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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-
OS-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 strength and noise reduction potential.

4 . Investigation of in-flight effects on the aerodynamic and acoustic
* iperformance 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 I -Activation of Facilities and Validation of Source Location
Techniques.

Task 2 -Theoretical Developments and Basic Experiments.

Task 3 - Experimental Investigation of Suppression Principles.

Task 4 - Development and Evaluation of Techniques for "In Flight"
Invest igat ion.

Task 5 - Investigation of "In Flight" Aero-Acoustic Effects on Sup-
pressed Exhausts.

Task 6 - Preparation of Noise Abatement Nozzle Design Guide Report.

Task I was an investigative and survey effort designed to identify
acoustic facilities and test methods best suited to jet noise studies. Task
2 was a theoretical effort complemented by theory verification experiments
,•hich extended across the entire contract period of performance.

The subject of the present, Task 3, report series (FAA-RD-76-79 III -

1, II, Ill, and IV) was formulated as a substantial part of the contract
effort 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

[itit



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 5.

-II
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1.0 SUMMARY

The High Velocity Jet Noise Source Location and Reduction Program (Con-
tract DOT-OS-30034) was conceived to bring analytical and experimental know-
ledge 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-flow-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 mechanisms in-
fluence jet noise suppression- fluid shielding, convective amplification,
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 noise), reduce the effective-
ness of convective amplification (reduce noise), and produce a modest reduc-
tion in turbulent mixing noise. Vie largest amount of shock noise reduction
correlates with the suppressor which has the smallest characteristic dimension.

4 Fluid shielding decreases because supp>ressors 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
noise is reduced through alteration of the mixing process that results from
segmenting the exhaust jet.

"Wih-Task 3 empirical (M*S) method was initially intended for nozzle
geometries 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

4 include: element type, element number, suppressor area ratio and radiusratio, chute-spoke planform and cant angle, and plug diameter. The predic-
t' 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 ri.mber, area ratio,
etc.) for a given application. It 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 parametric 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 spacing, etc. In adiition, the theoretical prediction
model is a useful diagnostic tool, capable of assessing the relative roles the
various mechanisms play in the noise suppression process, aind can also serve
as a source location analysis tool.

Volume 11 - Param.c:ric Testing atid Source Measurements A parametric
experimental series was conducted to provide for-fiel acoustic data on 47
baseline and suppressor nozzle configurations and to provide aerodynamic
nozzle performance on 18 of the configurations. Ilie data presented 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 area ratio and velocity ratio of dual-flow, baseline no.zle configurations
was investigated, and the importance of shock noise was assessed. The impact
of varying area ratio and element number was parametrically studied for both
single and dual-flow suppressors; core plug geometry, velocity ratio, and



9 Flyover calculation using static data corrected to free-field conditions.

9 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 ijflrt4sse5 with increasing ereo ratio.

* Suppression increases with inaeosing element number at
high jet velocity.

* Suppression lWvel is affected by Cort plug geoaetry (by 2
to 3 decibels (db)].

*Supprestiioo inicrooases 3 to 4 til when a treated ejector is
added to a suppressor configuration.

Sl~ctiv~e*, fre-jet tntst .ond|ctrd 0o1 eight configurationg indicAtt
that supestn~we~ ydcessin flight. T~ypical static versus free-
jet results are shlown inl Tablo 1-1.

The ,•rrodynnmic pcrform-mnrc tvsn data recorded on 1$ of the cotifigur'ations
at both static and wind-o;a conditiongs are also included In this volume, ltine
prePSurC lea•o.r.nnftn were takrn on al rveral of the models tat order to deter-
miln base drag (which is thought to eW. responsible, for the poor aerodynamic

wprformaance of Most thechanircal supptessors in flight). These wind tt.nniel
tests identified the following prinairy treds in aerodynamic performance:

* Perforwan-c• decreases with increasing element auAber.

* Performance increases with increasing chute depth.

* Performance increases with increasing ratio of inner flow area
co outer flow area.

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

a S. pression Levels are Relative to a Conical
Nozzle at Equivalent Flight Conditions

* V1 = 2500 ft/sec

Suppression Level, db

Configuration Static Flight

Plug Nozzle - 0.789 Radius Ratio 1.3 3.0

Plug Nozzle - ('.85 Radius Ratio 2.3 3.7
)

I 8-Lobe Nozzle 5.6 5.6

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
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* 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 III - 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, ane dzevelopment of a figure of merit method of analysis all
make up the activities in this "optimization" process.

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/ACf ) of almost 3.0
(based on static suppression and wind-on aerodynamic pe0formance).

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 thiro, respectively.

The appropriate figure of merit, considering all the design variables,
was found to be aircraft range. however, use of range as the figure of merit
requires that the aircraft mission be specified, and several techniques for
cuz-srily ranking the suppressors based solely on suppression level, perfor-

tiance, 4nd weight may also $Y identified. A summary of the range versus noise
characteristics of typical nozzle configurations is presented in Figure 1-4.
One,- a noise goal is specified, adding a suppressor provides a significant
range improvement over an unsuppressed system because adding a suppressor is
loss costly than reducing noise by enlarging the engine to reduce jet velocity.

The design of the five optimum nozzles was based on data from previous
studies, performed by government and industry, on the M*GCB and M*S models
disctiqoed above and oti the parametric data obtained in the acoustic and aero-
dynamic performance test series reported in Volume II. The configurations were
Sdesigned and fabricated for open-throat, anechoic, free-jet testing in Task 5.
The con'igurations ch,)sen for evaluation were: (1) a 32-chute, single-flow
noztle; (2) a 40-shallow-chute, dual-flow nozzle; (3 and 4) a 36-chute, dual-
flow nozzle, with and without a treated ejector; ad (5) a 54-clement, co-
"planar-mixer, plug nozxle,

eWoonstration of acoustic scaling for several suppressor configurations
was conaucted to assure the adequacy of using scale-model results to project
full-scale Suppression levels. Full-scale data were obtained on several sup-'
pressor configurations using J79 and J85 engines. The suppressors evaluated
e: (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.

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.

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

10



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 transport (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 I 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 development 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 is 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-OS-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, II,
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 III. 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.

1
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3.0 ENGINEERING CORRELATION (M*S) JET NOISE PREDICTION METHOD

A comprehensive, empirical, jet-noise-prediction method his been de-
veloped by correlating extensive data from this program and available data
from other published sources. This engineering correlation 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 from 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.

* 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 noise only at
frequencies with wave lengths comparable to or smaller than the
principal dimension of the element.

* The premerged noise detected 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.

0 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 calculated, 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 Jet tioise prediction technique are treated in detail In the Task 6 Design
(;tidc reporL.

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



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 < Vj < 2860

Jet Total Temperature, Tj C" R) 519 < Tj < 2100

Nozzle Pressure Ratio 1.0 < PT/Po < 4.0

Nozzle Diameter, D (ft) 0.8 < D
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Figuve 3-1. Nozzle Types Included in the Cori-elation.
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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, Rr 0 < Rr <0.75

Cant Angle of Outer Row Tubes,

0 (degrees) 0 < a 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 < AR < 2.5

Number of Elements 24 < N < 64

Suppressor Radius Ratio 0 < Rr < 0.783

Exit Cant Angle (degrees) -10 < a 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 conditiona 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 stream (in addi-
tion to the variables listed under the conical nozzle) are:
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Suppressor Area Ratio 1.5 < AR < 3.0

Number of Elements 20 < N < 40

Suppressor Radius Ratio 0.653 < Rr < 0.783

Exit Cant Angle (degrees) 8 = 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:

Area Ratio of Ejector Relative 1.0 < < < 1.97
to Area Ratio of Nozzle

Ratio of Hard-Wall Ejector Length to 0 < Lit/Deq < 4.0
Equivalent Conical Nozzle Diameter

Ratio of Treated Ejector Length to 0 < LT/Deq < 2.0
Equivalent Conical Nozzle Diameter

Ratio of Ejector Inside Diameter to 1.0 < [et/Dln < 1.28
Nozzle Element EnvelopL Diameter

3.2.2 Development of the Prediction Method for Multieletoent Jet Noise
Suppres sor

In order to establish a prediction of jet noise radiated from multiple
element nozzles by the engineering correlation method, the following quanti-
tative information is required:
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"I * 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 Prediction:

- 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 nozr.le type in Section 3.3. Discussion of the sources and the develop-
ment of this information as it is used in the prediction program is sumarized
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 diacuasion
are included in Section 3.3.2.

3.26-2.2 !r ed Noise Prediction

(a) Noise Hadiation-Losally Along the Length of the Jet

The radiated noise is established from me.,sured data for: (1) the ax-
ial location of the peak noise level in each one-third-octave band and then
(2) the axial distribution of the noise level for each one-third-octave band.
The following development is given for multitube suppressors; it is also used
for multichute/opoke suppressors by establishing the equivalent diameter of
the flow passage (discussed in Section 3.3).

Axial Location of Peak Noise - For subsonic jets from conical nozzles.
Lee, et al., (Reference 1) shoved the axial location of the peak noise radi-
ation is well correlated by a Strouhal number and the distance from the noz-
tle exit according to:

ft/V- (1.25 X/D)- 1 "2 2  (3-0 )
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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, (as does Reference M0). 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 subsonic 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 i6 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;

fDi/V 11.25 (CX- Xp)/D ". 2 2  (3-2)

where X location of beginning of peak noise radiation.

This equation is the saL as devyloped for subsonic jets (Equation 3-1)
except for the change in the location at which peak noise radiation begins.
The data of Reference 9 follow a slightly Shhower slope. as indicated by
the second line in Figure 3-3. In the present 4nalysis for multiele-ment Sup-
pr9ors, the low-frequeocy otul of the spectrum is dotminitod by the merged
flow so that the axial looation of the low-frequeacy source is not a fpcxor.
"tihnce, it :Is not n#-eestary to make a judgment whether the data in Reference
9 or 10 aro more appropriate. Nlevertheleso, it is probably significant that
the data froo Reference 10 follow the se curve As the subsonic jet Wien the
proper starting point for oise reduction as used. For this reason the cor-
relatioo given by Equation 3-2 is adopted,

It is ticcs�sary to detemine the- location of the boegioing of peak toise
radiation (Xe); oPcO this is detettinp-J, the peak noist location for all
other one-third-octave bands is detrtiined by Equation 3-2. Vata for mea-
sored locations of the begintiin of peak noise radiation are used to estab-
lich a relationship for X as a function of jet exit Mach number in Figure
3-4. Tie line giving the best fit is:

XVII) 6 O- ? l5l (3-3)
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where

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.

These data are in terms of SPL per unit X/Xpeak which is an awkward
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
has been normalized to the one-third--octave band SPL, based on the require-
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 generated 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 'adaptod from Chen, Reference 11) of the expansion of
the Jetstream versus distance for a single-jet nozzle is illustrated in Fig-
ure 3-9. The radius f'om the centerline of the jet to the boundary of the

* ,mixing zone, 6, is:

6 (Dt/2)(l + XI/c) (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
thie Lw t twzo ozzi. art. tho s le .)
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For adjacent jets with parallel centerlines, the merging length, Xm, is

then determined by the location at which 6 (Dt + S)/2 where S = Spacing
between adjacent tubes.

This yields the result that:

Xm XcSlDt (3-5)

If the outer row is canted relative to the next inner row by an angle, 8,
then:

[ ]t = -Dsin (90- a + 8) cos (a)/sin (2a 8) (3-6)

m

where

ai tan-i (Dt/2Xc)

Xm is now used is conjunction with Xpeak in determining the amount of cutoff
applied to a given one-third-octave band 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.

(c) 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 this 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, Neff,
is:
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K1/2

Neff = [2 (K-J) + 1][1 - 1I/S/Dr] (3-7)

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

= tube diameter

For a full hexagonal array, K No/6 where No 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 seen in a 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. Tern 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, X, larger than tvice the tube diameter,
all tubes are counted. For frequencies having wavelengths in the range
D/2 > X > 2D the effect is varied linearly by one-third-octave
bands, between Neff < N < Ntotal.

Data also show that aft of the critical refraction angle (oc) (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 conical
(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 11z) is approximately
constant with angle for angles greater than 1100 for all jet velocities shown.
The phenomenon was included as an empirical correction to the correlation.

3
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The critical angle, 0 c, relative to the inlet is given by:

ec = 180 - cos-I [C-Cm] , degrees (3-8)

where: Co = ambient speed of sound
Cm = speed of sound bared on the average of the exit flow and

ambient velocities and static temperatures

Mm 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 ec (based on
the effective number of tubes) are used for all angles aft of Bc.

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 prediction from clustered rocket engines, it
is applicable to the waltielement, 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 merged jet. The solution is developed so
that, at the merging location, 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 mixing with air, the Potrer 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

03 K2 (C3-Ca)Ma ~ 2(Q K2 PCAa + U3
2/ 2pJ) oX- TaCa 0 (3-9)



Merged Jet Area

nir (R -R)
2 (3-10)

5 (l/n-_ 1)2

Merged Jet Density

p 5  P p3 P/0 ai (3-1

F Merged Jet Static Temperature

T P a M 8 F2 (3~-12)
5 a a /P 3 Ru

where:

A3  Total nozzle exhaust area, ft2

A5  Area of merged jet, ft2

Ca Constant-pressure specific heat of ambient air,
Btu/lb 9R

C3  Constant-pressure specific heat of air at the nozzle
exhaust, Bt-i/lb 0 R

J 778 ft 1b/Btu
K1  fC3T3 + /28J T TCal/P, Btu/lb

K2  0 t1/(Rurp 2),

Ma 0 Molecular weight of air, lb/lb) mdcl

Total number of tubes in exhaust nozzle

~a * Ambient pressure, lb/ft2

P3  Total pressure at nozzle exit plane*. lb/ft2

(1 (( 3 - P.1)9/0U3 
21)11 + 1, dimensionless

Universal gas constant -1545 ft lb!0 It lb mole

R, Hadius of individual tube, ft

Bt2  Radiug of circle circumscribing the tube bundle. ft

VA Amibient temperature, 0 R

"3 Static tomperatue of the fully expanded jet at the
nozzle exit, '

T5  - Static temperature of the mergead jet, *R

k Referunco 29 defines this as the Atatic pressure.
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U3  Velocity of the fully expanded jet at the nozzle exit,
ft/sec

C = A5 /A3 = Ratio of merged jet area to total nozzle exhaust

area

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

P3 Density of the fully expanded jet for the nozzle discharge
conditions, lb/ft 3

5= Density of the merged jet, lb/ft 3

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:

2____ p 5A5U5 
2P3A3U32 _5A5U52 (3-13)

+ PA + PA

93 3 9a 3

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

p5 A5 U5
2 = 33 A3 U3

2 [+ ( 3 U3.2 -3 2P (3-14)

This shows that the pressure, P3, 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. Tlhe root determined by "Newton's Method" for 0<0<1 was
invariably applicable and is therefore always used in the computer program to
determine the merged velocity, even if another root is real. In that event,
the additional root is printed out so that it can be checked for impact on
noi se.

In the case where n plug was involved, the nozzle outer diameter is de-
fined as below, and tile area, A5 , is determined. All other equations remain
the same.

R2  A) - K9  for Rr"ý. 0.6

(3-15)

H2  Ko *n(AR)R 1 2 2 " for R r 0.6
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where: Ko -1.947 logl 0 (Rr/1.95 4 ) [1-0.2525 loglo (T 8 /1750)] VRrI0.716

"Rr = suppressor radius ratio

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

R9 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
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)peak for
each one-third-octave band.

(b) 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.

(c) 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) peak

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

(d) 1he noise from the nozzle is then determined based upon the
effectivo number of tubes as determined by Equation 3-7.
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(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-
cussed 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 CORRELATION 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 occurred 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

ýJ 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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a 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

Nozzle Type 
/6o

1 Single-Flow, Multitube 0 --

0
a Single-Flow, Multichute/Spoke

4JD 0 Da-Flow, Mult itube 0 9

105 :t Dual-Flow, Multichute/Spoke

C)

a -0-. -00
4-)
a1 0

90

Linear 0

Regression

85 Curve____urv __ _ "--Measured-Equuls-Predicted Line

8t

000 Linear Regression Confidence
80-- - Constants Levels, (1

• / 0.973 +0.07 t2.4 0.7

75 III_ _

75 80 85 90 95 100 105 110 115
Predicted PNL Relative to Rfoleronco, P, PtdB

Figure 3-14. Correlation Between Measured and Predicted Maximum
Perceived Noise Level (PNL) for all Types of Suppressor
Nozz1es.
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0 Flyover calculation using static data corrected to free-field conditions.

0 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

Nozzle Type

110 0 Single-Flow, Multitube_____• cNO
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Figure 3-15. Correlation Between Measured and Predicted Effective
Perceived Noise Level (EPNL) for all Types of Suppressor
Nozzles.
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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 noise, 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 sumnary of this information is included in
Table 3-1. For each nozzle type, the linear regression constants, m and b,
and the 80% 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
general, 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 sumaary of the
prediction elements, and a discussion of the data comparisons and accuracy
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Table 3-1. Linear Regression Analysis Results for Suppressor Nozzles.

Linear Regression Confidence N~mber
Nozzle Constants Limits (dB) of

Type m b 80% 95% Nozzles

PNL All Suppressors 0.973 0.07 2.4 3.7 43

FConical 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,

Multicube 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 2.8 1

DILal-Flow,
Multichute/Spoke 1.000 0.89 1.6 2.5 9

43
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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
committee. 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(f), as follows:

N-1 2 N-(i+l)
(i) + 2 cos(F) sin(0.115F)

H(f) = N + N C(sn) (3-16)

i~l s-0

The equation for SPL then should read:

SPL M 10 logl H(f] + D(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-
ralization 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 "w" power), the nozzle exit area, the acoustic range, and the
fully expanded jet velocity. Spectral distributions are presented as a func-
tion of modified Strouhal number. Air attenuation and extra ground attenu-
ation (EGA), References 34 and 35 respectively, are applied as required.

Shock-cell 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 noise 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 as defined in Section 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 K*S engineering correlation method for
imultielement suppressors. The data base used for checking the predicted

versus measured noise in evolving the correlation is sumuarized in Table 3-2.
Shock noiue for a single tube is calculated using the relationships for a'
conical nozzle; the level is then determined by the effective number of
tubes, Neff, per Equation 3-7, with an empirical reduction amounting, in
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The "Reference" level is the predicted value of noise for each nozzle,
Lt a specified set of thermodynamic conditions, plus an arbitrary
value of 100 dB.
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; Figure 3-16. Correlation Betueen Measured andreedictd t Maximum

-Perceived Noise Level (PN) for a Conical Notzle,
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a 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 IuO dB.
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0 PTI/P = 1.474, TT = 1109- R, V3 = 1184 ft/sec

'/\ PTI/Po = 1.978, TT = 12030 R, Vj = 1602 ft/sec

+ PT/Po = 2.745, TT = 13200 R, Vi = 2001 ft/sec

X PT/Po = 3.924, TT 1488- R, V3 = 2397 ft/sec

Predicted

100 I III i!
2400-ft Sideline, Sea Level
590 F, 70% Relative Humidity 2

No EGA, Free Field, AT= 338 i.2

90

0.80

700

50 0 0 0050

FrIquoncy, "It

Figure 3-20. Representative Check of Predicted Versus Measured Spect~ra
of a Conical Nozzle (500 Inlet Ang e).
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o PT/Po = 1.474, TT = 11090 R, Vj 1184 ft/sec

A P 1r/Po = 1.978, TT = 12030 R, Vi = 1602 ft/sec

:+ PT/P° = 2.745, TT = 13200 R, Vj = 2001 ft/sec
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Predicted

100 ---

2400-ft Sideline, Saa Level

590 F, 70% Relative Humidity

No EGA, Free Field, AT =338 in?

