degree
elbow to give an upward direction to the gas jet. Four external sound-
measuring microphones were used in the study; one was in the far field 400 ft
from the source, and three were in the near field at critical points on the
sheet metal portion of ETS-1. All acoustic data were processed for spectral
evaluation. There is a low frequency contribution that appears to result from
the combustion process. Jet conversion efficiency, limits of combustion, and
frequency-spectra results are reported. Oscillatory combustion was considered
possible, but no evidence of its occurrence was obtained. The spectral shape
is similar to the jet-noise spectra for rockets and turbojet engines as
reported in published literature.

The measured-sound pressure levels for the duct-vault inerting wall and
the weather doors at ETS-]1 agree quite well with the calculated values; the
actual levels are about 1 db lower than those that were prediccad. The tabu-
lated results of the measurements, a sketch of the duct model and test stand,
a photograph of the exhaust plume, schematics of the data-processing system,
spectral-density profiles, and the relation of sound to mechanical power are
included. Also included is a suggested method of analysis when a substantial
combustion contribution is expected. Statistical analysis of the acoustic
power shows that the variation in acoustic efficiency is reduced if a thermal-
mechanical theoretical model is utilized rather than the conventional
theoretical model of a noise-radiating jet.
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INTRODUCTION

Testing of the experimental cold flow engine (XECF) in ETS-1 resulted
in slight damage to the corrugated aluminum sheet metal of the duct-vault
inerting wall. Screws that hold the sheet metal to the frame had backed out
in some places while in other locations the sheet metal had torn loose around
the screws. This damage, though slight, occurred at sound pressure levels,
flow rates, and gas temperatures that were substantially less than those
anticipated for full-power engine testing. Various causes for the damage were
suggested: jet noise, combustion overpressures, heat radiationm, and static
pressure differentials. A comprehensive investigation of the damaged areas
indicated that sound pressure waves generated by the duct effluent with the
unsteady combustion of the duct effluent hydrogen during certain portions of
the test were primarily responsible for the damage. A photograph of the wall
was taken after this test series and is shown in Figure 1.

To determine the extent of the noise field resulting from the testing
of a nuclear rocket engine, Aerojet-General Corporation in July 1968 began an
extensive program to identify the factors necessary to define the acoustics
by using scale-model experiments and taking acoustic measurements during tests
of the nuclear rocket engine while it is operating at various reactor power
levels. This report describes the results of the full-scale power tests,
including the full-power run conducted in ETS-1 on June 11, 1969. The results
of the scale-model tests were previously ducribcd(l)..

During consultations with SNPO and a group experienced in acoustic
problems (Paul S. Veneklasen and Associates, LASL, and Marshall Space Flight
Center) an approach was formulated to set the objectives for the investigation

and these are:

“Numbers in parentheses refer to references
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Figure 1 - Original ETS-1 Inerting Wall and NES Duct
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1. Define the acoustic field near the duct.
Z. ILdentify ,roblem areas in ETS-1 during partial-power runs.

3. Modify thz theoretical model and state-of-the-art methods if
necessary.

4. Identify and investigate evidence of oscillatory combustion.

A survey of related experience applicable to this problem was conducted.
The acoustic field for a nuclear-rocket nozzle exhausting directly to the
atmosphere (KIWI B) was studied by Manhart et -1-(2): in this case the high-
temperature exhaust gares from the nozzle were directed vertically upwards with
an exit velocity of 5000 to 20,000 ft/sec. The wass-flow rate (helium and
hydrogen) varied from 35 to 85 1b/sec. However, the NES duct cools and dilutes
the nozzle hydrogen with steam and discharges it to the atmosphere with a flow
direction approximatesly 40° to the horizomtal and with a velocity that varies
from 200 to 6000 ft/sec. The two nuclear-exhaust systems are thus basically
dissimilar.

Acoustic data on subsonic jets, with and without combustion, have been
compiled by x.mmuu(”. and Washburn and Feutemcher“). However, the jets
involved were wuch smaller than the NES duct and combustion was either stable
or noo-existent. Mayes and l.lnfotd(s) and Ovetton“) compiled data on the
noise produced by rocket engines firing at thrust levels from 1000 to
1,000,000 1b. Crande!”) considered the effect of directivity o scaling hot
and cold jets as well as the characteristics of the noise specira and the total
acoustic power. A comprehensive summary of directivity functions for subsonic
jets (air and turbolet exhsust), as well as supersonic jets, was compiled by
Ham(”. Study or the cited and other available references, however, indi-
cates a lack of information on the pirameters that are important to the
determination of \ne pressures on the test stand such as the effect of mixing
steam and hydrogen, velocity distribution in the exit plane, and limits of
combustion stabilfty; further, data from different sources disagree by as much
as 10 db. The data obtained during this investigation are thus unique in a
nuzber of ways. These include the flow-jet angle, variations in the effluent-
sas-mixture ratio, and the near-field environment.

As a result of the studies and analyses performed prior to power tests
in ETS-1, a theorecical model was developed, acoustic and structural studies
were completed, and a structu-ally improved wall was designed and installed.
A photograph of this wall is shown in Figure 2.
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Figure 2 - New ETS-1 Inerting Wall and NES Duct

T ———

. n”‘lt‘

Sy

II. DESCRIPTION OF TEST FACILITIES

A, DUCT

The NES duct at NRDS consists of a supersonic diffuser, 90° subsonic
turning elbow, steam ejector, mixing section, and a 45° discharge elbow as shown
in Figure 3. The stand is equipped with transducers to measure engine, steam-
ejector, control, safety, and environmental parameters. Measurements of the
gas and steam flow rates, pressures, and temperatures are performed at eight
locations inthe facility and four in the ETC. These measurements are neces-

sary to identify the duct-exit gas conditions.

