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PREFACE

This report describes the work performed under Task 3 of the DOT/FAA
High Velocity Jet Noise Source Location and Reduction Program (Contract DOT-
05-30034). The objectives of the contract were:

. Investigation, including scaling effects, of the aerodynamic and
acoustic mechanisms of various jet noise suppressors.

. Analytical and experimental studies of the acoustic source distri-
bution in such suppressors, including identification of source
location, nature, and strergth and noise reduction potential.

° Investigation of in-flight effects on the aerodynamic and acoustic
performance of these suppressors.

The results of these investigations are expected to lead to the prepara-
tion of a design guide report for predicting the overall characteristics of
suppressor concepts, from models to full scale, static to in-flight condi-
tions, as well as a quantitative and qualitative prediction of the phenomena
involved.

The work effort in this program was organized under the following major
Tasks, each of which is reported in a separate Final Report:

Task 1 - Activation of Facilities and Validation of Source Location
Techniques.

Task 2

1

Theoretical Developwents and Basic Expeviments.
Task 3 - Experimental Investigation of Suppression Principles.

Task 4 - Development and Evaluation of Techniques for "Ia Flight"
Investigation.

Task 5 - Investigation of "In Flight"™ Aero~Acoustic Effects on Sup-
pressed Exhausts.
Task 6 - Preparation of Noise Abatement Hozzle Design Guide Report.

Task 1| was an {nvestigative and survey ¢ffort designed to identify
acoustic facilities and test methods best suited to jet noise studies. Task
2 was a theoretical effort complemented by theory verification experiwments
vhich extended across the entire contract period of performance.

The subject of the present, Task 3, report series (FAA-RD-76-79 I1I -
I, I1, 111, and IV) was forwulated as a substantial part of the contract
cffort to gather various test data on a wide range of high velocity jet noz-
zle suppressors. These data, together with supporting theoretical advances
from Task 2, have led to a better understanding of jet noise and jet noise
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suppression mechanisms, as well as to a validation of scaling methods. Task
3 helped to identify several "optimum" nozzles for simulated in-flight
testing under Task 5, and to provide an extensive, high quality data bank
leading to formulation of methods and techniques useful for designing jet

noise suppressors for application in the Task 6 design guide as well as in
future studies.

Task 4 was similar to Task 1, except that it dealt with the specific
test facility requirements, measurement techniques, and analytical methods
necessary to evaluate the "in-flight" noise characteristics of simple and

complex suppressor nozzles. This effort provided the capability to conduct
the "flight" effects test program of Task 3.

iv
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1.0 SUMMARY

The High Velocity Jet Noise Scurce Location and Reduction Program (Con-
tract DOT-0S-30034) was conceived to bring analytical and experimental know-
iedge to bear on understanding the fundamentals of jet noise for simple and
complex suppressors.

Task 3, the subject of this report, involved the experimental investi-
gation of suppression principles, including developing an experimental data
base, developing a better understanding of jet noise suppression principles,
and formulating empirical methods for the acoustic design of jet noise sup-
pressors. Acoustic scaling has been experimentally demonstrated, and five
"optimum" nozzles were selected for anechoic, free-jet testing in Task 5.

Volume I - Verification of Suppression Principles and Development of
Suppression Prediction Methods - Some of the experimental studies (reported
in Volume II) involved acquisition of detailed, far-field, acoustic data and
of aerodynamic jet-filow-field data on several baseline and noise-abatement
nozzles. These data were analyzed and used to validate the theoretical jet
noise prediction method of Task 2 (referred to as M¥G*B, designating the
authors' initials) and to develop and validate the empirical noise~prediction

method presented herein (referred to as M*S, designating the last name initi-
als of the authors).*

The Task 2 theoretical studies conclude that four primary mechanisws in-
fluence jet noise suppression: fluid shielding, convective amplifiration,
turbulent mixing, and shock noise. A series of seven suppressor configura-
tions (ranging from geometrically simple to complex) were evaluated in Task 3
to establish the relative importance of each of the four mechanisms. Typical
results of this evaluation of noise mechanisms are summarized in Figure 1-1
in terms of perceived noise level (PNL) directivity for a conical nozzle. In
general, mechanical suppressors exhibit a significant reduction in shock
noise relative to a baseline conical nozzle, reduce the effectiveness of
fluid shielding (increase rather than suppress noisc), reduce the effective-
ness of convective amplification (reduce noise), and produce a modest reduc-
tion ip turbulent mixing noise. The largest amount of shock noise reduction
correlates with the suppressor which has the smallest characteristic dimension.
Fluid shielding decreases because suppressors cause the mean velocity and
temperature of the jet plume to decay faster than the conical baseline. A
reduction in convection Mach number (and hence in convective amplification)
occurs because a suppressor plume decays very rapidly. Turbulent mixing
woise is reduced through alteration of the mixing process that results from
segment ing the exhaust jet.

¥ihe Task 3 empirical (M*S) method was initially intended for nozzle
geometriea which could not be modeled in the purely analytical Task 2

(M*G*B) method (a multielement nozzle with a treated ejector, for
example).
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Aerodynamic flow-field measurements (mean-velocity profiles) were demon-
strated to be useful in verifying the flow-field predictions which were cal-
culated by the M*G*B (theoretical) noise-prediction program. Noise source
location devices such as the Ellipsoidal Mirror (EM) were demonstrated to be
less useful than the Laser Velocimeter (LV) for the M*G*B theory verification
studies because the LV provides data which may be directly compared with
predictions made using the M*G*B program. Axial and radial mean-velocity
profiles are typical examples of such comparisons.

The empirical M*S jet noise prediction method has been developed to pre-
dict the static acoustic characteristics of multielement suppressors appli-
cable to both advanced turbojets and variable-cycle engines (which are repre-
sentative of power plants for future supersonic cruise aircraft). The effect
of external flow on the M*S jet noise prediction is discussed in the Task 6
Design Guide Report. Inputs required to use the M*S computational procedure
include: element type, element number, suppressor area ratio and radius
ratio, chute-spoke planform and cant angle, and plug diameter. The predic-
tion accuracy is estimated to be +3.3 Effective Perceived Noise Decibels
(EPNdB) at a 95% confidence level. Figure 1-2 illustrates the correlation
between measured and predicted EPNLs for all types of suppressors.

The merits of both the M*S and M*G¥B computational techniques can be
stated as follows. The empirical (M*S) jet noise prediction method, based on
correlations of scale-model jet data, serves as a useful preliminary design
and prediction tool for selecting the basic nozzle type (chute, spoke, multi~-
tube, etc.) and primary geometric parameters (element nugber, area ratio,
etc.) for a given application. 1t is also useful in evaluating the acoustic
performance of a given suppressor nozzle, provided the nozzle is one of the
types from which the correlation was derived. Further, the method is useful
for doing parawetric studies since the computation procedure is relatively
simple and economical of both computer time and cost, The theoretical
(M*G*B) prediction method, on the other hand, is more suited to detailed de-
sign and analysis of a suppressor nozzle. It can supply detailed information
on the jet plume flow development as well as the far-field acoustic character—
istics. It is also capable of evaluating changes in nozzle planform shape,
element placement and apacing, etc. In addition, the theoretical predict ion
model is a useful diagnostic tool, capadble of agsessing the relative roles the
various mechanisms play in the noise suppression process, and can also serve
as a source location analysis tool.

Volume 11 - Pavame:ric Testing and Source Measurements - A parametric
experimental serics was conducted to provide far-field acoustic data on 47
baseline and suppressor nozzle configurations and to provide aerodynamic
nozzle performance on 18 of the configurations., The data preseated in this
volume were taken for use in the current program as well as to provide an ex-
tensive, high-quality, data base for future studies. The impact of varying
the arca ratio and welocity ratio of dual-flow, baseline notzle configurations
vas investigated, and the importance of shock noise was assessed. The impact
of varying arca ratio and element number was parametrically studied for both
single and dual-flow suppressors; core plug geometry, velocity ratio, and
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® Flyover calculation using static data corrected to free-field conditions,

® The "Reference” level is the predicted value of noise for each nozzle,
at a specified set of thermodynamic conditions, plus an arbitrary
value of 100 dB.
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weight flow ratio were evaluated for dual-flow suppressors. These studies
establish absolute static suppression levels on the basis of normalized maxi-
mum PNL, for several families of suppressor nozzles, as illustrated in Fig-
ure 1-3.

Parametric testing identified the following primary trends for single-
flow and for dual-flow suppressors during static operation:

Single Flow

* Suppression increases with increasing area ratio at high jet
velocity.

. Suppression decreases with increasing area ratio at low jet
velocity.

. Suppression level is affected by element type (spoke systems

suppress slightly better than chutes).

Dual Flow
° Suppression increases with increasing erea ratio.

. Suppression increases with inureasing elewent number at
high jet velecity.

) Suppression level is affected by corve plug geometey (by 2
to 3 decibels (dB)].

. Suppression increasex 3 to & 48 vhen a treated ejector is
added to a suppressor configuration.

Selective, free~iet tests conducted on eipht configurations indicale
that suppression peterslly decreasas in flight.  Typical static versus {veae
jet results are shown in Table 1-1.

The avroedynamic performance test data recovded en 18 of the configutations
at both static and wind-on conditions are alse included in this volume, Base
pressute geasuremants wore Laken on soveral of the wodels wn order to dotevr-
minie base deag {vhich is thought to be responsible for the poor aerodynamic
periorvmance of wmost wechanical suppressors ia flight)., These wind tunnel
tests identified the following primary trends in serodynamic periommance:

. Performance decteases with increasing elewent nuwmber.
. Performance incteases with increasing chute depth.
] Perfotmance increases with increasing ratio of ianer flow area

Lo ouler flow atca.

[ 523
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Table 1-1., Typical Summary of Nozzle Static and Projected
Flight Peak PNL Suppression Characteristics.

@ S-npression Levels are Relative to a Conical
Nozzle at Equivalent Flight Conditions

°* Vy = 2500 ft/sec

Suppression Level, db

Configuration Static Flight

Plug Nozzle -~ 0.789 Radius Ratio 1.3 3.0
Plug Nozzle -~ 3,85 Radius Ratio 2.3 3.7
8-Lobe Nozzle 5.6 5.6
sk = 2.5 36-Chute Nozzle 13.5 10.9

AR = 2,5 36-Chute Nozzle with Auxiliary
Flow 12.5 9.4

104 Tube Nozzle 12.0 12.0




. Performance is affected by element type (chutes perform better
than spokes because spokes have higher base drag).

The base pressure correlations provide a procedure for predicting sup-
pressor nozzle aerodynamic performance.

Volume 11I - Suppressor Concepts Optimization - Several studies were con-
ducted to attempt an optimization of suppressor concepts. The end product of
this overall effort was to design five nozzles for static and free-jet testing
in Task 5. Trade studies of performance versus suppression, aircraft inte-
gration studies, and development of a figure of merit method of analysis all
make up the activities in this "optimization" proress.

Trade studies of suppression versus aerodynamic performance indicate that
a properly selected and designed mechanical suppressor can attain a delta
suppression to delta thrust coefficient ratio (APNL/AC¢ ) of almost 3.0
(based on static suppression and wind-on aerodynamic pe%formance).

The aircraft integration study consisted of ranking nine baseline and
suppressor nozzles with respect to performance level, suppression level,
weight, impact on aircraft mission range, and noise footprint. In general,
suppression level was found to be the most important design variable, with
performance and weight ranking second and thirg, respectively.

The appropriate figure of merit, considering all the design variables,
was found to be atrcraft range. however, use of range as the figure of merit
vrequires that the aircraft mission be specified, and several techniques for
cuvscrily ranking the suppressors based solely on suppression level, perfor-
mance, and weight may also L@ identified. A summary of the ramge versus noise
characteristics of typical nozzle configurations is presented in Figure l-4.
e~ a nolse goal is specified, adding a suppressor provides a significant
range improvement over an unsuppressed system because adding a suppressor is
less costly than reducing noise by enlarging the engine to reduce jet velocity,

The degign of the five optimum nozzles was based on data from previous
studies, performed by goverament and iandustry, on the M*G*B and M*S wodels
discvssed above and on the parametric data obtained in the acoustic and aero-
dynamic performance test series reported in Volume 11. The configurations were
designed and fabricated for open-throat, ancechoic, free-jet testing in Task 5.
The coniigurations chwsen for evaluation were: (1) a 32-chute, single-flow
nozzle; (2) a 40-shallow-chute, dual-flow nozzle; (3 and 4) a lb6-chute, dual-
flow nozzle, with and witheut a treated ejector; and (5) a 54-clement, co-
planar-mixer, plug nozzle,

Dumonstration of acoustic scaling for several suppressor configurations
was conducted to asgure the adequacy of using scale-model results to project
full-scale suppression levels. Full-gscale data were obtained on several sup-
pressor configurations using J79 and J85 engines. The suppressors cvaluated
were: (1) a baseline conical nozzle, (2) a 32-chute nozzle with and without
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a treated ejector, (3) an 8-lobe nozzle, and (4) a 104~tube nozzle. Scale-
model data were obtained for these same configurations to allow comparison of
scale-model and full-scale results. In general, peak full-scale suppression
levels projected from scale-model data were verified by the full-scale engine
results. Directivity patterns were duplicated within +2 PNdB (the largest
differences occurring with the conical nozzle configuration). Some spectral
anomalies were observed for select cases; however, they were not of suffici-
ent magnitude to invalidate the scale-model results. The conclusion re-
sulting from this study is that full-scale noise levels can be predicted from
scale-model test results using Strouhal scaling laws.
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Volume IV — Laser Velocimeter Time Dependent Cross Correlation Measure-~
ments - In-jet/in-jet and in-jet/far-field exhaust noise diagnostic measure-
ments conducted using a Laser Velocimeter (LV) are reported in this volume.
Measurements were performed on a conical nozzle and a coannular plug nozzle.
Two-point, space/time measurements using a two-LV system were completed for
the conical nozzle. Measurements of mean velocity, turbulent velocity, eddy
convection speed, and turbulent length scale were made for a subsonic ambient
jet and for a sonic heated jet. For the coannular plug nozzle, a similar
series of two-point, laser-correlation measurements were performed. In addi-
tion, cross correlations between the laser axial component of turbulence and
a far-field acoustic microphone were performed.

[ S Wi o

Volumes I, II1, III, and IV contain the results of a comprehensive effort
to identify and integrate the theoretical studies, parametric test data,
acougtic and performance diagnostic measurements, and system studies. A
logical procedure has evolved for conducting suppressor design trade-offs.

10
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2.0 INTRODUCTION

The first 20 years of commercial aircraft operation with jet propulsion
have clearly demonstrated the need for effective high velocity jet noise
suppression technology in order to meet community acceptance. Aircraft
system studies show that an efficient jet noise suppression device is required
if a commercial supersonic aircraft is to be economically viable as well as
environmentally acceptable. The current state of the art of high velocity
jet noise suppression would make a supersonic tramsport (SST), with advanced
technology engines, meet 1969 noise rules (at best). This state of the art
is represented by the material in References 1 through 6.

Reference 1 describes analytical and experimental investigations which
were conducted in the early 1960's. This study established a basis for
development of mathematical and empirical methods for the predictions of jet-
flow-field, aerodynamic characteristics and for determining the directional
characteristics of jet noise suppressors. This work was limited in the sense
that the suppressors evaluated had only modest suppression potential, and the
measurement techniques available did not allow the acquisition of high-

frequency, spectral data necessary to establish full-scale, PNL suppression
levels.

The development of commercial SST vehicles by the U.S. and by the British-
French multinational corporation in the 1960's placed extreme emphasis on the
need for effective and efficient noise suppression devices. Phase I of work,
conducted by the Boeing and General Electric companies, is summarized in
References 2 and 3. Primary emphasis was on jet noise suppressor development
through model and engine testing applicable to an afterburning turbojet
engine. Suppressor designs were based primarily on empirical methods. Phase
II of this effort, References 4 and 5, continued the suppressor development
with a stronger emphasis placed on the integration of analytical studies and
experimental test data. Specifically, the Boeing Company concentrated on
optimization of tube-type~suppressor systems and related semiempirical pre-
diction methods. General Electric focused on the developwent both of chute

and of tube-type-suppressor systems with primary emphasis placed on optimiza-
tion of chute-type-suppressor nozzles.

Similar studies were conducted by the British and French in development
of the Concorde, and typical results are summarized in Reference 6.

The design technology represented in References 1 through 6 1s primarily
semiempirical. The absence of general design rules based on engineering
principles led to the Government's formulation of the High Velocity Jet Noise
Program, Contract DOT-0S5~30034, in 1973. The purpose has been to achieve
fundamental understanding, on a quantitative basis, of the mechanisms of jet
noise generation and suppression and to develop design methods.

This report presents the results of Task 3 of the contract. It provides
the experimental data base which was used in conjunction with the supporting

11




theories from Task 2 to develop a better understanding of jet noise and jet
noise suppression.

The report is organized into four volumes (FAA-RD-76-79, III - I, 1I,
III, IV) and is presented in a format consistent with the Task 3 work plan
divison of subtasks. Volume I, under this cover, is entitled "Verification
of Suppression Principles and Development of Suppression Prediction Methods."
Volume II is a data report entitled '"Parametric Testing and Source Measure-
ments,' and Volume III is an analysis report entitled "Suppressor Concepts
Optimization." Volume IV is an analysis report entitled "Laser Velocimeter
Time Dependent Cross Correlation Measurement."