90 
- - -

a ix .

-,+ +

0u 70 f1

-20 50 00 100 10040 5MO 10,000
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Figure 3-21. Representative Check of Predicted Versus Heasured Spectra
for a Conical Nozzle (90* Inlet Angle).
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O PT/Po = 1.474, TT = 11090 R, Vj = 1184 ft/sec

£n r PT/Po = 1.978, TT = 12030 R, Vj = 1602 ft/sec
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Figure 3-22. Representative Check of Predicted Versus Measured Spectra
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).

2 , In general, the multitube 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
noise from these nozzles.

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 +31X. 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 computer program includes the procedure given in Section 3.2.2 as
summarized in "Sutwuary of Prediction Elements," with the shock-cell noise
calculated as defined in Section 3.3.3.1, "Definition of Method and Data Base
Used.

3.3.3.3 Data Comparisons and Accuracy

The measured versus predicted data from 21 conventioual, multitube
"nozzles for PNL and EPNL* are shown in Figures 3-23 and 3-24, respectively.
Such data for the two "special" nozzes (see Section 3.3.3.1) are given in
Figures 3-25 and 3-26. The correlation accuracy for theae nozzles is bel.ow

See Section 3.3.1 for definition of method for determining L.
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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 1
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Figure 3-23. Correlation Betveen Measured and Predicted Maximum Per-
ceived Noise Level (PNL) for Single-Flov, Multitube Nozzles.
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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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Figure 3-24. Correlation Between Measured and Predicted Effective Per-
ceived Noise Level (EPNL) for Siugle-Flow, Kultitube
Nozzles.
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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

110
/

110 - ,,, , ,___ _ __ __ ,,

Nozzle AR Reference

0 66-Tube 2.7 4

M 0 104-Tube 2.8 25

.1

100a

S00/

4P Meaure 9ala-Pradtctfd Line

go- • . . Cons#|tant Lovelf, do
0 . .

I) -,,

45 "/

q/

?5111 90 95 10 0-1 1

Pr~kctd PL R lative to Referenc,as P, pfiden

Figure 3-25. Correlation Betweeh lleaured and Predicted Masxim=m Per-
ceived Noise Level (PNL) for Special Nozzles.



* 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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Figure 3-26. Correlation Between Mensured and Predicted Effective
Perceived Noise Level (EPNL) for Special Nozzles.
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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 conditions.

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, is 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 measured noise relative to the
reference conditions from (M-l00) m(P-l00) * b.

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

Expected value Mi or -100
! 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 more
from un~ity, This is the case for the "special" nozzles as shown in Figures
3-25 and 3-26.

-Representative comparisons between measured and predicted data for
2400-ft sideline PNL versus for-field angle and for one-third-octave band
spectra at 50' 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/sec, respectively. The remaining two,
3-29 and 3-30, are for the 66-tube nozzle at 1252 and 2478-ft/aec veloci-

,, ties, respectively.
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3.3.4 Multichute or Spoke Nozzles

3.3.4.1 Definition of the Method and Data Base Used

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:

* In determining the axial distribution and axial locations of peak

noise, an equivalent diameter is used as defined by Deq = /4A/I
where the flow area, A, is the nozzle flow-passage area between
two adjacent chutes or spokes.

! • In the low-frequency noise formulation, the calculation of the area
of the merged jet by Equation 3-10 requires the number of elements
to be the number of chutes, the circumscribing radius to be that
determined by the envelope of the chutes or spokes, and the radius
of the element to be Deq/2. If the exit plane of the chutes or
spokes is canted by an angle 0, the radius, R2 used in Equation
3-10 is defined by:

Flow Stream Line

R R 2 R(l Tan •

* The axial location of the merging of adjacent jets from the chutes
or spokes is also determined by Equation 3-6 (Section 3.2.2) where
S and Dt are defined by the sketch below:

Flow Passage

Chute or
Spoke

D D1h

A The effective number of flow-passage elements radiating noise to

the far field is determined in a manner similar to tube nozzles,
using Equation 3-7 in the following form:

64



Neff (2K + 1)1/2

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 premer~ed noise for
those frequencies having wavelengths smaller than Deq = =4A/w for supersonic
flow or the outer flow width, Dt, for subsonic flow. This effect is also
varied as for multitube suppressors: D/2 >2>2D and NeffýN<Ntotal where
NtotaI 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, Dt + Dh/2, as shown on sketch on page 62) in place of Dj (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

C 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 ad 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
reflectiotu 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 scatter 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 band spectra comparisons showing representative correlation in detail.
On some multichute nozzles, at the higher end of the velocity range tested in
tills program, the data at the 1400 angle sometimes was several PNdB higher
than predicted. The cause of this discrepancy could not be explained.
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* 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

S I• NNumber

of
Elements AR Reference 0

110 0 64 2.0 3
0 24 2.0 3

0 32 2.0 3

a 48 2.0 3
Im 32 1.5 3

105 CI 32 2.5 3
0 36 2.5 Current Program -o
0 36 2.0 Current ProgramO 36 1.5 Current Program /

a0 32 2.1 4
0

S• 90

0

SHoasurod-Equals-Predictod Line

V i Linear Regression Confidence

: 0. 995 +0105 24 3.

95

!75 80 85 90 95 100 105 110 115
SPredicted PNL Relative to Reference, P, P•dB

90

Figure 3-31. Correlation Beteen Masured and Predicted i ximu80Perceived Noise tvel (Pon for Single-Flow, Multichute/

S~Spoke Nozzles.
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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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___ Predicted.Z 15 0 32 2.5 3 __ edt

a. Line1 0 36 2.5 Current Program
0 36 2.0 Current Program
0 36 1.5 Current Program

! o 95

a 90

Linear

Regressiont

Linear Regression Confidence
80 •1Constants Levels, dS

m b

01,003 +0.11 '20t3.0

3.
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Predicted EPNL Relative to Reference. P, EPNdB

Figure 3-32. Correlation Between Measured and Predicted Effective
Perceived Noise Level (EPNL) for Single-Flow, Multichute/
Spoke Nozzles.
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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 Lhe 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 inner
stream; the consistency of the data with the prediction suggests that the
assumption is warranted for this data base.

The postmetged mixing noise of a dual-flow nozzle with a suppressor on
the outer stream is based on the outer flow (WO, V0 , TO, PO, and AO) mixed
with ambient air as determined by the method described in Section 3.2.2 under
"Merged Jet Thermodynamic Conditions" and then mixed with the inner stream
as described below. The 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 predict ions.

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

0 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
corresponding equivalent diameter of the inner and outer streams,
and by an empirical correction determined by the velocity ratio and
area ratio of the two streams. The empirical correction is (reduc-
tion relative to the conical nozzle levels):

K (1 - 4 (VO/Vi - 0.5)21, dU (3-18)

SK 10 logl0 (AO/Ai) + 5.8. d8 (3-19)

where: A = (Predicted OASPL for a conical nozzle based on the
conditions defined above) - (measured OASPL for the
dual-f low nozzle)

K m Area ratio effect upon

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 A and K, respectively.

This method is applicable for the following ranges of the vari-

ables: 0.65 < A°/Al < 8.0 and 0.2 < V0/V' < 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:

0°0 + X
VV W + V W
mixe~d W( + W(i

o Wo +i W

Tyi TT T (3-21)TTmixud 0 o÷W

A uA 0d A (3-22)

0 W (3-23)

miged mixed

where: V volocity
TT total temperature

UW " wi ight flow

, density

Viese conditions are used in the conical jet noise prediction.
The data chock providing the basis for this formulation of the
mixed-stream conditions is shown in Figuresk 3-39 atvn 3-40 in telrs
of n�umalized PWL vorsus Vmi, for the following rangep of vari-
ables (from References 37, 38, and 39): 0.65 < A1/A' < 4.0 atnl 1.0
< V°/Vi < 2.1. aThe normalization used for PWL is the same as that

for a simple, conical nozzla except that thrust, F. p AV2 /g, is
used rather than the area, A. The exponent on the density normal-

ization then becomes (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 (Deq - viX7A) 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

* l effect opon 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 an 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 momentum-
weighted mixing of the inner stream and the conditions for the
outer stream (after the outer stream has merged with ambient
air) and using the total area as in (a). above, assuming con-
stant-area mixing.

3. The postmerged, shock-cell noise is determined based on the inner-
stream flow conditions and equivalent diameter, assuming no effect
from the outer stream.
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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 80% 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 Data 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 correlation 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 empiricism was necessary because of an
unexpected aspect of the far-field directivity: At the angle of foximum
noise 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 quadrant, beyond 30" in front of the critical angle. This
is in contrast to observations leading to the use of an effective number of
elements in a multielement suppre-sor which is roughly given by "you only
hear what you can see." The physical blockage of the line-of-sight provided
by the hard-wall ejector had very little effect on the maximum far-field
noise (see Figure 3-50 as an example).

Hard-Vall •jectors

Data on tho effect of adding a ha... i Jectr shroud to a multi-
element nozzle have been correlated as sumarized below:

. At the far-field 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 highest (f ), the reduction in
reference sound pressure level (OSPLR) is established as given in
Figure 3-51 as a function of the following:

"'~8"1



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.

0 69 Tubes, AR, 2.75, ARn = 0.65 (Reference 38)
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Figure 3-41. Correlation Between Measured and Predicted Haximum Per-
ceived Noise Level (PNL) for Dual-Flow Nozzles with a
"hiultitube Suppressor on the Outer Stream.
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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.

115/

0 69 Tubes, AR, 2.75, AR = 0.65 (Reference 38)
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Figure 3-42. Correlation Between~ Measured and Predicted Effective
Perceived Noise Loevel (EPHL) for Dual-Flow Niozzles with
a Ikiltitube Suppressor on the Outer Stream.
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Figure 3-44. One-Thlrd-Octave Band Spectra for a Dual-Fieo Nozzle vith

a 69-Tube 'upprcssor on the Outer Stream.
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* 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 3-45. Correlation Between Measured aud Predicted K ximuz Per-

ceived Noise Level (CN) for t uat, -Flo, NbOee les with a

Mtul t irhute /Spoke Suppressor on the Outer S'tream.
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9 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.I: I 10'
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0 36 3.0 0.65 Curront. Program

° ,

C Cb

75 fCu0 1W1 X .1

e . M -u! I'"d-Rque-t' rSet4 1s'=••'e -

Figure 3-46. Correlatiota• Betwreen M~easured and Predicted Effective Per-
!:,.:•ceived Noise Level (EPNL) for Dua1-F1ow Nozzles with a

Mul~tlebte/Spoke Suppressor on tive Outer Sirem.
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Figuee 3-48. One-11dIrd-Octave Band Spectra for a Dual-Flow Nozzle with a
36-Chute Suppressor on the (kteor Stream.
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Nozzle Pressure Ratio (PT8/Po): 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•i/An)eff: This effect is shown, by itself, in
Figure 3-52. The figure shows that the ASPLR is linear with
(Aej/An) for each of three values of PT8/Po. The slope so
established was used in the normalization of Figure 3-52.
When the nozzle includes a centerbody plug, the effective
ratio of (Aej/An) is different as established from the avail-
able data base as shown in Figure 3-53.

Nozzle Exit Temperature (TR): 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
L -/D -:This effect is shown in Figure 3-55. In this fig-
ure, Deq ---871, where A8 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, 0 c.

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

fp - 0.3 V8/deq

where: V8 f nozzle exit velocity (ft/see)

deq - equivalent diameter of a suppressor element (ft)
/1Ae lement

Thie 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 (aSPLR - AKPLf) verus (f/fp) using 60%,

ýJ 110'. and 130' data for illustrative purposes. The effect was
found to be independent of angle. Below fp, it was assumed that
ASPLf - &SPLR; this is relatively unimportant because of the fre-
quency range of high noise levels generated 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 correlated in terms of
reduction of sound power level (APWL), one-third-octave band SPL spectra, and
far-field directivity. The suppression 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 3-59. 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--octave
band, the range in relative levels from the peak to 8 dB below the peak is

* covered (See Figure 3-6).

Angles of incidence from 10' to 80' are used in 10' increments, based
on an omlidirectional source distribution, and the reductions in PWL are de-
termined for the upper and lower band limits and the midpoint frequency of
all one-third-octave hands. To determine the total PhIL reduction, the number
of reflections of the acoustic ray associated with an angle of incidence and
source location are calculated based on thle ejector length, diawmeter, and the
flow conditions. The power reduction for each reflection is determined as
discased in the following paragraph. This reduction is then suved over all
rt f ctio.- This is repeated for each source location, and, taking into
accouit the relative leovl of each tource (Figure 3-6), the reduction isj su4-d over all sou•rce. 1te :eduction is sumed over each angle of inci-
dteic to detorm#i% the total pover reduction for oach frequency. By anti-
logarithmically averaging the rrductipn at the lower limiting, midpoint, and
upptr limiting freoquncies, the reduction over a one-third-octave band is
apptoxttaated.

To deter-*ioe the reduction dtuo to Oach reflection Vithin the ejector,
the treat,.nt resstance and reactmnce must be knoun at the lover limiting,

midpOi , amd upper limiting frequencies of a given one-third-octave band.
The reduct"io in sound power level (NWL) is deteraintd using the folloVitnc
two equatioln.

Coo
.-. (3-24)

O+R Cos o (X Coso

whee: a "* absorption coefficient

R normalized opecific reistsunce

X 'normalized specific reactance

oi incidence angle, as defined on Figure 3-58
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LocatiQ:,

Figure 3-58. Acoustic Ray Analysis for Treated
Ejector.
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APWL -10 1oglO ( 1 -0a), 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 value-: as used in Equation 3-14 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-
tcr (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 smrallest (70' to 120"). At other angles the
change in SPL due to treatment is smaller but constant with angle. Data from
References 4, 38, and 40 and from this program have been us~d to develop the
directi'•ity correlation chown in Figure 3-59. The data from Reference 4 is
plotted on the figure to show representative correlation.

For angles of 80 - 50' to ec (ec defined by Equation 3-8) ASPL =

1.2 x APWL. For 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 required in order to
predict the far-field SPI 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 given in Figure 3-51. Parameters needed for this purpose
are: nozzle 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 to th* equivalent nozzle diameter. The corresponding
value of ott•er 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. lie spectral distribution is then determined by
applying the correlation given in Figure 3-57 (at all angles) relative to the
frequency of peak, premerged noise. The frequency :f peak, premerged noise,
fpi estizated by means of f - 0.3 V8/deq as defined in thie text of Sec-
Lzon 3.3.6.1

Ile effect of adding treatment is determined analytically using; 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 O.he treatment (Equations 3-24 and 3-25), and determining the delta one-
third-octave band power level (611WL) spectrum by summing for all interar.tions
for all angles of incidence. The APWL spectrum is converted to far-field
t&SPL based upon the correlation shown in Figure 3-59.
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Data from Reference 4
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Figure 3-59. Directivity Correlation fo•" Ejector
Treatment Eifect~s.
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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 nozzles 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 D~ual-Flow Nozzle
wi~th a 36-Chute Suppressor and Hlard-Wall Eject~or.
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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.
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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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Figure 3-65. Treated Ejector Insertion Loss at 1.4 Pressure Ratio.
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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 Noise 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-
t ions.

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 method 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 small-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 observer. From these theoretical developments, a scaling prin-
ciple for jet noise has been extracted (AhuJa and Bushell, Reference 44)
as follows:

P(Q) SPL - 10 log1 0 (V /Vre) - 1 0 log (DiR)'-lO 10ogO(l + Mt- uosj)-5

-1t0 0 (0j /r0 ) (4-1)

where Q (fD/V M( + M cogo.

and P - normalized sound pressure level (dB)

SPL - far-field sound preusure level (dB)

V' - nozzle exit jet velocity

V reference velocity
re f

j - nozzle diameter

R• - observation radius
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M - eddy convection Mach numberI c
pj - nozzle exit jet density

Pref - reference density

4 8i - observation angle from inlet axis (6i 1800 - o6)

Q - normalized, Doppler-shifted frequency

f - observer 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
nmaber), the factor (1 + M, cosoi)j 5 in Equation 4-1 underestimates the varia-
tion of noise with angle. Conversely, at high values of Q, this factor
overestimates the variation of noise with angle. For hot jets, the data is
best correlated if the factor (Pj/oref) 2 in Equation 4-1 is replaced by
(pi/prtf)W, where the density exponent w ts itself a function of jet velocity
ratio VjIC0 (C• is the ambient speed of sound). Only for values of V /C. in
excett4s of About 1.3 does to approach the theoretical value of 2. Also, the
observed effect of heating is to bias the SPL spectrum to lover frequencies.

M Most of the above discrepancies can be rtsolved while retaining the
Lighthill notion of ascribing .et noise to convected quadrupoles. if the

fact that the turbulen;t eddies do not cotmunicate directly with ambient
aut>pherc, but arn subject to a shrouding effect of the moan jet flow ti
acconmted for. The classical theories (Refe-renie 41-43) were based on a
stationary-wave equation acoustic analogy which Implicitly contains Msan-flow
propagation effects in the right-hand side or forcing function, To extract
the mean-flow effects explicitly rcqtiires further manipulations to arrive at
a governing equation for acoustic pressure which ia clearly in the form of an
inhomogenous conv"cted-Vave equation driven by convected, solenoidal, turbu-
lent velocity fluctuations. Such an equation vas first derived by Phillips
S(R-fueenc 47) and has been developed more fully by Lilley (Reference 48) and
Goldnteln nod Haves (Reference 49). General solutions to these convected-vtave
equations have been formulated by Pao (Reference 50), Tester and Burrin
(Reference 51), and Berman (Reference 52). Earlier works by Ribner (Reference
42), Schubert (Reference 53), Poeell (Reference 54), and Csanady (Reference
"55) have drawt. attention to the importance of moan-flaw shrouding offects.