B. GAS SUPPLY

Hydrogen gas in the duct is provided by the engine at flow rates
to 80 lb/sec. Steam (the ejector fluid) is provided from combustion of oxygen
and propane further quenched with water. The term steam is used herein to
conform to staniard practice, but the fluid is not entirely steam, having a
molecular weight of about 19 1b/1b mol. The upper temperature limit of hydrogen
in the engine is 4100°R, and that of the steam generator products is 1660°R

The engine and facility control consoles are located in a block-
house adjacent to ETS-1. Flow rates and all other parameters are controlled

through these consoles.
C.  MICROPHONE SYSTEM, CALIBRATIONS AND TAPE RECORDERS

Four Kaman Nuclear Ni)del KM1800-1 microphones were used in the
study. Three, designated near field, were positioned at location numbers 113,
115, and 116 as shown in Figure 4. One, designated far field, was positioned
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at location number 114. All four contained identical transducers, which could
measure static acd dynamic pressures from 88 to 180 db 2" 0.0002 dyne/sq cm at
frequencies from 9 to 20,000 Hz. An isometric sketch of the facility is shown
in Figure 5. Freasplifiers were provided becauvss of the long cables required.
All microph were pported by rubber shock-absorbing mountings to insure

isolation from the support. A typical microphone is shown in Figure 6.

The sound pressure signals were smmplified on facilitv amplifiers

and recorded on magnetic tspe. A schematic of the data system is shown in

Figure 7. The final data playback was performed after the test om a Bruel and
Kjser system for presentatiom either as overall or‘octne-bmd sound pressure

or in terms of frequency-spectrum pressure levels.

The tape playback umit was & Honeywell 7600. The signal from the
tape vas processed on a Bruel and Kjser 221 Spectrometer; a true RMS Level
Voltage Recorder was utilized for the overall sound pressure-level studies.
For calibratiom, electrical and sound-wave signals were available. Electrical
calibration wvas rejected as a primary calibrotion source for the microphones
because of the inability to calibrate the most questicoa le component in the
systea, the microphone {tself. A Ceneral Radio Sound Level Calibrator, Type
1562-A, wvas selected for the sound source as a calibration standard.

S —————————
*The decibel is a dimensiocnless uait used to express a logarithmic ratio between

« measured quantity and a refereace quantity. For example, sound pressure
rvel (SPL) in decibels = 20 log (P}/P;) where P; = measured rms pressure in
aynes/cal and Po = reference pressure of 0.0002 dynes/cmZ. This is conveni-
ently writtea as SPL, db xe 0.0002 dynes /ca?.
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IIT. SCOPE OF DATA OBTAINED

A. EXPERIMENTAL PROCEDURE

The XE tests for which acoustic data were analyzed had the following

objectives:
fest No. EP-2A - Transient-flow bootstrap tests
Test No. EP-3 - Steady-flow interme<‘ate power
Test No. EP-5C - Steady-flow full power
Test No. EP-6A - Transient-flow sta. .up tests
Test No. EP-9A - Steady-flow high—lsp tests
The complete range of test variables is:
Engine Gas
Species Hydrogen
Flow Rate, 1b/sec 0 to 80
Temperature, °R to 4100°R
Ejector Gas
Species Fostly steam
Flow Rate, 1lbL/sec 120 to 160
Temperature, °R 540 to 1600
Duct Geometry
Exit diameter, ft 4.33
Exit Angle, degrees 45

A more complete listing of the

condirions is given in Table 1.

13

tests conducted and the flow

Date

3/20
3/20
3/20
3/2v

4/16
4/15
4/16
4/16

6/11
6/11
6/11
6/11

7/10
7/10

8/28
8/28

Test

w w w w

5C
5C
5C

6A
6A

ey _y - » bty Lab L M
TABLE 1
RUN CONDITIONS POR XE TESTS AT ETS-1
Sound Level Measurements on Test Stand
Engine Gas _ Steam
Time Temp Flow Temp Flow Diluent
sec. ‘R__ pps °R ppe Gases

29270 500 0 1100 138 N2
49350 500 0 1150 137 N,
49450 1280 16 1200 137 '2
49478 1350 21 1200 137 H2
54625 530 « 1330 134 N2
54900 3050 38 1360 134 N,
54990 2350 33 1360 134 N2
55250 1050 2 1390 133 “2
38500 540 3 1350 139 NZ
38800 2380 44 1360 140 N,
38930 4100 71 1360 142 N2
39200 1960 29 1340 142 NZ
44320 500 0 1280 155

44520 1700 24 1290 158

59200 200 0 1350 132

59810 3990 38 1370 135

14




Prior to tests, the microphones were returned to the factory for

a complete re-calibration from 0 to 10,000 Hz and 60 to 180 db frequency range TABLE 2
and sound sressure level. Prior to each test, the test-operation procedure CALIBRATION HISTORY OF ACOUSTIC INSTRUMENTS

required a pretest calibration from 100 to 160 db at 1000 Hz for each microphone.

Calibration
However, lateness of the hour or equipment demands sometimes forced deviations Frequency Range
from this procedure. Calibration history is presented in Table 2. This Test Date Microphone Positions* Hz db
procedure was restricted to the sound-pressure measurements as other instruments

2A 3/19 113, 114, 115, 116 1000 110 to 160

are inherently more reliable and are calibrated by facility personnel on a
periodic basis. Because the validity of the test results is limited not only 3 4/15 113, 114, 115, 116 1000 110 to 160
by the microphones, but also to their associated amplifiers, pre-amplifiers, tape t’; 5C 6/10 113, 116 1000 130 to 160 |
recorders, and cable, special attention was directed to the secondary components. ‘
4 1000 120 to 140

The overall response of rhe system was determined by experiment to be quite flat ag 6/30 114, 115

from 1 to 20K Hz for all microphones. The data shown in Table 3, indicates that 6A 7/9 113, 116 1000 120 to 150
the microphones limit the systea response. 6A 7/9 114, 115 1n00 100 to 130

B. METHOD OF CALCULATION OF FLOW PARAMETERS
* The results of the tests and the conclusions drawn are based on
the gas flow conditions at the duct exit and the resulting sound pressure levels;
however, only the sound pressure levels were directly measured. The other
quantities are calculated from measured pressures, temperatures, etc. To
enable other investigators to make use of the data independently at some later
date, a summary of the method of calculation of the gas-mass flow rate, jet-
mechanical power, and gas-effluent exit velocity {s described fully in Appendix

A(U. A summary of duct exi{t conditions so calculated is presented in Table 4.