Volume I uses the data base (Volume II) and the Task 2 theoretical model
(Reference 7) to postulate the suppression mechanisms. Volume I also pre-
sents an independent, empirical, static jet-noise-prediction method which
was developed from engineering correlations of the test data. Volume II
presents the data and results of the parametric acoustic tests, the aero~
dynamic performance tests, and the Laser Velocimeter tests. Volume III pre-~
sents the results of a trade study of performance versus suppression, an air-
craft integration study, a "figure of merit" methodology, and a summary of
the five "optimum" nozzles selected for testing in Task 5. An acoustic-
scaling investigation was conducted to support the suppressor concepts opti-
mization activities and is presented as an appendix to Volume IIIL. Volume IV
presents the results of the in-jet/in-jet and in-jet/far-field cross correla-
tion investigations.

The work reported in the present volume represents two approaches to
verifying suppression principles. One approach (Section 3.0) is to correlate
the data from this and other programs in order to develop a comprehensive,
empirical, jet-noise-prediction method (subsequently referred to as the M*S
method, designating the last name initials of the two authors). The second
approach (Section 4.0) is to use actual data to verify the theoretical
suppression principles developed in Task 2 and included in the theoretical
jet noise prediction method developed in Task 2 (subsequently referred to as
the M*G*B method, designating the last name initial of each of the three
authors). Appendix A is a user's guide describing the mechanics of using
the M*S prediction computer program.
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3.0 ENGINEERING CORRELATION (M*S) JET NOISE PREDICTION METHOD

A comprehensive, empirical, jet-noise~prediction method has been de-
veloped by correlating extensive data from this program and available data
from other published sources. This engineering correlacion prediction model
has been designated as the M*S model (after the authors: Mo:singer and
Sieckman) for ease of reference, as well as to distinguish it irom the more
theoretical prediction model (M*G*B) developed in Task 2 (Reference 7).

The data were correlated by means of basic engineering principles and
physical parameters, The resulting M*S prediction method includes unsup-
pressed conical nozzles; multitube and multichute, single- and dual-flow,
suppressed nozzles; and multitube/chute nozzles with hard-wall and treated
ejectors. In each case the predicted noise based upon the engineering corre-
lation is compared with the measured noise.

The correlation for conical and multielement-suppressor nozzles has been

programmed (in Fortran Y language) and a description of content and procedure
for use is included in Appendix A of this report volume.

3.1 GENERAL DESCRIPTION OF THE ENGINEERING CORRELATION METHOD

The basic reasoning and concepts involved in the correlation method are
as follows:

. The characteristics of jet noise (overall level, spectral distribu-
tion, and directivity) are established by the empirical correlation
for conical nozzles.

. Multielement nozzles are assemblies of conical nozzle sources from
which the air flows in discrete elements. These elements coalesce,
or merge together, as each jet plume expands.

o The premerged and postmerged regions are separate sources of noise
generation, each of which can be treated as a simple or "equiv-
alent" conical noise source.

® The shape of the nozzle element (whether a tube, spoke, chute, or
other such device for dividing “he flow at the nozzle exit into
many discrete elements) affects the character of the nolse only at
frequencles with wave lengths comparable to or smaller than the
principal dimension of the element.

. The premerged noise detacted in the far field is affected by the
path each acoustic ray must take in radiating from the source to
the observer, particularly with regard to whether it must pass
through other elements of jets issuing from the nozzle. Specifi-
cally, multielement nozzles radiate only part of the noise actually

13
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generated in the premerged region to the observer. The balance is
shielded or absorbed by the turbulent mixing zones of adjacent jets.
The data show that this effect is dependent upon (and the engineer-
ing correlation includes) the effects of far-field angle (relative
to the refraction’ critical angle), area ratio of the multielement
nozzle, and size of the interfering jet relative to the wavelength
of the radiated noise.

° The postmerged noise is determined by the use of a mean velocity, a
temperature, and a density (each estimated from fundamental fluid dy-
namics) as if the merged jet were from a conical nozzle having such
flow conditions at the nozzle discharge plane.

) The effect upon noise of a shroud surrounding the premerged mixing
zone of a multielement suppressor can be correlated empirically,
assuming the same thermodynamic conditions for the fully expanded
jet as if the shroud were not in place. The effect of adding point-
reacting, acoustic treatment in the shroud can be predicted from
basic engineering principles using 'ray" acoustics.

This method is in contrast to the purely empirical method which consists
of the curve-fitting of normalized data.

In order to establish the applicability and validity of this reasoning
process and these concepts, the prediction model was first postulated, and
the resulting, calculated, far-field noise levels were compared with measured
data in one-third-octave band detail over a range of far-~field angles. This
was done iteratively, with initial emphasis on the multitube nozzle, until
the detailed formulation was evolved which provided satisfactory correlation
for all the observed spectral and directional characteristics of the noise.
The fullest possible range of variables as provided by the data was used.
The basic formulations as established from the multitube correlation were
then modified, as found appropriate from other basic supporting data, in order
to extend the correlation to other nozzle types. This is described in the
following sections: the final results of the engineering correlation for each
nozzle, a summary of the data base supporting the correlation, and a comparison
of predicted and measured peak PNL and EPNL for a caleculated, level flyover
assuming no effects of flight (e.g., relative velocity) on the noise generation
or radiation. The effect of flight and the subsequent modification of the
M*S jot noise prediction technique are treated in detail in the Task 6 Design
Gulde report.,

3.2 ORGANIZATION AND PROCEDURE

The following paragraphs summarize and discuss the types of nozzles in-
cluded in the correlation, the range of variables for which the correlation
is applicable, principal factors or concepts included for each suppressor
type, and the data base used to develop the correlation.

14 : !




i R

3.2.1 Types of Nozzles

The types of nozzles for which the M*S computer program in Appendix A
can be applied, and for which the correlation has been checked against mea-
sured data in this report, are summarized in Figure 3-1. Coannular plug noz-
zles with inverted veloctiy profiles are not handled by the M*S program since
this is currently being done under NASA Contract NAS3-20619. In each suppres=-
sor case, an ejector shroud option can be included. It should be noted that
the ranges for nozzle pressure ratio and total temperature are interdependent
in that they generally both increase or decrease together as on the operating
line of a turbojet engine; the data base for the correlation is generally
consistent with operating conditions expected for typical engines.

Summary descriptions are given in the following paragraphs of the nozzle
design parameters for which the correlation applies; a listing is included of
the range of variables for which the predicted noise has been checked against
data to establish the statistical confidence limits. The ranges on velocity
and temperature are set by the SAE correlation (see Section 3.3.2). Extra-
polations of the temperature effects are possible, but extrapolations of ve-
locity should be avoided because polynominal curve fits are used which are
subject to error outside of the indicated range. Pressure ratio is limited
only by the data base used to check the shock-cell noise correlation. The
limit on diameter is set only to keep the maximum noise frequencies within
the 50 Hz to 10 kHz range for meaningful PNL determination, The M*S model
may also be utilized to predict scale model jet noise spectra by simply exer-
cising it at its lower diameter limit (i.e., D> 0.8 ft). The output thus
obtained can be put into any scaling routine (separate from the M*S model)
to scale down the data to model size. If PNL is not required, and the com-
puter program in Appendix A is modified to calculate higher frequencies, the
diameter limits can be extended. Guides for good design practice when de-

partures from other limitations in the M*S method are made (such as non-
coplanar tube ends) are given in the Task 6 Design Guide,

Conical Nozzle - The correlation includes both converging and converging-
diverging (design point only) nozzles in the sense that a prediction of mixing
noise, alone, plus a separate prediction of shock noise are included.

The range of applicability of both the jet-mixing and the shock-cell
noise correlations are:

Jet Velocity, Vj(ft/sec) 400 < v; < 2860
Jet Total Temperature, T; (* R) 519 < T; < 2100
Nozzle Pressure Ratio 1.0 < Pp/P, < 4.0

Nozzle Diameter, D (ft) 0.8¢D
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Multitube, Single-Flow Nozzle - The multitube, single-flow nozzle corre-
lation includes nozzles with an arbitrary number of tubes having simple con-
verging ends, coplanar termination, all tubes parallel (except the outer row
can be canted relative to the axis), uniform center-to-center spacing of
tubes in a hexagonal array, and the option of a centerbody plug.

The ranges of the variables specifically associated with the multitube

nozzles which were correlated (in addition to the variables listed under the
conical nozzle) are:

Suppressor Area Ratio, AR 2,0 < AR < 8.0
Number of Elements, N 7 <N <253
Suppressor Radius Ratio, R, 0 <R £0.75

Cant Angle of Outer Row Tubes,
g (degrees) 0

| PN

g <5

Multichute or Spoke, Single-Flow Nozzle - This correlation includes both
chutes and spokes without discrimination. It was evolved based on the more
complex planform variations of chute configurations and was found to apply
equally well to spokes. The planform of nozzle elements may be trapezoidal

(not limited to radial lines); the termination can be canted, and a center-
body plug is included.

The ranges of variables specifically correlated with the data (in addi-
tion to the variables listed under the conical nozzle) are:

Suppressor Area Ratio 1.5 C AR € 2.5
Number of Elements 26 <N < 64
Suppressor Radius Ratio 0 < Ry 0,783
Exit Cant Angle (degrees) <10<¢ g <15

Coannular~Flow, Multielement Suppressor on Outer Stream - In this case,
the multielement nozzle is applied to the outer stream of a coannular exhaust.
The velocity of the outer steam may be selected to be higher or lower than
the inner stream (although the case of primary practical interest is for the
highest velocity stream to have the suppressor). The same conditions apply
in this case as for the single-flow, multielement nozzles (tubes with con~
verging ends, coplanar termination, etc.).

The ranges of variables specifically correlated with the data for dval-

flow nozzles with multichute/spoke suppressors on the outer streaw (in addi-
tion to the variables listed under the conical nozzle) are:

17




Suppressor Area Ratio 1.5 ¢ AR < 3.0

Number of Elements 20 < N < 40
Suppressor Radius Ratio 0.653 < Ry £ 0.783
Exit Cant Angle (degrees) g =0

A comparison of predicted and measured data was made for a multitube suppres-
sor on the outer stream of a dual-flow nozzle. This nozzle, the velocity
ratios, and the outer-to-inner flow-area ratios are defined and discussed in
Section 3.3.5.1.

Multielement Nozzle with Ejector - Hard-wall or treated ejectors with
single- or dual-flow, multielement suppressors are also included. The hard-
wall ejector correlation is derived on a purely empirical basis, but the
effect of adding treatment is predicted by means of the engineering correla-
tion of the basic data. Thus the treatment for which the check against mea-
sured data was made (the single-layer liner with honeycomb separating the
solid backplate and perforated faceplate, single degree of freedom, SDOF) may
be extrapolated to other types of point-reacting treatment provided the resis~
tance and reactance are specified for the desired frequencies.

The range of variables for which the correlation was established (in
addition to those for the conical nozzle and multielement suppressors) are:

ARg
Area Ratio of Ejector Relative 1.0« Xmﬁl < 1.97
to Acea Ratio of Nozzle fn
Ratio of Hard-Wall Ejector Length to 0 < Ly/Dgq € 4.0

Equivalent Conical Nozzle Diameter

Ratio of Treated Ejector Length to 0 < Ly/Deq < 2.0
Equivaleant Conical Nozzle Diameter

Ratio of Ejector Inside Diameter to 1.0 < Doj/by < 1,28
Nozzle Element Envelope Diameter

3.2.2 Development of the Prediction Method for Multielement Jet Noise
Suppressor

In order to establigh a prediction of jet uwoise radiated from wmultiple
element nozzles by the engineering correlation method, the following quanti~
tative information is required:
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'y Basic jet noise radiated by a simple, conical nozzle in terms of
the sound pressure level in each frequency band of interest

° Premerged Noise Prediction:

- Amount of noise radiated locally along the length of the jet for
each frequency band of interest

~ Distance downstream from the nozzle discharge plane at which the
flows from adjacent elements merge sufficiently to preclude any
further high-frequency noise generation

~ Effective number of elements which radiate sound to the far field

* Merged Jet Predictionm:

- Flow area, velocity, and density of the merged jet when the flow
from each of the individual elements coalesces

This information is then used in the basic procedure described for the appro-
priate nozzle type in Section 3.3. Discugsion of the sources and the develop-
ment of this information as it is used 'in the prediction program is sumparized
in the following paragraphs.

3.2.2.1 Basic Jet Noise

Basic jet noise radiated from a simple, conical nozzle is determined by
empirical correlation of measured data, Details of the method and discussion
are included in Section 3.3.2.

3.2.2.2 Premerged Roise Prediction

(a) Noise Radiation locally Along the length of the Jet

The radiated noise is established from messured data for: (1) the ax-
ial location of the peak noise level in each one-third-octive band and then
(2) the axial distribution of the noise level for each one-third-octave band.
The foliowing development is given for multitube suppressors; it is also used
for multichute/spoke suppressors by establishing the equivaleant dismeter of
the flow passage {discussed in Section 3.3).

Axial location of Peak Boise - For subsonic jets from conical nozzles,
Lee, ot al., (Reference 1) showed the axial location of the peak noise radi-

ation is well correlated by a Strouvhal nuaber and the distance from the noz-
zle exit according to:

fO/v = (1.25 x/p)-1.22 (3~1)
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This relation was previously developed empirically by Howes, et al. (Refer-
ence 8).

Potter and Jones (Reference 9) clearly show that this relationship does
not hold for supersonic jets, (ag does Reference i0). Examples of data for
various supersonic Mach numbers are compared in Figure 3-2, with the rela-
tionship defined in Equation 3-1, above. The noise from supersonic jets is
radiated further downstream than for rubsonic jets. The higher the Mach
number, the further downstream the peak noise radiation occurs. Also, the
peaks of the highest frequencies are radiated only after a certain distance
downstream; this contrasts with subsonic nozzles for which the highest fre-
quency occurs in the immediate vicinity of the nozzle exit.

The Strouhal number (for peak noise) rises asymptotically versus X/D
such that there is a minimum X/D at which the peak Strouhal number oc ‘urs.
The asymptote is a function of Mach number. If this asymptote is used as the
start of the peak noise radiation (rather than the nozzle discharge plane as
used for subsonic jets) the data as given in Figure 3-2 collapse, as shown in
Figure 3-3, on a line defined by:

£D/V = [1.25 (X - z:p)/m'l-22 (3-2)

wheve Xp = location of begimning of peak noise radiation.

This eguation is the same as developed for subsonic jets (Bquation 3-1)
except for the change in the location at which peak noise radiation begins.
The data of Reference 9 follew a slightly shallover slope, as indicated by
the second line in Figure 3-3. In the present analysis for multielement sup-
prossors, the low~frequency end of the spectrum {s dominated by the merged
flow so that the axial location of the low-frequeacy source is not a factor.
Hence, it 78 not necessary to wake a judgmont whether the data in Reference
% or 10 are more appropriate. HNevertheless, it s probadiy significant that
the dats from Reference 10 follow the same curve as the subsounic jet when the
propet starting point for noise reduction is used. For this reason the cor~
relation given by Bquation 3-2 is adopted.

It is necessary to deterwine the location of the begianing of peak noise
radiation (xp); once this is determined, the peak woise location for all
other one-thivd-octave bands is determined by Equatien }-2. Data for mea-
sured locations of the beginning of peak noise radiation are used to estad~

tish a relationship for X, as a tunction of jet exit Mach mumber in Figure
J-4. The line giving the best fit is:

x?[g e b g0.778181 (3-3)
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where

g = /MZ-1

Axial Distribution of Noise - The axial distribution of noise radiated
to the far field is given in Reference 10 not only for a round, converging
nozzle but also for a 37-tube, suppressor nozzle as shown in Figures 3-5 and
3-6, respectively. In both figures, the data are presented in terms of one-
third-octave band SPL per unit X/D versus the axial distance downstream. It
is possible to normalize the data with remarkably good data collapse as shown
on the figures. The normalization is accomplished for each one-third-octave
band by picking the X/D at which the peak noise occurs, determining the value
of the SPL at that location, and then determining the SPL relative to the
peak SPL for other values of X/D relative to the X/D at which the peak noise
occurs. The results of this procedure show that this normalization causes
the data to collapse for all one-third-octave band frequencies reported.
Also, the normalized data for the multitube suppressor collapses on the same
curve as the round, converging nozzle, showing that the two configurations
have identical characteristics.

espnzezmsy
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; These data are in terms of SPL per unit X/xpeak which is an awkward

E. form for engineering use. Therefore, the acoustic energy has been summed

. along the length of the jet with the result given Figure 3-7. The summation
b has been normalized to the one-third-octave band SPL, based on the require-
L ment that all the acoustic energy along the length of the jet must equal the

one-third-octave band level as seen in the far field. As an example of the

use of this curve, note that, at the axial distance from the nozzle of 0.5

times the distance to the peak (i.e., (X/D)/(X/D)peak = 0.5), the noise

level is 9 dB below the one-third-octave band level of the entire jet length.

(b) Axial Location of Merging of Adjacent Flow Streams

High-frequency noise is no longer genarated by individual tubes down-
stream of the location where the flow has merged; this is called the "cutoff"
effect. The location of merging is defined as illustrated in Figure 3-8.

The analytical model ‘adapted from Chen, Reference 1l) of the expansion of
the jetstream versus distance for a single-jet nozzle is illustrated in Fig-
ure 3-9. ‘The radius from the centerline of the jet to the boundary of the
mixing zone, 6, is:

§ = (Dy/2)(1 + X/X;) (3-4)

Data correlating measured values of the length of the potential core are
given in Figure 3-10 for convergent and convergent/divergent nozzles; the
potential core lengths are the same for the two types of nozzles. (This

correlation should not be interpreted to mean that the shock structures of
the two nozzies are the same.)
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For adjacent jets with parallel centerlines, the merging length, Xy, is
then determined by the location at which § = (D, + S)/2 where S = Spacing
between adjacent tubes.