Motivated by the desire to avoid obscuring the physics by complicated
.ntaurical approaches, ?tani (Referenceos 56-60) has developed closed-form
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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:

-5
(1) The Lighthill factor (1 + Mc cos 0i) 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 Vj6 and Vj4 ,
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 velocit•

Y.• increases, since the quadrupoles scale with jet velocity as Vj

These aspects were all confirmed by Mani (References 56-60) through
extensive data/theory comparisons with several sources of acoustic data. In
particular, the variation in noise with observer angle O, was verified as to
Srequcicy dependencc. AdditionaLly, the necessity [or having a variable
density exponent w was found to be adequately explained by the mean-flow
shrouding effects ar~d attendant additional noiae 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 4-2 shows a comparison of the empirically derived density exponent
(w) with the values inferred from the theoretical model as a function of jet
velocity ratio VI/Co. These results and many other comparisons reported in
References 59 ani 60 have conclusively demonstrated that mean-flow shrouding
is an important jet noise mechanism. These studies have also verified that
Lighthill's original concept of compact turbulent eddies convecting and
decaying with the flow is a reasonable physical picture of Jet noise, 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 convec.ing turbulent eddi,s with the shock-cell formutions in
the jet. The shock-turbulence inLeraction process can produce a discrete
tone or "screech" component which is celated to acoustic feedback with the
nozzle. For actual engine nozzles and scale nozzles operating at heated
engine cycle conditions, 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 nolse

4 is "broadband," in that it has a wide spectrum, it can 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 (OASPL) is independent of jet
temperature.

(2) The OASPL is nearly omnidirectional, i.e., independent of observer
angle 0i.

(3) The OASPL varies as the fourth power of the shock-cell parameterZwhere -= -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 (6i < 90') at middle to high frequencies. This is illus-
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 (l-Mp
cosei)- 4 , where Mp is the flight Mach number. Since the turbulent mixing
noise may possibly be reduced in flight in the aft quadrant (6i > 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
jet noise spectrum, such as lip noise and large-scale structure. These
meChannisms have been studied in some detail as part of Task 2. Results of
studies conducted by Siddon (Reference 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 exhibit appreciable lip noise. These conclusions are
based on extensive measurements of cross-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
withiout external-flow flight simulation.

The question 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
unde:r 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 intensity,
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 accounted 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:

-- A a r 'F] (4-2)
ax r ar F r

where F is the local axial momentum flux F = (Pu2  pa ua 2 ) 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 W = X (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 Pu2 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 P, the turbulent shear
stresses can be deduced from the Reichardt hypothesis that transverse
momentum flux Puv (v is the transverse component) is proportional to the
transverse gradient of axial momentum flux,

Puv 11 XC/ar)pu2  (4-3)

together with an assumption that the turbulent shear stress is approximated
by T = (Pu'v') P Puv. The primes denote fluctuation component quantities.
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 (Vi/Co > 1) and
high frequencies (fD/Vj > 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:

i__ Dp-D(Ap) D (logC2D - + 2au- 2p- S (4-4)
C2 ar 3r ar axar

where D - + U and S = pD IVVu'u'] (4-5)at ax

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 A 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
i 2 (Il- Mcos8)2 2

g (C/C 0) 2  
- cos 2 (4-6):/./

where M M M(r) = U(r)/Co. Depending on the observer angle 0, the radial
velocity U(r), and the density P(r) profiles, the parameter g2 can have
one or more zeros or turning points. The precise form of the Green's func-
tioti d(epends 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)
SO, SI, and S2 modes. When acoustic shielding is encountered (e.g., when
ro < ro, where ro is the location of the source and r. 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 (-W4/Co1, where w is

the source frequency and 6 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 can be computed
throughout the jet. This calculation also provides the characteristic
strength, frequency, and size of the acoustic convecting quadrupole sources
that drive the far-field pressure fluctuations. The characteristic fre-
quency and length scale are determined from the aerodynamic predictions of
5 and u' utilizing the empirically derived similarity relations of Davies
et al. (Reference 73),

W au u (4-7)
0 r ' W

0

where 5 is the local mean velocity, u' is the local turbulence intensity,
and wo and L are the characteristic frequency and length-scale, respectively.

Ribner (Reference 74) has explained how the fundamental solutions associ-

ated with the various 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 soun4
field, Ribner was able to ascribe "weighting factors" to the various 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( ) 2 3 (u') 4 w4 HM dv dV/R 2 C5 (4-8)
0 W

where dI (M) is the acoustic intensity per elemental jet volume J 1;
the ambient density; u' is the local turbulence intensity; 11(v) it•( ?::

Fourier transform of the moving-frame, space-time cross correl•Iioo of u';
and v is the ratio of emission frequency W to characteristic frequency wo.
Equation 4-8 is used to calculate the mixing noise amplitude and fruquency
content for each volume element in the jet. Details of the source 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 turbulent
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 and/or by them. The eddies, produced in
the mixing layers of the plume, are themselves fluctuating "blobs" of vor-
ticity; thus, the emitted ý.coustic 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
wave of given amplitude and frequency is input to a shock, and the output is
a transmitted vorticity wave, an internally gcnerated entropy wave, and a
pressure (acoustic) wave.

Each shock in the jet plume emits acoustic waves in a random or broad-
band fashtion, related to the randomness of the distorbing turbulence. The
far-field, Lime-average correlation of this emission, after summing the con-
tributionG from all the shocks, produces a spectrum made up of two basic
components,. V'ost, the sum of the mean-square pressure signals from each
shock produces a "group spectrum" which is rather broadband in character,
similar to a jet mixing noise spectrum. The second compcnent, 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 resulta iu the rather "peaky"
spectrum shape observed for shock-cell noise. This is illustrated in
Figure 4-5.

Through examination of data from several nozzle types and an evalu-
at is. of the F1B fotdrmuation, a plausible extension of the present V1B model

to noncircular nozzles was developed. It was found that the group spectrum
* component (Figure 4-5) was dependent on i'low area for level scaling and on

equivalent diameter for frequency scaling. The interference spectrum, how-
ever, scales with hydraulic diameter or, more corroectly, shock-cell spacing.
When the nozzle hydraulic diameter is significantly less tihan the equivalent-
area diameter, the interference spectrum is displaced to higher frequencies,

A resulting in a total specttum share which is quire different fro that of a
conical nozzle, as shovAt in Figure 4-6.
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To demonstrate the validity 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 ei = 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 (0) 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-sq4are sound pressure emitted from
such volume Alement is given by

2

422

C R (c/c)
00

where Af is th~e one-third-octave frequency bandwidth and

coso 2 +(clu,/C )2

is the modified Doppler factor (Reference 43). The exponential "shielding"
factor argument is given by

r 1/2
1dr (4-10)

ro
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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 to 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 recocaendations.
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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. Coplanar, coannular nozzle; AoAi 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
AT = 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
A.l- - 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 aeroacoustic model
predictions with scale-model data have been carried out in Task 2 and
reported in the Task 2 final report of this program. The emphasis in those
comparisons was 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
wade.

The present study attempts to evaluate the prediction model in the
current state of development, accepting the strengths and weaknesses, as a

3' design and analysis tool for full-scale engine exhaust systew subjective
noise assessments. Emphasis is therefore placed in this study on the

136

,4 Ill I . I I. .



a 0 0
r- H n C' '0 -i _zr M~ H-

4) 0 bo I I I I I I
o 4 -4r4 < ~ '

V44

-H

04

4J4

4-1 0 0

0) 4-
14

44 4 1 H4

>) 0) 0) 4 0 4)

--4

-4

z 0H

-AN N N

W 0 0 A 41 00Y

4-3 M z

H ~ ~-4 C4

J13



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 consistent 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 Configurations I,
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:

PNLN = PNL - 10 log [F. (To/Tsa)w-I

where PNL perceived noise level, PNdB

Fs a static ideal gross thrust

To =ambient temperature, * R

Tem * static temperature corresponding to mass-averaged velocity and
total temperature, R

W "jet density exponent (per SAE ARP876) based on mass-averaged
velocity (Vma)

Vwo Vo
V -a, mass-averaged jet velocity

wi TTi + wo TTo
T wi + W mass averaged total temperature
Tm0

and where 'v" and TT 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 PNLN versus Vma 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 PNLN
versus Vma 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

Splug nozzle. At Oi = 500 the agreement is good. At 90%, the level is
overpredicted by about 2 PNdB at low velocities (Vma < 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 ei - 90%,
but fall slightly below the data at 0i = 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 PNLN versus Vma characteristics for Configu-
ration 4, a 36-element, single-flow-chute suppressor 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 PNLN 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 PNLN versus Vma 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 (PNLN). 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 reference. 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 01 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 PNLN
versus Vma trends are well predicted by the aeroacoustic model. Only at
low velocities (Vma < 1700 ft/sec), at 6- w 50, are the predictions
outside of the data band. It is encouraging (and important) that the
characteristics of a multielement, dual-stream system can be accurately

.... ipredicted 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 prediccion model is capable of
predicting the acoustic characteristics of a wide variety of nozzle types
over a wide range of operating conditions. It can serve as an accurate
preliminary tool for subjective noise assessments and nozzle geometry optimi-
zation during preliminary design and analysis.

4.3.2 Conical Nozzle Data/Theory __omparisons

The comparison of predicted and measured PNLN versus V. (also Vm0)
trends for a conical nozzle wcre discussed in Section 4.3.1 and shown in
Figure 4-10. In general, the agreement between predicted and measured trends
is adquate. A comparison of PNL directivity patterns at three representative
jet velocities is shoatn in Figure 4-15. The predicted directivity patterns
agree well with the measurements. A comparison of SPL spectra at several
angles (0i - 50, 90, and 130') is shown in Figure 4-16, and the detailed
spectrum shapes are well predicted by the aeroacoustic model. From the
data/theory comparison results shown in Figures 4-10, 4-15, and 4-16 it can
be concluded that the aeroacoustic todel adequately predicts the noise
characteristics of conical nozzles over the range of jet velocities
evaluated.
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4.3.3 Annilar Plug Nozzle Data/Theory 2omparisons

The annular plug nozzle (Configuration 2) chosen for comparison has a
high plug-to-shroud radius ratio, R /RS = 0.85. This configuration is
typical of a baseline nozzle for a SCAR engine propulsion system and more
closely represents the baseline for hIgh-radius-ratio, multichute nozzles.
As discussed in Section 4.3.1 and shown in Figure 4-11, the predicted PNLN
versus Vj trends agree reasonably well with the measured trends at 0i - 50
and 90, but peak PNLN 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., 6i < i'0". 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 0i - 50' and 90'.
At 8i = 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 Oi - 150" shows that, at least at the higher velocities, the
predicted and measured spectra agree over the entire frequency range.

4.3.4 CoplanarCoannular Nozzle DaITheLoU Co oprisons

Vie coplanar, coannular nozzle chosen for comparison has an outer~to-
inner area ratio, AoiAi, of 2.0. This- nozzle, Configuration 3, repre-
sents a typical baseline for thb.. suppressed-fan, dual-flow nozzle systems.
In the data/theory comparisons presented herein, only inverted-flow toadi-
Lions are considered since conventional-bypass, dual-flow nozzles are

covered adequately in the Task 2 final report and do not fit into the high
jet velocity applications being emphasized in the present study.

The predicted PtNLN versus Vr4 trends for the coplanar. coannular
tozzle agree with the measured trends. as shown in gigure 4-12. There is
a tev"Itincy to underpredict the: peak PHL" at high value* of VM4, as shou,"
.in Figure, 4=12. A coparison of PL directivity patterns for two typical
points 0; shown in Figvre. 4-19, The lowe.r velocity case shows good agree-
Ownt betnden data nde prediction. The higher velocity caoe Vhoas good
(agreement for 0i . UE!', but the predicted PNL falls below the data
at large values of Oi, close to the jet axis.

Egamination of the SPL spectra comparisons, Figure 4-20, shows that the
underprediction of PNL near the peak noise angle is due to an underpredictioni•.O Z11 th mid~le-to-high-frequency noise (Figure 4-20). 200 < f < 2G00 Rx. at
Shigh values of Vwa, There is also a consistent overprediction of the
low-fr.:queocy portion of the spectrum at Oi - 50' and 90', at both veloci-
ties, but this discrepancy has little or no impact on the predicted PtHL.
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4.3.5 36-Chute, AR=2.0, Turbojet, Suppressor Nozzle Data/Theory

A comparison of predicted PNLN versus Vj (also Vma) trends with
measurements for Configuration 4 are shown in Figure 4-s. In general, the
predicted trends duplicate the experimental trends quite well at all three

A angles shown. Examples of predicted versus measured PNL directivity
patterns are shown in Figure 4-21. 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 ei = 1500 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 evaluation, 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 ei = 1500 level for Vj
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 1500 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 welt 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, has a definite maximum at some value of Vj, and
falls off with decreasing and increasing Vj on either side of the peak.
Although the predicted-suppression curve (circles) deviates 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

162



120 ..-
* 2400-ft Sideline
o AT = 338 in. 2

* AR = 2.0

100 O_

90

80

j TJ Meas.1 Pred.

70 < >

a2390 1630 0 .....

1ý895 1_25_<_

6NOTE: TT is * R; Vi is ft/sec
6 0 ,1. .. ,, _, ..

20 40 60 80 100 120 140 160
51 Angle from Inlet, degrees

Figure 4-21. Predicted Vs. Measured PNL Directivity for a 36-Chute,

Turbojet Suppressor Nozzle.

163

SL



100--

90 --- 15012

1140
80

.16

> 0

0

0?, V 230f/e

o 1400

30 0.1 1 100

16

;• ;70

m

I--

:11.

o1 .1 1 10
• Frequency, kHz

• F'igure 4-22. Example of Suspected Numerical Error ini
,-..Spectrum IPrediction at Oi 1500, withI
•' Adjacent Spectra (1400 and 160)1 Unaf-
•i~i Lected; 36-Chute, Turbojet Suppressor,

164



i100

!ii9 , ' -,

0

SS I .I~ ll
80

0
0 NOTE: TTJ Is * R; Vj is ft/sec

u V T
SVJ TJ Heas. Pred.

Q.I 1 " 2[390 16301 0 1 -•

0Y-* " 1895 162

0% AR - 2.0

4.

~~9k*

C-))

Figure 4-23. Predicted Vs. Measured SPL Spectra for a
36-Chute, Turbojet Suppressor.

165

Sj ill l I l ltll L J /



.!

0I o0°

- - -00€)€

Cq 4

0 4

0\0

IO cI o~

8 0.4)N

u U - - ,- U U

W 06

0 VJ

4f)
)as

tm 1.4

uI u
4) aa

0 CI 0 wt N.4
14 14 -4

UP4 IJlsoddi UdN~

A a

166



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 Vj : 2000 ft/sec; whereas, the predicted suppression for

AR = 1.5 is a 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 4-25 shows the com-
parison of predicted and measured PNL directivity patterns for the static
cases. The corresponding flight directivities at Va = 275 ft/sec are
shown in Figure 4-26. The predicted directivity patterns agree fairly well
with the data in the forward quadrant. Close to the jet axis, however, the
predicted PNL levels are considerably higher than the measured levels for
0i k 130. This overprediction is especially pronounced for the flight
cases, Figure 4-26.

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 freqeuncies, but poor agreement at high frequencies for the V
1800 ft/sec case. The peculiar, high-frequency peak at 6300 Hz exhibite3 by
the predicted spectrum at 1800 ft/sec is due to the shock-cell noise predic-
tion. It is suspected that not enough axial stations close to 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 Vj 1800 ft/sec
case, These observations also apply to the 0i N 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 (0i - 130' and 150'), as Figure
4-27 illustrates. This high-frequency overprediction at angles close to the
jet axis is suspected to be caused by inaccuracies, in the fluid-shielding
calculation, resulting from the circumferential-averaging approximation
employed. This effect is expected to be most pronounced for the 8-lobe
nozzle, of all the configurations examined, because the lobe flow asymmetry
persists for several diameters along the jet axis. Corresponding SPF. spectra
comparisons for the flight cases, Va m 275 ft/sec. are shown in Figure
4-28. In 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/TheoryComparisons

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
requiiing 1.8 hours on a Honeywell 6080 computer. These two cases correspond
to static Va 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 ei = 50" due to
flight, Little or no change occurs at 0i = 90%, as is observed. At 0-I
1300 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-pressure levels discussed in Section 4.0 of Volume II, the
predictions shown in Figure 4-29 and 4-30 are consideied to bt as good a;
can be expected without additional model development.

4.3.8 36 uteuallow Nozle Data/Theory CoTa o

The 36-chute, dual-flow, stippressor nozzle is the most complex and
difficult to model of all the configurations listed in Table 4-1. It con-
tains a multielement, segmented suppressor of high element number in combi-
n•,tiou, with dual-flow, coannular streams with inverted velotity profileb.

A Additionally, the o.irer-atream exit plane is retracted relative to the
core (inner stream) exit, and the outer and inner streams have inner flow-
path boundaries, The outer stream follows a cortoured covl up to the
core lip, and the core has a centerbody or plug.

It wos discussed in the Task 2 final report that the Task 2 aero-
acoustic model applicability is limited for noncoplanar-exit geomttriea
and that certain conterbody/plug gec•-ýetries were difficult to model. For
Ote 36-chute, dual-flow nozzle it was not pessible to account for tihe
effects of both the fan cowl and core plug with the current version of the
aeroacotiric mtdol computer program. The plug and cowl were, therefore,
cguitted entirely by modeling th. nozzle on an equivalent-reoa basis. The
core (inoer) noztle was replaced by an aquivalent-area, conical nozzle.
The fain (outer nozzle was replaced by an equivalent-area: annular-chute
nozzle having the same inner diameter as the core nozzle. The axisl stagger
between the fan and core nozzles was maintained becaosp. the computer pro-
cedure can techanically accommodate staggered nozzle elements, subject to
tlhe boundary-impng. 4c litaitAtious set forth in Reference 7.

The equivalent-area modeling of Ehe actual nozzle geometry is illus-
trated qualitatively in Figure- 4-31. The resulting fan suppreasor has the
game flow artea and area ratio (AR - 2.0) as the actual geomttry, but the
chute aspect ratio becomes larger in the equivalent-area configuration.

172



120

0 400-ft Sideline
e AT = 11 in. 2

0 'le-

00

v T• = 90 . ....... . .__ ___

80 ,j T. a Meas. Pred.

02200 1690 0 0C '
1200 16901 275 1 Im-m'-m

NOTE: TT, is PR; Vj 1S Wt/seC

710 * - - -! _ __ _ - _ _ _

6 0 , -J . .... . . .. ....... ... . .

20 40 60 80 100 120 140 160
9- Angle trom Inlec, degrees

F~igure 4-2-9. Prodicted Vs. Measured PH1. Directivity for a 104-Tube
Suppressor Nozzle (Aerotrain).

173



100 -- - - FrT41 - r

0 5000=9

• -, 0 i0(

ao lI!- lili I~ i! H il"l" '

wiiTt I r'r' 11 !4 i! v • 10 .'-,

.I i •i~t•

t Figu re 4-30 . Predicted V-4. Measured SPIL Spectra for a
1--Tubo Suppressor N0ozzle; V_ 2200 ft/oe-.

174

i!-



L4

Chutes Actual Geometry

Cowl

0 
Plug

Chutes Equivalent-Area
i Geometry

-..
0

Figure 4-31. Equivalent-Arce Modeling of Coannular Plug/Cowl
Geometry for 36-Chute, AR 2.0? Du*l-VIow,
Suppressor Nozzle; Ao/A 1  1.92.

175



The normalized PNL versus mass-averaged velocity trends, predicted
using the equivalent-area modeling technique, gives excellent agreement
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
velocity points. The agreement between predicted and measurel" directivity
patterns is good over the entire range of angles and velocities examined.