C. METHOD OF CALCULATION OF ACOUSTIC EFFICIENCIES

Sound pressure levels were measured using microphones, and jet

powers were calculated as given by the formulas in Appendix B“). The expres-

sion for the mechanical-to-total acoustic power conversion efficiency was

obtained from the measured-sound pressure level*, the calculated jet mechanical

*Botk far and near fleld values were utilized in the calculation of acoustic
power and acoustic efficiencies.
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power, the measured distance, and the calculated directivity index. It was
then assumed that the measured acoustic power equals the sum of the acoustic
power due to jet-gas mechanical power and the jet-gas thermal power due to
combustion. The thermal-to-acoustic power conversion efficiency was obtained
from the calculated jet mechanical power, jet thermal power, total acoustic
power conversion efficiency, and assumed mechanical-to-acoustic power con-

version efficiency. The procedure is described below:
L: Nomenclature

OAPW = overall acoustic power, watt.

WMIET = duct exit gas (jet) mechanical power, watts
(defined in Appendix A(l)).

n = mechanical-to-total-acoustic power conversion

efficiency*.
nTH = thermal-to-acoustic power conversion efficiency.
WTHJET = jet thermal power, watts (defined in Appendix A(l)).

nM = mechanical-to-acoustic power conversion efficiency.

25 Analysis

One ideal model of the acoustic process, the mechanical model,
is applicable to all jets. This visualizes all acoustic power as emanating
from component power terms that are themselves proportional to the jet mechanical

power; therefore, by this model (in FORTRAN notation),
OAPW = n % WMJET (1)
This equatior can also be used as the definition of the acoustic

conversion efficiency.

—————
*For brevity ani to conform to standard practice this parameter i{s called the
acoustic conversinn efficiency in this report.

19
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Another ideal model of the acoustic process, the thermal-
mechanical model, is applicable only to burning jets. This visualizes all
acoustic power as emanating from two component power terms and is calculable
as the sum of each taken separately. These component terms are each assumed
proportional to the jet mechanical power and the jet thermal power. By this

model,
OAPW = nTH * WTHJET + nM * WMJET (2)

Equatious (1) and (2) are combined to show the relationship

between the three efficiencies.
n = nTH * WTHJET/WMJET + nM (3)

Equation (3) shows that if the jet power terms or their ratio
and the thermal efficiency are constant, a change in the mechanical-to-acousti
power conversion efficiency produces a corresponding change in the total

acoustic power conversion efficiency.
3. Discussion

Equatior (1) is obtained from the application of acoustic
principles to the first model described and equation (2) similarly Js obtained
from the second model. From a sciertific viewpoint the second model appears
to offer the best approach, that is, the two component efficiencies should be
closer to constant values for a given change in gas mixture ratio than is the

total acoustic efficiency.
D. ACOUSTIC SPECTRAL DISTRIBUT W

For each test, one reel of tape was used to record ail pre and
post calibrations as well as the data signals. Calibration provided a means

of determining the amplitude and frequency response of each data-analysis

20




channel. Comparison of the pre and post calibration signal gave assurance

that the sensitivity of each channel did not change during the test.

Overall acoustic efficiency was determined as described above,
assuming a value for the directivity index. Figure 4 shows that not enough
microphones were available to reliably determine sound power levels without
prior “nowledge of directivity index. Spectral distribution was determined
from octave-band plots using the Bruel and Kjaer Graphic Level Recorder
L“ype 2305.

E. EXHAUST VELOCITY

The exhaust velocity was calculated from an approximate one-
dimensional model using the area normal to the duct centerline as the flow
area and assuming the duct effluent to be perfectly mixed at the exit plane.
Mixing is an important consideration as the duct downstream of the steam-
ejector nozzles consisted of a straight mixing section only 5 diameters in
length, followed by a 45-degree elbow. The Jet direction was always assumed
to be 38 degrees with the horizontal. This angle was determined from photo-
graphs of the plume from many previous model tests, taken when the exit Mach
number was near unity. The actual situation 1is probably more complicated
than this approximate model: the exit velocity profile is skewed and the
flow area is reduced by the rotation in the elbow.

Lol il S b B bl 0, o Y
o " TR Smatn b A 88 AR ST S O RO v ..

1v. EXPERIMENTAL PROCEDURE

Gaseous hydrogen, steam, and miscellaneous other gases in trace amounts
over a wide range of mixtures were expelled at large kinetic energies. Because
of the difficulty of obtaining exactly the predicted exit velocity for any
given test, i.e., the gas flow and temperature could not be regulated exactly,
the microphone system ranges were selected for each test on the basis of both

experience and theoretical calculations.

The XE tests were conducted both at night and during the day. If the
test could not be completed during daylight it was completed during the aight.
Motion pictures and still photographs were taken. Figure 8 shows a photograph
of the exhaust plume at a time when the plume composition was 1002 steam. For
convenience the arrowhead shown in the photograph is abtout 10C ft away from
ETS-1.

The method of determining the mechanical - thermal-to-acoustir power
conversion efficiencies for burning jets used in this investigation was to
consider the sound pressure spectrum as composed of a typical nonburning gas
jet component plus an additional contribution in the lower frequencies causea
by combustion. Because the portion ascribed to jet noise and the mecharical
power was known, the mechanical-to-acoustic power conversion efficiency was
determined for a number of tests and then averaged. This average was then
assumed fixed for all tests, and equation (2) was solved to obtain the

thermal-to-acoustic power conversion efficiency.