This yields the result that:
X, = X.8/Dp (3-5)

If the outer row is canted relative to the next inner row by an angle, g,
then:

= |= = sin (90 - o + g) cos (q)/sin (2q ~ B) (3-6)

where
« = tan~l (D/2%.)

X, is now used is conjunction with Xpeax in determining the amount of cutoff
applied to a given one-third-octave gand from Figure 3-7.

The cutoff effect disappears for suppressor nozzles having a plug when
the radius ratio (plug radius divided by nozzle outer radius) exceeds 0,65,
for any area ratio; this occurs for either single- or dual-flow cases. To
account for this in the correlation, the calculated cutoff effect is applied
fully only to cases with radius ratios of less than 0.6. No cutoff effect is
applied where the area ratio is greater than 0.65. The cutoff effect in deci-
bels is varied linearly between full effect and no effect in the radius ratio
range of 0.6 to 0.65. This relationship was evolved empirically and was
adopted on the basis of the overall check obtained by this procedure.

(¢) Effective Number of Elements which Radiate Premerged
to the Far Field

All tubes do not radiate noise to the far field. This is shown by the
work of Eldred (26); Middleton and Clark (27); Gray, Gutierrez, and Walker
(28); the Boeing Company (2, 5) and the General Electric Company (3, 4). To
account for thig in the correlation, when the sound has wavelengths smaller
than one-half the tube diameter, only those tubes with an unobstructed line
of sight to the observer are counted, and the effective number of tubes, Nygf,
is:

30




K 1/2
3
Nogr = ¢ & [2(3) + 11[1 - 1/8/D;] . G-D
3=0 s ) -
Term A Term B

where: K = the number of tube rows from the center, counting the center
tube as 0
j = the number of rows inside the outer row, counting the outer
row as 0
S = distance between tube centerlines
D¢ = tube diameter

For a full hexagonal array, K = N,/6 where N, is the number of tubes in the
outer row. This formulation is derived on the basis of the direct line of
sight by the far-field observer, counting only that portion of the premerged
jets which can be scen in 2 multitube suppressor of hexagonal-array configu-
ration. 'The first term in the equation, Term A, represents the number of tubes
facing the far-field observer on two sides of the six-sided hexagon for each
tube row in the hexagonal assembly. Tenn B represents the ratio of the open
space relative to the blocked space presented in the j rows of tubes outside
the K row which is in the radiator in Term A. This number is raised to the
one-half power to correlate empirically with the data.

If the sound has a wavelength, A, larger than tvice the tube diameter,
all tubes are counted. For frejuencies having wavelengths in the range
D/2 2 x > 2D the effect is varied linearly by ome-third-octave
bands, between Nogg < N < Npgrai-

Data also show that aft of the critical refraction angle (g.) (de-
fined below), for data on an arc, the SPL's for the premerged portion of the
frequency range remain approximately constant with angle. This is illus-
trated in Figure 3-11 for data from Reference 5. The directivity patterns
for the suppressor are constant in the premerged region (above 2000 Hz for
this scale-model nozzle) for angles greater than 120°, while for the comnical
(RC) nozzle, they vary significantly with angle. Below 2000 Hz the patterns
of the suppressor resemble those of the simple conical nozzle. This phenom=-
enon is also illustrated in Figures 3~12 and 3-13, which show representative,
multitube-nozzle, far-field, directivity data from Reference 4; for this noz-
zle (scaled to full size), that portion of the spectra stemming from the pre-
merged portion of the jet {frequencies greater than 400 Hz) is approximately
constant with angle for angles greater than 110° for all jet velocities shown.
The phenomenon was included as an empirical correction to the correlation.
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The critical angle, 8., relative to the inlet is given by:

Co/C
8. = 180 - cos™! 1:Mmm , degrees (3-8)
where: Co = ambient speed of sound

Cy = speed of sound bared on the average of the exit flow and
ambient velocities and static temperatures

M, = mean Mach no. based on the average of the exit flow and
ambient velocities and static temperatures

The predicted, high-frequency SPL's at the angle just forward of g. (based on
the effective number of tubes) are used for all angles aft of g¢.

3.2.2.3 Merged Jet Prediction

The method described by Potter and Crocker in Reference 29 was adapted
to calculate the flow conditions of the jet when the flows from individual
elements merge to form one large, mixed stream. Although the analysis was
originally developed for noise pradiction from clustered rocket engines, it
is applicable to the wultielement, jet-noise-suppressor configurations when
proper adjustments for geometry are included. The complete details of the
analysis are given in the original reference. In summary, it provides a
solution to the mixing flow field that yields values for the area, velocity,
temperature, and density of the mergad jet. The solution is developed so
that, at the merging lecation, the values can be used as if the flow were
from a conical nozzle, and the low-frequency jet noise can be calculated by
the conical jet noise procedure (Section 3.3.2).

Since the present problem involves air wmixing with air, the Potter and
Crocker formulation has been simplified. The following equations summarize
the simplified forms that are used (keeping the original notation as defined
after the equation):

Merged Jet Velocity

63 a Ky (C3=CyMy + 62 (a Ky PCMy + U3/ 2gd) = K| = TaCa = 0 (3-9)
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.

Merged Jet Area

BRI L
T e ey TR e e pewe 3 g

nn (Rz—Rl)2
boe AS = 5 (3-10)
- (/n - 1)
i Merged Jet Density
- o = p, P/6% (3-11)
g 5 3
Merged Jet Static Temperature
T, =P a M6 /pp, R | (3-12)
5 a a 3
where:

Ay = Total nozzle exhaust area, £

Ag = Area of merged jet, £t

Ca = Constant-preasure specific heat of ambient air,

Btu/lb °* R

Constant-pressure specific heat of air at the nozzle
exhaust, Bta/ib ° R

I« 778 fr Ib/Btu

Ky = [C3Ty + U3%/2gd = T,C41/P, Btu/lb
Ky = ¥, /(RgPypd), ° R

Mg = Molecular weight of air, 1b/1lb mcle

o
[9¢]
&

f = Total number of tubes in exhaust nozzle

P, = Ambient prassuvre, 1h/ged

Py = Total pressure at unozzle exit planek, 1b/fe?

HE [(Py - Pa)g/(U3zn3)] + 1, dimensionless

Ry =  Universal gas constant = 1545 ft 1b/° R 1b mole

Ry = Radius of individual tube, ft

Ry = Radiug of circle circumscribing the tube bundle, ft
Ty Ambient temperature, ° R

Ty = Static tomperatue of the fully expanded jet at the
nozzle exit, ° R

Tg = Static temperature of the merged jet, * R
* Reference 29 defines this as the static pressure,
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Velocity of the fully expanded jet at the nozzle exit,

ft/sec

a = Ag/A3 = Ratio of merged jet area to total nozzle exhaust
area

8 = Ratio of merged-jet velocity to nozzle-exit-jet velocity

p3 = Density of the fully expanded jet for the nozzle discharge
conditions, 1b/ft3

p5 = Density of the merged jet, 1b/fe3
All definitions are as originally given (after corrections for misprints

in the use of the gravitational constant, g) with the exception of the param-
eter P. This parameter was developed from the momentum equation in the form:

AqUq2 AcUc2 -
p383Y3 + PA. = p585Y5 +PA (3-13)
8 373 g a3

When rearranged to solve for the conditions at Station 5 the parameter, P,
appears:

(p, - P)g
pSASUSZ - p3A3U32 1+ ~—-3—-—2-‘1— = p.A.U. 2P (3-14)

f4Uq

This shows that the pressure, Pj, should be the static pressure. When P3 was
interpreted as the total pressure, however, the (low frequency) noise predic-
tion checked remarkably well. This was therefore adopted as an empirical
modification of the original analysis.

Since the equation for velocity is a third-order equation, '"Newton's
Method," as defined in Reference 30, is used to determine an application root.
After determining this root, the equation is simplified and the quadratic
equation is used to solve for the other roots to see if they lie in the range
of applicability. The root determined by "Newton's Method" for 0<g<l was
invariably applicable and is therefore always used in the computer program to
determine the merged velocity, even if another voot is real. In that event,
the additional root is printed out so that it can be checked for impact on
noise.

In the case where a plug was involved, the nozzle outer diameter is de-
fined as below, and the area, Ag, is determined. All other equations remain
the same.

1
EA

Ry ‘LKAR)Rlz ~ Rg?  for R 0.6

(3-15)

=
~N
a

Ko Yn(ARIRI2 = Rg2  for R Z 0.6




where: Ko

-1.947 logyg (Rp/1.954) [1-0.2525 logyg (Tg/1750)]1 /R 70.716

= suppressor radius ratio

nozzle area ratio (annulus area filled by the suppressor
divided by the nozzle flow area)

= nozzle plug radius (ft)

All other variables are as previously defined.

3.2.2.4 Summary of Prediction Elements

The following method is used in the computer program (Appendix A) for
determining noise levels for multielement suppressor nozzles; exceptions to
this procedure for specific nozzle types are specified in Section 3.3.

1. The SPL versus angle for each one-third-octave band is determined
from the conical nozzle correlation (Section 3.3.2) for an indi-
vidual element prior to merging, based on the nozzle exit condi-
tions, and for the merged jet based on the flow conditions and area
calculated according to the "Merged Jet Thermodynamic Conditions"
portion of this section, (Equations 3-9 through 3~12).

2. Noise is calculated for the flow from tubes (prior to merging) as
follows:
(a) The axial location of the peak noise generation is determined

(b)

(d)

for each one-third-octave band by means of Equations 3-2 and
3-3. Using the one-third-octave band midpoint frequency,
Equation 3-2 is solved for X/D, designated as (X/D)peqk for
each one-third-octave band.

The axial location, (X/D), at which noise is no longer gener-
ated by flow from the individual tubes is determined by Equa-
tion 3~6 for each one-third-octave band.

The ratio of the value determined in (b) to that in (a), above,
is used as the value for each one-third-octave band of

(X/D)m/ ( x/D)geak

in Figure 3-7 to obtain the SPL level relative to the overall
one-third-octave band SPL (determined in Step 1); this deter-
mines the SPL in the one-third-octave band for noise from an
individual tube.

The noise from the nozzle is then determined based upon the
effective nupber of tubes as determined by Equation 3-7,

38




(e) Aft of the critical angle the SPL on the arc for the premerged
noise is held constant ‘and equal to the corresponding SPL just
forward of the critical refraction angle, defined by Equation
3-8.

3. Noise for the merged flow (determined in Step 1) is then added to
that from premerged flow (Step 2) for each one-third-octave band.

Finally, shock-cell noise is calculated for each nozzle type as dis-
cugsed in Section 3.3 and, when present, is added to the mixing noise.

3.2.3 Literature Sources Considered in Developing the Correlation

The published literature which supplied the data base for the Engineer-
ing Correlation (in addition to the data from the current program) is identi-
fied in Appendix B. The contents of Appendix B are organized according to
the type of nozzle and type of suppressor, with separate tables for each
combination. The references included in these tables are identified in the
Bibliography included as a part of the Appendix.

Specific references for each nozzle type are separately identified in
Section 3.3 including a definition of the nozzle geometries, parameters, and
the range of test conditions.

3.3 ENGINEERING COKRELATION PREDICTIONS AND DATA COMPARISONS FOR THE 1ASK 3
JET SUPPRESSOR NOZZLES

3.3.1 Overall Summary of the Adequacy of the Correlation Procedure

The correlation between measured and predicted noise levels for all
types of suppressor nozzles (as described in Section 3.2.1) is shown in
Figure 3-14 for perceived noise level (PNL as calculated per Reference 31)
at the sideline angle at which the maximum PNL occurved and in Figure 3~15
for effective perceived noise level (EPNL). All comparisons are presented
at distances of 1500 to 2400 feet, depending on the literature source. In
order to estimate the EPNL, the static test data for the nozzle were used to
calculate a PNL history for a level flyover, without the use of any flight
effects upon noise generation or radiation.

The measured and predicted data in Figures 3-14 and 3~15 are presented
relative to a "reference" level in order to assure that the full range of the
noise variation was the consequence of thermodynamic variation and not size
.variation. Thus, when sets of data were from two nozzles of different sizes
(flow areas), the noise for each was predicted at a reference set of thermo-
dynamic conditions (a pressure ratio of about 2.5 and a temperature resulting
in a jet velocity of about 2000 ft/sec); noise at other conditions was then
normalized relative to the reference conditions. The data in the figures are
in the form, therefore, as given by:
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o Flyover calculation using stitic data corrected to free-field conditions,
e The "Reference” level is the predicted value of noise for each nozzle,
at a specified set of thermodynamic conditions, plus an arbitrary
value of 100 dB,
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Measured Relative to Reference: M = (PNL measured at test point) -

(PNL predicted at reference)
+ 100

versus

Predicted Relative to Reference: P = (PNL predicted at test point) -

(PNL predicted at reference)
+ 100

The same was done for the case of EPNL.

The data in this form were then evaluated by linear regression analysis
of the form: (M-100) = m(P-100) + b and the values of the resulting linear
regression constants, m and b, are shown on the figures together with the
spread in the data for 80% and 95% confidence. Also shown are lines through
the data including: (a) a solid line representing the linear regression
curve and (b) a dashed line representing the "measured equals predicted" case
for reference. Further description on converting the measured value (rela-

tive to the reference value) to the "expected" value is given in Section
3.3.3.3.

The figures show that the value of b, a measure of the difference be-
tween the overall averages of the measured and predicted data, is less than
0.1 dB for the PNL and less than 0.3 dB for the EPNL correlation. Also, the
value of m, which is a measure of any consistent trend for deviation of the
measured from the predicted value of the ncise, is within 3% of a 1:1 rela-
tionship over a range of about 35 dB.

In most cases, the slope is slightly less than 1:1; this is the result
of underprediction at low jet velocities caused by the high-frequency noise
(even though all the nozzle elements of a multielement suppressor are summed
in those cases without cutoff) and an overprediction at high velocities
(apparently caused by an underprediction of the cutoff effect). The random
scatter about the mean line is within 2.4 dB for 80% confidence and within
3.7 dB for 95% confidence. Consequently, the measured data are concluded to
be well correlated by the prediction method in which the expected value, M,

is determined from the predicted value, P, based upon the linear regression
analysis.

Such data are presented in subsequent subsections of this section for
each individual nozzle type. A summary of this information is included in
Table 3-1. For each nozzle type, the linear regression constants, m and b,
and the 807 and 95% confidence limits are tabulated. Also, the number of
nozzles which were available to establish the correlation is listed. This
information is given for both the PNL and the EPNL measure of the noise. In
gencral, the table shows that any nozzle type can be estimated within 2.6 dB
or less, whether maximum PNL or EPNL, with 80% confidence.

The following subsections discuss each nozzle type individually. A

definition of the prediction method and data base used, a summary of the
prediction elements, and a discussion of the data comparisons and accuracy
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Table 3-1,

Linear Regression Analyéis Results for Suppressor Nozzles,

Nimber

Linear Regression | Confidence
Nozzle Constants Limits (dB) ‘of
Type m b 80% 95% Nozzles
PNL All Suppressors 0.973 0.07 2.4 3.7 43
Conical 1.003 0.63 1.3 2.0 1
Single~Flow,
Multitube 0.951 0.19 2.6 4.1 21
Special Nozzles 0.883 0.59 1.9 3.1 2
Single-Flow,
Multichute/Spoke 0.995 0.05 2.4 3.6 10
Dual-Flow,
Multitcube 0.887 -1,81 2,3 3.8 1
Dual-Flow,
Multichute/Spoke 1.041 0.22 1.8 2.8 9
EPNL All Suppressors 0.968 0.29 2.1 3.3 43
Conical 0.975 -0.34 1.2 1.9 1
Single~Flow,
Multitube 0.952 0.20 2.5 3.8 21
Special 0.937 0.06 1.9 3.1 2
Single~Flow,
Multichute/Spoke 1.003 0.11 2.0 3.0 10
Dual-Flow,
Multitube 0.911 -0.25 1.7 .8 1
Dual-Flow,
Mulecichute/Spoke 1.000 0.89 1.6 2.5 9




are presented. In the presentation of data accuracy, representative com-
parisons are shown of frequency spectra and far-field directivity of PNL.

3.3.2 Conical Nozzles

3.3.2.1 Definition of Method and Data Base Used

The SAE ARP 876 proposed revision dated April 1, 1975 as documented in
Reference 32, and included in Appendix C as the gas turbine jet exhaust noise
prediction, was adapted for predicting single-stream jet mixing noise with
the minor modification of increasing the predicted levels by 1.0 dB. This
correlation was used, rather than later SAE draft revisions, because of
timing and because the latest revision had not yet been approved by the SAE
comuittee. The origins of the experimental data base for the prediction are
listed in Reference 32,

The single-stream, shock-cell noise proposed to the SAE Jet Noise Sub-
committee (A-21), Reference 33, and also included in Appendix C, was also
adapted. An error in Reference 33 has been corrected in the program for the
value of H(¢y, as follows:

N-1 (1)2 N-(i+1)
- 2 cos(F) 8in(0.115F) -
fo t [P*E 24 S 2 (0. 115F) (3-18)
i=1 §=0

The equation for SPL then should read:

2 2
8 Dj
SPL(f) = 10 loglo ~ H(f) + G(sn) (3-17)

3.3.2.2 Summary of Prediction Elements

The detailed prediction procedures for mixing and shock-cell noise are
defined in Appendices C and D. In general, for pure jet mixing noise, a nor-
malization of OASPL is given at acoustic angles from the inlet between 20
degrees and 160 degrees. This normalization is a function of the density
ratio (to the "“u" power), the nozzle exit area, the acoustic range, aund the
fully expanded jet velocity. Spectral distributions are presented as a func~
tion of modified Strouhal number. Air attenuation and extra ground attenu-
ation (ECGA), References 34 and 35 respectively, are applied as required.