Examples of SPL spectra data/theory comparisons are shown in Figure
4-33. Again, the prediction model spectra agree well with the measured
spectra. The high-velocity prediction (Vma 2100 ft/sec) shown in Figure
4-32 contains an erroneous spectrum at Oi f 150" due to a suspected anomaly
in the numerical evaluation of the fluid-shielding 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.

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
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
mechanisms play in the suppression of jet noise.

The Task 2 M*G*B aeroacoustic model, as discussed in Section 4.2, is

based on four noise-generation/emission mechanisms:

1. Turbulent-mixing noise generation

2. Convective "mplification

3. Fluid shielding

4. Shock-cell broadband radiation.

The preceding subsections have demonstrated that the present mathematical
model representation of these mechaoisms (collectively) yields a fairly
accurate prediction of the far-field acoustic characteristics of turbulent
jets, for a wide variety of shapes and flow conditions. It is therefore of
interest to evaluate how the individual mechanisms combine to yield the far-
field result; more importantly, the changes which occur in these mechanism.
due to the addition of a suppressor to a baseline nozzle are of interest.

A parametric computer study vas performed to evaluate the relative con-
tributions of the above four mechanisms to the far-field noise for both a
baseline conical nozzle and a typical, high-suppression, multielement nozzle.
Configuration 4. (the 36-chute, AR - 2.0, turbojet suppressor) was chosen for
this study as representative of a high-element number, high-suppression (10-
12 PNdB), exhaust system. A typical static takeoff condition of V, a 2400
ft/sec asd TTj 1630° R was selected for evaluation. Both the baseline
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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:

I (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 measure 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 s'mmaried in
Figures 4-34 through 4-37. Figure 4-34 shows the PiL directivity patterns
for the different prediction modes. Also shown are the measured data, for
reference, which should be compared with mode (a) predictions (mode b for the
chute noztle). Figures 4-35 through 4-37 display the corresponding spectra
shapes (1/3-octave SPL) at si a 50', 90", end 130" respectively. The
measured spectra are also shown in Figures 4-35 through 4-37 for reference.

Considering the conical nottle PNL directivity patterns, Figure 4-34a,
it is observed that shock-cell noise contributes substantially to the total
noise in the forvwrd quadrant, Si < 90'. This can be seen by noting the
41i~ferenco betveem mode (a) and mode (b) predictions. There is no contribu-
•j, of of 4hock noise close to the jet axis (61 > 120') because *ode (a) and

, predirtions are identical in this region. There is no fluid shielding
for observer angles less than about 110' based on comparing mode (b) and
(c) predictions. For 0- > 110%, however, shielding effects become quite
subst•ntial, on the order of 30 PtIdB. Eddy-convection effects are also
large; they increase the noise in the aft quadrant (ei > 900) and reduce
the noise in the forward quadrant (6i < 90"). This effect is apparent
from comparing mode (c) and (d) predictions.

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 a basic nonconstant directivity pattern dictated by the weighted
summation of various quadrupole types composing the turbulent eddies. This
basic pattern is only symmetric about *i - 90" when the local flow Mach
number is zero because the quadrupole weighting factors are a function of
local Miach number and bias the radiation toward the forward quadrant. For
example, if the flow Mach number H is set equal to zero and C/Co C 1.0,
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Equation (4-6) shows that the shielding function g2 reduces to sin2 e.
Hence, the mean square sound pressure from Equation (4-9) will become inde-
pendent of 0. The results shown in Figures 4-34 through 4-37 for mode d,
therefore, do contain fluid-sound interaction effects. Only eddy convection
effects (C) and the exponential shielding effects (62) have been suppressed.

The corresponding PNL directivity patterns for the 36-chute suppressor
are shown in Figure 4-34b. The trends discussed above the conical nozzle
are qualitatively similar for the 36-chute nozzle, with the exception of the
shock-cell noise contribution. The predictions were made neglecting shock-
cell noise (mode b), and yet the predictions agree with the data, as Figure
3-34b shows. This suggests that shock-cell noise may not be a significant
feature of multichute nozzles. It also appears, from the results shown in
Figure 3-34b, that neither convection effects nor fluid-shielding effects
are as strong as for the conical nozzle.

The breakdown of mechanisms for a typical, forward-quadrant angle of
Oj 500 is shown in Figure 4-35. No shielding occurs at this angle;
therefore, the mode (c)*results are omitted, as they are identical to the
mode (b) results. The conical nozzle results, Figure 4-35a, shows an inter-
esting counteraction among the mechanisms. The basic mixing-noise spectrum,
mode (d), yields a high noise level, much higher than the measured level.
The convection effect is to Doppler-shift and drop this spectrum to a level
significantly lower than the data (except at very low frequencies), as indi-
cated by the mode (b) prediction. Finally, the addition of the shock-cell
noise spectrum raises the spectrum back up to the measured level at middle-
to-high frequencies.

The correoponding 36-chute, 50' spectrum results are shown in Figure
4-35b. The good agreement between the mode (b) spectrum prediction and the
measured spectrum substantiates the implication drawn from Figure 4-34b:
Shock-cell noise is not a significant source for multichute suppressors.
Again the effect of convection is to reduce the level and Doppler-shift the
spectrum to lower frequencies.

The breakdown of mechanisms for the one-third-octave SPL spectrum at
0i =90' is shown in Figure 4-36. Only the conical-nozzle results are
shown for the following reasons. Fluid-shielding effects are ausent at 90,
and convection effects are less than 0.5 dB throughout the frequency range.
The shock-cell noise was not computed for the chute nozzle; thus, the only
significant contribution at 90" for the chute nozzle is the basic, mixing-
noise spectrum (see Figure 4-23). The results in Figure 4-36 illustrate
the diminishing effect of shock-cell noise with increasing ei (compare to
Figure 4-35a) and the almost negligible effect of convection.

Near the peak--noise angle, ei = 130, convection effects again become
signifirant. They produce a dramatic amplification of the mixing noise as
the results in Figure 4-37 show. Another counteraction of mechanisms occurs
at this angle, involving the competing effects of convection and fluid
* shielding. The basic, mixing-noise spectrum is much lower than the measured
level, as shown in Figure 4-37a, mode Wd). The effect of convection is to
increase the levels by as much as 40-50 P a'. high freqeuncies. The effect
of sl.ielding, however, is to reduce the aoise levels by 20 to 30 dB at high
frequencies, such that the net noise levels agree with the measured levels.
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It is interesting to note that the convection effect Doppler-shifts the
basic, mixing-noise spectrum to higher frequencies as would be expected from
classical notions of moving-source acoustics. However, the fluid-shielding
effects, which increase with increasing frequency, attenuate the high-
frequency portion of the convected spectrum to such a large extent that the
resulting spectrum peaks at a much lower frequency, lower than even the basic
unconvected spectrum peak. This is the explanation for the observed "reverse
Doppler shift" at angles close to the jet axis.

The competing influences of convection and fluid shielding are also
evident in the 36-chute nozzle predictions shown in Figure 4-37b. The magni-
tudes of these effects are considerably smaller than those exhibited by the
conical nozzle. For example, at 2000 Hz, the convective amplification is
22 dB for the chute nozzle, compared to 48 dB for the conical nozzle at the
same frequency. Similarly, the fluid-shielding attenuation is only 12 dB at
2000 Hz for the chute nozzle, compared to 31 dB attenuation for the conical
nozzle.

The various mechanismn can be isolated explicitly by examining the
differences between the various prediction cvrves shown in Figures 4-34
through 4-37. First, the total PNL suppression as a function of 4i is the
difference between the conical and chute nczzle total noise PNL directivity
patterns. This can be compared with measured PNL suppression and is shown
in Figure 4-38. The "hute nozzle prediction error at 150" (see Section
4.3.6) has been ret: v, i n these results. The predicted total PNL
6uppression is seen .o compare well with the measured suppression.

From the results given in Figures 4-34 through 4-37, it can be con-
cluded that the multichute nozzle almost completely suppresses the static
shock-cell noise so as to pirmit ,!e mixing noise to dominate the forward-
quadrant spectra. The static shock-noise suppression Is then approximated
by the difference between mode (a) and (b) conical nozzle predictions. This
estimated shock-cell noise suppression is also shown in Figure 4-38. The
shock-cell noise suppression is seen to be higher than the total predicted
suppression in the forward quadrant; hence some other mechanism is providing
negative suppression, i.e., is increasing the PHL.

The suppression of convective amplification can be computed by first
calculating the convective amplification for each nozzle [PHL(c) - PHL(d)I,
and then subtrocting the chute-nozzle result from the conical-nozzle result.
The convective-amplification suppression is shown in Figure 4-38. Note that

* it is negative in the forward quadrant; this explains why the shcck-noise
suppression is greater than the total. not suppression.

In a similar fashion, the difference between conical-nozzle fluid-
shielding attenuation and 3b-chute-suppressor fluid-shielding attrnuE on
has been computed from the retults shown in Figure 4-34, and this difference
is shown in Figure 4-38. From this result, it is apparent that a culti-
element suppressor exhibit# reduced fluid-shielding effects relative to a
conical nozzle; i.e., part of the beneficial effect of fluid shielding is
lost by the addition of a suppressor.
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F'inally, the suppression of basic, turbulent-mixing noise generation
has been evaluated by subtracting the mode Wd) prediction for the chute
nozzle from the conical nozzle, mode (4) prediction. This result is also
shown in Figure 4-38. This basic mixing-noise suppression is seen to be
quite small, from 1 to 5 dB over the range of angles shown, which is contrary
to historical conceptions of how multielement suppressors suppress jet noise.
The multichute suppressor in fact generates approximately the same total
mixing noise as the equivalent conical nozzle but redistributes the noise to
.tigher frequencies. This conclusion is dramatically illustrated in Figure
4-39, where the basic, mixing-noise spectra (mode d computations) for the two
nozzles are compared. Also shown are these same spectra with the atmospheric
(ar) attenuation removed, i.e., the lossless spectra. The multichute loss-
less spectrum is seen to have about the same peak level as the conical-nozzle
lossless spectrum but at a much higher frequency. The ratio of chute-nozzle
peak-noise (lossless) frequency to conical-nozzle peak-noise (lossless) fre-
quency is about 6:1. This is precisely the ratio of conical-nozzle diameter
to chute-element equivalent-area diameter.

The major conclusions to be drawn from the above example are that:
(i) the primary mechanism responsible for static noise suppression in the
forward quadrant is shock- ell noise reduction; (2) the basic mixing-noise
generatinn is no,- st.,pressed, only redistributed to higher frequencies
where atmospheric attenuation can have a more pronounced effect on the
snectr-a .hape, and (3) the observed suppression in the aft quadrant is
primarily a result of reduced convective amplification, offset somewhat
by a loss in flt'.d shielding. 7niq Jelicate halance between convection
and shielding effects in the a[, quadrant :a very difficult to predict
accurately because thesa .wo effectq are of large magnitude but opposite in
sijn. This is dramatically illustrated in Figure 4-40, where the convec-
tion and shielding effects for each of the two nozzles are compared.

The reduction in shoct'-cell noise pioduced by a multichute suppressor
can be explained by the fact that bieaking up a large, round jet into very
small, discrete, rectangular Jetq i& cause the shock-cell formation to be
dissipated much more rapidiy. The shock'.;ell spacings and cross-sectional
dimensions will 6e much smaller, ind the :ells are likely to be fewer in
number. The resulting broadband radiation is therefore likely to be much
lower in level and higher in frequency than that for a conical nozzle.

The conclustion that the total geerafreu, mixing noise in ivit aigniti-
cantly differetit for a multichute suppress-,r is explained bi the fact that
'ihe chute-nozzle mixing-layer perimeter close to the nozzle exit plane is
considerably larger than an equivalent-a-ea c mical-nozzle perimeter. The
high-frequency noise generated in the initial shear layers should therefore
be higher by the ratio of perimaters, p-ovided the premerged portion of the
chute mixing layers have approximately the same turbulence characteristics.
Once the chutes have merged, a large axisymmetric jot forma which haa a sub-
stantially lower velocity than the exit value; tC,erefore, the low-freq.ency
noise levels should be lower than the corresponding conlcal-nozzle Levels.
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The reduction in convection effects exhibited by a multichute nozzle is
the result of lower eddy-convection velocities. The rapid plume mean-
velocity decay exhibited by a multichute nozzle suggests that the majority
of the noise-producing turbulent eddies in the plume are convecting down-
stream at a substantially lower velocity than in a conical nozzle.

The reduced fluid-shielding effects characteristic of a multichute
nozzle can also be related to the rapid plume velocity (and temperature)
decay. Fluid shielding, as discussed in Section 4.1, increases with increas-
ing plume flow velocity and temperature; therefore, the lower velocity and
temperature levels resulting from the rapid chute element mixing provide
less fluid shielding than an equivalent-area conical nozzle.

From the above discussion, it can be concluded that the best suppres-
sion is achieved by producing the most rapid plume decay. This conclusion
is supported by the area-ratio study results shown in Figure 4-24 and dis-
cussed in Section 4.3.5. The effect of chute area ratio (at high jet veloci-
ties) is to reduce the noise as area ratio is increased. The predicted peak
axial mean-velocity decay for the three area ratios examined is shown in
Figure 4-41. The effect of increasing area ratio is to produce more rapid
plume decay, in concert with the observed (and predicted) improved noise
suppression.

In the above studies, the effects of base pressure variations on nozzle
plume aerodynamics and acoustic characteristics have been ignored. It is
suspected that multielement nozzles (e.g., the 36-chute, AR w 1.5, turbojet
nozzle) with area ratios less than two have significant base-pressure reduc-
tion (relative to ambient pressure). Large, base-pressure effects have also

been measured on the 104-tube nozzle. The effects of base-pressure vari-

ations on the aeroacoustic characteristics of suppressors would be a useful
future study.

4.3.10 Mean Velocity Decay Characteristics Data/Theory Comparisons

Having established a direct relationship between plume-velocity-decay
characteristics and noise suppression, it is of interest to examine the
ability of the aeroacoustic model to predict the observed changes in plume-
decay rate as a function of nozzle geometry. A comparison of the predicted,
peak, mean-velocity (maximum mean velocity at any given axial distance),
axial distributiontis was made for the seven nozzles listed in Table 4-1.
Laser Velocimeter (LV) measurements taken on these configurations were
analyzed to evaluate the peak-velocity-decay rates. The results of these
comparisons are shown in Figures 4-42 through 4-48 for Configurations 1-7,
respectively.

The conical nozzle comparisons (Figures 4-42) show that the predicted
decay is too rapid between X/Deq - 3 and X/Deq - 10. This is due in part
to the external, supersonic expansion which takes place for an underexpanded
4-t and is not accounted for in the plume-mixing calculation. The Reichardt

,hod also tends to predict more rapid diffusion in the potential core

•dion than actually occurs, as discussed in the Task 2 final report.
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The plug nozzle comparison (Figure 4-43) shows that the predicted decay
\s much more rapid than the measured decay. Again, the neglect of external,
supersopiL expansion is partially responsible for this discrepancy. Addi-
tional reasons for the poor agreement are: (1) the neglect of guided expan-
sion alouig the plug surface, and (2) a possible inadequate modeling of the
plug effects at high radirs ratios. Predictions of plug nozzle flow-field
characteritics for a low (0.67) radus-ratio, subsonic jet showed good
agreemenc with LV measurements, as presented and discussed in the Task 2
final report.

The coplanar, coannular (Ao/Ai 2.0) nozzle, velocity-decay com-
paris..n (Figure 4-44) also show that the predicted decay is more rapid than
the m-asured decay. Supersonic external expansion effects are, again,
partially responsible for the discrepancies. The shape of the predicted
decay curve is similar to the measured one, and a downstream shift of the
predicted curve by approximately two diameters would give reasonable agree-
ment with the data.

The 36-chtte, AR = 2.0, tuzbojet-nozzle, velocity-decay comparisons
(Figure 4-5) show reasonably good agreement between predictions and measure-
ments for XIDeq < 8. The downstream, measured-velocity levels (X/De 0 > 8)

are somewhat higher than the predicted levels. No explanation of this dis-
crepancy has been identified, but it is speculated that improper modeling of
the plug effects at high radius ratio may be contributing to this problem
since this nozzle has a large plug.

The 8-lobe, suppressor-nozzle, velocity-decay comparisons (Figure 4-46)
show reasonably good egreement between prediction and measurements. The
104-tuve-nozzle comparisons (Figure 4-47) also show good agreement between
predictions and measurements. Axial-decay trenda at several radial loca-
tions corresponding to the various tube-row centirlines are shown for
comparias'n.

Finally, the 36-chute, AR - 2.0, dual-flow, suppressor-nozzle compari-
sons (Figure 4-48) show good agreement between predicted and measored, peak,
mean-velocity, axial-decay trends.

In viewing all of the mean-velocity-decay comparisons as a whole, the
prediction model appears to gite the correct trends; i.e., the higher element-
nomber and Arei-ratio nozrles give more rapid decay. Area ratio controls the
mt'gwed velocity level plateau; higher area ratios yield lower merged-velocity
levels. Element number controls how fast the merged-velocity level is
reached; higher element numbers give more rapid decay to the merged-velocity
level. The prima.-y areas of improvtment required in the prediction are in
modeling the effect of a plug and the simulation of the external, supersonic
expans i 0on.

Comparisons of predicted and measured turbulence-intensity levels were
not carried out because the turbulence intensity per se is not utilized in
the prediction of the mixing noise. As diccussed in the Task 2 final report,
the mixing-noise source strengths and characteristic frequencies are computed
froet weighted combinations of the local values of radial, axial, and circurn-j ferential shear stresses. The weighted combination of shear stresses is
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termed "equivalent turbulence intensity," but may not be equal to the axial
component of root mean square turbulence velocity as measured by the LV
system. It was therefore judged that comparisons of these parameters would

not contribute to understanding of either jet noise suppression or model
adequacy and could be misleading.

I
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5.0 CONCLUSIONS

The major thrust of this study has been to develop and evaluate an
empirical, jet-noise-prediction method, designated M*S, and to further
evalute the Task 2 theoretical prediction method, designated M*G*B, by com-
pavison with far-field acoustic and mean-velocity data for seven exhaust
nozzle configurations. The relative contributions of the four noise-
generation/emission mechanisms (turbulent mixing, convective amplification,
fluid shielding, and shock-cell broadband noise) have been quantitively pre-
dicted using the M*G*B model for conical and suppressor nozzles.

The use of the M*S approach for predicting the noise of high velocity
jet flows from suppressor nozzles has resulted in a computer program that
enables the prediction of the maximum sideline PNL and EPNL (without flight
effects) within 2.4 and 2.1 dB, respectively, with 80% confidence. Corre-
sponding limits for 95% confidence are 3.7 and 3.3 dB, respectively. Better
than average results are obtained when predicting conical nozzles, single-
flow multichute nozzles, or dual-flow multitube or multichute nozzles. Below
average results were obtained for single-flow, multitube nozzles primarily
because of the limitations of the data base. Single- and dual-flow nozzles
with hard-wall and treated shrouds were also suc'eosfully correlated. Best
results were obtained on the dual-flow nozzles with the multichute suppressor
on the outer stream.