The test data could also be utilized to obtain new correlations for
both acoustic efficiency and directivity index. This investigatiom would,
however, involve time consuming trial-and-error cross-correlation studies
because of the limited number of microphones and the sensitivity of the resuits

to an assumed dir-riivity index.

22
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Figure 8 - Burning Exhaust Plume from the NES Duct

A. MICROPHONE LOCATIONS

The locations of the microphones are summarized below:

MICROPHONE LOCATIONS

Coordinates
Microphone X Y z Distance** *%% Apglertax
Number Location* ft ft ft ft Degree
113 N 0 0 25.5 23,1 48.5
114 F 283, 283. 60.5 386.3 128
115 N =-23.3 0 125. 115.7 97
116 N 0 13.5 6.1 32.2 40,4
* M denutes near field. F denotes far field.
L Measured from the microphone to the calculated center of sound.

L Center of sound location estimated for duct-exit conditions of Test 5C,
Table 1, CRT 38930 sec.

#xx%k Measured from the forward end of a fictitious rocket having the same
cxhaust-jet direction.

A complete derivation of the equations and a list of the assump-

tions is included in Appendix B(l).

B. CONTRIBUTION OF HYDROGEN COMBUSTION TO THE SOUND PRESSURE

Tests with steam only, and with steam and varying quantities of
hot or cold hydrogen were conducted to permit an indirect calculation of the
contributions of hydrogen combustion to the overall noise. The conclusions of
previous investigations have varied on the significance of this contribution;
this is caused by the fact that all the important parameters for burning
noise are not measured or calculated in a typical rocket firing. It wouid

be expected that the Froude number, the heat of combustion of the fuel,
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extent of dilution with non-combustibles (§ o,, the mol fraction of inert

gases), and the duct-exit Mach number are che important parameters.

The combustion contribution was determined by extrapolation of
nonburning sound pressure levels from these and other relevant tests and com-
parison with sound pressure levels when there was combustion at the same
mechanical power levels. Figure 8 illustrates the relative scale of the
plume and duct size. This photograph was taken several years ago of a steam-
only jet to study the duct performance. The June meteorological data for the

run days are included in Table 5.

Prior to testing, the sound recording equipment was calibrated as
described whereas the gas flow, pressure and temperature measuring equipment
were calibrated with a series of electrical calibrations at 20, 40, 60, and
80 percent of full scale. Cameras were operated for a few seconds to deter-
mine if the film transport mechanisms were operating as required. Following

each test all calibrations were repeated, if time permitted.

Each test was initiated bty a pre-operational phase during which
data systems, communications, valves, emergency systems, etc, were checked.
The steam generators were then started and the engine tests followed. The NES
was then shutdown and emergency systems secured. Calibration of the data sys-

tem followed each test. Instrument ranges are presenced in Table 3,
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TABLE 5 (continued)

- Local Climatological Data
V. RESULTS OF DATA ANALYSIS

OBSERVATIONS AT VHOUR INTERVALS
i ) £t O (i ) The recorded data were of necessity not in final form. For example, gas

pressure was recorded on magnetic tapes and oscillographs as percent of full

> y ‘ ., : :: fs scale, and sound pressure was recorded on magnetic tape. These raw data were
;' : i : §§ : :; -f;‘ reduced to meaningful engiicering units after each test. The following param—
N A sae.3 ‘ o : ’: ' eters were calculated: gas flow rate, molecular weight, temperature, veiocity
:. " l , , ”éﬂ : and Mach number, sound pressure and frequency, and heat radiation from the
‘ Pl ; : § g‘; ?; plume, by using the » thods described in Appendices of Reference (1).

el

A. FLOW PARAMETERS

The flow parameters that were determined for each test, or at

i ia 00 13
- R
3 . : ,Ei: selected times during a given test when the test involved a flow ramp, are
s R
2 " TiAn given above (see also Tables 1 and 4).
. ~ s T " mesy " bl L St
. -~ - bed ’ 1L
- . 3 ous i
Haeaan o " [
HET= " be ¥ s B. ACOUSTIC EFFICIENCY
HimRh - “ s hen
sae
:E 5 r : ;E“;: One generally accepted method of predicting sound pressure levels
I~ B HER RN
H éﬁ wo i ) ES for jets is to determine the jet mechanical power, estimate the acoustic power—
HERE A E HEH~3H

conversion efficiency, and then calculate the so.ind pressure level. This
method is successful because the efficiency changes less rhan any of the other

jet parameters. The theoretical model that s the basis for this method is

ERERRR NN 22332 1)

designated herein as the mechanical model. It has the disadvantage in that it

ignores the contribution of burning to the noise. Another method, which is

21327

more complex, is to determine the jet mechanical and thermal pover, estimate

the mechanical and thermal power-conversion efficiency aad then calculate the

e

sound pressure level, The corresponding designation is "Thermal mechanical

1,
1233333)

model."

2

The data obtained in these tests have been evaluated by calculating

TR ENT]

the jet mechanical power, overall acoustic power level, acoustic power-

conversion efficiency, jet thermal power, and mechanical and thermal

Pratiom o0) (0Ee1 Sase
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power-conversion efficiencies. The

results of this analysis are listed below.

All test times were selected from runs when _.e flow of hydrogsen gas was sig-

nificant, i.e., the plume shape and

controlled.

The acoustic conversion

velocity were momentum rather than buoyancy

efficiencies were calculated from the

®easured-sound pressure levels for all scale-model and XE tests. The results

of the analvsis for tvpical cases of both test series are shown. below:

ACOLSTIC CONVERSION EFFICIENCIES, SELECTED SCALE-MODEL TESTS

Test No., A2 A2 AS
Microphone(s) 5 All 5
Time, sec 10 10 9

WMJET, megawatts 2.03 2,03 2,
OAPW, ¥ilowatts 8.12 11.17 10

A5 Ab Ab Al7 Al7
All All All All All
9 67 92 92 108

79 2.79 1.204 1,204 0.640 0.207
.32 9,49 4.70 5.54 2.94 .869

OAPWL, db re 10717 1593 170.8 170.2 159.7 166.6 167.4 164.7 169.4
- R ZaLs 0.40  0.58 0.37 0.34 0.39  0.46  0.46  0.42
M,z 0.20 0.20 0.20 0.20 0.20 0.20 0.20  0.20
“TH, % .0023 0048 0027 0022 .0017 .0031  .0024  .0013

The average value of
standard deviation of 0.074%. Simi

standard deviation are 0.0023 and 0

n for all scale-model tests is 0.43% with a

larly, the average value of nTH and its

.N00997%, respectively. A constant value of

0.20% for -M was assumed for all scale-model tests based on the data of

e s .