Shock-caell OASPL is determined as a function of nozzle exit diameter,
jet Mach number, acoustic range, and acoustic angle. Spectral distribution
is determined as a function of modified Strouhal number, shock-cell spacing
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and the number of shock cells. Air attenuation and EGA are applied to arrive
at the far-field SPL contribution due to shock-cell noise.

3.3.2.3 Data Comparisons and Accuracy

The 1975 proposed revision to SAE ARP 876 used herein was the best cor-
relation available at the beginning of this effort. An analysis of the accu-
racy of this method and other methods with respect to available data is pre-
sented in Reference 36 (Zorumski and Brown of NASA-~Langley Research Center
collaborating with Andre and Kapper of LTV Aerospace Corporation). This
reference presents an analytical method of evaluating the accuracy of jet
noise prediction methods with respect to a given data base. Although the
analysis is not meant to provide a final evaluation of the "best" correla-
tion, it does show that the 1975 proposed revision of SAE ARP 876 is as good
or better than two other recently documented prediction methods and only
slightly poorer than the best of the four methods reviewed. The authors also
note that a one-dB upward shift in the SAE "carpet plot" would make the SAE
prediction of power agree with the Lockheed experimental data base (Reference
14) within +1.5 dB. Reference 14 provides some checks against data which
indicate that the prediction method adequately models shock noise from conical
nozzles.

Another check of the accuracy of the total jet ncoise prediction method
is provided in Figures 3-16 and 3-17 using data taken during this program.
The figures show measured versus predicted maximum PNL and "static'" EPNL
respectively. This "static" EPNL is defined as tne sum of the maximum value
of tone-corrected, perceived noise and the duration correction. It is deter-
mined using the PNLT generated statically (i.e., the noise ignoring flight
effects). Linear regression analysis shows that the measured value agrees
with the predicted for PNL and EPNL within 1.3 and 1.2 dB, respectively, with
80% confidence.

Data showing typical checks between predicted and measured maximum PNL
(normalized) versus velocity, PNL directivity, and one-third-octave band SPL
spectra for the far-field angles 50°, 90°, and 130° (from the inlet) are
given in Figures 3-18 through 3-22, respectively. The predicted values in-
clude both the mixing and the shock-ccll noise a8 defined in Sectiom 3.3.2.1.

3.3.3 Multitube Nozzles

3.3.3.1 Definition of Method and Data Base Used

The multitube-type nozzle was used as the example discussed in Section.
3.2.2 for the development of the M*S engineering correlation method for
multielement suppressors. The data base used for checking the predicted
versus measured noise in evolving the correlation is sumnarized in Table 3-2.
Shock noise-for ‘a single tube is calculated using the relationships for a’
conical nozzle; the level is then determined by the effective number of
tubes, Nogg, per Equation 3-7, with an empirical reduction amounting, in




e The "Reference” level is the predicted value of noise for each nozzle,
ut a specified set of thermodynamic conditions, plus an &arbitrary
value of 100 dB,
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Hpasured EPNL Relative to Reference, M, EPNJB

¢ Flyover calculation using static data corrected to free-field conditions,

® The "Reference” level is the predicted value of noise for each nozzle,
at a specified set of thermodynamic conditions, plus an arbitrary
value of 1u0 dB,
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Figure 3-20. Representative Check of Predicted Versus Measured Spectra
of a Conical Nozzle (50° Inlet Angle).

50

B e i RO T8 T




i1/3-0Octave Band SPL, dB

O Pr/Po = 1,474, Tp = 1109° R, V; = 1184 ft/sec g
O Pr/Py = 1.978, Tp = 1203° R, V; = 1602 ft/sec
4 Pr/Po = 2.745, Tp = 1320° R, V = 2001 ft/sec
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Figure 3-21. Representative Check of Predicted Versus Measured Spectra
for a Conical Nozzle (90° Inlet Angle).
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O pr/epg = 1,978, Ty = 1203° R, Vj = 1602 ft/sec
<= Pp/P, = 2,745, Ty = 1320° R, Vj = 2001 ft/sec
X Pp/F, = 3.924, Tp = 1488° R, Vy = 2397 ft/sec

—— Predicted

100
90
oo
v
B 80
wy
<
[
s
@
[F]
>
]
e
g 70
&
oy
60
24001t dideline, Sea Level
49° ¥, T0% Relative fuaidity
No BGA, Pree Plold, Ap = 338 (g2
wi 1 1 LI |
50

20 100 800 1000 5000 10,000

Frequency, He

‘3- ) Figure 3-22. Repregentative Check of Predicted Versus Measured Spactra
A for a Conical Nozzle (130° Inlet Angle).
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decibels, to twice the nozzle pressure ratio. This correction accounts for

the fact that suppressor base pressures are considerably lower than ambient

(free stream) thus increasing the effective ratio of the elemental jets (see
Volume II).

In general, the m:ltitube correlation in the computer program applies
only for the conditions described in Section 3.2.1 (it is based on nozzles
having hexagonal arrays of equally spaced, round tubes with parallel center-
lines). Perturbations from the simple nozzle may, however, be desirable in
order to improve aerodynamic performance, acoustic signature, or mechanical
feasibility. A number of "advanced" nozzles have been designed and tested.

This section discusses the correlation relative to the prediction of the
noigse from these noszles.

Two important special nozzles are the 104~tube nozzle (Reference 25) and
the 66-tube nozzle {Reference 4). The 104~tube nozzle had varying tube size,
spacing, and shape. The 66-tube nozzle has nonuniform spacing, a plug, and a
canted outer row of tubes. The average spacing of the outer row of tubes for
both nozzles is about 10% greater than the overall average tube spacing of
the nozzle.

The effect of nonuniform tube centerline spacing is calculated by assum-
ing uniform spacing for the postmerged noise and using the actual average

outer row spacing for premerged cutoff and for determining the effective num-
ber of tubes,

In addition to nonuniform spacing, the 104-tube nozzle has elliptical
tubes of three different sizes. The largest variation from round is 1.79:1
and the smallest is 1.26:1. The tube size variation from the average tube
size based on the actual total flow area is between ~9% and +31%, These
variations were predicted by assuming 104 equally spaced tubes of equal
diameter where the diameter is determined by the total flow area required.

3.3.3.2 Summary of Prediction Elements

The cowputer program includes the procodure given in Section 3.2.2 as
sumnatized in “Summary of Prediction Elements,' with the shock-cell noise

caleulated as defined in Section 3.3.3.1, "Definition of Mathod and Data Base
Used . ™

3.3.3.) Data Comparisons and Accuracy

The measured versus predicted data from 21 conventiocal, multitube
nozzles for PNL and EPNLY are shown in Figures 3-23 and 3-24, respectively.
Such data for the two "special' nozzles (see Section 3.3.3.1) are given in
Figures 3-25 and 3-26. The correlation accuracy for these nozzles is below

*See Section 3.3.1 for definition of method for determining EPAL.




e The "Reference” level is the predicted value of noise for each nozzle,
at a specified set of thermodynamic conditions, plus an arbitrary

value of 100 dB.
115 ]

Number
of Tubes
85
85
85
85
85
55
121
72
72
37
37
37
37
37
253

7
19
8l
317
37
37

7

Reference
3

110

T

)

CONWWWLOONOOWOWOWINO~~NWOo

.

WWwwww

106

I

sprraeto0ccoD0dDDEPDODC

PNdB

Current Program
4

G o

o N A BN B W NN
. .

.

100

I

(&
NN NN

-

-

©
b
|

O NN

(]

.

C WD

(£ &

.

90

Linear
Rogression
Curve

K i i

85

Micasured PNL Helative to Reference, M,

|~ Moasured-Bqusls-Predicted Line
! i

Linear Regression | Confidence
Constants Levels, dB

2 b 80% | 95%
0951 | +0.19 {az.6] 241
/ ,

" 1 1 1

75 80 85 90 95 100 109 110 115
Predicted PHL Relative to Reference, P, PHAD

80

Figure 3-23. Correlation Between Measured and Predicted Maximum Per-
ceived Noise Level (PNL) for Single-Flow, Multitube Nozzles.
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e Flyover calculation using static data corrected to free-field conditions,

e The "Reference” level is the predicted value of noise for each nozzle,
at a specified set of thermodynamic conditions, plus an arbitrary

value of 100 dB,
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e The "Reference” level is the predicted value of noise for each nozzle,
at a specified set of thermodynamic conditions, plus an arbitrary
value of 100 dB,
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e Flyover calculation using static data corrected to free-field conditions,

e The "Reference” level is the predicted value of noise for each nozzle,

at a specified set of thermodynamic conditions, plus an arbitrary
value of 100 dB.
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the average for suppressor nozzles in general (see Table 3-1). This is
believed to be the result of limitations of the data base from published
literature. Specifically, data from References 2 and 3 were in the form of
octave-band spectra (as opposed to the current standard of one-third octave),
required corrections for ground effects, and were provided only for the aft
quadrant. Likewise, the data from Reference 25 were only for the aft quad-
rant and were not corrected to Standard Day conditioms.

Even so, the 80% confidence levels for the conventional, multitube noz-
zles is within 2.6 dB for PNL and 2.5 dB for EPNL when the equation M =mP + b
is used. To emphasize the meaning of this form of the data presentation, the
procedure required to estimate the expected value within the specified con-
fidence limits, 1s as follows:

1. Predict the noise for the nozzle at reference conditions (pressure
ratio of about 2.5, temperature yielding a fully expanded jet ve-
locity of about 2000 ft/sec, and at the actual size and area-ratio
of the nozzle).

2. Predict the noise for the nozzle at the conditions of concern
(pressure ratio, temperature, and actual size and area ratio of
the nozzle).

3. Determine the value of P as defined in Section 3.3.1.

4, Determine the expected value of the weasured noise relative to the
reference conditions from (M-100) = w(P-100) ¢ b.

Estimate the expected value of the noise from the nozzle from:

we
.

’ PNL
Expected value = M + 4 or ~100
Q EPNL ) predicted at reference conditions

It is of greater importance to use this form of estimating the expected value
of the noise as the value of b departs more from zero and as m deviates move
from unity. This is the case for the “special™ nozzles as shown in Figures
3-25 and 3-26.

Reprosentative comparisons between measured and predicted data for
2400-ft sideline PNL versus far-field angle and for one-third-octave band
spectra at %0°, 90°, and 130" from the inlet are shown in Figures 3-27
-through 3-30. The first two, 3-27 and 3-28, are for the 104-tube nozzle at
jet velocities of 1400 and 2195 ft/aec, respectively. The remaining two,
3-29 and 3-30, are for the 6b~-tudbe nozile at 1252 and 2478-ft/sec veloci-
ties, vespectively.

&
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Figure 3-27. Typical PNL Directivity and One-Third-Octave Band Spectra
for a 104-Tube Nozzle at 1400-ft/sec Jet Velocity.
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Figute 3-28. Typical PHL Directivity and One-Third-Octave Band Spectra
for a 104-Tube Nozzle at 2195-€t/sec Jet Velacity.
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Figure 3-29, Typical PNL Directivity and One-Third-Qxtave Heuod Spectea
for a 66-Tude Nuzzle at 1352-Tt “sec Jei VYejowity,
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Figure 3-30. Typical PNL Directivity and One-Third~Octave Band Spectra
for a 66-Tube Nozzle at 2478-ft/sec Jet Velocity.
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E % ' 3.3.4 Multichute or Spoke Nozzles
b i 3.3.4.1 Definition of the Method and Data Base Used
K % The basic procedures are given in Section 3.2.2, except that a change is
% made from tubes to chutes or spokes. The differences are as follows:
i ? . In determining the axial distribution and axial locations of peak
b A noise, an equivalent diameter is used as defined by Dgq = v4A/r
x S where the flow area, A, is the nozzle flow-passage area between
- - two adjacent chutes or spokes.
3 E
k 4 . In the low-frequency noise formulation, the calculation of the area
; 4 of the merged jet by Equation 3-10 requires the number of elements
4 ) to be the number of chutes, the circumscribing radius to be that
- ; determined by the envelope of the chutes or spokes, and the radius
g f of the element to be Deq/2. If the exit plane of the chutes or
{ . spokes is caanted by an angle g, the radius, Ry used in Equation
] 3~10 is defined by:
g % Flow Stream Line
: 3
| ; g- Rz = R(1 - Tan B)
3 'é. ° The axial location of the merging of adjacent jets from the chutes
: - or spokes 1s also determined by Equation 3-6 (Section 3.2.2) where
3 v S and Dy are defined by the sketch below:
. s
; '?, ’*r,;:q r.' Flow Passage
Loy S Chute or
P e Spoke
| 91 .
A3
s i Dy Dy,
t l
; ;| . e
K S ] The effective number of flow-passagz elements radiating noise to
% i the far field is determined in a manner similar to tube nozzles,
: - using Equation 3-7 in the following form:
b N
P i
y o 64
3 q
R
L . 4§




xAWTY 5 -

Negg = (2K + 1Hl/2
where: K = (Number of chutes or spokes/6)

This is equivalent to using the number of tubes in the outer row
(of a multitube suppressor) that the observer sees.

The effective number of elements is applied for premerged noise for
those frequencies having wavelengths smaller than Dgq = y4A/yx for supersonic
flow or the outer flow width, Dy, for subsonic flow. This effect is also
varied as for multitube suppressors: D/2 22>2D and Neff<NSN¢ora] where
Neotal = total number of chutes or spokes,

Shock noise is calculated for a single element by the relationships for
conical nozzles, using the average passage width (average of the radial vari-
ation, Dy + Dp/2, as shown on sketch on page 62) in place of D; (see Section
3.3.2.1). The remainder of the calculation is the same as for the multitube
suppressor (see Section 3.3.3.1).

The data base used for checking the predicted versus measured noise in
the correlation is summarized in Table 3-3.

3.3.4.2 Summary of Prediction Elements

The procedure for multitube suppressors (see Section 3.3.3.2) is fol-
lowed with the changes noted in Section 3.3.4.1.

3.3.4.3 Data Comparisons a:d Accuracy

Figures 3-31 and 3-32 give predicted versus measured maximum PNL and
"static" EPNL respectively for single-flow, multichute/spoke nozzles. An
accuracy of +2.4 for PNL and +2.0 for EPNL with 80% confidence is indicated,
The data from Reference 3 in this case was one-third-octave band data. The
ground reflections were removed from the PNL by subtracting 2.7 dB which is
the usual high-frequency correction for this facility. However, since the
data were obtained using nozzle-centerline-height microphones, the ground
reflection cancellations and reinforcements can and do extend to higher fre-
quencies. In addition, because of the small area ratio of the suppressors
involved, there is a significant amount of low-frequency noise which affects
the PNL. The effect of the ground retlections on PNL therefore may vary from
nozzle to nozzle and velocity to velocity and may differ from 2.7 dB. Al-
though the actual acatter caused by this is felt to be small (less than +1,0
dB), it is affecting the overall scatter.

Figures 3-33 through 3-36 give typical PNL ditectivity and one~third-
octave bund spectra comparisons showing representative correlation in detail.
On sume multichute nozzles, at the higher end of the velocity range tested in
cnis program, the data at the 140° angle sometimes was several PNdB higher
than predicted. The cause of this discrepancy could not be explained.
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e The "Reference” level is the predicted value of noise for each nozzle,
at a specified set ¢f thermodynamic conditions, plus an arbitrary
value of 100 dB,
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® Flyover calculation using static data corrected to free-field conditions,

e The "Reference” level is the predicted value of noise for each nozzle,
at a specified set of thermodynamic conditions, plus an arbitrary
value of 100 dB,
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Figure 3-32. Correlation Between Measured and Predicted Effective
Perceived Noise Level (EPNL) for Single-Flow, Multichute/
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3.3.5 Dual-Flow Nozzles

3.3.5.1 Definition of Method and Data Base Used

The dual-flow correlation is for nozzles with a multielement suppressor
on the outer stream. The conical jet noise correction is used in order to
predict level, spectrum, and directivity, just as it was for single-flow noz-
zles. The concept of a premerged and a postmerged noise-generation region
is used, and shock-cell noise is again added to mixing noise.

The premerged noise, including both mixing and shock noise, is deter-
mined for the multielement suppressor just as if the nozzle were a single-
flow suppressor, using the procedures described in Section 3.3.3 for multi-
tube, and in Section 3.3.4 for multichute or spoke suppressor nozzles. The
effect which radius ratio has on the cutoff effect (Section 3.2.2) is in-
cluded in the calculation. It is assumed that the nozzle is of the extended
core type so that the outer stream fully merges before mixing with the ianer
stream; the consistency of the data with the prediction suggests that the
assumption is warranted for this data base,

The postmerged mixing noise of a dual-flow nozzle with a suppressor on
the outer stream is based on the outer flow (WO, VO, T2, PC, and A®) mixed
wilh ambient air as determined by the method described in Section 3.2.2 under
"Merged Jet Thermodynamic Conditions" and then mixed with the ipner stream
as described below. Tho effect of the inner stream was found to preclude the
effects of a plug; therefore, Equation 3-15 for R, > 0.6 is not included for the
suppressed, dual-flow-nozzle predictions.