The M*G*B model developed in Task 2 provides a reasonably accurate pre-
diction of the acoustic characteristics of suppressor nozzles. It is capable
of discerning the effects of suppressor area ratio and element number and
shape on the subjective noise levels, PNL, for high velocity jets. The
suppression characteristics of multielement nozzles can be explained by
means of the four physical mechanisms upon which the prediction is based.
It is concluded that multielement suppressors do not substantially reduce
the Lurbulent-mixing-noise generation but, instead, redistribute this noise
to higher frequencies where atmospheric (air) attenuation can mitigate the
effects on the observer more easily. In the forward quadrant, the major
effect of a multielement nozzle is to substantially reduce shock-cell, broad-
bantjd noiso radiation. In the aft quadrant, subtantial suppression is
achieved by a reduction in convective-amplification effects. This reduction
is offset somewhat by an accompanying loss in fluid-shielding suppression,
but (for a "good" suppressor) the net effect is still a substantial noise
reduction.

All of the above reasons explaining why multielement nozzles suppress
.et noise are related to how fast the plume decays. High area-ratio suppres-
sors decay the jet to a lower merged velocity level than do low area-ratio
nozzles, and high element-number nozzles yield more rapid decay to the
merged velocity level than do low element-number nozzles. Therefore,
acoustic considerations dictate high element number and high area ratio for
best suppression.
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6.0 RECOMMENDATIONS

Based on the results obtained and the conclusions drawn from this study,
several recommendations are made relative to modeling and understanding the
characteristics of suppressor nozzles:

I. The empirical procedure evolved in Task 6 of this program to
account for flight effects in the prediction of jet noise should
be utilized in place of the procedure included herein upon publi-
cation of the Task 6 Design Guide.

2. The M*G*B aeroacoustic-prediction-model, aerodynamic-mixing calcu-
lation should be refined to give a more accurate prediction of
plug/centerbody flow and to include the effects of external, super-
sonic expansion and base-pressure variations.

3. The acoustic-shielding portion of the M*G*B model should be further
refined to eliminate the shallow-angle spectrum numerical-error
problems.

4. The acoustic portion of the M*G*B model should be developed to
improve the prediction at angles close to the jet axis, particu-
larly for in-flight conditions.

5. The shock-cell noise portion of the aeroacoustic model (M*G*B)
should be extended to multielement and dual-flow nozzle
applications.

SI
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APPENDIX A

M*S ENGINEERING CORRELATION MODEL - CDC VERSION

COMPUTER PROGRAM INPUT AND OUTPUT MANUAL

INTRODUCTION

This appendix documents the computer program for the prediction of jet
noise by the engineering correlation method. The mathematical model appears
in detail in Section 3.0 of this report. A description of the computer pro-
gram is provided in this appendix, including examples of input preparation,
output cases, and a listing of the Fortran computer code.

The computer program is written in Fortran Y language. It has been
programmed for use on both the GE/Honeywell 6080 and the CDC 7600 computers.

The range of valid application of the program, the limiting assumptions,
and documentation of the data base used for developing the correlation are
provided in Section 3.0 of this report.

PROGRAM NOMENCLATURE

Table A-i defines the Fortran symbols used in the program. The listing
and descriptions of input variables are given in the "Input Description"
section.

DESCRIPTION OF PROGRAM AND SUBROUTINES

Table A-2 gives a description of the overall flow of the computer pro-
gram including all routines used in each step. Figure A-i gives a detailed
flow chart of the computer program logic. A description of the main program
and each of the subroutines is given in the following paragraphs.

MS Routine - This routine reads the input curves needed for the various
prediction routines. Depending on-nozzle type it reads the nozzle input,
initializes variables, and computes flow parameters and flow and physical
geometries. The computation of gamuna (ratio of specific heats) involves an
iteration using input temperature and pressure ratio. Use of prediction sib-
routines and the output are controlled by this routine.

Following the preliminary calculations, control is routed through the
multielement, conical, or dual-flow section of the program. In the multi-
element part, calculations are first made for the postmerged noise. The
coefficients for the Potter and Crocker equation are set up, and, because it
is a third-order equation (after simplification), a Newtonian convergence
routine is used to determine the first root. Density and diameter are then
calculated and a check is made for other possible roots. Static and total
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Table A-I. Definition of Fortran Symbols.

Fortran Relazed
Symbol Meaning Subroutines

A Ejector treatment parameters MS, EJECTS
AA8, A8 Inner nozzle flow area MS, SHKSUB
AJ Acoustic angle, degrees MS, SUB3, SUB5

EXTP, SHKSUB, EJECTS
AJA Jet plume spreading angle, radians
AJR Acoustic angle, radians MS, EXTP, EJECTS
ALT Input altitude or arc distance MS, EXTP
AN Noy Weighting PNLPT
ANI Number of elements MS
ASK Intermediate variable PNTT8
AO Ambient speed of sound MS, SUB1

SHKSUB, PNTT8
Al Intermediate variable MS, EJECTS
Al Ratio of merged to exit area MS
A2 Ratio of merged to exit area EJECTS
A3 Single-flow nozzle total exit area MS
A3 Intermediate variable EJECTS
A4 Intermediate variable MS
A4 Ejector treatment PWL Insertion loss EJECTS
A5 Area of multielement merged stream MS
A5 Ejector treatment SPL insertion loss at

given acoustic angle EJECTS
A6 Ratio of ejector inlet area to nozzle

total area MS, EJECTS
A7 Multielement nozzle area ratio MS
A9 Outer nozzle flow area MS
B Shock strength parameter, B SHKSUB
Bi Intermediate variable EXTP
B2 Intermediate variable EXTP
B3 Intermediate variable EXTP
B8 Tube or chute/spoke cant angle, radians MS
B9 Tube or chute/spoke cant angle, degrees MS
C Normalized OASPL jet mixing noise curve-fit

coefficients MS, SUB1
CJ Ten dB down value for EPNL PNTT8
CMAX Intermediate tone correction TrNLC
Cl Jet mixing noise OASPL corrections MS, SUBI
CiJ Intermediate variable EXTP, SHKSUB
C2 Jet mixing noise relative velocity

exponents MS, SUBI
C3 Inner stream specific heat MS
C4 Outer stream specific heat MS
C9 Local speed of sound MS, SHKSUB
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Table A-I. Definition of Fortran Symbols (Continued).

Fortran Related
Symbol Meaning Subroutines

D Intermediate variable MS, PNTT8
DE Hard-wall ejector reference effect at 01 EJECTS
DEN Density correction (pj/P)Oii SUBI
DIS Intermediate variable EXTP
DJ Characteristic element dimension MS
DN Nozzle outer diameter MS
DT Tube diameter MS
DUM Intermediate variable SUB1
DO Shock-noise normalization parameter SHKSUB
Dl Reference far-field distance MS, EXTP, SHKSUB
D2 Hard-wall ejector reference effect EJECTS
D3 Ejector radius or diameter EJECTS
D4 Equivalent area diameter MS, EJECTS
D5 Merged flow diameter MS
D7 Initial time for EPNL PNTT8
D8 Nozzle characteristic dimension for shock

noise MS, SHKSUB
D9 Final time for EPNL PNTT8
E Jet mixing noise spectral distribution at 0 SUBI
El Ejector effect EJECTS
E3 EPNL PNTT8
E9 EGA indicator MS, EXTP, PNTT8
F Center frequency MS, EXTP, SHKSUB

PNTT8, EJECTS
F Intermediate variable TPNLC
FP Peak frequency EJECTS
FO Critical frequency for effective number of

elements MS
Fl Intermediate variable MS, SHKSUB
F2 Intermediate variable MS, SHKSUB
F3 Intermediate variable SHKSUB
G Shock-cell noise prediction input curve MS, SHKSUB
GJ Critical refraction angle indicator KS
GI Intermediate variable SHKSUB
G2 Outer stream ratio of specific heats, y MS
03 EGA at output distance EXTP
G8 Intermediate y MS
G9 Inner stream ratio of specific heats, Y MS
H Output sideline or arc distance MS, EXTP, PNTT8
HI Intermediate variable SHKSUB
I Index MS, SUBI, SUB5,

SUB4, SUB2, SUB6,
EXTP, SHKSUB, TPNLC,
PNTT8, EJECTS
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Table A-i. Definition of Fortran Symbols (Continued).

Fortran Related
SmboI Meaning Subroutines

IDCASE Case Description MS
IDENT Run Description MS
IM Intermediate variable MS
IP Intermediate variable EJECTS
II Indicator TPNLC
HAS Noise component identification MS, PNTT8
IICASE Case Description MS, PNTT8
lIP Intermediate variable MS
ISPLF Intermediate variable TPNLC
J Index All Subroutines
JJ Index PNTT8, EJECTS
K Index SUBI, SUB3
KK Jet mixing noise spectral distribution

curve-fit coefficients MS, SUBI
KSTART Index SHKSUB
KT Intermediate variable PNTT8
KO Intermediate variable MS
KI Extrapolation indicator MS, SUB3
K2 Intermediate variable MS
K6 Intermediate variable SUB1, EJECTS
K7 Shock-noise case indicator MS
K8 Index SHKSUB, EJECTS
K9 Print Indicator MS
L PNL calculation coefficients MS, PNLPT
Li Output acoustic range EXTP
L2 Reflected axial source location EJECTS
L3 Ejector length EJECTS
L8 Ejector length effect EJECTS
L9 Ejector length to suppressor nozzle

equivalent diameter
M Mach number MS, EJECTS
MP Maximum PNL PNTT8
MM Intermediate variable MS
N Number of elements in nozzle MS
NI Angle indicator MS, SUBI
0 OASPL SUBI, SUB3, PNTT8
OJ Critical refraction angle MS, EJECTS
09 OAPWL SUB5, SUB6, PNTTB
P PNL SUB3, PNTT8
PA Air attenuation EXTP
PC Intermediate variable MS
PTCOR Tone correction TPNLC
PO Ambient static pressure MS
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Table A-1. Definition of Fortran Symbols (Continued).

Fortran Related
Symbol Meaning Subroutines

P1 n (3.14159) EXTP, SRKSUB
P3 Frequency EXTP, EJECTS
P4 Inner nozzle total to ambient pressure

ratio MS
P5 Outer nozzle total to ambient pressure

ratio MS
P9 Nozzle total to ambient pressure ratio MS
Q Spherical spreading effect EXTP
QI Intermediate variable MS, PNTT8
Q2 Jet mixing noise normalization parameter SUBI
R Intermediate storage variable SUB4, SUB6
RJ Ambient density MS, SUBI
RJI Intermediate variable SUBI, PNTT8
RP Centerbody plug radius MS
RS, RR Specific resistance EJECTS
RVE Storage MS
RX Specific reactance EJECTS
Rl Tube equivalent radius MS
R2 Nozzle outer diameter MS
R3 Inner flow density MS
R4 Chute/spoke outer flow width MS
R5 Outer flow density MS
R6 Chute/spoke inner flow width MS
R7 Outer nozzle duct height MS, SUB1
R8 Outer nozzle radius ratio MS
R9 Centerbody plug radius MS
S Predicted SPL MS, SUBi, SUB3,

SUB5, SUB4, SUB2,
SUB6, SHKSUB,
PNTT8

SBAR Intermediate variable TPNLC
SC Intermediate variable TPNLC
Si Intermediate variable MS, PNTT8
SL Input sideline distance MS, EXTP
SP Intermediate variable TPNLC
SPL Intermediate variable TPNLC
SPLP Intermediate variable TPNLC
SPLPP Intermediate variable TPNLC
SS Outer chute/spoke width MS
SX Source location MS
Sl Shock-cell noise prediction input curves MS, SHKSUB
SlIJ Outer element spacing to characteristic

diameter ratio MS
S2J Relative source strength EJECTS
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Table A-1. Definition of Fortran Symbols (Continued).

Fortran Related
Symbol Meaning Subroutines

S6 Nozzle outer radius MS, EJECTS
T Temperature SUB1
T PNL SUB3
T Flyover time PNTT8
TC Cutoff effect MS
rC2 Intermediate variable TPNLC
TC3 Intermediate variable TPNLC
TJ Intermediate variable PNLPT, PNTT8
TT Intermediate variable PNTT8

TT3, T3 Nozzle total temperature MS
TT4, T4 Inner nozzle total temperature MS
TT5, T5 Outer nozzle total temperature MS, SUB1
TZ Initial tl.ie for EPNL PNTT8
TO Ambient temperature MS, SUBI, PNTT8
TI Intermediate variable PNTTS, EJECTS
T2 Intermediate variable MS
T8 Total temperature MS, SUBI
U Arc or sideline indicator MS, EXTP, PNTT8
U3 Nozzle fully expanded velocity MS
U5 Outer nozzle fully expanded velocity MS
V Intermediate variable SUB3, PNLPT
V,! Suppressor merged velocity MS
V0 Aircraft velocity MS, SUBI,

SHKSUB, PNTT8
VI Ratio of merged velocity to exit velocity MS
V6 Intermediate variable MS
V7 Intermediate variable MS
V8 Fully expanded jet velocity input to jet

mixing noise routine MS, SUBi
V9 Fully expanded Jet velocity input to

shock-cell noise routine MS, SHKSUB
W Density exponent curve-fit coefficients MS, SUBi
WE Density exponent SUB1
WJ Intermediate variable SUBi, PNTT8
W4 Inner stream weight flow MS

W5 Outer stream weight flow MS
W8 Weight flow MS, SUBI
X Source location MS, EJECTS
X SPL SUB3, EXTP, PNLPT
XJ Intermediate variable SUBi, EJECTS
XM Point of merging MS
X0 Potter and Crocker equation coefficient MS
Xl Potter and Crocker equation coefficient MS
X2 Potter and Crocker equation coefficient MS
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Table A-i. Definition of Fortran Symbols (Concluded).

Fortran Related
Symbol Meaning Subroutines

X3 Potter and Crocker equation coefficient MS
X4 Specific reactance EJECTS
Y PWI, SUB5, SUB4, SUB6,

PNTT8
YJ Intermediate variable SUB5, EJECTS
Yl Intermediate variable MS, SUB4, SUB6
Y1J Intermediate variable MS
Y2 Intermediate variable MS
Y9 Nozzle type indicator MS, SUBI
ZI Intermediate variable SHKSUB
ZJ Intermediate variable EXTP, EJECTS
ZK Intermediate variable SHKSUB
ZZ Effective number of elements effect MS
Zi Intermediate variable SUBI, PNTT8
Z2 Intermediate variable MS
Z3 Intermediate variable MS, PNTT8
Z5 Number of ruws of tubes MS
Z8 Effective number of elements adder ,MS
Z9 Total number of elements adder MS
Z9 Constant MS, SUB2
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Table A-2. Overall Flow of Program.

1. Read Input Curves (MS).

2. Read Input and Calculate Flow Parameters for each Stream (MS).

The Following through 11 are used or Skipped as Necessary.

3. Determine Postmerged Noise (MS, SUBI, SUBS).

4. Determine Premerged Noise (MS, SUBI).

5. Determine Premerged Cutoff and Shielding Effects (MS).

6. Calculate Ejector Effects and Correct the Premerged Noise (MS, EJECTS,
SUBS).

7. Sum the Premerged and Postmerged Noise (SUB6).

8. Calculate Shock Noise for Outer Stream and Apply Cutoff, Shielding,
and Ejector Effects (MS, SHKSUB, EJECTS, SUBS).

9. Add to the Sum of Premerged and Postmerged (SUB6).

lO. Calculate Shock Noise for Iloter Stream (MS, SIKSUB, SUBS).

11. Add to the Sum of Promerged mad Postmerged and Outer Stream Shock
(SUB6).

12. Extrapolate and Calculate OASPL, PNL and PNLT (this may be done after
each Component is Calculated for Print Purposes) (SUB3).

13. Print Output and Calculate EPNL (PVTT8).
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Figure A-i. Computpr Program
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Figure A-1. Computer Program Flowchart (Continued).
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Figure A-i. Computer Program Flow
Chart (Concluded).
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temperature are determined, the input variables to the conical nozzle noise
routine are set and the noise is calculated. This component is then extra-
polated and printed if desired.

The premerged noise is then calculated. The effective number of tubes

and the critical angle are determined. Then the length of the potential
core, Xc, the point of merging (used for cutoff only), and the radius ratio
are determined. The axial location of the beginning of peak noise generation,
X, and the critical frequency for absorption are calculated before entering
the frequency loop to calculate source locations, absorption effects, and
cutoff effects. These are then applied to all angles forward of critical
with angles aft of critical set equal to critical angle SPL. Ejector effects
are determined and applied before extrapolation and printing (if desired).
Shock-cell noise (if applicable) is determined after summing the premerged
and postmerged components. It is then corrected for ejector effects and
multielement corrections are applied, extrapolated, printed, and added to the
other components. The total is then extrapolated (if required) and printed,
and a return is made for the next case.

The conical part of the routine calculates the conical mixing noise and
shock noise, extrapolates and prints them separately if desired, sums them,

I and prints the total; after which, a return is made for the next case.

The coannular part uses the premerged and postmerged routines of the
multielement part if a suppressor is involved. Variables are set, and, if a
suppressor is involved, the postmerged routine of the multielement part is
entered to calculate merged flow conditions. Mixed conditions are then
determined and the merged noise is calculated, extrapolated, and printed (if
desired).

The premerged noise is now calculated depending on whether a suppressor
is present or not. This component is extrapolated, printed if desired, and
added to the postmerged. Outer-stream, shock-cell noise is determined,
depending on whether a suppressor is present or not, extrapolated, printed
(if desired), and added to the other components. Finally, the inner stream
shock is computed, extrapolated, printed (if desired), and added to the other
components. The total now is extrapolated as required, printed, and control
is returned for the next case.

SUBI Subroutine - This subroutine provides SAE ARP 876 (1975 revision)
conical nozzle noise predictions. Use and limitations are as described in
Appendix C. Output from this routine is on a one-foot arc. Basically,
polynominal curve fits of the data in Appendix C were used. A correction was
made to the predicted OASPL to increase the accuracy of the routine based on
available data on suppressor nozzles. This correction amounts to +1 dB at
all angles and frequencies.
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SUB3 Subroutine - This routine resets the variables for input into the
extrapolation and PNL calculation subroutines. It determines if extrapolation
is required and calls EXTP. PNLPT is called to determine PNL and OASPL.
TPNLC is called from PNLPT to determine PNLT. The variables are then reset
maintaining the newly calculated values.

SUB5 Subroutine - This routine calculates sound power level from sound
pressure level for each one-third-octave band and then antilogarithmically
sums to obtain the overall levels.

SUB4 Subroutine - This routine places previously calculated sound pres-
sure level and sound power level in other variable name storage for future
use in the program.

SUB2 Subroutine - This routine adds a constant value to the one-third-
octave band SPL at all angles and frequencies.

SUB6 Subroutine - This routine antilogarithmically sums different SPL
and PWL spectra to obtain a total spectra and sums the total PWL spectrum to
obtain OAPWL.