ACOUSTIC CONVERSION EFFICIENCIES, SELECTED ENGINE TESTS (XE)

Test No. EP- 3 3 5C 5C 5C 6A
Time, sec 54625 54990 38800 38930 39200 44320
WMJET, megawatts 0.714 16.8 30.3 191 10.5 0.843
OAPW, kilowatts 6,03 111.5 201 1077 105.9 5.37
OAPWL, db re 10713 watt 167.8 180.4 183.0 190.3 180.2 167.3
Ny % 0.844 0.66 0.66 0.56 0.99 0.64
M, % 0.18 0.33 0.42 0.50 0.55 0.38
nTH, % 0.0023 0.0023 0,0023 0.0023 0.0023 0.0023

For all tests, the average values of n and nM are 0.73 and 0,32%

respectively, with standard deviations of 0.254 and 0.181%.

value of hydrogen was taken as 60,000 Btu/lb,

1e Comparison of Acoustic Models

Two theoretical models have been described and the correspond-

ing results of the data analysis presented.

COMPARISON OF ACOUSTiC MODELS

The heating

The resul*s are summarized below:

(2)
Manhart .

Test Series Gas n, z nTH, 2 M, 2
Engine series (XE) Steam + GHz 0.73 0.0023 0.32
Scale Model (1) cH, 0.43 0.0023 0.20
Scale Model (1) GHe 0.50 m— e

The calculated standard deviations from experiments for the
mechanical and thermal-mechanical models are 0.254 and 0.1812, respectively.
This indicates that the acoustic prediction should be improved if the second

theoretical model 1s used, f.e., the contribution of the burning hydrogen to

the noise is considered as an additive term to the mechanical contribution.




Fvaluation of the test results also indicates that for a duct

using hydrogen gas mixtures, a thermal-to-acoustic power conversion efficiency T ' ! ' T i ! M ! ' 1 ,

=
of 0.0023Z, as calculated by Ortega('o), would appear to be a valid number. 158 . 4
The calculated mechanical-to-total acoustic power-conversion efficiency is in
substantial agreement with the results of other investigations such as that

done by Hanhart(z).
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C.  OVERALL SOUND PRESSURE LEVEL

ENGINE
FULL POWER |
150+ 150 db TEST

The most important information obtained from this or any similar
test series is the overall sound pressure level (OASPL) because the structural
integrity of the inerting wall is influenced by this parameter. Because jet

noise is broadband in character, it is not necessary to analyze the noise in

any great detail; overall sound pressure levels and octave-band analysis,

1000 Hz
(TYP)

described later, are adequate. The overall sound pressure levels were deter- 146}
mined by tape playback on a Bruel and Kjaer analyzer. Pretest and posttest
calibrations were utilized to range the analyzer and to insure that calibra-
tion did not change during the test. Figure 9 shows typical overall sound

pressure levels prior to full-power test 5C. Note that the duration of the

142¢ NGTES:

TEST XE-EP 5C, MIKE 116
——n 140 db JET ACOUSTICS, JUNE 11, 1969
0 TIME = 38,800 SEC

test is important as the jet takes a finite time to reach steady-state.

Figure 10 shows the overall sound pPressure levels at mizrophone

113 during full-power test 5C. The evaluation of difierences in noise levels

Sound Pressure Level, db re .0002 OYNES/CM2

138f 1

requires consideration of related performance parameters such as mechanical PRE-TEST
pover, nozzle diameter, mass flow, velocity, density, directivity, and com- Sgtjr‘BDR}\-’FI\(/)ENL
bustion level. Figures 11, 12 and 13 show similar data for microphones 114,

115, and 116.

134 1 A 1 N 1 A 1 x 1 N i
0 100 200 300 400
TIME, SECONDS

Sound pressure levels were determined for each microphone 16 times
during the tests. The results of this study are presented in Table 6. The
ranges of all the instruments were limited so a prozedurs was utilized to pre-
pare for each test; rough-order-of-magnitude sound Fressure levels were pre-

dicted and the results used for ranging the instruments.

Figure 9 - Overall Sourd Pressure Level, Microphone 116
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.0002 DYNES/CM2

SOUND PRESSURE LEVEL, db re

160

150}

140%

130

120

1101

100

L e 160 db OVERALL
OCTAVE BAND CENTER FREQ.
100 Hz
v 150 db o e
800 H:z
e e e e A e e e e e e e e,
e 140 db 1600 H2
. o —"”\/VW
NOTES:
Aag b TEST: XE-EPSC, MIKE 113, TRACK 22
i JET ACOUSTICS, JUNE 11, 1969
‘ 0 TIME = 38,930 SEC
FRE-TEST !
SOUND LEVEL |
CALIBRATION |
o 1 2 3 4 5 6 17
TIME, SECONDS
Figure 10 - Sound Spectra for Microphone 113
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db re .0002 DYNES/CM2

SOUND PRESSURE LEVEL,

140

130

120

110

100

O
o

80

L 140 db
OVERALL
A e e N
§ 130 & —~ ST MO0k
\—‘v\.’\_——/
50 Hz
i 120 o W )
25
i 12.5 Hz
' 1900 e CCTAVE BAND CENTER FREQ.
: NOTES:
TEST: XE-EnoC, MIKE 114,
_ USTICS, JUNE 11,.969
zgfm})'iﬂvﬂ 0 TIME = 38,930 SCZC. '
CALIBRATION