Two approaches are used to predict postwmerged mixing noise depending on
whether the outer stream velocity is lower or higher thau the inner stream:

° When the lower velocity is in the outer stream, the postmerged
mixing noise is determined by the nozzle exit conditions of the
inner stream (velocity and temperature), by the total area and
corrvesponding equivalent diameter of the inner and outer streawms,
and by an empirical correction determined by the velocity ratio and
arca ratio of the two streams. The empirical correction is {reduc-
tion relative to the conical nozzle levels):

=K [1 -4 (vo/vi - 0.5)2), dB (3~18)
K = 10 logg (AO/AL) ¢ 5.8, dB (3-19)
whare: A » (Predicted OASPL for a conical nozzle based on the

conditions defined above) - (mecasured OASPL for the
dual=flow nozzle)

K = Area ratio effect upon 3
V = Velocity

A = Area
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SUperscripts:

o = Outer stream after merging (Section 3.2.2)

i = Inner stream

The data from which these relationships were derived are shown in
Figures 3-37 and 3-38 for 4 and K, respectively.

This method is applicable for the following ranges of the vari-
ables: 0.65 < A®/A' < 8.0 and 0.2 < VO/Vt < 1.0.

When the higher velocity is in the outer stream, the postmerged
mixing noise is determined by the momentum-weighted, mixed condi-

tions for the two streams, assuming constant-area mixing of the two
streams:

v A MR LR (3-20)
mixed wo + wt
o .0 1,1
S Sl i (3-21)
Twiva ¥
mixed W e
0 i .
A@;g,}d A +A (3 23)
o JHIew (3-23)
m

AL .
miged mixed

where: V = velocity

Ty = total temperature
W= weight flow

0 = density

These conditions ave used in the conical jot noise prediction.
The data check providing the basis for this formulastion of the

mixed-stream conditions is shown in Figures 3-39 and 3-40 in tetmwms

of normalized PWL viersus V,j..q for the following ranges of vari-
ables (from References 37, 38, and 39): 0.65 < AO/AR < 64.0 and 1.0
¢ VO/VY ¢ 2.1, The normalization used for PWL is the same as that
for a simple, conical nozalz except that thrust, Fg = DAVz/g. is

used rather than the arca, A. The exponent on the density norwal-

ization then becowes (W=1) rather than w.
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When the flow velocity of the inner stream is supersonic based on noz-
zle exit conditions, shock-cell noise occurs. It is determined by the coni-
cal prediction method (Section 3.3.2) based on the pressure ratio, tempera-
ture, and the equivalent diameter (Dg, = Y4A]x) of the inner stream. Data
(Reference 38) indicate that the outer flow does not interfere with the prop-
agation of this noise to the far field.

The data base used for developing the correlation is shown in Table 3-4.
This includes conventional, dual-flow nozzles of the type used on high-bypass-
ratio, turbofan engines and inverted-flow nozzle types used on Advanced Super-
sonic Transport (AST) study engines. Comparisons of predicted and measured
data for the suppressed, dual-flow nozzles listed in Table 3-4 are given in
Section 3.3.5.3.

3.3.5.2 Summary of Prediction Elements

The following summarizes the dual-flow prediction elements included in
the computer program:

1. The premerged mixing and shock noise are determined from the sup-
pressor as if it were a single-flow nozzle, taking into account the
radius ratio of the annular geometry of the suppressor in the
effect upon cutoff of high frequency noise.

2. The conical nozzle correlation is used for the postmerged mixing
noise according to one of the two methods below:

a. For the outer stream velocity (after merging with ambient air
per Section 3.2.2) equal to or less than the inner stream
velocity, the noise calculated using the inner stream con-
ditions of velocity and temperature, total nozzle flow area
(where the outer nozzle area is the calculated value after
merging with ambient air), and sn empirical adjustment as
developed in Figures 3-37 and 3-38 (Equations 3-18 and 3-19).

b.  For the outer-stream, merged velocity greater than the inner-
stream velocity, the noise is calculated using the womentun-
woighted mixing of the inner stream and the conditions for the
outer stream (after the outer stream has worged with amdient
air) and using the total area as in (a), above, assuming con-
stant-arca wixing.

3. The postmerged, shock-cell noise is determined based on the inner-

stream flow conditions and equivalent diameter, assubing no effect
from the ocuter strean.
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3.3.5.3 Data Comparison and Accuracy

Data for a dual-flow nozzle with a multitube suppressor are given in
Figures 3-41 and 3-42 for maximum PNL and EPNL, respectively. For this noz-
zle (one set of data) the 80X confidence limits are +2.3 and +1.7 on PNL and
EPNL, respectively, Figures 3-43 and 3-44 give PNL directivity and spectra
for two different operating conditions for this nozzle.

PNL and EPNL data for dual-flow nozzles with multichute suppressors are
given in Figures 3-45 and 3-46, respectively. The 80% confidence limits are
+1.8 dB for PNL and +1.6 dB for EPNL. This nozzle type provides the best
check of predicted versus measured data of any suppressor nozzle. Figures
3-47 through 3-49 give PNL directivity and spectra for representative nozzles.
As for single-flow multichute nozzles, some dual-flow multichute nozzles
tested in this program had noise at 140° several PNdB higher than predicted.

3.3.6 Ejector Nozzles

3.3.6.1 Definition of Method and Date Base Used

This section includes hard-wall and treated ejectors used in conjunction
with a multielement suppressor. Hard-wall and treated ejectors with an in-
verted~flow, coannular nozzle having a multielement suppressor on the outer
stream are also included. The configurations used in evolving the correla-
tion are defined in Table 3-5.

The corvelation for hard-wall, ejector nozzles is completely empirical,
and extrapolations beyond the range of the data (defined in this section)
should not be relied upon. Complete ewpiricism was necessary because of an
unexpected aspect of the far-field divectivity: At the angle of maximum
noige for an unshrouded suppressor nozzle, the effect of the ejector is small
to negligible; the largest effect occurs aft of the refraction critical angle
and in the forward quadvant, beyond 30° in front of the critical angle. This
is in contrast to observations leading to the use of an effective number of
elomonts in a multielement suppressor which is roughly given by "you only
hear what you can see." The physical blockage of the line-of-sight prowvided
by the hard-wall ejector had very little ef fect on the maximum far-fileld
noise (see Figure 3-50 as an example).

Hard-wall Ejectors

Data ou the cffect of adding a ha. -1 yjecter shroud to a multi-
element nozzle have been correlated as suumarx:ed below:

) At the far-ficld angle equal to the critical angle of refraction -
(per Equation 3-8) plus 20° (approximately 130° from the inlet), *
for the one-third-octave band at which the premerged noise level
for the unshrouded nozzle is the higheot (f,), the reduction in
refevence sound pressure level (aSPLy) is eatablished as givean in
Figure 3-51 as a function of the following:

vy
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e The "Reference” level is the predicted value of noise for each nozzle,
at a specified set of thermodynamic conditions, plus an arbitrary
value of 100 dB,
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Figure 3-41, Correlation Between Meosured and Predicted Maxiwmun Per
ceived Noilse Level (PNL) for Dual-Flow Nozzles with a
Multitube Suppressor on the Outer Stream.
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¢ Flyover calculation using static data corrected to free-field conditions.

e The "Reference” level is the predicted value of noise for each nozzle,
at a specified set of thermodynamic conditions, plus an arbitrary
value of 100 dB,
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l ® The "Reference” level is the predicted value of noise for each nozzle,
' at a specified set of thermodynamic conditions, plus an arbitrary

l value of 100 dB,
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¢ Flyover calculation using static data corrected to free-field conditions,

e The "Reference” level is the predicted value of noise for asch nozzle,
st a specified set of thermodynamic conditions, plus an arbitrary
value of 100 dB.
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ceived Noise Level (EPNL) for Dual-Flow Nozzles with a
Multichute/Spoke Suppressor on the Quter Strean.
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- Nozzle Pressure Ratio (Prg/P,): This effect is shown on
Figure 3-51 after the ASPLR has been normalized by the other
variables discussed in the following paragraphs.

- Effective Area of the Ejector Relative to the Area of the
Nozzle (A.:/A.)asr¢: This effect is shown, by itself, in
Figure 3-52. The figure shows that the ASPLg is linear with
(Aej/Ap) for each of three values of Prg/Py. The slope so
established was used in the normalization of Figure 3-52.
When the nozzle includes a centerbody plug, the effective
ratio of (Agi/AL) is different as established from the avail-
able data base as shown in Figure 3-53.

- Nozzle Exit Temperature (Tg): This effect is shown inde-
pendently in Figure 3-54. The slope so established is used
in the normalization of Figure 3-52.

- Ejector Length Relative to Nozzle Equivalent Diameter
Loi/Daq: This effect is shown in Figure 3-55. 1In this fig-
el —eq- X
ure, Deq = /4Ag7n, where Ag is the nozzle flow area. The
overall correlation shown in Figure 3-52 uses these data nor-
malized by (Lej/Deq) = 2,

] At the frequency of peak premerged noise, the reduction in sound
pressure level, (ASPL;) relative to the reduction in reference
sound pressure level ?ASPLR) versus far-field angle is given in
Figure 3-56. The far-field angle is normalized here by the refrac-
tion critical angle, 6.

. For other one-third-octave band freqencies, the effect of an ejec-
tor is correlated relative to the premerged peak noise frequency
(f,), defined by the one-third-octave band frequency in which
the following frequency occurs:

fp = O¢3 Va/deq
where: Vg = nozzle exit velocity (ft/sec)

deq = equivalent diameter of a suppressor element (ft) =
ZY I —"

The spectrum of the reduction at any one-third-octave freqency f,
relative to that at the value of f,, is as shown in Figure 3-57.
The figure is a plot of (aSPLy - Agpo) verus (£/f,) using 60°,
110°, and 130° data for illustrative purposes. The effect was
found to be independent of angle. Below f,, it was assumed that
ASPLg = aSPLg; this is relatively unimportant because of the fre-
quency range of high noise levels genorated outside the ejector.
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Treated Ejectors

The data on the effect of adding single-degree-of-freedom (SDOF) acous-
tic treatment to the ejector (Reference 40) has been currelated in terms of
reduction of sound power level (APWL), one-third-octave band SPL spectra, and
far-field directivity. The suppress:ion expected from the treatment is pre-
dicted analytically using the source-location information developed in Sec~
tion 3.3.2 (Axial Distribution of Noise), using ray acoustics, and taking
into account the absorption of energy for each interaction of the acoustic
ray with the treatment. The analysis is predicated on the assumption that
the ejector does not perturb the noise generation; so, the axial distribution
of sources within the ejector are the same as for the bare nozzle.

The acoustic ray analysis is illustrated in Figure 3-58. A line of 25
equally spaced sources is used, located axially from the nozzle exit station
to 2.5 times the peak location downstream of the nozzle exit and located
radially at the periphery of the outermost element. In a one-third-cctave
band, the range in relative levels from the peak to 8 4B below the peak is
covered (See Figure 3-6).

Angles of incidence from 10° to 80" are used in 10" increments, based
on an ompidirectional source distribution, and the reductions in PWL are de~
tevnined for the upper and lower band limits and the midpoint frequency of
all one-third-~octave bands. 7To determine the total PWL reduction, the number
of reflections of the acoustic ray associated with an angle of incidence and
source lecation are calculated bazed on the ejector length, diameter, and the
fiow conditions. The power reduction for each reflection is determincd as
discussed in the following pavagraph. This veduction is then summed over all
reflectiona, This iz vepcated for each spurce location, and, taking into
account the relativs lavel of each cource (Figure 3-8), the reduction ia
sussmed over all seurces. The reduction is summed over each angle of inci-
detce to determine the total poves reduction for each frequensy. By anti-
logarithmically avevaging the reductinn at the lower limiting, midpoint, and
upptr limiting froquencies, the reduction over a vne-third-octave band is
apptosimated.

Te deternine the reduction due to evach reflection within the ejector,
the trastoent resistance and veactance must be known at the lower limiting,
aidpoint; and upper limiting froquencies of a given one-third-octave band.
The reduction in sound powey level (PML) is determined using the following
two equations:

&R cos (ai)

L 5 3 {3-24)
(1¢R cos °i) + (% cos °i)

wheore: ag ¥ absorption coefficient

F
[ ]

normalized specific resistence

32
1

normalized specific reactance

0; = incidence angle, as defined on Figure 3-58
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Figureé 3-58, Acoustic Ray Analysis for Treated
Ejector,
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APWL = -10 logjg (l1-ag), dB (3~25)

In the case of SDOF treatment, a routine to determine the resistance and re-
actance is included in the program. For other treatment materials, the resis-
tance and reactance values as used in Equation 3-24 can be input independently.

To convert this reduction in PWL to a reduction in SPL, the directivity
must be known. Figure 3-50 shows an example of the effect of a created ejec-
ter (data from Reference 4). Note that the change in SPL relative to the
hard-wall ejector is greatest and approximately constant where the hard-wall
ejector reduction in SPL is smallest (70° to 120°). At other angles the
change in SPL due to treatmen: is smaller but constant with angle. Data from
References 4, 38, and 40 and from this program have been ugud to develop the
directivity correlation chown in Figure 3-59. The data from Reference 4 is
plotted on the figure to show representative correlation.

For angles of 8. - 50° to 6. (8, defined by Equation 3-8) ASPL =
1.2 x APWL. TFor all other angles, ASPL = 0.6 x APWL.

3.3.6.2 Summary of Prediction Elements for Ejectors

Data for a bare nozzle (without an ejector) are renuired in order to
predict tha far-field SPU at all angles and one-third-octave band frequen-
cies. The reduction of the ceference soun! pressure level by a hard-wall
ejector is established for one angle at the frequency of peak premerged noise
by the correlation gpiven in Figure 3-51. Parameters needed for this purpose
are: onozzle pressure ratio, effective area of the ejector relative to the
area of the nozzle (see Figure 3-53), nozzle exit total temperature, and
ejector length relative te the equivalent nozzle diameter. The corresponding
valug of otler angles is determined by the correlation given in Figure 3~56;
the parameter needed for this purpose is the refraction critical angle as
defined by Equation 3-8. The spectral distribution is then determined by
applying the correlation givean in Figure 3-57 (at all angles) relative to the
frequancy of peak, premerged noise. The frequency of peak, premerged noise,
f,, 18 estimated by means of £, = 0.3 Vg/dgq as defined in the text of Sec-
tion 3.3.6.1

The ctfect of adding treatment is determined analytically usiny ray
acoustics, assuming the axial source distribution as for an unshrouded noz-
zle {Section 3.2.2), calculating the sound power absorbed per interaction
with .he treatment (Equations 3-24 and 3-25), and determining the delta one-
third-octave bard power lavel (APWL) spectrum by summing for all interartions
for all angles of incidence. The APWL spectrum is converted to far-field
45PL based upon the correlation shown in Figure 3-39.
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Data from Reference 4
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Figure 3-59. Directivity Correlation fo: Ejector
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3.3.6.3 Data Comparisons

Because of the empirical nature of the hard-wall correlation, the check
against avaiable data is already shown on the correlation plots. Figures 3-60
through 3-64 show PNL directivity and one-third-octave band SPL comparisons
for two dual~-flow suppressors and one single-flow suppressor, all with hard-
wall ejectors. Comparisons of predictions versus data for these wozzles with-
out ejectors have been given in Sections 3.3.5 and 3.3.3, respectively.

For single-degree~of-freedom (SDOF) treatment, examples of predicted
versus measured reduction in one~third-octave band sound power level (PWL)
are given in Figures 3-65 through 3-67.
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Figure 3-61. One-Third-Octave Band Spectra for a Dual-Flow Nozzle
with a 36-Chute Suppressor and Hard-Wall Ejector.
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Figure 3-62. One-Third-Octave Band Spectra for a Dual-Flow Nozzle
with a 69-Tube Suppressor and Hard-Wall Ejector.

108

e s g

S ——————

i kbl iy



e T N WO RN

100
Prg/Po = 1,49
90 Tpg =1149° R
g ® ©& & Measured
5 —— Predicted
E 0 Data from Reference 4
®
70 l
0 30 60 90 120 150 180
2128-ft Sideline d; - Angle from Inlet, degrees
80 G, =50° 6, =90° B: =130°
3 %
&
) v
g o ...0... °
‘g [ ]
? sl *
7 60
2 *
i
bt .
4
&
@ 50
8 N
40 .
30 300 5000 30 500 3000 30 500 5000

Froquency, Nz

Figure 3-63. PNL Directivity and One-Third-Octave Band Spectra for
a 66-Tube Nozzle with a Hard-Wall Ejector, 1224-ft/sec
Jet Velocity. )
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Figure 3-64., PNL Directivity and One-Third-Octave Band Spectra for
a 66-Tube Nozzle with a Hard-Wall Ejector, 2465~ft/sec
Jet Velocity.
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%‘ : 4,0 THEORETICAL PREDICTION METHOD AND VERIFICATION OF PRINCIPLES

Certain basic concepts of jet noise generation and suppression have
evolved in the past 20 years. The theoretical developments and basic experi-
ments performed as part of Task 2 of the High Velocity Jet Noilse Source
Location and Reduction Program have supported a view of the physics of jet
noise and suppression/reduction. The primary purpose of these simple experi-
ments was to verify basic suppression concepts and not to be limited by

considerations which would be relevant to realistic engine system configura-
tions,

Section 4.1 summarizes the key issues relevant to the theoretical model-
ing of jet noise mechanisms. This subject is treated in depth in the Task 2
report, Reference 7. Section 4.2 describes the analytical model of the the-
oretical M*G*B jet noise prediction methed from Task 2 in sufficient depth
for Section 4.3 to present a study to verify the theoretical principles by
direct comparisons of the theory with the Task 3 data.