EXTP Subroutine - This routine extrapolates an input spectrum to a
desired acoustic range using the inverse-square law (spherical spreading),
air attenuation per SAE ARP 866 (Reference 34), and, if desired, extra ground
attenuation (EGA) per the routine presented in SAE AIR 923 (Reference 35). A
curve fit of the 590 F, 70% relative humidity, standard day air attenuation
and curve fits for EGA are used. The routine automatically accounts for
range changes from angle to angle on a sideline and includes the option of a
100-ft layer of EGA, full EGA, or no EGA as per SAE AIR 923.

SHKSUB Subroutine - This routine predicts shock-cell noise by the pro-
cedure defined in SAE ARP 876 (proposed, 1976, Appendix C). Output from this
routine is on a one-foot arc. The definition of D8 was varied to allow
calculations for nonround nozzles.

PNLPT Subroutine - This routine sums the SPL In a given spectrum anti-
logarithmically to obtain OASPL and uses the procedure defined in SAE ARP
865A (Reference 31) to calculate PNL.

TPNLC Subroutine - This routine calculated tone-corrected PNL via
Section B36.3 of the FAA Noise Certification Document (Nov. 17, 1969) as a
function of the uncorrected one-third-octave spectrum SPL.

PNTT8 Subroutine - This routine sets the format and prints the noise
output from the main program. It prints the identification of the noise out-
put and one-third-octave band SPL and PWL for 24 frequencies and 15 angles

* (200 to 1600 to the inlet) as well as OASPL, PNL, and PNLT for each angle.

The second part of the routine calculates EPNL (if required) according
to the procedure described in FAR Part 36. Times associated with given
acoustic angles for a level flyover (assuming the engine centerline is
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parallel to the ground) are determined first. Peak PNLT, the associated time,
and the lO-dB down levels are determined. Initial and final times are then

termined by linear interpolation (extrapolation using the first or last two
points is used when necessary). The PNLT history is then integrated between
the lO-dB down points by summing half-second increments (determined by linear
interpolation) to obtain the duration correction. This is a4ded to the
maximum PNLT to obtain EPNL; the EPNL is then printed.

EJECTS Subroutine - This routine first determines the effect of a hard-
wail ejector of given geometry in terms of the reference SPL. Directivity
and spectral effects are then determined. If no treatment is present in the
ejector, control is returned to the main program. If treatment is present,
an impedance prediction routine for SDOF treatment (single degree of freedom)
is entered. The resistance and reactance of the treatment panel is deter-

mined; this yields a coefficient of absorption. The location of a given
source and the strength relative to the peak are then calculated. The co-
efficient of absorption times the number of reflections for a given acoustic
angle plus the relative source strength when summed over all sources yields
an SPL reduction. This, when integrated over all angles, gives a sound power
insertion loss. This reduction is log-averaged over the lower limiting,
center, and upper limiting frequencies for the given one-third-octave band.
The sound power insertion loss is then converted into a delta SPL for each
acoustic angle and added to the hard-wall effect. Control is then returned
to the main program.

INPUT DESCRIPTION

The input data is supplied through NAMELIST input format. Any number of
successive cases can be run consecutively, limited only by the users execu-
tion time available. Each successive case requires only the INPUT NAMELIST.
TThe data from preceding cases remains in storage; thus, only those variables
which are to be changed from the preceding case input value need be included
in the INPUT file of succeeding cases.

The input format is given in Table A-3. The definitions of each of the
input variables given in Table A-3 are given in Table A-4. All variables are
preset to zero before the first-case input is read. Only the input variables
listed under a nozzle type in Table A-3 need be input for any case. Notes on
the input follow the tables. Further descriptions of input variables are

* given in Figures A-2 and A-3.

* OUu'rPUT DESCRIPTION

Thie output format is generally self-explanatory. The input is printed
nut using the nomenclature defined in Table A-S. Output flow conditions
follow. Finally, SPL and PWL spectra, OASPL, OAPWL, PNL, PNLT, and EPNL are
printed as required.

A warning flag is built into the iterations for gamma and merged vel-
ocity. Tihe flag message is: DID NOT CONVERGE for either iteration, and the

run terminates. Gross input errors have been the only cause of this message

encountered in the development of the program.
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table A-3. Input Format.

At the beginning of each run, an unlimited number of cards can be input
for the run identification. (A case identification card is available before
each case also). The format for each card is:

60 - Character Title Card, Column's 1-60

To enter the case section of the input the following card is required:

CASES (Starting in Column 2)

The run or case identification cards may be omitted but the "CASES"
card must be present. The case identification is saved and will be printed
on succeeding cases unless another case identification card is read.

FOR CONICAL NOZZLES

Column
2

(60-Character Identification Card, Columns 1-60)

$ INPUT Y9 1,

P9 - ,TT3 - ,A9 __ ,

K9 -___ , ALT- __L___,SL- __ .,

U __ E9 -i

'37I- I
" 2.37

i •,•,•:'-•,,~~..... ...............; .• ........-................... :''""•...... .......... ".... "..............-.. '..- ..- "-..-



I Table A-3. Input Format (Continued).

FOR SINGLE-FLOW, MULTITUBE NOZZLES

Column
2

(60-Character Identification Card, Columns 1-60)

$ INPUT Y9 = 2,

N _____RP _ _B9 =

DT= ,A7 ,Z5= =

SlJ __,TT3 _ P9 Q

K9 ,ALT- ,SL =_ ,

U __,F.9 ____,VO a__,

A6 ____L9 __ ,

23S
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ii
Table A-3. Input Format (Continued).

Column

2

., _ _ _ _,, _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

9 __ _ _ _ _ _ 9 _ _ _ _ 9P 9 9 __ _

bRR

g-X

F•~__ _ _ t____... . . . , _ .,__ __ ___
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Table A-3. Input Format (Continued).

FOR SINGLE-FLOW, MULTICHUTE/SPOKE NOZZLES

Column
2

(60-Character Identification Card, Columns 1-60)

$ INPUT Y9 3,

N ____, RP= B9 =

R4 = R6 =S=_, . .,A7 .

TT3 = ,P9 =_ ,

K9 = ,ALT = ,SL = , U __ ,

E9 = ,VO = ,A6 = ,L9= ,

SA = , __________, ________ , ,______ ,__

RR and RX as per the multitube nozzle case.

$
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Table A-3. Input Format (Continued).

FOR DUAL-FLOW NOZZLES WITH MULTITUBE
SUPPRESSORS ON THE OUTER STREAM

Column
2

(60-Character Identification Card, Columns 1-60)

$ INPUT Y9 5,

RP = ____,DN - , AA8 __ ,A9= ,

TT4= ,,_P4 ,TT5 _ _,P5=

N = ,DT = ,A7 - B9 --

Z5 __ , SlJ= ,

K9 _ _,ALT _ _,SL - _ ,U - ,

E9 ___ ,VO = ,A6 _ _,L9 ___

A

RR aud RX as per multitube case.

$
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Table A-3. Input Format (Concluded).

FOR DUAL-FLOW NOZZLES WITH MULTICHUTE/SPOKE
SUPPRESSOR ON THE OUTER STREAM

Column

(60-Chatacter Identification Card, Columns 1-60)

$ INPUT Y9 6,

RP = ,DN = __ _,AA8 = _ ,A9 =

TT4 = ,P4 = ,TT5 ___,P5 _

N ,B9 _

R4 R6 ___ _,A7_ _=

K9 ____,ALT ,SL ,U ____

E9 _ _,VO __ ., A6 _ _,L9 __ ,

A =

RR and RX as per multitube case.
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Table A-4. Input Variable Descriptions.

FOR CONICAL NOZZLES

Variable Note Description

P9 Nozzle Total to Ambient Pressure Ratio

TT3 Nozzle Exit Total Temperature, R

A9 Nozzle Exit Flow Area, ft 2

K9 Print Indicator:
0 = Total Nozzle Noise Only

*1 = Nozzle Component and Total Noise

ALT 1 Altitude, Ground Sideline, or Arc Dis-
tance at which Prediction is to be made,
ft

SL 1 Sideline Distance at Which Prediction is
to be made, ft (Used for Flyover Cases
Only)

U Arc or Sideline Indicator
1 - Predictions to be made on an Arc
2 - Predictions to be made on a Sideline

(or Flyover)

U9 EGA Indicator
0 a No EGA
1 * Full EGA
2 - 100-ft Layer of EGA

VO Aircraft Flight Velocity
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Table A-4. Input Variable Descriptions (Continued).

FOR SINGLE-FLOW, MULTITUBE NOZZLES

Variable Note Description

N Number of Tubes

RP 3 Centerbody Plug Radius, ft

B9 4 Tube Centerline Cant Angle, degrees

DT 3 Tube Diameter, in.

A7 Nozzle Area Ratio

Z5 Number of Rows of Tubes Counting Center
Tube (if Present) as zero

SlIJ Tube Centerline Spacing to Tube Diameter
Ratio

iTT3, P9, K9, ALT, Same as Conical Nozzle
SL, U, E9, VO

A6 Ratio of Ejector Inlet Area to Nozzle
lotal (or Annulus) Area (Input Zero for
no Ejector)

L9 Ratio of Ejector Length to Suppressor
Nozzle Equivalent Diameter

A(l) 3,5 Ejector Treatment Faceplate Thickness, in.

A(2) 3,5 Ejector Treatment Hole Diameter, in.

A(3) 3,5 Ejector Treatment Cavity Depth, in.

A(4) 3,5 Ejector Treatment Open Area Ratio

RR 6 Ejector Treatment Specific Resistance,
Rayls (49 Values Required)

RX Ejector Treatment Specific Reactance.
Rayls (49 Values Required)

244

"____i II_____I____11__III____.... ...___"_ ..... . ' ''



Table A-4. Input Variable Descriptions (Continued).

Ii FOR SINGLE-FLOW, MULTICIUTE/SPOKE NOZZLES

Variable Note Description

N Number of Elements

RP 3 Centerbody Plug Radius, ft

B9 4 Chute/Spoke Exit Cant Angle, degrees

R4 Outer Circumferential Flow Dimension, in.

R6 Inner Circumferential Flow Dimension, in.

SS Outer Circumferential Element Dimension,
in.

A7 Nozzle Area Ratio

TT3, P9, K9, ALT, Same as Conical Nozzle
SL, V, E9, VO,

A6, L9, A, RR, RX Same as Multitube Nozzle
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Table A-4. Input Variable Descriptions (Continued)

FOR DUAL-FLOW NOZZLES WITH A MULTITUBE
SUPPRESSOR ON THE OUTER STREAM

Variable Note Description

RP Centerbody Plug Radius, ft

DN Nozzle Outer Diameter, ft

AA8 Inner Nozzle Flow Area, ft 2

A9 Outer Nozzle Flow Area, ft 2

TT4 Inner Nozzle Exit Total Temperature, o R

P4 Inner Nozzle Total to Ambient Pressure
Ratio

TT5 Outer Nozzle Exit Total Temperature, 0 R

|P5 Outer Nozzle Total to Ambient Pressure
Ratio

N, DT, A7, B9,
7S, SlJ, A6, L9, Same as Multitube Nozzle
A, RR, RX

K9, ALT, SL, U, E9, VO Same as Conical Nozzle
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Table A-4. Input Variable Descriptions (Concluded).

FOR DUAL-FLOW NOZZLES WITH MULTICHUTE/SPOKE
SUPPRESSORS ON THE OUTER STREAM

Variable Note Description

RP, DN, AA8, A9,
PT ~Same as Dual-Flow/Multitubei TT4, P4, TT5, P5

N, B9, R4, R6, SS, A7 Same as Multichute/Spoke

K9, ALT, SL, U, E9, VO Same as Conical

A6, L9, A, RR, RX Same as Multitube

NOTES ON INPUT:

I. The ALT variable is used as the main distance indicator; therefore, for
ground static arc or sideline cases the distance of interest is input through
this variable, and the SL variable is set to zero. In flyover cases, ALT is
used as the altitude indicator, and SL is used as the sideline distance.

2. EGA is "Extra Ground Attenuation" an defined in SAE AIR 923 "Method for
Calculating the Attenuation of Aircraft Ground to Ground Noise Propagation
D)uring Takeoff and Landing." The "100-ft layer" is defined in Figure 3 of the
above-mentioned document.

3. Major nozzle dimensions are input in feet; element or ejector-treatment
dimensions are input in inches. This alleviates inputting very small numbers
(i.e., 0.1 inches versus 0.0083 feet).

4. Cant angles for multitube and uultichute/spoke nozzles are defined in
Figure A-4.

5. The "A" variables are input as 10 if treatment other than SDOF is used.
In thio case RR and RX must be input.

6. The specific resistances and reactances of the treatment used in the ejec-
tor are input through the RR and RX variables. Values at the lower limiting,
upper limiting, and midpoint frequencies are used. For ease of input, the
program assumes the value at the upper limiting frequency of one one-third-
octave band to bo equal to the value at the lower limiting frequency of the
nuxt highest band. Therefore, only 49 values must be input.
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sConical

A• DT

0 -Multitube

R4 -
I B9 Flow SS

Chute Multichute or
R6 Multispoke

RP

DTr ss

SSIJ "-(SS/DT) Mu 1t it ube,

DN Dual Flow

Chute

m~ j Flow

Multichute or

Duail F-• ow

Figure A-2. Nozzle Types Included in the Correlation.
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Jet 
Axi

Nozzle

1i SL

Observer For a ground arc or

sideline case, "SL" is
set to zero and thl
required distance is
input as "ALT."

Fig~ur A-3. Fortran 4ytbol Convetion for Acoustic Arema

Variables.
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J

Multitube Nozzles

CatPositive

Multichute/Spoke Nozzles

/ Cant Positive

.F'Igura A-4. )ef.itnitioti of Caut Anglat for Nultiolwnt Nozzles.
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Table A-5. Output Symbol Descriptions.

SSymbol Description

"ARD Suppressor Nozzle Area Ratio
AT Area of an Individual Flow Element
A5 Merged Flow Area
A6 Mixed Flow Area
A8 Inner Nozzle Flow Area

. A28 Outer Nozzle Flow Area
DUCT H Outer Nozzle Duct Height
D5 Diameter of the Merged Flow Stream
PO Ambient Pressure
PT8/PO Inner Nozzle Pressure Ratio
PT28/PO Outer Nozzle Pressure Ratio
RHO5 Density of the Merged Stream
RHO8 Density of the Inner Stream
RH028 Density of the Outer Stream

STO Ambient Temperature
TT5 Total Temperature of the Merged Stream
TT6 Total Temperature of the Mixed Stream
TT8 Total Temperature of the Inner Stream
TT28 Total Temperature of the Outer Stream
U5 Fully Expanded Merged Velocity
U6 Fully Expanded Mixed Velocity

Fully Expanded Inner Stream Velocity
U28 Fully Expanded Outer Stream Velocity
W6 Mixed Stream Weight Flow

PWIL Sound Power Level, dD re: 10"13 watts
OASPL Overall Sound Pressure Levol re:

2 dynes/m
2

OAPUL Overall 1tWL
PNI. eraceived Noise Level, PNdB
PNLT Tone-Corrected PNL. 1PNd8
EP4NL Static Effective Perceived Noise Level.

ZtPNdB
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SAMPLE CASES

Example cases for a conical nozzle with and without EGA, a dual-flow
nozzle with a multitube suppressor and a treated eJtctor, and a dual-flow
nozzle with a multichute suppressor ar: given. The input data cards are
listed in Table A-6 as per the format given in Table A-3.

Table A-6. input Data Card Listing Sample Case.

AR SIECKMAN TASK 3 HIGH VELOCtTY JET NOISFE PRCGRAM
GENERAL ELECTRIC Coo. SLOG 300 RIN 7q Do, H77 lX220
MS - FNGINEERING rOPRPLATION MOlEI C()C VFRSION

CASES
CONICAL NOZZLF CHFC9 CASE
SINPUJT Y9NI,
PQU3,?.q7t TT3#1380, A992.346 RP#n, Kq#1f
ALT0240O0 U#2, F9MO. Vo0350* Ab6O. tQ#a# A#i*O,
$

SINPUT F9#?$
DUAL FLCW MtJLTI-TL1F CHFCK CASE
SINPIJT Y9M5,
RPM1.423s DN#6.,A7, AAW#7.6i9f A9kS.OA%, TTGe4O)O.
POIl.567t TTSU143Pt P90A.Po78 K9991 N9AQ,
DT&3.672* A712.75t F-#0 ZS010

S1J#?.hl18 ALT#320, Uji* EQMO VO1O,
A69O, L9MO, AN4*O.

* IWM67I01.3tl,

-•3•69-•87.57 A te~.O3.e1 1?77bA "I. I .-8I6O•

$
DUAL PLOW MtiLT1*CHU~f CHECK CASE
$IN~PUT Yqft,

PaN1,09O, TfIIS750, P5S0.91 9944 kpio

A7&i.7% ALTMQOO. IIM, EQeo..VO#%5fg,
Ab69, Lq.0f A54O.