6 1 2 3 4 5 6 7
TIME, SECONDS

Figure 11 - Sound Spectra for Microphone 114
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SOUND PRESSURE LEVEL, db re
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o

120

110

100
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]
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800
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g
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\
i
"\ 1000 Hz
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PRE-TEST | TEST: XE-EPSC, MIKE 115, TRACK 7
SOUND LEVEL JET ACOUSTICS, JUNE 11, 1969
CALIBRATION 0 TIME = 38,930 SEC

6 1 2 3 4 5 6 7/
TIME, SECONDS

Figure 12 - Sound Spectra for Microphone 115
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Figure 13 - Sound Spectra for Microphone 116
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EP-2A tests, CRT 49270 sec and 49350 sec, were primarily tests
of a steam jet only as the engine was not operating. Note that the micro-
phone readings are nearly identical for these two conditions as shown in
Table 6. The reproducibility of the microphone readings when only the steam

TABLE 6

SOUND PRESSURE mezs
(db re .0002 dynes/cm?®)

Test Time Microph Number Jet was operating is one of the criteria for internal consistency of the data.

No. _sec. B 13 e 15 1.

T D.  SPECTRAL DATA

2A 49270 134.5 112.5 114.4 125.5

2A 49350 134.5 112.5 114.5 125.7 Sound spectra are important characteristics of this or any noise

24 49450 140.0 118.5 121.5 139.5 source. For example, in structural analysis of the subject wall, the wall as
an entity will have a resonant frequency, the wall frame will probably have a

A 49478 152.0 121.0 120.0 144.0 different resonant frequency, and each panel will have its own resonant fre-

3 54625 132.0 109.5 * 136.5 quency that may be different than that of adjacent panels. A given amount of

3 54900 151.5 123.0 « 149.6 energy at low, midrange, and high frequencies will have markedly different
effects in terms of exciting the structure. The data process for obtaining

3 54990 147.0 118.5 * 148.6 spectra is described below.

3 55250 140.5 112.5 * 140.0

sc 38500 137.0 112.0 116.0 138.0 All acoustic tapes were processed through the Bruel and Kjaer
Graphic Level Indicator to obtain OBSPL (Octave-Band Sound Pressure Levels).

5¢ 38800 150.5  125.0  131.0  148.5 The bands chosen for analysis were 12.5, 25, 50, 100, 200, 400, 800, 1600,

5C 38930 158.0 132.4 142.0 156.2 3150, 6300, and 12,500 Hz*. This narrow-band analysis was done by using Bruel

sc 39200 146.5 ~ & 144.5 and Kjaer octave-band filters that have a relatively shacp cutoff, 13 db per
1/3 octave. The results of the study for typical test conditions are shown

6A 44320 132.5 108.5 * 135.0 in Figures 10 through 13. Note that there is a peak from about 100 to 400 Hz
6A 44520 142.5 116.5 * 140.5 band. This pattern is typical of jet noise from rockets and large turbojet

9 59200 13.5  112.0 114.0  135.0 englnes,

9 39s10 148.0 126.5 126.5 148.5 Experience gained from the scalo-model tests showed that when the
jet had a large thermal-energy content (amount of burning hydrogen) there were
peaks at about 100 and 1600 Hz. It was suggested that the bi-modal spectra

%electrical failure was caused by a large energy noise contribution at 1600 Hz by jet turbulence

* Because the contribution of the last two bands was insignificant, these were
later eliminated from the study.
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150

and another at 100 Hz by combustion. However, it appears that there is no

such bi-modal shape to the spectra here. The explanation suggested is that -----0.A.

the combustion noise spectra is not sensitive to jet diameter but that the

turbulence noise is. The turhulence energy is now in the 100 to 400 Hz band, 140 1—
and so the spectra show only a tvpical broad noise resulting from both noise

energy sources acting simultaneously.

Four large propane igniters were provided zt the end of the NES 130 +— 4

duct to flare the hydrogen. All of the hydrogen plumes burned vigorously.

MIKE 113
""" MIKE 116 49 478 sec

ol L 1 1 1 1111

Figures 14 through 18 show the measured octave-band pressure

ievels for tests 2A, 3, 5C, 6A, and 9. ndote the broadband nature of the noise.

The average sound pressure level over the range of frequencies of interest is

only slightly less than the maximum. NOTES:

"0.A" DENOTES OVERALL
The octave-band sound pressure spectra for air jets indicate about

9 ¢b/octave roll-off below the frequency at which the sound-pressure peaks and

about 4 db/octave above this frequency, whereas for chemical rocket Jjets the

equivalent values are about 4 and 2 db respectively. Air-jet and helium-jet

spectra are similar to the right-hand half of the hydrogen-jet spectra. Exam-

130 -r—-'

ination of the noise spectra from these tests shows a roll-off of about 5 and

2.5 db/octave respectively. This agrees with data for chemical rockets.

E.  NEAR AND FAR FICLD LIMITS . 120 *r""o-k
A preliminary estimate was aade of the acoustic spectrum to determine
the limits of the acoustic near and far fields for the jet tests. It was

determined that a distance of 200 ft would be sufficient to locate the microphones

within the far field. Therefore, the far-field microphone was located more than

2
SOUND PRESSURE LEVEL , DB RE .0002 DYNE/CM

MIKE 114 Teemnae \
""" MIKE 115 49,478 sec N
b L T
125 2% 50 100 200 400 800 1600 3150
OCTAVE BAND CENTER FREQUENCY, Hz

300 fr away from the sound center to insure that far-field results would be

obtained. Microphones 113, 115, and 116 were intended to obtain specific design

data in the near field and were located near the Jet source on the critical

components of the stand.