4.1 JET NOISE MECHANISMS

The jet noise theories of Lighthill (Reference 41), Ribner (Reference
42) and Ffowcs-Williams (Reference 43) have identified and quantified a
number of important, physical characteristics of jet noise. These include:
(1) the generation of sound by swall~scale, random, turbulent-eddy fluctua-
tions, (2) the "quadrupole" nature of the acoustic field, and (3) convective
amplification of the sound due to motion of the turbulent-eddy sources rela-
tive to the abserver., From these theoretical developments, a scaling prin-
ciple for jet noise has been extracted (Ahuja and Bushell, Reference 44)
as follows:

B P(Q) = SPL - 10 log (V. /v

b
-10 log,, {ﬁjfﬁ

8 9

- g “u ag : -5

o) 10 lohlo(n}R) 10 log) (1 + ¥ cosdy)
2

rﬁf) ShEL

where Q - (fD/Vj)(l + M cmsﬁi}
and P - normalized sound pressure level (di)
SPL - far-field sound pressure level (dB)
Vy = nozzle exit jet velocity
V. . = reference velocity
rvef
H] - tozzle diamoter
R - observation radius
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MC -~ eddy convection Mach number

pj - nozzle exit jet density
-
o Prof - reference density
_ ;g ei - observation angle from inlet axis (8i = 180° - ej)

Q - normalized, Doppler-shifted frequency

t

'i ! f obgerver frequency

According to this scaling principle, one should obtain a universal curve
of P versus Q when far-field noise measurements of SPL versus f are normalized
according to Equation 4-1, regardless of jet velocity, diameter, density (or
temperature), frequency, or angle and radius of measurement.

Recent careful experimental studies by Lush (Reference 45), Ahuja and
Bushell (Reference 49), and Hoch, et al. (Reference 46) show that this
' scaling principle is not able to collapse parametric data onto a single
curve. For example, for cold jets at small values of Q (source Strouhal
number), the factor (1 + M, cosei)“s in Equation 4-1 underestimates the varia-
4 tion of neise with angle. Conversely, at high values of Q, this factor
overestimates the variation of noise with angle. For hot jets, the data is
k. best correlated {f the factox (pj/@ref)z in Equation 4-) is replaced by
4 - (Qifﬂtef)m' where the density exponent w is itself a function eof jet velocity
ratio V4/C  (Cy 48 the amblent speed of sound). Only for values of VJ/QQ in
excess of about 1.3 does w approach the theoretical value of 2. Also, the
observed effect of heating is to bias the SPL spectrum to lower frequencies.

_ _ Lighthill notion of ascribing jet noise to convected quadrupeles, if the
o fact that the turbulent eddies do not communicate directly with ambient
] atmosphere but are subject to a shrouding effect of the mean jet flow is
N accounted for. The classical theories (References 41-43) were based on a
) stationary-vave equation acoustic analogy which lmplicitly contains mean-flow
F N\ 3§ propagation effects in the right-hand side or forcing function, To extvact
R : the mean-flov effects explicitly requires further manipulations to arrive at
3 2 a poverning equation for acoustic pressure which is clearly in the form of an
k- 3 inhomogenous convected-wave equation driven by ceavected, solenoidal, turbu-
= . ient velocity fluctuations. Such an equation was first derived by Phillips
{Roference 47)  aund has been developed more fully by Lilley (Reference &3) and
: Goldatein and Howes (Reference 49). General solutions to these convected-wave
L , equations have been formulated by Pao {Reference 50), Tester and Burrin
(Reference S1), and Berman (Referemce 52). Eavlier works by Ribner (Reference
42), Schubert (Reference 53), Powell (Reference 54), and Csanady (Reference
99) have drawn attention to the importance of wean~flow shrouding effects.

¥
!
?i‘ é} Most of the above Jiscrepancies can ba riosolved while retaining the

Motivated by the desite to avoid obscuring the physics by complicated
nurerical approaches, Mani (Refetences 56-60) has developed closed-form




analytical solutions to the Lilley-Goldstein type equation by modelling the
jet flow as a simple, round plug-flow jet. From these solutions, several
novel aspects of the jet noise problem, not discernable at all from the
Lighthill approach, have emerged. These include the following:

(1) The Lighthill factor (1 + M, cos 91)-5 for directivity emerges only
as the limit for zero flow Mach number and nonzero eddy-convection
Mach number and is not even a good, low-frequency approximation. The
directivity is frequency dependent.

(2) Due to mean-flow shrouding effects, i.e., inhomogeneity of the flow
in the transverse direction, transverse quadrupoles exhibit reduced
convective amplification compared to longitudinal quadrupoles.

(3) The combination of refraction and wave-trapping produce the ob-
served fall-off in noise at angles close to the jet axis.

(4) Mean~flow density gradients act to generate dipole and simple-
source terms which scale with jet velocity as V3° and V 4,
respectively, for constant value of jet density. These additional
noise sources counteract the reduced emission of the quadrupole
sources due to heating, becoming less important as jet velocitg
increases, since the quadrupoles scale with jet velocity as V4°.

These aspects were all confirmed by Mani (References 56-60) through
extensive data/theory comparisons with several sources of acoustic data. 1In
particular, the variation in noise with observer angle 8; was verified as to
lcequency dependence,  Additionally, the necessity for having a variable
density exponent w was found to be adequately explained by the mean-flow
shrouding effects ard attendant additional noise source contributions due to
heating. Figure 4-1 shows the agreement obtained between theory and experi-
ment for a subsonic, round jet in terms of directivity characteristics.
Figure 4~z shows a comparison of the empirically derived density exponent
(w) with the values inferred from the theoretical model as a function of jet
velocity ratlo V4/C,. These results and many other comparisons reported in
References 59 ané 60 have cunclusively demonstrated that mean-flow shrouding
is 4an important jet noise mechanism. These studies have also verified that
Lighthill's original concept of compact turbulent eddirs convecting and
decaying with the flow 1s a reasonable physical picture of jet nolse, pro-
vided that the influence of the mean flow is properly accounted for.

Another important noise mechanism for supersonic choked jets is the
interaction of conveciing turbulent eddics with the sihock-cell formutions in
the jet. The shock-turbulence inieraction process can produce a discrete
tone or "screech" component which is related to acoustic feedback with the
nozzle. For actual englne nozzles and scale nozzles operating at heated
engine cycle conditiovns, this feedback mechanism is rarely observed and can
be "tuned out" if it does appear. The component of major concern is the
broadband noise usually termed shock-cell noise. Although shock-cell noise
is "broadband," in that it has a wide spectrum, it caa exhibit a sharp peak.
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A physical picture of the shock-cell noise mechanism has been proposed
and modeled semiempirically by Harper-Bouene and Fisher (Reference 61).
This picture is basically one of turbulent eddies passing by (or through) the
shock fronts, disturbing the shocks, and causing them to emit acoustic waves.
The acoustic waves constructively or destructively interfere depending on the
shock spacing, eddy convection velocity, and the life time of a given eddy.
From the theoretical and experimental studies in Reference 66, several
important features of shock-cell noise were revealed, as follows:

(1) The overall sound pressure level (0ASPL) is independent of jet
temperature.

(2) The OASPL is nearly omnidirectional, i.e., independent of observer
angle 04.

(3) The OASPL varies as the fourth power of the shock-cell parameter
B, where B = Vsz—l and Mj is the jet exit plane Mach number based
on isentropic expansion.

(4) The spectrum peak noise frequency is proportional to jet velocity
and inversely proportional to shock spacing.

Shock-cell noise tends to dominate the total jet noise spectrum in the
forward quadrant (64 < 90°) at middle to high frequencies. This is 1llus-
trated qualitatively in Figure 4-3. Experimental evidence, e.g., that of
Drevit et al. (Reference 62) indicates that the basic, shock-cell, noise
strength is unaltered in flight and is in fact amplified by the doppler
effect in the forward quadrant due to aircraft motion, by a factor (1-M
cosfi)~4, where M, is the flight Mach number. Since the turbulent mixing
noise may possibly be reduced in flight in the aft quadrant (64 > 90°), it
becomes increasingly important to be able to account for shock-cell noise
when predicting jet noise in flight, as it may weigh heavily on the effec-
tive perceived noise level (EPNL), This calls for a thorough understanding
of the shock-cell noise mechanism and effects especially for noncircular,
suppressed nozzles contemplated for AST aircraft.

There are other mechanisms which may contribute to the total observed
Jjet noise spectrum, such as lip noise and large-scale structure. These
mechanisms have been studied in some detail as part of Task 2, Results of
studles conducted by Siddon (Refecrence 63) for General Electric show lip
noise to be relatively insignificant except at very low jet velocities (Vj/Co
< 0.7). Even at these low velocities, a well-designed, aerodynamically
clean nozzle does not exhiblt appreciable lip noise. These conclusions are
based on extensive measurements of crosgs-correlations between far-field
microphones and nozzle flush-mounted transducers (both internal and external)
made over a wide range of nozzle velocities, nozzle types, and with and
witiout external-flow flight simulation.

The questilon of orderly, large-scale structure as a possible noise

mechanism is more difficult to address. Studies conducted by Laufer
(Reference 64) for General Electric have not produced any concrete evidence
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that large-scale structure is a direct cause of noise, although it may exist
under certain flow conditions (e.g., low Reynolds number). Extensive data-

theory comparisons using a prediction model which ignores large-scale struc-
ture as a noise mechanism have shown no consistent discrepancies which could
be attributable to large-scale structure.

4.2 ANALTYICAL MODEL DESCRIPTION

The unified aeroacoustic prediction model was developed for predicting
the noise of arbitrary jets as part of the Task 2 effort. This model is
based on four primary sound generation/emission mechanisms:

(1) Sound generation by small-scale turbulence produced in the mixing
zones of the jet plume, convecting with the flow

(2) Convective amplification due to turbulent eddy motion relative to
the observer

(3) Mean-flow shrouding (fluid shielding) of the generated sound
(4) Shock-turbulence interaction (shock-cell broadband noise)

The model utilizes a representation of the jet plume as a "collection"
of uncorrelated (nearly compact), turbulent-eddy multipole sources. These
sources radiate sound with an intensity spectrum directly related to the
local flow properties, i.e., mean velocity, density, turbulence intemsity,
and length scale. The net radiation of the generated sound from each eddy
is a function of the flow environment of that eddy treated as an acoustic
wave propagation through a parallel, shear-flow model of the jet plume,

The shock-cell noise mechanism is modeled using extensions of the Harper-
Bourne/Fisher (Reference 61) method. The turbulent mixing noise and shock-
cell noise are assumed to be independent of each other. Flight effects

are accountad for in both the mixing noise and the shock-cell noise
calculations.

The prediction model contains four major elements: (1) an aerodynamic
flow-field prediction procedure, (2) a sound-flow interaction acoustic model,
(3) a mixing-noise source strength spectrum model, and (4) a shock=-cell
noise prediction. These four elements are described briefly in the follow-
ing paragraphs.

4.2.1 Aerodynamic¢ Flow-Field Model

The aerodynamic flow field is modeled using an extension of Reichardt's
(Reference 65) theory. This extension consists of superposition of elemen-
tal solutions of Reichardt's theory to construct complex flows from nozzles
of arbitrary cross section. This approach was first suggested by Alexander
et al., (Reference 66) and applied to suppressor nozzle configurations by
Lee, and Grose and Kendall (References 67 and 68). Reichardt's theory is
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based on the experimental observation that the axial momentum profiles in
the similarity region of a jet (or wake) are bell-shaped or Gaussian in
shape. Utilizing this observation and hypothesizing a proportional rela-
tionship between transverse momentum and radial gradient of axial momentum,
a linear parabolic governing equation for axial momentum of the diffusion
type was deduced. This equation has the following form for axisymmetric
flow:

F _ A 3 9F
3 r or [ ar] (4~2)

where F is the local axial momentum flux F = (pul - Pa uaz) and (x,r) are
the axial and radial coordinates, respectively, P is the local density, and
u is the local axial velocity. Subscript "a" denotes the ambient free-
stream values. The proportionality factor A = A (x) is an empirically
determined mixing constant which varies linearly with axial distance along
the jet. Alexander, et al. (Reference 66) have derived similar relations
for stagnation enthalpy flux; i.e., F = PuH where H is the local stagnation
enthalpy relative to the free-stream value.

Because the governing equations for 4-2 fu’ and PuH are linear, the
summation of elemental solutions to 4-2 is also a solution. This unique
feature of Reichardt's theory permits the construction of quite complex
jet flow fields with relatively simple mathematics. Although more rigorous
theories are available for simple jet flows, there is no other technique
presently available which offers the capability of modeling jet flows typical

of aircraft engine suppressor nozzles such as multiple-tube, lobe, and spoke/
chute nozzles, etc.

In addition to the mean-flow quantities u and f, the turbulent shear
gstresses can be deduced from the Reichardt hypothegis that transverse
momentum flux Puv (v is the transverse component) is proportional to the
transverse gradient of axial momentum flux,

puv & A(3/3r)ou? (4~3)
together with an assumption that the turbulent shear stress is approximated
by T = (pu'v') ¥ puv. The primes denote fluctuation component quautities.

This flow modeling approach has been applied to coannular jet flows by
Gliebe and Balsa (Reference 69).

4,2.2 Sound/Flow Interaction (shielding) Model

Based on the successful work of Mani (References 56-60) in accounting
for mean-flow shrouding effects on jet noise, Balsa (References 70 and 71)
has applied the plug flow modeling approach to explaining the characteris-
tics of noncircular jets. For example, utilizing low-frequency approxima-
tions, a solution for elliptic jets was developed (Reference 70). Also,
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using a plug flow annular jet model, some aspects of the flow shrouding or
shielding which takes place in multitube suppressor nozzles were explained.
Finally, the solutions for mean-flow shrouding effects in coannular nozzles
were developed in Reference 68.

It was found, however, that for high jet velocities (V;/C, > 1) and
high frequencies (fD/V; > 1), the simple plug flow models with centerline
convecting sources overestimated the mean-flow shielding effects. The result
was too large a dropoff in noise near the jet axis. It was found necessary
to account for mean-flow profile shape and radial source location. Closed-
form solutions for the pressure fields of various high~frequency convected
singularities immersed in a parallel shear flow were developed by Balsa
(Reference 72), using Lilley's equation. A parallel shear flow is assumed,
having continuous velocity and temperature profiles. Lilley's equation is
given by:

2
1.3 D 2 3P du 3P _ -
2 D”p - D(Ap) v (log C°) D =+ 2 = Py S (4-4)
where D= 3 + U 3 and S = pD [VVu'u'] (4-5)
at 90X

In the above, U = U(r), C = C(r), and P = p(r) are the mean jet velocity,
speed of sound, and density, respectively. The parameter 4 is the Laplacian
operator, t is time, and u' is essentially the turbulent velocity fluctu-
ation. The coordinate system and geometry are shown in Figure 4-4. Roughly
speaking, the aerodynamic calculation, Section 4.2.1 provides the distribu-
tions of U, C, P, and S. Equation (3-5) is solved in closed form for the
acoustic pressure by the WKBJ Technique. In particular, the Green's func-
tion is constructed for this equation which, when convoluted with the actual
source function S, yields the solution to Lilley's equation. It turns out
that the high-frequency assumption invoked in the analysis is not very
restrictive and is generally fulfilled for high-velocity jets. A similar

approach was used by Pao (Reference 50) for solving Phillip's equation
(Reference 47).

In solution for the Green's function, several possibilities arise depend-
ing on the zeros of

2
2 l-M
(c/c,)

where M = M(r) = U(r)/C,. Depending on the observer angle 8, the radial
velocity U(r), and the density f(r) profiles, the parameter g can have

one or more zeros or turning points. The precise form of the Green's func-
tion depends on the location of the source with respect to these turning
points. Altogether there are six possibilities; for all of these, closed-
form solutions have been obtained.
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Some of these correspond to (but are not identical to) Pao's (Reference 50)
S0, S1, and S2 modes. When acoustic shielding is encountered (e.g., when

r, < rg, where r, is the location of the source and ry is the unique turn-
ing point), the amplitude of the Green's function is exponentially small in
the far field; the argument of this exponential being (-w8/C,), where w is
the source frequency and § is the thickness of an effective fluid layer sur-
rounding the source. Details of the fluid shielding calculation method are
given in Reference 7.

4.2.3 Source Spectrum Model

From the aerodynamic flow-field model described in Section 4.2.1, mean
velocity, density, and turbulent shear-stress profiles cam be computed
throughout the jet. This calculation also provides the characteristic
strength, frequency, and size of the acoustic coanvecting quadrupole sources
that drive the far-field pressure fluctuations. The characteristic fre-
quency and length scale are determined from the aerodynamic predictions of
U and u' utilizing the empirically derived similarity relations of Davies
et al. (Reference 73),

w v T ’ ‘Q"'_.—' (4-7)

where U is the local mean velocity, u' is the local turbulence intensity,

and w, and & are the characteristic frequency and length-scale, respectively.