NOThE. The symbol # Iulites an equal sign (s).
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PROGRAM SOURCE CODE LISTING

This section contains the FORTRAN IV source code listing for the engi-
neering correlation computer program, suitable for running on the CDC 7600
computer. The listing of subroutines is as follows:

(1) Main Program (MS)

(2) SUBI (Contains SUBI through SUB6)

(3) EXTP

(4) SHKSUB

(5) PNLPT

(6) TPNLC

(7) PNTT8

(8) A block data listing

(9) FJ CIS
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PROGPAN MS 76/7f) OPT=1 11/18,77 14.09.16S PAGE

"PROGRAM MS(TNPUTOITPUTTAP.•=9TNPUTTAPF'=OUTPUT)
C MS -- ENATNFERING CnPRFLATInN FOR TASK 3

COMMON /()M/ M.0O.COPAM~lh;/C,•l/L(gtP4)4}X(?4)*F'I?4)*F(24)*S(150?4),KK(?4,•S)IC(1S5•)9

• 1 S (?4) ,VW('.4),'C?(15) .T(?;'dofl(?,I~.w(5) .A(4),v(3),'El (lS,?4)

COMMON /CIA?/ V•A~twhtKI•Yg.TAeTStRT•P)*ZQtDJ4AJ*H4U*Eq' !~~ ,.Y',v'bc4o}.pl~n .Vh19U'.•4AA,OI9.A.9A A7,S6,p9,F9,ALTSL.AN|

CnOiMON /CI.3/ !ITAS(?),ICASF(6bIl)CASE(A),TOFNT(6I
l• GPFAIL t 9KKK]

REAL M*K?,KOL4

NV.MFL1ST/TNP13T/ Y9 '9TT1.,4gPP.Kg*NI QP4*1,'h4 JSSAT7I N| •nT*TZri*DNAAhoIT4*P491TITrl T*SLoU••'QVh•.AC•L4APtpcitpRx
(

C

nATA IP*.

nATA IM/?L t./>1 PATA UM/PL C/

'. t•O++, t I *i' •.3)1.4Q.I S. • +O; ••?•••• 15, )Q'?,U.? a'),3r) ,6.300 140O,

•.I l ~)'a./,~• n bATA ?111 fl,.1

1AT SI/-.WXKX -XV W,-.WKe,-,g.)O,.O..q,,.••24
S,.1 146,-* |4 7 0 1 144X•.As 13.9 | l4;0,5,,2,

I ~.EX AtX XXYAXX*.f

" I ,X!.9x' o111,•+O IX I" t *I9

4•,i exxth il At A XX LACox lx etX 11 Ax III /

N/0('X,4• i s Xx xxtxxx Xel

is A K A A At1 *4 1 xxxts A xx%4 XVW XIA X xI

A• f4• 0/ P .+l+ € X 0X 4{ 1X I 04 4 A t Ak II
$4 el A f4 C II . 4 11, 11[ x A

•/4(x~f.Ix•w~xx X JXXXX X +XXX iXT xt •

101 r(lPUOAT !',THNN1CM VEL IT{ Y J.:T NmiISr POIsPAUMCc.NTRACT r)oT-oS.
110 M31"141 /44X*)1"YK }-- W 4| f ufIaNeN. CO00FLATION //I

II rflptATI411t 1

t1 Cot-IT I NI IF
.. 55 II n'1 .i,, ??P'OG J'O,00• F+ '.o#P TO lA•

(AtW~I~ il 11 1 1=2,61



PPOGPAM MS 76/7t, OPT=l 11ILI/?7 14,09,165 PAGE 2

13 FOR4AT(?Rk*6A~-1?)
0(o TO I ?

60 16 qACKSPACF '

P44 nO P1• 1=1o- * TICAS%(I)=110H
23 CONTINIIF

?4, CONINT I "IUF
AiEAP (r.I) (lrIPCASF(1).T=I.6i
!F~iOW(Rfl Q99(9,15

IS Mil'T TNOlF

SF'(T)OCASE I))ANOe7777AO/lqjJI(OIfO¢C0.000(- .1,[E'3,) 61; TO 17
t nO P? 1I=1 $ IICASF(1IVOCASk(I)

?? CONT !NIJE
70 AO TO ;)I

17 PACVSPACE
C

ZI TCv919 % P=1):4*7 ILP-j=.LM7S S fPI=3*4159
K1~1

AO,4Q.,ý ,I 4t*S T (TO)
1-101 PFrAD (f-, 9 N0071T

IFrW0915)) 4QQQ,7%i60

80 ~T4=TT4 $ mT~iV5 •I AI:I=rN
PPINT ?S•

?54 FnPMAT(IHI//t,* NWTG VELOCITY JET NUISt P0O(604'1" ENINERIN(i'
t * ('ODQFLATlnII.//)

i 19 OUT •. I^/

?0 PPlJiT PC*'

C Cn•OCAL MnlU, FNtTAV
P95 E~%uquyt(A9/OI) . &?ui *l kpnSClwytiAQ/PI.IQoop) $ &hlu) S QguO

trO TO ,!•L

OQ' C kl~ -Cut'•••• NOEiF1 e'trUY

(4) TO 314
C NOIIS-tFf NO1%I ENTITY

00C POINT 7t ?OC'-.N,*?"blA
6, 1i14qa * 1A orlo~D*r~j

v~l t1 -711 ME271

L
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PfO(PAM MS 7•,17,. OPT=| 11/IR/77 14.09.16S PAGE 3

cII ; 21OR FOPRMAT ( * PLUG .IA=* .F li 3
1 13He**ouIT~tT k *)T

GOO TO •S'
C CnANNULA$, NOISF FNqTIfY
4t. P1==+S0T(AQ/P13$A7=11?0 425 ]P tY9-9) 4 J 5,4."c, 4h0

C MULTI -TIURF CC'ANNe1L AP F'NTQY
435 CONT I mIJ++ij "1=P'/?++

- PRINT POP I oV, P',:o~q ) A7
?110 FVOPMAT(* rNO OF T1JkES=*#14,c5X

/*I /* OF TLIPA SOFF I."3*SXOAPf) m-trlO.3 }
GO TO 4<Ar

C 6ULTI0Cu1-CH0f/SPI)e COANI,.ULAR ENTRY
,46 CONT I H IF

P"Of 'T..I p F .IAT( O N O) OF C•8 )T ES/SP nk ,$= I* 14 oi l A 'P ) afF O . 311 * Vl7 OF CH'TF VOIV ,PFA Tf#MFrzeF1In.
3 1

?J 14, FO~P,-.% # to n ?7L& fIu.tTFV• Of1Am#9F I ie j/ Ai4=*,F )uso l,SY 0 AAuoq,
I~I

i~~4 TO 195•*+
5)5 CONY 10I'tF

14 A1 |,Ie•h aTan CALCULATIONP~aI'Asa1/iP1*I•P"P4)f+IIP iv.hT0*0 1 60 TO 5.SO'IP8%SQ~tTtPfk1

%SS I Am T
IO c I TFATI MRW GAI ',A

Irt t1 .Lt.?MR4,30p 1 66~ TO SY

WI ~ ~ A To 4)J 61S

160 C C4LCULAtION OIP ItOW Pi•AHV•TES
l~~~~~~Il4 1+e 5,n" g",1• ( TI*C~u.IIt, 4| (P9*0( i4 -1 /GQ) hI I

Dt.,'?.SOoT th3,•!PjI

fir yq.LT., I on To A7?
IFI tA.rr.T+. ) t,0 I', +60C PPINT A•I1f QFSFT VAPIA&IL[r%PRINT P011'
PAIr|T P OINT ,pIP 7

170 1?111 FOR14ATI+"* nUlTf.1 NOZTLf E~xtT COUlTlON421
P•;IA ORQAT(,*rf U'?.ievoFII)l.It*5IIN0)A,*.FPI0.4.511.,IUCT 

"afe.1r1.31
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PROGRAM MS 76/7? OPT=1 11/18/77 14,09,16S PAGE 4

T .xT4W$D9=P4r.(-5=l 13SR5=v •lG;,?=G4%C4aC I
(G0 TO 59;9

'PRINT PPTNT713-

17S ?13" FCIPOAT(/* / NNEW NOM71E EXIT CONDITIONSti
PRINT ??,tJ.,P1

FORM4l 4( UR=:OFlIO.I,5cSX*PHOlhu.,vIc.4)

fGO Tn 14W.I |Ao 675 PPTNT ;)(lPP9, ;?*t,0,|

PRINT ?CPI
PPTNT •??•4*J3RPl*A3/NA3

?nA? FQRMAT(/O fDTA OF (0JT[t PCW=eVlC.3*%X.oeIjjIV ARFA OIAm*,FO,3j/)
Ptp7i FVORMAT(/o NOZZLE FXIT CONDITInNSOV

185 ?1?4 r OP!4t.T (. U A=*, l X

S~I * AR=o,Fl•.•)

C bWILTI-vt~uF'tl POST-IQfF NOI SE' CALCtILMTN

70;5 1 0 TC 1?"i

PJ= $ I'Q. I I 'o*'e,31.!5,t) / il*•*t*IJ) • |
?O00l(O: f Kt,36T'll 0 1t PiSAp 0 ,•P). - Tfie##1) I JPJ

KpWmPO' ( |fC] e,]tP|e,

200 AP il*:e°ltc 4# t'e~•OA|tX

XIWI-I@K 1/I X '3

C I Tr rOpa u vol.#pmA

IruFO, 4'. *V j, I*Vj**;).V.les.

Vi 'VJ-rPlrl
IPt 'IkSVl-VJl.LT..¢lev| I 40 TO pO
vj'vI

Art5 s CEnNy I to
A"A POINT1 ?1?1
?l' IrOaATl•I.)10 )l0NT UCNVEU•(ifo

Col yn 444
1P f ..53V I .140

:•i"', rl.PJ/u 4 tvJ .271P37 Ar, I

,?l?�S hTt/O Prn•t40 PLOw CONDITIIINS.I
?2•0 IT P 'RINT5,t)

P I24 $p-4t, k *t I(o. | 1'
1 *4S.'t(.

C CHECK rovu OTHtF" PSSIKEL( '.OLUTIONS

It( O1Lt.4 I (o0 to Q11
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PPOGPAM M76/7h, OPT=1 11/18/77 14.09.16S PAGE S

•i ~ Y7= (-X?.S'WPT (01I)1/?

?10 IF( YJ*LToG ) CO TO Aq0
IF( YI.J.GY*1 ) r(! Tu Hq0

SPP N T P , ; ' , Y 1 ,
F,(PM4AT(* ROOT ?*=,Fl'l.4)

R : IF( Yr°LT* ) r U T) qT 0
23S IF'( Y?.°•T.1 ) (in TO Q9)(

PPINT ?A?m*Y?
Fd)Pt-IAT(* Pror .J=*,Frfh,4)

C crT II',PIT VAPIAmLFS TO CONICAL ROUTINF

41( V=T.•*()*8=,Al)5$Wk=P5*5

iIF'( V hTS ,%7A, 3ý ) c• i o To 91 %

Q15

?45 9Y

QA; fA(CIILtTF P*0r4fU N(GII
'Irf Y'9.LTo. ) On In 9;SIrH 113.LY.VJ W Gni TO 97F

. ~7of7 tvJ/113-.%1 .i,• ACaLL 5lIj)i
Q75 (-Al SM~v,$IF( xSgt),tt I "'~ T(# Q4('CALL SUR3

C&I.ASM41|*HME, N01

CA•U. tI,"r4
Irt Y4,rYo.l I (in 10 1tQS

C •"ILLY I - LF t 1 PCll'O-I QPnE0 NO.1iSE CALCULAI I OkS
260 C' CSrt 1*I)(IT lto CO':1CAL POmIIN"

C CIOFF/lSmtLOlN(ob CALCILATIrN

P.J'- t",e'AtOn 3 IANI )

frf YV.I.Tl I (,n 10 i 0.0
IF( Y4.Fl.q ) 6aI 10 1040

0 )t ! A I -I) 12 10

n I "uF'l I! IvF

C rhLrIlLATihj (IF CWITICAL ANGLEj=. DeV•/St,) 4PT3 I ?l#jH. 7= '• 1 l O-IA/Ve.11

2aC e CAL CILA•k ON

S¢~ ~ POINT {'I" ERG|N6• 09(; CUTOCrV
'I X• IS1 .1-I
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PROGIAM M5 76/76 'OPT=l 11/18/77 14|09,16S PAGE 4

:A• IF( YQEU.3 ) 6n TO 114551F( Y9,(Q.E6 I Gn TO 1145SDJm?*RI

|114% IF( M.LT.i I GO TO IM7

DJapopt
C XP CALCOI.*TION

.. C CP.PTICAL FREOIV-ICY CALCU.LATION FOP ARSOPPTION
|17L Fti=A('/ i),)
117.5 no ;19!5 ,J=I#+?4

;= 5~~X=,P ( fir(J)*nj/')Jll *eh7)

P99; C ARPONPTION FFFFCT

7 7=7Q

IF( F(J).I.T.F6 I tO TO In12A
Z7:TR

IF( F(J)ort,4TFO I 6O TO |2?0

300 77=(I7Q-?J')/I-.sri?(6)I*ALO4U 0 FtJ)/F0I.79
C SOIJQCV LOCATI|OhiS

S?' 13= X ;t/ I)Ji•. '. SJ=XM/7, 1

TCa"$XtJ)vfS1F( ,7,(U,? ) AO TO 1?fSSXfJI=73

l C clTnrr rfrFCT
fIF( P .6T,, I 60 10 IfIr( SJafif. I GO TO tO ?5

IF( tI:P LT..A I GO TO |?0A%

310 TCaTC-TC* wI4-.dl/.0s! 126r, tin 1:1 lalsts'

IF( (?.Ff),P I tifl 1) I ?Q

A171 Ilf.)''I'+I.L1.OJ I C0 TO t~Q$

31 r f6in TO IP•

I~q~i CONT I Nli
C rJECtliR rfrFcIS DEVEEn

fVtI £*,s0,0r I (*A 1T7(.v.QIGO In 130SCALt, rJrcyn

S(Z.J)'-S11,.VIl1F I .II

rt)NT tl if

I jilt I•+fri ot.lr I (6u. TO 3I4SSICALL SI104S|lrl•,l",•ll(',0 TO 1315

3• ~CALL Walp
tII%1tt el)-oUPEfQr, Eu
fIA 1? tI•tI -1)NOS*

I1tic % I VQ9,n1t.1 I GO 10 163OCALL SPA$CAI,L •'iW4

tr1 Py.IT.1.Q s I gi vIln I)IVQmf3Cqwi. I 3 SOR I0,46T3 1 $S00mU1
jr( YQ.It,,I I Go tO l%5i+•$)flml1P4.*0AI/f

I31;r CALL SHi($Ifl*7•%0 T10 117%
C CU4UTV OP SP'fr CW-PECTI()N

I iCALL Scait
CALL COWIS
tri wO.rq.o I ern to 1QM,

34(, fIAS1212I1?)a NOISE

CALL S114lCALL. ONIT1
IF( YQ.*GT*,' 1 (40 TO IthIACALL SUA6
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PPO(,PAN US 7•,1 7k ' If+T=I I11/18/77 14.09.16S PAGE 7

[i~ 3.'9c; IF( •<.,• i tO ro 14IA.%0KI=j

141,10 CALL SORi
34% TTI51V5=IHTOTAL t,0lb

CALL PNTTQ
GN TO ?45

C .orNICAL NOZZLE NOTSE
350 14?%i VAJ1$A$A=A9Wk=R.-eU3eAA

TIAS(111=1 ,,4CONICAL "II I l^•l;•) =I0k~x 1,f, 01Sf"

CALL gtJkI'eLbltHTIr(lcq.F,), lGO TO 144.IF(P9*.L1.1.916O TO 1475
CAIL SOiR3"CM L UNTTk

3 C5 C Ci4FCK FnP SHOCK ,t.t" NtISF
1449, IF( 04.LI.1.9 I 6G TO 14"6%9CALL SII"4iV9=Vk

""C'4=%,•T104 '* ,4WS)y ?*&tt/3l AnAUSOT (4,AR/Pj fCALL S149SUIPSCALL SUNS,
IF( MQ.Ftj.') ) fiA TO 14a1•%CALL S0l6i

"I6 I t ;( I,)=l " r 11 W '(J +I aI11 AS I? I =1 1, H iCt t S.h1$

CALI PNTT."t ++14h) AL L S11140%
I~46 COMY: I,0 k IFJ

A1,,I)=I'eI$Cf)NICAL Ytf

147% CALL 51't•)IOC61L PNTTRTIO TO 24

l<,m,• +'I.+T ?tI"l

I~p•r) t yo •aUl *+)*/, t )n in •t+epp!+ ~

)?Cs C 0-O TklI'f'.-I.4tU VEII|CIy ly CALCM4t1f*#'
0SI TO ?)v1

VILUA*W';V!e (V I* W4SVJ*Ot) #WR

S~~~A,=Atr W'( ~,LT.V.. )(~#) t0 IOV+~3T•,r.IHUeIe•~• TO 15.80

154,;.u
* 1"4 A'..*~S *&t+ 1

4I I II ,j I I(O, I (II ltl I) ' I II+ II~T7II II I*VJ.AF,

'Zn Tn 150A

?Pto0 I:ot-Amtt %ji* 6F•* Ic. I Ssj**TT6al0.F ,p *'54.*1,626 Sir I"I.3051

C P-ui'*fRF4) tIOSF nFE QI41ATION
IJl Y'TQF.flt 1 6T1 Tu TO 1015
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PIQOGRAM 04S 76/70k (PT)l 11/18/77 IA.09*16S PAGE

400 161~ A'=(?-Ag.?*5CL SUsI

60 tnhFK FOP 1JEk STPEAM SHACK LIACALSIx

IF(YQ-S) 1#ý6Ce)6559)bSe
1650 pPAq9.'..R)/I?%(iO TO 1355

16A) CALL S5R7Q.Lg1tQyI.Ap 1OCL SUI02
AoCALL %iLJ~ 1r A

CALL SIM~I *O
I!ASft1v(fHfluTOI SfO

4 R CALL PPNTT
C -C~ffvi F(Ou 1'INE STPFAM SHOCK

I hRS WIf P4'.TIT.1. I irP 10 I?$~')@~o9?'eok)~qu
CALL SkJck*.*CALL SUP4.
f)RurnTt'ea3,thldrfy4*En.,)An TO 1700

17L~(' CALL S14W'tUQ

Tr Q.PQ.0 I E'Mf TO 1TSICAL,. L S son

171 CAL S~tic"
Tir iaLL), SI'61tVf. I~ ToO TO I?1CALM$UR

44% 11~IAS1uiplskfpSc

CAt A. Piqyyu
Co tr P~Sla*F tfe, 14TOIIA10

'4~

2??



SIJRPOUTt1LE SU'41 7f-/7i" OPT=) 11/18/77 14O90916% PAGE

StR OMITINFSIHI

I O~Af PO * I(4q J~*PX UIJ *P (?!) I I Ri2) s*1lI 4 ,A * YI 4* 15 QF2

CnMO /C,,/VoAt-7,99~T9~pl74)-Aý*olF

Ir sTV*~ fd.*[I 9&it('~A 1 ~ e6AeS99FJ*LoSi

C ~ ~ ~ ~ ~ 6 TOtCxaI £#'j0S0. 'o 'LCItA1

0Um C*AOfA M P*IArý(Is?%I

V O I phi

OIV
An to27W
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O9u=flfO 3P0T J ,?PA?=u$O0 3744 J'Iel5$&J=fJ4I)*lO
ýOPi oep (COS ((AJ,,,) Pol}| tl •t|-OS 1IAJ•IoIP|II R•I )

3244 CONT I N•f
Y (I I =I ý*ALOS•I ý (A,?) #134*1 t P4Y3€4
OQuO9,It| eo fYfI)/|O|

32t,? CONT I MUF
09=1 ).AU161 I Mg)
RVTI IDN

CS"R4•

FNTDY SIIHM
C PESET VAPIARLFS

BCD 34)? .2,,?i4%nO 10.1 I=I,)SSR(ljJvSI,,I• 34,11 CONTIT |tFAY ! J)= myJ0

ENTWV SCpt
C O'V.TA SOL CP•fPRC1I11M

- EPOTPY %i)Nh,

•' 3 CSOL ANO "tL 010TION

01 i r
DO Ilq4 JzIP•soO 1":) InvI,1i

•!I I .**Aot,'A q•w-I(I IQ** tyl Ij fit /t,*Iolbtey fit.#G 10
i;• O~p=~a. •ty Iy it /)! I

I-'#. icll Ii hilt
I,',t~aq I It 10%i••,,,4
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SUPROIITINE .XTP 76/76 OPT=l 11/18/77 14.09.16S PAGE I

SUIHPROIJTIUF FXTP
C CXTP -- SPL EXIRAPOV.ATTON SURPOUTINE

-•: I ~~~~COIMMON/'M I/L (974) •X (P4l.F (24),E (24} *S(ISO?2) •KK (P4,5)•C (15*5) i

COMMON /CM?/ VPAO0,WMhslY9,TRT5,P7,PI*Z9,OJAJH.UtJF9•'•i |~~~~ ',T tlvgr.Cgor)Aonl ,pV(.•,09, AP,(),LQ•A6 A7 •S6, P(9,RgALI• SL ANI

COMmON /Cm3/ IIAS(?),TICASE(6).!DCASE(61.1OENT(6)
PFAL L,KK*Kl
REAL 1-1

G3=A
LI=HSIF" (II. F).?. )L1 =HIS Ir'( AJ*Pl/1 R3 I

O=?* (ALSOG 9 (L.I/])))
!R(E9.U).-,.) GO TO 470
DTS=L1
IF(E9.LT.?,0) 60 TO 400
IF(AI.T/DIS.LT..03S) (G0 TO 400
IF(ALT.LT.1|0.0) GO To 401

Po 0DIS=L1*1ft",J.f/ALT

C FGA CIIPVE FIT
400 C J:(.204114335E-2(*DIS)-.667(,309SF-16

CIJ=(CIJ*DIS) ..72854b603E-12
CIJ=(Cl J*•{IS) -. 9?610913F-'G8

Gj= (CI.J*O{IS) +.49643r77•-ý,5ClJ(CIJ*IIS)4.446t+3'7?9!7F-I
Gl= (CIJ*DTS) +10Q3I.)-,',
CIJ= (.*16r-713369F-?4*tIS)-.4.h1½?934E-?0

30 C 1,J= (C 11J*PI c) +. 1911M97?F -13
C1jj(C1J*flIS)-.j0464999F-68

:-,• C I J= ( C I .J* 1) 15S) + .;?() 126 3 3RE -;19

C) J= (C 1J) .IS) -. c4 37,.9 Q6E -A 3
G?=(C.J*DISl +.5Q50611?