Figure 14 - Octave-Band Pressure Level, Test EP-2A
39
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SOUND PRESSURE LEVEL, DB RE .0002 DYNE /CM

1204+— MIKE 116 t=44,520 sec LN

°
—

120

O.A.
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100 44— MIKE 114 1=44,520 sec

ol L | |1y

T
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OCTAVE BAND CENTER FREQUENCY, Hz

Figure 17 - Octave-Band Pressure Level, Test EP-6A
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SOUND PRESSURE LEVEL, DB RE .0002 DYNES /CM2
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Figure 18 - Octave-Band Pressure Level, Test EP-9
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The SPL (Sound Pressure Levels) and PWL (Sound Power Levels) pre- el 2 0 xx «x E
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sented in this report are subject to the following errors: electrical, visual, g tgé’ Pl :5 ] § E =2
o @ ® 3 £ o
calibration, atmospheric, data reduction, and data processing. These are o 'g Le _§ T ©o o xT
w S86 S ) . >
estimated to be as follows: Al 2&E o N B
Electrical noise + 0.2 db @ -1 o
Visual reading + 1.0 db
Data processing + 0.5 db > b
()
Acoustical calibration + 0.1 db % mo E
Round-off error + 0.5 db .% et Il
- -
“’ o
2 b e g
The probable error is therefore, 5
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=
3 ]
+ +f0.04 + 1.0 + 0.25 + 0.0L + 0.25 s g
e =
155 s 32
+ 1.55 = +1.25 db 2 2
o
a 1
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This figure is accurate above 0.1 Hz; below that the response of the micro- X §
phones falls off rapidly. — ™ E -
g 8
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G. COMPARILON WITH THE NOISE FIELDS OF OTHER JETS é L
-4
~ P
The noise fields of other jets have been extensivel studied. -1 ,?. '
o
Because of the relatively large size of the duct exit and the high velocity, e -
.
most of the relevant data is limited to rocket jets. Figure 19 shows the ]
£
relationchips between sound power and mechanical power for this and similar - © o
studies. The data shown for nuclear rockets are taken from Manhlrt(z), data
for chemical rockets are taken from Cole(lo) and others as noted. i [
The eighth power law of nghthill(]), which gives such a good cor-
relation for small, subsonic, cold-air jets, does not appear applicable for o
| 1 | I A o~
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o o © ~ 0 n
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large jets with high-velocity gases. The number of important parameters is
probably much greater than those of a cold-air jet: gases of radically dif-
ferent molecular weight are mixing, the acoustic velocity in the jet is not
the same as in the atmosphere, and the gas does not follow the 45 degree turn

of the pipe elbow at the exit but turns only a fraction of that amount, to
name only a few effects.

The mechanical power lgvel of the jec when the engine is operating
at design is about 400 times that at Zero power. Because steam is flowing,
regardless of the eagine power, at about 130 lb/sec, the ratio is not infinite,
The difference in 2fficiency was only 26X. This indicates a nearly constant
efficiency in converzion of mechanical power to sound power over a wide range
of thrust power. This trend was demonstrated to extend over a range of jet

. 5 8
mechanical puwer from 10° to 10 watts. Other investigators have confirmed
this trend.

T —— o OO AP TEIN T S 8

VI. COMBUSTION STUDIES

The noise that is emitted by a flame is well known to anyone who has
witnessed a large forest or petroleum fire. However, the chemical composi-~
tions that will sustain combustion must be uniquely determined for each new
situation. Additional noise can be expected when oscillatory combustion is
present as in the familiar singing flame phenomenon. Available literature
was evaluated for application to combustion studies. It appears that the
field of combustion noise from flames is large and growing; essentially all
of this work, however, is devoted to combustion chambers in some form and is
not germane to the free, turbulent, diffusion flames typical of the experi-
munts in this program. In view of the lack of applicable literature, com-
bustion studies were made an important part of this investigation.

Test data were obtained with hydrogen-in-duct effluent ranging from 5 to

8/ mol percent. One useful side result of the test series is that predictions
regarding the dynamic lower flammability limit of about 22 mol percent were confirmed.

A. CONTRIBUTION OF BURNING TO NOISE

The overall acoustic conversion efficiencies of the earlier scale-

model teltu(l)

Typical revults are shown below:

were calculated by using the equations presented earlier.

ACOUSTIC CONVERSION EFFICIENCY, GAS JETS WITH NO BURNING
(Nitrogen Gas with a Small Amount of Hydrogen Gas)

‘Test No. Al0 All All Al12 Al4 Alé
Time, sec 32 8 18 12 30 16

Average Acoustic Conversion Efficiency X 0.39 0.36 0.31 0.33 0.46 0.47
Duct Gas Temperature °R 1547 1065 1066 1058 647 668

Average efficiency of all tests is 0.39%
Note: Extracted without change from Reference (1).
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When this average is compared with that of burning hydrogen jets
ir can be seen that the overall noise of the combusting system is slightly
greater than for the nonburning jet for the same mechanical jet power. The
contribution of burning to noise was shown to be much more evident in the
frequency analysis, and it was concluded that the effect of combustion is

additive and is confined to the low frequencies, 100 and 200 Hz band.

The results of this test series tend to confirm the conclusions
presented in the scale-model test tepott(l). The overall contribution to
noise when the mechanical jet power and thermal jet power (based on heating
valie) are similar is calculable but generally not significant. The contri-

bution is confined to the low frequencies, S0 to 200 Hz band.

B. OSCILLATORY COMBUSTION

Oscillatory combustion has been observed in numerous experiments.
The first attempt to explain it was by Lord Rnyleigh(g). In large-size
installations these oscillations can be more than annoying - they can be
destructive to equipment. At the present time it is difficult, 1if not impos-
sible, to design a duct system to assure that oscillatory combustion will not
cccur. A list of the reasons would include:

1. The exact driving mechanisms are only partially understood.
2. Oscillations can occur in many different combinatiors.

3. The geometry of any real system is too complicated to
model exactly.

4. The mathematics of analysis are primitive,

Because of this the results from each test were analyzed for
evidence of oscillatory combustion. The test data (motion-picture film,
magnetic tapes, personal observations, etc.) were studied for any indication

of oscillatory combustion. No evidence of oscillatory combusiion was found.
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VII. COMPARISON OF PREDICTED AND ACTUAL SOUND PRESSURE LEVELS

The objective of this investigation (ETS-1 Modification No. 175) was
to modify ETS-1 structures to be capable of withstanding the acoustic loads
emanating from the combusting duct exhaust plume. Preliminary estimates of
the plume-generated noise level indicated that walls designed to sustain these
acoustic forces would be more than adequate in terms of all other design cri-

teria; acoustics thus became the controlling design factor.