Ribner (Reference 74) has explained how the fundamental solutions associ-
ated with the varicus quadrupole types can be employed to derive the axially
symmetric sound field of a round jet. By employing a model of homogeneous
isotropic turbulence in the moving eddy reference frame, and by examining the
directional average with respect to the azimuthal coordinate of the sound
field, Ribner was able to ascribe "weighting factors" to the vsrious quad-
rupole contributions. This approach is employed in the present model formu-
lation, utilizing the various quadrupole solutions developed from the high-
frequency analysis of Lilley's equation. The amplitude ascribed to each of
these quadrupole types is of the form

dI{w) ~D§23 (u')a wa H(v) dv dV/chg  (4-8)

where dI (@) {s the acoustic intensity per elemental jet volume i%; &, is
the ambient density; u' is the local turbulence intensity; H{(v) i: .
Fourier transform of the moving-frame, space~time cross corvelsiion of u';
and vV is the ratio of emission frequency @ to characteristic frequency w,.
Equation 4-8 is used to calculate the mixing noise amplitude and fruquency
content for each volume element in the jet. Details of the socurce spectrum
calculation procedure are given in Reference 7.
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4.2.4 Shock-Cell Noise Model

A shock—cell noise model was initiated to extend the work of Fisher and
Harper-Bourne (FHB) to annular, dual-flow, and multielement nozzles. Con-
siderable scale-model data was taken to extract the shock-cell noise charac-
teristics of several nozzle types both statically and in forward flight.

From detailed analysis of the data, it was concluded that the FHB concept

of shock cells radiating acoustic waves as they are disturbed by turbuleant
eddies is a reasonable physical picture of the cause of shock-cell broadband
noise. The mathematical model of this phenomenon developed by FHB for static
conical nozzles has been generalized to more complex nozzle configurations.

As mentioned above, the primary physical mechanism for the production of
broadband noise by the presence of shock cells in the jet plume is the emis-
sion of acoustic waves by the shock fronts as they are "disturbed" by the
passage of turbulent eddies through gnd/or by them. The eddies, produced in
the mixing layers of the plume, are themselves fluctuating "blobs" of vor-
ticity; thus, the emitted acoustic waves from the shocks have characteristics
which are related to the unsteadiness of the turbulent disturbances, i.e.,
the characteristic frequency and amplitude. The strength of the emitted wave
must also be a function of the shock strength. The process is similar to the
linear "transfer function" model of Ribner (Reference 75) where a vorticity
wav: of given amplitude and frequency is input to a shock, and the output is
a transmitted vorticity wave, an internally generated entropy wave, and a
pressure (acoustic) wave.

Each shock in the jet plume emits acoustic waves in a random or broad-
band fashiion, related to the randomness of the disturbing turbulemce. The
far-field, time-average correlation of this emission, after summing the con-
tributiont from all the shocks, produces a spectrum made up of two basic
component-., Fivst, the sum of the mean-aquare pressure signrals from each
shock produces a "group spectrum" which is rather broadband in character,
similar to a jet mixing noise spectrum. The second compenent, referred to
as the "interference spectrum', results from the selective reenforcement and
cancellation which occurs between emitted waves from neighboring shocks.

The superposition of these two components results in the rather "peaky"
spectrum shape obaecrved for shock-cell noise. This is illustrated in
Figure 4-5,

Through examination of data from several nozzle types and an evalu-
ation of the FHB formulation, a plausible extension of the present FUB model
to noncircular nozzles was developed. It was found that the group spectrum
component (Figure 4-5) was dependent on ilow area for level scaling and on
equivalent diameter for frequency scaling. The interference spectrum, how-
ever, scales with hydraulic diameter or, more corvectly, shock-cell spacing.
When the nozzle hydraulic diameter is significantly less than the equivalent-
area diameter, the interference spectrum is displaced to higher frequencies,
resulting in a total spectrum shape which is quire different from that of a
conical nozzle, as shown in Figure 4-6.
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To demonstrate the vaiidity of the above hypothesized model extension,
data from a conical nozzle and a rectangular 6:1 aspect-ratio nozzle were
examined. Predictions of the shock-cell noise spectra were made for these
nozzles using the modified FHB theory described qualitatively above. Results
of the calculations and comparisons with measured data, for a supercritical

- pressure ratio condition are shown in Figures 4-7 and 4-8. Figure 4-7 shows
the measured SPL spectrum at 8; = 60° forward arc location, for a 1.5-inch
diameter conical nozzle operating at a pressure ratio of 2.65., Data for
three temperatures are shown, giving essentially the same shock-cell noise,
This verifies an important feature of the FHB theory that shock-cell noise
is a function of nozzle pressure ratio and independent of jet temperature.
Also shown is the FHB theory predicted spectrum, which is substantially in
agreement with the measurements.

The corresponding results for a 6:1 aspect-ratio, rectangular nozzle
are shown in Figure 4~8. Shown in this figure are SPL measurements; results
at two azimuthal angles (V) are included. These results show that, even
though the nozzle is nonaxisymmetric, the sound field produced by the shock
cells is axisymmetric, or nearly so. Also shown is a prediction of the
spectrum based on the modifications to the FHB theory previously discussed.
Again substantial agreement with the measurements is observed, indicating
that the proposed extensions to the shock-cell noise model for round jets
to predict nonaxisymmetric jet behavior is a promising approach.

4.2.5 Aeroacoustic Model Integration

The basic analytical model elements described in Sections 4.2.1 through
4.2.4 have been integrated into a unified, aeroacoustic jet-noise-predic—
tion computational procedure. The jet plume is divided into elemental jet
volumes, each having its own source strength, spectrum and flow shrouding,
as illustrated in Figure 4-9, The mean-gsquare sound pressure emitted from
such volume alement is given by

2
2 2
4 , 9+
T (@) e~ 12 ()7 av || wo |22 18 | expl-208/cy) (4-9)
A Lo 4 (c/c ) e J
0 m0 0

where &4f is the one~third-octave frequency bandwidth and

C = ‘&1-H.cose)2 + (au’/C 2
¢ o

is the modified Doppler factor (Heference 43). The exponential "shielding"
factor argument is given by
Tq 1/2

so f W e (4-10)

Yo
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This simple, closed-form solution, combined with the simple aerodynamic
calculation method described in Section 4,2.1, permits a rapid, economical
computation of the entire jet plume aerodynamic and acoustic characteristics,
including far-field spectra at all observer angles. The contributions from
each elemental jet volume are simply added on a mean-square pressure basis in
each frequency band. The shock-cell noise contribution is then computed
separately and added to the mixing noise contribution to yield the total far-
field spectrum.

4.3 THEORY/DATA COMPARISONS AND DISCUSSIONS OF SUPPRESSION MECHANISMS

An extensive data/theory comparison study was carried out to verify
the jet noise suppression mechanisms identified in Task 2. The Task 2 aero-
acoustic jet noise prediction model summarized in Section 4.2 was used to
predict the acoustic characteristics of seven nozzle configurations at
several operating points for each configuration. These predictions were
compared to the experimental data obtained from the scale-model tests con-
ducted in Task 3 and from the Aerotrain tests conducted in Task 4 of the
present program. Comparisons were made of perceived noise level (PNL) versus
jet exhaust velocity, PNL directivity, and one-third octave sound-pressure-
level spectra at selected observer angles for each configuration. An assess-
ment of the relative importance of each of the noise-generation/suppression
mechanisms was made for two of the configurations.

The purpose of this study was to verify the theoretical jet noise model
established in Task 2 and assess the ability of this model to adequately
predict the noise suppression trends of several classes of suppressor nozzles
as a function of geometric variables, exhaust velocity, and temperature.
Utilization of the theoretical model t¢ explain the observed suppression
characteristics in terms of the postulated mechanisms summarized in Section
4.1 was a secondary objective of this study.

The following subsections describe the important results of this study.
A brief description of the nozzle configurations analyzed is first given,
along with a description of the data/theory comparison format. A summary of
the main results of the data/theory comparisons, in terms of peak PNL versus
jet velocity, is then given for all configurations. Detailed data/theory
comparisons for each configuration are presented in separate subsections
beginning with a conical nozzle and progressing in order of complexity to the
dual-flow, suppressed-fan nozzle., A discussion of noise generation and
suppression mechanisms follows, consisting of an assessment of the relative
roles of (1) turbulent mixing alteration, (2) fluid shielding, (3) eddy
convection, and (4) shock-cell noise in producing the observed suppression
characteristics. A separate discussion of flight effects on jet noise is
included, based on data/theory comparisons of three nozzle configurations
tested on the Bertin Aerotrain. The major conclusions drawn from the results
of this study are then listed, followed by appropriate recommendations.




4.3.1 Summary Comparisons of PNL Characteristics for Baseline and
Various Suppressor Nozzles

Theory/data comparisons were made for even nozzle configurations. These
configurations, summarized in Table 4-1, are as follows:

1. Conical nozzle

2.  Annular plug nozzle, Rp/Rs = 0.85

3. Coplaunar, coannular nozzle; AjA{ = 2.0

4,  36-chute, turbojet suppressor; AR = 2.0

5. 8-lobe daisy suppressor nozzle; AR = 2.1

6. 104~tube suppressor nozzle; AR - 2.8

7.  36-chute, suppressed-fan, dual-flow, plug nozzle

Comparisons 1, 2, and 3 are representative of baseline (unsuppressed)

single and dual-flow exhaust systems. Configurations 4, 5, and 6 are repre-
sentative of the three primary classes of suppressors for turbojet applica-
tion (i.e., chute, lobe, and tube). Configuration 7 represents a typical,
suppressed, dual-flow exhaust system. Details of the configuration geometry
for these nozzles are given in Appendix A, Volume II of this report. Table
4-1 lists the appropriate figure numbers for reference.

The approach taken was to compare predicted and measured noise charac-
teristics on the basis of full-scale engine subjective noise levels (PNL).
Most of the configurations were compared using a total exhaust flow area of
Ap = 338 in.2 (J79 engine size), at a sideline distance of 2400 ft. An
exception was made for Configurations 5 and 6, which were analyzed using
Ap x 108 in.2 (J85 engine size) on a 400-ft sideline. Predictions for
Configurations 5 and 6 were then compared with Bertin Aerotrain measure-
ments performed in Task 4 both for static and in-flight conditions.

Extensive data/theory comparisons of the jet noise aercacoustic model
predictions with scale-model data have been carrvied out in Task 2 and
reported in the Task 2 final report of this program. The emphasis in those
comparisons wag on the ability of the model to predict detailed spectrum
shapes for a wide variety of nozzle types and operating conditions. Detailed
comparisons were also made of the flow-field characteristics to verify the
adequacy of the aerodynamic portion of the model. Based on these compari-
sons, the strengths and weaknesses of the prediction model were identified,
and suggestions for further refinements in the prediction procedure were
made.

The present study attempts to eavaluate the prediction model in the
curtent state of development, accepting the strengths and weaknesses, as 2
design and analysis tool for full-scale engine exhaust systea subjective
noise assessments. Emphasis is therefore placed in this study on the
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prediction of sideline PNL directivity and the parametric dependence of peak
PNL on jet velocity and geometry. In addition, the adequacy of the aero-
acoustic model in predicting PNL suppression relative to an equivalent-
thrust, conical-nozzle baseline level is also emphasized.

The data/theory comparisons presented in the Task 2 final report were
generated during various stages of the aeroacoustic model development; there-
fore, the results for any one configuration may have been produced by a
slightly different version of the prediction model than the results for the
others. However, in the present study all predictions were made with the
final version of the model documented in the supplement to the Task 2 final
report and are therefore censristent with one another. The results of the
present study, however, may not necessarily agree precisely with those
presented in the Task 2 final report.

Shock-cell noise is included in the predictions for Configuratioms 1,
2, and 5. The more complex nozzle configurations (3, 4, 6, and 7) do not
have shock-cell noise included in the predictions. The shock-cell noise
portion of the model is not sufficiently developed to permit a prediction
for these complex nozzles.

Full-scale, engine-size, noise predictions were made using the Task 2
jet noise aeroacoustic, prediction model for each of the seven configura-
tions listed in Table 4-1, at several operating conditions. Results are

first presented in terms of perceived noise level. PNL, normalized accord-
ing to the following relationship:

PNLy = PNL - 10 log [Fg (T,/Tgy)% 1]
where PNL = perceived noise level, PNdB
Fg = static ideal gross thrust
T, = ambient temperature, * R

Tgm ® static temperature corresponding to mass—averaged velocity and
total temperature, ° R

w = jet density exponeat (per SAE ARP876) based on mass-averaged
velocity (Vma)

wi Vi * W, V,

v e - . .
as o ¥ v, » mass~averaged jet velocity

wi TTi + w, TTO

. -
1'1‘m "i * “0 , wass averaged total temperature

and where "w" and Ty are the mass flow and total temperature, respectively.

Subscripts "i" and "o" denote inner and outer stream exit plane values,
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respectively. Predictions of PNLy versus Vy, were made and compared with
data at observer angles of 50°, 90°, and peak-noise angle.

Figure 4-10 shows the comparison of experimental and predicted PNLy
versus Vg, trends for a conical nozzle, Configuration 1. The predicted
levels are seen to be within the data band throughout the jet velocity range.
Similar comparisons are shown in Figure 4~11 for Configuration 2, the annular
plug nozzle. At ©; = 50° the agreement is good. At 8; = 90°*, the level is
overpredicted by about 2 PNdB at low velocities (Vy, < 2000 ft/sec). The
peak noise levels (Figure 4-11) are consistently overpredicted throughout the
velocity range by as much as 5 PNdB. This overprediction, as will be shown
in Section 4.3.4, is a result of the predicted high-frequency noise at
shallow angles being too high.

The results for Configuration 3, the coplanar, coannular nozzle, are
shown in Figure 4-12. The predicted levels agree with data at &; = 90°,
but fall slightly below the data at ®; = 50* and at peak-noise angle. This
underprediction is, on the average, about 2 PNdB; it is more pronounced at
higher mass—averaged velocities.

A comparison of predicted PNLy versus Vi, characteristics for Configu-
ration 4, a 36-element, single-flow-chute suppresscr nozzle, is shown in
Figure 4-13. The predicted characteristics are within the data band at all
three angles shown. The characteristics are seen to be much flatter than
those for the conical nozzle shown in Figure 4-10. The fact that both
conical-nozzle and chute-nozzle PNLy characteristics are predicted accu-
rately implies that PNL suppression is also predicted reasonably well.

The 8-lobe nozzle (Configuration 5) and the 104-tube suppressor nozzle
(Configuration 6) require considerable computer time for predicting the jet
plume; this is due to the complex, three-dimensional nature of the plume flow
field. Therefore, only a limited number of cases were computed for these
configurations, and the trends of PNLy versus V,, could not be evaluated.
The resulting measured and predicted PNL values for the cases evaluated are
listed in Table 4~2., This table lists actual PNL values rather than normal-
ized levels (PNLy). The measured values are those obtained from the Bertin
Aerotrain tests conducted in Task 4. The Aerotrain conical-nozzle results
and corresponding predictions are also listed for veference. The average
standard deviation error in PNL directivity (predicted minus measured) is
1.7, 3.3, and 2.8 PNdB for the conical, 8-lobe, and 104-tube nozzles respec-
tively, for all the cases listed in Table 4-2, over che range of & from 20°
to 160°,

The results for Configuration 7, the 36-chute, suppressed fan, dual-
flow nozzle, are shown in Figure 4-14. Again, it is observed that the PNLy
versus Vo, trends are well predicted by the aeroacoustic model. Only at
low velocities (V,, < 1700 ft/sec), at 8; = 50°, are the predictions
outside of the data band. It is encouraging (and important) that the
characteristics of a multielement, dusl-stream system can be accurately
predicted since it is this type of system that is currently envisioned for
future SCAR (Supersonic Cruise Airplane Research) engine designs.
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Early in the Task 3 period, it was intended that source-location measure-
ments from the ellipsoidal mirror (EM) device microphone would be compared
with the Task 2 aeroacoustic-model-predicted source-location variables to
evaluate certain assumptions and/or hypotheses in the model. During formula-
tion of the Task 3 work elements, the model was based on a slice-of-jet con-
cept which basically assigned an average source strength and source frequency
to each axial location in the jet plume. In subsequent development of the
aeroacoustic model, the slice~of-jet concept was abandoned in favor of a more
rigorous volume-element or lump-of-jet formulation; wherein, each elemental
volume of the jet plume is assigned a source strength, characteristic fre-
quency, and spectral density. The ellipsoidal mirror microphone can only
measure the slice-average characteristics and is therefore of little use in
evaluating the prediction model source formulation and assumptions except
for very special cases. The comparison of ellipsoidal mirror microphone
data with model predictions was therefore not carried out. However, ellip-
soidal mirror microphone data are presented in Section 3.4.5 of Volume II
for several suppressor nozzles.

The laser velocimeter (LV) measurements of mean velocity and turbulence
intensity were found to be of much more value than the EM in evaluating and
trouble-shooting the aero-acoustic model, volume—element formulation. Exten-
sive data/theory comparisons of predicted and measured mean velocity and
turbulence intensity profiles were carried out in Task 2 and documented in
the Task 2 final report. In the present study, predicted flow field and LV
measurement comparisons are therefore confined to those situations which
are required to illustrate a particular mechanism or physical explanation of
observed acoustic behavior. Laser velocimeter data for several baseline and
suppressor nozzles are presented in Section 3.4.4 of Volume II.

In summary, the results shown in Figures 4~10 through 4-14 and in Table
4-2 demonstrate that the Task 2 aeroacoustic predicvion model is capable of
predicting the acoustic characteristics of a wide variety of nozzle types
over a wide range of operating conditions., It cam serve as an accurate
preliminary tool for subjeoctive noise assessments and nozzle geometry optimi-
zation during preliminary design and analysis.

4.3.2 Comical Nozzle Data/Theory Comparisons

The comparison of predicted and measured PNLy versus V; (also Vy,)
trends for a conical nozzle were discussed in Section 4.3.1 and shown in
Figure 4-10. In general, the agreemeat between predicted and weasured trends
is adquate. A comparison of PNL directivity patterns at three representative
jet velocities is shown in Figure 4-15. The predicted directivity patterus
agree well with the measurements. A comparison of SPL spectra at seversl
angles (g; = 50%, 90°, and 130°) is shown in Figure 4-16, and the detailed
spectrutn shapes are well predicted by the aercacoustic model. From the
data/theory cowparison results shown in Figures 4-10, 4-15, and 4-16 it can
be concluded that the aeroacoustic wodel adeguately predicts the noise
characteristics of conical nozzles over the range of jet velocities
evaluated.
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4.3.3 Annulsr Plug Nozzle Data/Theory Comparisons

The annular plug nozzle (Configuration 2) chosen for comparison has a
high plug-to-shroud radius ratiu, Ry/Rg = 0.85. This configuration is
typical of a baseline nozzle for a ECAR engine propulsion system and more
closely represents the baseline for high-radius-ratio, multichute nczzles.
As discussed in Section 4.3.1 and shown in Figure 4-11, the predicted PNLy

- versus V; trends agree reasonably well with the measured trends at 8; = 50°

and 90°, but peak PNLy is overpredicted throughout the velocity range by
3 to 5 PNdB.

A comparison of PNL directivity for several jet velocities is shown in
Figure 4-17. It can be seen from these results that the PNL is predicted
quite well in the forward quadrant, i.e., 8; < 110°. In the range 110° <
140°, however, the predicted PNL levels are higher than the measurements.
The corresponding SPL spectra comparisons are shown in Figure 4-18. Agree-
ment between predicted and measured spectra is good at 8; = 50° and 90°.

At 8; = 130° the low-frequency portion of the spectrum is well predicted,
but the high-frequency side of the spectrum is overpredicted by about 5 dB
even though the peak levels are in close agreement. Examination of the
spectra at 9; = 150° shows that, at least at the higher velocities, the
predicted and measured spectra agree over the entire frequency range.

4.3.4 Coplanar, Coannular Nozzle Data/Theory Comparisons

The coplanar, ceananular nozzle chosen for comparison has an ocuter-~to-
inner area ratio, AoiAi, of 2.0. This nazzle, Configuration 3, repre~
sents a typical baseline for tht suppressed~fan, dual-flow nozzle systems.
In the data/theory couparisons presented herein, only inverted-flow coandi-
tions are considered since conventional-bypass, dual-flow nozzles are
covered adequately in the Task 2 final report and do wnot fit into the high
jet velocity applications being emphasized in the present study.

The predicted PNLy versus V. trends for the ceoplanar, coannular
anzzle agree with the measured treads, as shown in Figure 4-12. There is
a tendancy to underpredict the peak PNLy at high values of Vgy,, as shown
in Figure &-12. A comparison of PNL directivity patterus for two typical
points is shown in Figure 4-19, The lower velocity case shows good agree-
went botween data and prediction. The higher velocity caze shows good
agreement for 8, 2 1207, but the predicted PNL falls below the data
at large values of 9,, close to the jet axis.

Examination of the SPL spectra comparisons, Figure 4-20, shows that the
underprediction of PNL near the peak neise angle is due to an underprediction
of the middle~to-high-frequency noise (Figure 4-20), 200 < £ < 2000 Hz, at
the high values of Vu,. There is also a consistent overprediction of the
tow-fraequency portion of the spectrum at 9 = 50° and 90°, at both velwvci-
ties, but this discrepancy has little or no impact on the predicted PHL.
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4.3.5 36-Chute, AR=2.0, Turbojet, Suppressor Nozzle Data/Theory
Comparisons

A comparison of predicted PNLy versus Vj (also Vp,) trends with
measurements for Configuration 4 are shown in Figure 4-5. In general, the
predicted trends duplicate the experimental trends quite well at all three
angles shown. Examples of predicted versus measured PNL directivity
patterns are shown in Figure 4-2]1. These examples demonstrate reasonably
good agreement between prediction and data. It was found that, at certain
(as yet unpredictable) combinations of velocity and temperature, the aero-
acoustic model will give erroneous predictions of spectra at angles close to
the jet axis, usually at g; = 150° or 160°. The cause is suspected to be
in the numerical modeling of the fluid-shielding calculation, either in the
turning-point evaluation, in the shielding factor integral evaluatiom, or
the grid size and curve fitting procedures employed. The error is obvious
when constant-radius arc predictions are being performed, but is less dis-—
tinguishable for sideline calculations. The g; = 150° level for Vi =
2390 ft/sec, shown in Figure 4-21, is a typical example; therefore, a
dashed line has been drawn between 140° and 160° to indicate what the pre-
diction would have been if the numerical error had not occurred. When the
error does occur, the predictions at adjacent angles are unaffected and
provide a test of whether or not a suspected angle is in error. For example,
Figure 4-22 shows predicted SPL spectra at 140°, 150°, and 160°; it is
obvious from these trends that the 150° spectrum is in error.

Comparisons of predicted and measured SPL spectra are shown in Figure
4-23. The characteristic flat spectrum shape exhibited by multichute nozzles
is well predicted by the theoretical model. The results shown in Figures
4-13, 4-21, and 4-23 demonstrate that the aeroacoustic prediction model can
provide reasonably accurate estimates of multichute nozzle subjective noise
levels, at least for this particular configuration.

To evaluate the ability of the aeroacoustic model to predict the effects
of chute area ratio, predictions were made at several jet velocities for two
additional suppressor nozzles having area ratio of 1.5 and 2.5. These
results were then compared with the experimental results of the chute area
ratio study presented in Section 3.4.2.1 of Volume II. A summary of these
predicted and measured results is shown in Figure 4-24, where peak PNL
suppression (relative to an equivalent-thrust, conical nozzle) is plotted
versus jet velocity. The predicted points are denoted by symbols; the data
has been curve-fit, and the corresponding lines are shown. These results
show that a suppression peak can be predicted; i.e., suppression is not
constant with varying Vj, hags a definite maximum at some value of Vi, and
falls off with decreasing and increasing Vi on either side of the peak.
Although the predicted-suppression curve (circles) deviatea from the data
(solid line) at low velocities, the general trend and curve shapes are
consistent.

Prediction of area-ratio effects is confined to velocities of 2000 ft/
sec and above, as seen in Figure 4-24, The predicted effect of area ratio
is that suppression increases as area ratio increases; this qualitatively
agrees with the measured effects. The predicted drop-off in suppression at
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high velocities for AR = 1.5, however, is not as steep as the measured drop-
off, as Figure 4-24 shows. Also, the measured suppression curves tend to
come together as Vi = 2000 ft/sec; whereas, the predicted suppression for
AR = 1.5 is = 3 dB below that for the other two area ratios.

4.3.6 8-Lobe Nozzle Data/Theory Comparisons

A summary of the data/theory comparison cases made for the 8-lobe
nozzle, Configuration 5, is given in Table 4-2. Figure 4~45 shows the com-
parison of predicted and measured PNL directivity patterns for the static
cases. The corresponding flight directivities at Vg, = 275 ft/sec are
shown in Figure 4-26. The predicted directivity patterns agree fairly well
with the data in the forward quadrant. Close te the jet axis, however, the
predicted PNL levels are considerably higher than the measured levels for
8; 2 130°. This overprediction is especially pronounced for the flight
cases, Figure 4-26. oo

A comparison o measured and predicted SPL spectra for the static cases
is shown in Figure 4-27. The spectra at 50° show good agreement in the low
and middle freqcuncies, but poor agreement at high frequencies for the V; =
1800 ft/sec case. The peculiar, high-frequency peak at 6300 Hz exhibiteé by
the predicted spectrum at 1800 ft/sec is due to the shock-cell noise predic-
tion. It is sugpected that not enough axial stations clese tn the nozzle
exit plane were included in the computation to yield a complete estimate of
the mixing noise at high frequencies, at least for the Vi = 1800 ft/sec

case, These observations also apply to the 8; = 90 spectra comparisons
shown in Figure 4-27,

The prediction method overestimates the high-frequency portion of the
spectrum at angles close to the jet axis (0; = 130 and 150%), as Figure
4-27 illustrates. This high-frequency overprediction at angles cloge to the
jet axis is suspected to be cavesed by inaccuracies, in the fluid-shielding
caleculation, resulting from the circumferential-averaging approximation
employed. This effect is expected to be most pronounced for the 8«lobe
wozele, of all the configuracions examined, because the lobe flow asymmetry
persists for several diameters along the jet axis. Corresponding SPL spectra
comparisons for the flight cases, V, = 275 fr/sec, are shown in Figure
4-28. 1ln general, the observations concerning the static spectra hold for
the flight spectra as well. The overprediction of the high-frequency noise

at angles close to the jet axis is more pronounced for the flight case,
however.

4.3.7 104-Tube Nozzle Data/Theory Compavisons

A summary of the data/theory comparison results obtained for the 104~
tube suppressor nozzle, Configuration 6, is given in Table 4-2. Two test
point cases were computed with the aeroacoustic prediction, each computation
requiting 1.8 hours on a Honeywell 6080 computer. These two cases correspond
to static V5 = 0) and flight (v, = 275 ft/sec) points at Vj = 2200 ft/sec.
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A comparison of predicted and measured PNL directivity patterns is shown in
Figure 4-29. Although the peak PNL levels are in good agreement, the pre-
dicted directivity is somewhat flatter than the measured pattern. The noise
level is therefore overpredicted near the inlet axis and the exhaust axis.

A comparison of predicted and measured SPL spectra is shown in Figure
4-30. At all angles, the predicted spectrum shape is much more peaky than
the measured shape, and the characteristic double peak is much more pro-
nounced than is evident in the data. The predicted effect of flight on the
spectra are in qualitative agreement with the measured effect, as Figure 4-30
shows. A small increase in SPL levels is predicted at g¢; = 50° due to
flight, Little or no change occurs at g; = 90°, as is observed. At ¢ =
130° and 150°, a drop in noise due to flight is predicted and observed, but
the drop at low frequencies is substantially larger than the predicted drop.

Considering the complexity of the 104-tube nozzle jet plume aerodynamics
and the cowl base-pressute’levels digscussed in Section 4.0 of Volume II, the
predictions shown in Figure 4-29 and 4-30 are consideied to bs as good ay
can be expected without additional model development.

4.3.8 36-Chute, Dual-~Fiow Nozzle Data/Theory Comparison

The 36-chute, dual-flow, suppressor nozzle is the wmost complex and
difficult to model of ail the configurations listed in Table 4-1. It con—
tains 2 nultielement, segmented suppressor of high elewent number in combi-
natiou with dual-flow, coannular streams with invarted velocity profiles.
Additionally, the outer-stream exit plane is retracted velative to the
core (inner stream) exit, and the outer and inner streams have ianer flow—
path boundaries. The outer stream follows a contoured coul up to the
core lip, and the cora has a centerbody or plug.

1t was digcussed in the Task 2 final rceport that the Task 2 aero-
acoustic wodel applicability is limited for noncoplanar-exit geopetries
and that cortain conterbody/plug gecactries were difficult to model. For
the 3b=-chute, dual-flow nozzle it wag not pessible to account for the
effects of both the fan cow! and core plug with the current version of the
aerogcoustic model computer progran.  The plug and cowl were, therefore,
omitted entirely by modeling the nozzle on an equivalent-area basis. The
core {inner) nozele vas replaced by an equivalent~area, conical nozzle.
The fen (outer: nozzle was roplaced by an equivalent-area. snnular-chute
anozzle having the same inner diameter as the core nozzle. The axial stagger
butsicen the fan and core nozzles was maintained because the computer pre-
cedure can wmechanically accommodate staggered nozzle elements, sudject to
the boundary-impingement liwmitations set forth in Reference 7.

The equivalent-srea wodeling of the actual aozzle geometyy is iilus-
trated qualitatively in Figure 4-31, The resulting fan suppressor has the
same {low area and ares ratio (AR = 2.0) as the actual geometry, but the
chute aspect vatio becowes larger in the equivalent-area configuration.
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Chutes Actual Geometry

Chutes Equivalent-Ares
Geometry

Flgure 4-31, Bquivalent-Area Modeling of Cosnnular Plug/Cowl
Geometry for 36-Chute, AR = 2,0, Dusl-Flow,
Suppressor Nozzle; AOIA‘ - 1,92,
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. The normalized PNL versus mass-averaged velocity trends, predicted
. using the equivalent-area modeling technique, gives excellent agreement
3 with data as shown in Figure 4-14. A comparison of predicted and measured
PNL directivity patterns is shown in Figure 4-32 for selected mass—averaged
4 velocity points. The agreement between predicted and measureg directivity
f! patterns is good over the entire range of angles and velocities e}amined.

- Examples of SPL spectra data/theory comparisons are shown in Figure
4-33. Again, the prediction model spectra agree well with the measured
spectra. Tha high-velocity prediction (Vgy, = 2100 ft/sec) shown in Figure
4-32 contains an erroneous spectrum at 8; = 150° due to a suspected anomaly
in the numerical evaluation of the fluid-ghielding effects, as discussed in
Section 4.3.5. The dashed line drawn between 140° and 160° for this case in
Figure 4~32 indicates the expected prediction in absence of this anomaly.

;
!
i
|

4.3.9 Discussion of Suppression Mechanisms

A thorough discussion of jet noise generation and emission mechanisms
has been presented in the Task 2 final report. This discussion has been
: 1 summarized briefly in Sections 4.1 and 4.2 of the present report. The
- ';‘ objective of the present subsection is to identify the relative roles these
wechanisms play in the suppression of jet noise.

1 The Task 2 M*G*B aeroacoustic model, as discussed in Section 4.2, is
3 based ou four noise-generation/ewmission mechanisms:

%f 1. Turbulent-wixing noise geaeration
'i{ _ 2. Coanvective amplification
| 3. Fluid shielding

; 4.  Shock=cell broadband radiation.

¢ BB The preceding subsections have demonstrated that the present mathematical

& | wodel representation of these wechanisms (collectively) yields a fairly

E accurate prediction of the far-field acoustic characteristics of turbulent
2 P jets, for a wide variety of shapes and flow conditions. It {s therefore of
E 3 interest to evaluate hov the individual mechanisms combine to yield the far-
B N field result; move importantly, the changes which occur in these mechanisns
3 - due to the addition of a suppressor to a baseline nozzle are of interest.

A parametric computer study was perforwed to evaluate the relative con—
tributions of the above four wechinisms to the far-field noise for both a
3 baseline conical nozzle and a typical, high-suppression, wulticlement nozzle.
', Configuration 4 (the 36-chute, AR = 2.0, turbojet supprezsor) was chosen for
2 this study as representative of a high-element number, high-suppression {10-
12 PNdB), exhaust system. A typical static takeoff condition of V; = 2400
ft/sec and Trj = 1630° R was selected for evaluation. Both the bageline
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conical nozzle and the 36-chute nozzle exit areas were 338 in.2., Noise
characteristics were evaluated on a 2400-ft sideline.

The computations were performed in four modes, as follows:
(a) Complete acoustic calculation

(b) As in (a), but shock-cell noise omitted

(c) As in (b), but fluid shielding omitted

(d) As in (c), but convective amplification omitted.

For the chute suppressor, mode (a) was omitted since the ability to model
multichute nozzle shock-cell noise is not yet established. The difference
in noise levels between modes (a) and (b) is a measure of the shock-cell
noise contribution to the total jet noise signature. The difference in
noise levels between modes (b) and (c) is a meaaure of the influence of
fluid shielding on the jet noise. Finally, the difference in levels between
modes (c) and (d) indicates the amount of convective amplification that is
present in the jet.

The results of the above series of computations are aummarized in
Figures 4-34 through 4-37. Figure 4-34 shows the PNL directivity patterns
for the different prediction modes, Also shown ave the measured data, for
veference, which should be compared with mode (a) predictions (mode b for the
chute nozzle). Figures 4-35 thyough 4-37 display the corresponding spectra
shapes (1/3-octave SPL) at 8§ = 50°, 90°, and 130° respectively. The
measured spectra are also shown in Figures 4-35 through 4~37 for reference.

Considering the conical nozele PNL directivity patterus, Figure 4-34a,
it is observed that shock-cell noise contributes substantially to the total
toise in the forward quadrant, 8; < 90°. This can be seen by noting the
difference betweew wode (s) and wode (b) predictions. There is no contribu-
vier of thock noise close to the jet axis {0; > 120°) because mwode (a) and
. predirtions are identical in this region. There is no fluid shielding
for observer angles less than about 110° based on comparing wode (b) and
{c) predictions. For 8; > 110°, however, shielding effects become quite
substantial, on the order of 30 PNdB. Bddy-convection effects are also
large; they increase the noise in the afe quadrant (8; > 90°) and reduce
the noise in the fotward quadrant (d; < 90'). This cffect is apparent
from coaparing wode (c) and (d) predictious.

The mode (d) prediction shown in Figure 4-34a represents the basic
turbulent-mixing noise in absence of convection and fluid-shielding effects.
It possesses & basic nonconstant directivity pattern dictated by the weighted
summation of various quadrupole types composing the turbulent eddies. This
basic pattern is only symsetric about 8; = 90° when the local flow Mach
number is zero because the quadrupole weighting factors are a function of
local Hach number and bias the radiation tovard the forwvard quadrant. For
example, if the flow Mach number N is set equal to zero and C/C, = C = 1.0,
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