Accordingly, as soon as the preliminary results of the scale-model test
program were available (Reference 1), these data with pertinent literature
information were reviewed by representatives of Paul S. Veneklasen and
Associates, LASL, MSFC, and Aerojet.* Because engine fuli-power testing was
considered the most severe mode of operation, a pret:st prediction of 154 and
140 db OASPL was made for the centers of the duct-vault inerting wall and the
upper heat shield respectively, thus establishing th: acoustic design criteria

for each wall.

Sound pressure levels at selected times s-e shova for the tests of
interest in Table 6. Restricting discussion to lTest 5C, the full-power run,
as imposing the highest acoustic loadings, the data show an OASPL of 158.0 db
at the center of the duct-vault inerting wall just above the duct exit
(Microphone HM 113) and 142.0 db at the center of the upper heat shield
(Microphone HM 115). These measured valuess are 4 and 2 db higher than pre-
dicted. The possibility thet this increase could be the result of experi-
mental error, higher-than-anticipated jet-power energy, or near-field energy
accentuation was evaluated and found insufficient to account for a discrepancy

of this magnitude.

*on 21 August 1968

50




160,_;_;_._,, e o e S
0.A, ——— MEASURED
— — CALCULATED *

After a review of the pretest estimate method and the test measurements
from full-power run (5C), the most likely explanation of this discrepancy
lies in an increase of the mechanical-acoustic conversion efficiency beyond 150
that determined in scale-model testing. Whether this is causc! by a change

in duct effluent composition (hydrogen and nitrogen was used in scale-model

flows and hydrogen and steam in the full-scale system) or to a scale-up effect

DUCT VAULT INERTING WALL
t =38,930 SEC

that was not adequately modeled in the pretest-prediction method it open to 140}~

conjecture. The mechanical conversion efficiency initially estimated from
scale-model data was 0.20X. The corresponding value calculated from the four
microphone signals for the full-power run, suitably integrated, is 0.50Z, a

factor of 2.5. The agreement between microphone readings, which 1s sensitive 1oL— Lt T I

to application of conventional principles to scaling as well as to estimates
for the near field, far field, and wall and directivity effects, is within
+ 1 db of the initially estimated values. Sound pressure levels were estimated
for the inerting wall and upper heat shield by using the pretest model but
with a mechanical conversion efficiency of 0.502. The results are shown in
Figure 20.

* M = 0.50%
150 - e -

———— MEASURED
" 0.A. — — CALCULATED*

140}-

SOUND PRESSURE LEVEL, db re .0002 DYNE/CM2

130|-
UPPER HEAT SHIELD
t =38,930 SEC \\
1200 — b ol o ) 0 F b = e e
12.5 25 50 100 200 400 800 1600 3150
OCTAVE BOND CENTER FREQUENCY, Hz
51 Figure 20 - Comparison, Measured and Predicted Sound Pr2ssures
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VIII. RECOMMENDED PREDICTION METnCD

A major objective of the investigation was to develop an acoustic pre-
diction method suitable for this application (high-energy gas jets, near-sonic
gas velocities, both near and far tield, and large amounts of free hydrogen
in the duct gas). Acccrdingly, as soon as the rreliminary results of the
scalez-model tests were complete, a preliminary model was developed. As engine
test results became availakle, the theory was expanded and imprcved. The
recommend2d prediction metl.od is described below.

The jet kinetic power is calculated:

WMIET = 0.676 * WDOT * (VEXIT)Z/(2 * g.) (%)
The jet thermal power is also calculated:

WTHJET = WDOTF * HCB (5)

The overall acoustic power and power level are obtained from a knowledge of

the jet kinetic and thermal powers.

OAPW = nTH * WTHJET + nM * WMJET (2)

OAPWL = 130 + 10 log (OAPW) (6)
wherc 'TH and nM are estimated from scale model testing or relevant test data.

This completes the calculation of overall power level, the first part

of the analysis. The spec.ral calculation follows:
The Strouhai number is estimated:

NSTR = FREQ * DEXIT/VEXIT 7
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The power-spectrum level is estimated from the data of Refs. 1, 2, S5or 6,

and the octave-band power level from:

OBPWL = OASPL + OAPWL - 10 LOG (VEXIT/DEXIT)
+ 10 log (FREQ * v 2) (8)
The directivity index, near field, and wall effects are estimated from scale-

model data or relevant sources and the octave-band and overall sound pressure

level calculated from:

OBSPL = OBPWL -10 log (Zm R%) + DINDX + DNF + DWALL 9)
M OBSPL

OASPL = 10 log I Antilog (=) (10)
1] 2075

This method is superior to conventional methods when large amounts of energy
are released by combustion as nM and nTH can be estimated separately and

probably more accurately.
Nomenclature basis is as before, but with the following new sywbols:

DEXIT = Diameter of duct exit, ft

DINDX = Directional acoustic effect, db re 0.0002 dynellc-z
DNF = Near field acoustic effect, db re 0.0002 dy-nes/cm2
DWALL = Wall acoustic effect, db re 0.0002 dyneu/cn2

FREQ = Mean frequency, Hz

8, = Conversion factor, lbm ft/sec2 1bf
HCB = Gross heat of combustion, watt sec/lbm
0B = A prefix indicating octave band

NSTR = Strouhal number
PWL = Acoustic power level, db re 10'13 watt

R = Effective dirtance from the microphone to the effective
center of sound, ft
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