S 3; Ir(OIS*lF.*OnW,) 60 10 47o

470 O 670 J=19?4
IF(F(J).6T,,00,,) GO TO 5•0f

40 P3=F(J)
GO TO 5?'1

51ý . P3l=.9*F(J)
C AIP ATTFNIJATIO(T CIJRVE FIT

•1:1 '5;> AI R=(-, 1qq73AOIF-14,*P3| ,36•| 8630E-I C

45 R?=(fl1*P3+.,3?351924E-57
• B~3= (R?*'P3) •, 1139AA7E-5?

PA= •(4*P3).,17604b77E-,01
IF(FQ',F6.'),) O In 660
IF(P3.EO,,6) GO TO 610

S0 "IF(Pl.GF,200O,) GO TO 630
: 71P=P3/6Pq

7J=.?*ALOo(71P)/ALOG{ ,()

GO TO ",40

6"}h ZJ~l.3
640
640 G]=(QJ*(G|-c,))*+€,

670 CONTINUE
6. RETIIpN

FND 280



SIIIROUTIME SHKSJR 76/16 OPT= 1 11/18/77 14409*165 PAGE I

SUB~ROUJT INE SHKS•UR
C SHKSRt -- SAC SHOCK CELL NOISE PREDICTION S.JUROUTINE

COMMON/CMI/L (9.24) t;((;41tF (?4) tE(24) *S(15*741tKF"(?495) *C(|€•t,5)
I O(PO,Rk(4Q)*RC(49),Pt?0(),P)(I924),Y1 (?4),Y(?,•),C! (I5),RVV.(?O),
I $1 (?4),0tP,?41 ,C?(I•d*T(?',).IO(?0)*W(5) ,A(4).V(3.FI,|( I5,?'I

COMMON /Cm?/ V8,Afle*K1,Y9*TRT9*R,7P1*?q*DJnAJH,)ttUt'9
I *T('*VqCcq0AofDI VO*qWAAQL9.A6,A7,SD9Pa.R9gALT.SLAN|

COMMON /CM3/ IIAS(?)tIICASF(•bl,!DCASE((6•)IOENT(6I
RFAL t.1tKK.x|

I• A0c49*0Ih SORT (TO)
DlvI|S~lzSOf ( (V9/cq! *e;?ot
()C:iA*ALO(;It I ((aeleOS/Dlee?)

nnf IqA KA--ltl5

1i 00 39" ,J=1924
SJ=ALOGI F (.1 1,i | 1 *l(t8o1./Aiý

Do PS.) K=%*?4
IF(Sj,0Tq�1 911t) C0 TO P?,o

60 TO ?6q
7Vj IF(KFr304) GO TO 210
;)%I CONT !'IJF
,60 wt=fl

?s F 1 =(P9P |*F tt ,3|e(O/,T q ,( eQA cs(d•

n0 36o i=1
F?noC

KPf, luz- C ! 'I I
KSTART:Ono )1% KVK5TAWI4TK(N(I

10 Zl!T I.7:

FrnF'P, I COS I F 11 9SIN t , I1 %0001~ (9 1 150*r3) 1

134% CnNT I NWF
IFIC1,i.LT,.Cl) 60 TO 360

160 ('NYIN tN ,
S IX,1 *J) •00* **I.* I OGAIUCl I (I..,?S#I)

CONT I' UE,
190 CONT I NIIF

END

•.1
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SUPPOUITINE PNLPT 76/76 OPT=] 11/18/77 14.09,16S PAGE

SU(IROIITTNF ONLPT
" PNLPT -- 'ALCULATS PNL, OASPL# AND PNLT' ~ ~ ~ ~~~ ~~CO m m n N / C M I / L ( 9 , ? 4 ) t y '( ;4) -1 r( 2 4 ) •E ( ? 4 ) tS ( I cý , ? 4 ) , K K ( 2 4 • t S ) • ( 55•• iI 0 2 ) , P ( 9 • 4 ) • ? • • 1 • 4 Y ? ) , 2 ) • l ( 5 ) V 2

"•••I SI(?O ) ,GP ( ?4 p)tP X 4q *( 71),T (pc,) •D( 4OI ,W ( ?I 4 )t V(34)* FI(15 ,RF. ;? D l

COMMON /Ce'?/ V8 IADoW•kitYg9TRTS.4R7,P),ZQI,AJ.jtHqttL•9
I TC V9,C9t DPD •VC ,UO9AROL 9, A6,A7,S6,P9PR'9,ALT SL ANI"COMMON /CN"3/ IIAS(?)IICASE(61tIDCASE(6),!DEflT(6)

PEAL LeI(K*K1
10 TJ=0

DOn 17. J=l,24
. F(X(J).6T.ý.1 (-O TO PtOO

X( 1)=)
•"iM ,• •F (X ( ,J).i. E *L (7 *J )l SO TO "I? O

I VX (JI,6,'.L(S.1J)) 6O TO 300O
IF(X(J).*F.L(3,,I)) (;U TO ?80
.F(X(,J)idL,(I,.J) GO TO PhO
AN=A
0ro TO 110j

P AN=I.*(1)..(L (?eI-O(XIJ)-L(,J) I)
2s GO TO l3;

2AO A~N=! r*b (6 (.J)•(A (,J• " (SJI) I

GO TO 1•'
.I13 Gi• T l "1

:10V( =V(1A

!F(YJ.GTAN) 6O 7O 370
T .i=AN

170 CONT I NUFV(;)I I.??* P'LOGO 1 (V(ie) *. I rTJ',S**HtO4
Ar V t I I l ! Q LO GI tfV ( •)l

CA.L TPtILC(X,P2)9AQ V(01 =V (? Pp

PE Ta luN
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SURROIT1TINE "(PNLC 76/7A OPT=I 11/18/77 i4.09.16S PAGE I

I *TPNLC THIS SECTION CALCULATFS TONE CORRECTFO PNL

.C iSPCTPAL 1PREGULAQITY CORRECTION
C

THIS PROCEnuF. DETEPMINES A SPECTRAL IRREGULARITY
c; C (F.GotPURE TONE) CORPECTION FACTOP -C= VIA SECTION 836*3

(" OF THF FAA NOISE CEPTIFICATION OOCUMENT (NOV 17ql969) AS
C A FUNCTION OF Tt4E UNCORRFCTEO 1/3 OCTAVE SPECTRUM9SPL.
c

S.IRROUTINE TPNLC (SPLPTCOR)
10 )MEONSION SPL(?4),ISPLF(7?4h$C(24),SPLP(?41*SPLPP(?41,SP(?5S)

I SRAA•f4)vF(24)
C
C *INITtALI7F SPL FLAG*

DO I 1=1,24
1 I TSPLF(I1

C.

c *STEP 1*
06f Si 1=4*?4

Si SCI)=SPL(I) - SPL(ID)
?o c

C *STEP ? AND 3*:'•' 10 1" T=5974

,F(AFkS(SCMT)-SC(I-0)#,LEs5*.0) GO TO 10
IF(SC(11 ,GTOOANnSC(I).GTSC(I-1)) ISPLF(IW1=

?c; IF(SC(I ) ,LV.O.,ANr]SC((-1),GTO.C) ISPLF(I-1)al
10 CONT I IUF

C
C *STp 4*

30 rtFISPL.(iJ),E00) 61) TO ?O
IF (I F.,?4'. (0 10 15

C STFP 4AR 40f.)iFUD 3jCH THtIT PPF. IN6 AND IFOLLOWING
C NON-$LAGCEP SgOlriD P3F.SSURE LEVELS EMPLOYEn IN AVERAGF.

tI a 1

TI * I!-I
tFEISPLF(It),Eq-O) GvO TO 12

I It I CONTINUF
I? ISLL SPUIfIT

t,¢ I•1 a 1.1
44 OA 13 J%19,14?,

1VIISPLr(JotQ,0t GO TO 14
13 CONTIK

J = P2
T4A c%1 SPOL. v SPLUJI

SPLPtI) fSPLL'SPLUt/R*
60 TO P5

I: r. SPL0(Q) 0 SPL(2.)iýSC(23)
AO To PS

SO ?6 SPLPfI) SPL(I)
?I; CONT INUIE

C s
C OSTFP %O*

60O 3'1 lu•*t?4*

5% 30 SP(I) m SPLP(l)-SPLP(I-1t
s(•P() r SP(41

SP(251 u SDi241



SUJRPOUTINF TPNLC 76/7f, OPT= 11/18/77 14,09.16S PAGE 2

,II c
C *STFD 6*

60 DO 3S If3i?3
35 SPAR() = (SP(I)SP(T*I)*SP(1*21)/

3 "
C

C *STEP 7*
SPLPM(I) = SPL(M)

65 SPLPD(?) = SPL(?.)
SPLPP(') = SPL(3)
00 40 1=4,?4

40 SPLPP(I1 = SPLPP(I-1)SfAR(I-1)
C

70 C *STFP A*
00 4S I-=174

4F(1) = SPL(1)-SFLPP(1)
C

C *STFP Q AND) 10C
75 CMAX = 0#(-

()0 65 1=1,?4
IF(t[oiE.11#ANDILE,.P) nO TO s0

c *FR'O 9A'0H7 O•P Fp)•*O.•001(,*
TC? = F(1)/b.

80 TC3 = 3,133
frGO Tn Sc;

C *S0o -FRn =qC004'H7*
50 TC? =11)/3.

TC3 Ah
A5' rF(F(I),LT.3.0) t4) 'TO 15

TF((1I),rF.20.,)) Al0 TO bO
CMAX AmAXI(CMAX*TCP)

GO TO tit;
60 CM4AX AMAX|(CMAWTC31

90 65 CONT NIRJ
PTCOPmCMAX

So0 PETQPN
ENO

284



Jr

SURROUTINE PNTTA 76/76 OPT=1 11/18/77 14,09.16S PAGE I

4SUWROIJTINE PNTTR
C PNTTR -- PRINT AND EPNL CALC SURROUTINE
C COMMON/CMI/L(9,?4),X(24)*F(?4)*E(24),S(15*?4),KK(?4*')*C(15,5)1

I O(?0),RP(4c),RJX(49),P(2O),PR(l524)tYl(P4),Y(24)*CI(IS),RVE(20),
1 S1(24)S,(?,24)*C2(15)hT(20),D(20)*W(5),A(4),V(3)*FI(1,?41

COMMON /CM2/ VBtAOoW8*KltY9*TRTS9R7*PI*ZQDJAJtHUE9
I ,TltVqCQ.OR.fnlVOO9.Ae,,L9,A6,A7*S6,P99PR9.ALTiSL.AN|

COMMON /CM3/ IIAS(?),IICASE(6AhIOCASE(6iflnENT(61
10 RFAL L#KK,91

REAL MP*KT

1300 FOOMAT(/////SOX,3HM ,?AIO)
1001 FOPMAT(5CAt]H*9F7s.l* FOOT ALTITUPE*1

s15 loo FnRMAT(5CXIH*,FT,ls* FOOT siIELINE*)
1(104 FORMAT(5rXslH*#F7.1,* FOOT ARCM)

140)FOPP4AT(50Xs9H* NO EtA )
MTA FORMAT(501t]IH* FULL FGA 1
16OQ FOPMAT(50X9?|H* 100 FOOT LAYER EfA )

20 I�|MO FORMAT(S 0XtH*tF6.09*OECREF STANDARD nAY*//sOX,.ACOUSTIC ANGLE**
10 FROM INLET*/*I FREf PA 33 40 60 80 70*,
I 9 G0 Q. 1(O 110 1?0 130 140 1500,

1 * 6n PWLO)
1l1? FO9uaTFTr.0slbrIl)

25 1014 FORMAT(IX.A6sbF7l)
141A FORMAT(* fPNL=vFt6,1)
1017 FORMAT(lHI///,33X,*HI6H VELOCITY JET NOISE PROGRAM - 0

1 OFNGTNEFRINA CORRELATIONO//)
IftJ FORMAT(flXtAIO)

30 C
PRINT 1017
WRITF6910l4)(IICASE411,IaIs6l

9QQ PRINT 100O.(TIAS(IIt)sIvI,2)
IF(IJ.EO.1.) A0 TO 160

35 IF (SLNE.O,01 GO TO 159 S IF (VO.NE*0,0) C-O TO 159
PRINT 1O?*,H S GO TO 170

159 PRINT 1001*ALT
PPINT !O0?*SL
60 TO 170

40 160 PRINT 1O04#N
170 IF(F9-1) 171?17?P171
171 PRINT 1006 % GO TO 200
172 PRINT 1OOA S GO TO 200
173 PRINT 100q

4% 200 PRINT IOIOtTO
00 120 Jm1lt?4
POINT I?.F(J),(b(|,J),Iu1,15),Y(JI

320 CONTTNIIE
ITAS(I)aSHOASPL

so PRINT lA14,IIASll),(O(I),I-ltt5)s09
IIASt1)u3mPNL

PRINT 1014,ItASitl)(t)*l=.ItUR)
IIAS(1Iu4HPNLT
PRINT 10|4*IIAS(l),(P(Il9IwI,5J)
PRINT 3VS

325 FORMAT41IO)
IF(V0*O.O,) GO TO IOAO
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SUJRPOIJTINE PNTTA 76/76 OPT= 1 11/18/77 14.09.16S PAGE 2

IF(I*FO,1.) G0 TO iOSO
C FPNL CALCULATION

60 T=O.
MP=O o
71=O0
Z3=0.
SJ=0.

6S C FLYOVEP TIME CALCULATION
00 Ftn0 Jl=1 F.,
AJ=(J]*I)*10
T(Jl)=(H/SIN(AJ*P]/180o) )/AO

767t) WJ=H/(SI•Ni(AJ*P1/1O8.)/COS(AJePl/,lo.o))
70 ASK=(AJ-10)*P1/lO.

KT=(H/(SIN (ASK)/COS(ASK) )-WJ)/VO
7685 IF(.Jt*O.I)| GO TO 490

GO TO 500)
75 490 O(Jl)=T(Jl)*KT

50o CONTINUE
KT=0(8)
DO 54) J=11S5
T (J) =D(J)-KT

80 540 CONTINOF
C PNLT MAX SEAPCH

DO 610 J=1015
IF(P(J).CT.MP) GO TO 5QO
GO TO 610

as S90 MP=P(J)
TJ=T (J)

610 CONT INIFE
CJ=MP-1 Iq0

C INITIAL AND FINAL TIME DETERMINATION
90 00 689 J=1l15

IF(P(,I),LToCJ) GO TO 680
IF((J-I),LT1,) GO TO ?50
D~T-T () - (!(J) -T (J-1t) )(P(Ji-CJ / (P(J)-P(J-1|))
GO TO 69nl

94 680 CONTTNIJNE
690 DO 740 JJ=l,15

Jml6-JJ
IF(P(J),LTCJ) GO TO 740
IF((J1)|oGT*%5) GO TO ?7O

100 flquT(JI.(T((.I+)-T(J)1e(P(J-CJ)i(PJ-P(J,|))
A0 TO Ap

740 CONT INtIE
750 ?l=P(2)'P(I)

105 60 TO 690
780 ?3=P(14)-P(I5)

DQuT (15t*((P(|5)-CJ)tZ3)*(T (|•)-T(14) )
T(16)*,4
P(t61uCJ

110 C INTEGPATION START
820 IF(Z1,EO.O,) 60 TO R80

TI"IFIX(2,*TJ'O7)
1"0

GO TO 904

286
\*( -



SUBROUTINE PNTT8 76/76 OPTal 11/18/7? 14.09.16S PAGE 3

115 880 TI=IF!Xf?.*(1J-T(11M
lat

900 TIsTJ-T1/?
910 F(TJ.flT,7(1*1)) GO TO 10?0

TTTT(t)
120 IF(!.FO*O) TT=07

IF(TToEQoT(!*t)) GO TO 950
OIe(TJ-TT)/(T(1*11-TT)
GO Tn 960

120 00l(tJ-T(1*M))/(T(I.2)-T(!*1))
125 960 RJzP([D*Q1*(P([elt"P(M|

IF(RJ*LT.CJ) 60 TO 990
SJNSJ*10o*O(RJ/10*)

9O0 TJZTJ**5
GO TO 91P

130 1•7 rlo rT*l

IF(73,EO,0.1 GO TO ICSO
IF(TGT,15) 60 TO 1060
G0 TO 910

1151 IF(I.LF*(1i)) GO TO 910
135 160 F3=(1Q*#ALOGIOS.J))-13*

PPINT 1016. *l*IFIx(10.*E3**5)
IORO RETURN

END

28?



FBLOCK DATA RLKnAT. 76/7I1 OPT=l 11/18/77 14.09.o6S PAGE

RLOCK DAT4COMMON/CMI/L(qe•4)*X(P4)tF(P4)tE(24),S(15,?4)*KK(7495)IC(15*5)9
{ ~I O(PO)IRP(4(9)*RX(49)*P(?O)*R(I•*24)*YI(24)qY(?4)tCI(|S)tRV(•I

liI S I(P419 6(>ý'* ))tC?(1S)*T(?,O),D*(PO),W(5},A(4),V(3),El1(154?41

C •COMMON /CMP/ V8*AQ•WB'Kl*Y9#TR9TS9R79ploZ9,DJAjtHItEg
1 *Ttt$Vqtd 9 onqtStoVOO9,APQL9sA6,A7,S6,P9,•g9ALTSLtAN!
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APPENDIX B

DATA BASE FOR THE ENGINEERING CORRELATION FROM PUBLISHED LITERATURE

The published literature which supplied the data base for the engineering
correlation is identified in Tables B-i through B-13. The tables are orga-
nized according to type of nozzle and type of suppressor; a table is provided
for each combination. Folloving the tables, a bibliography is provided to
identify each source listed in the tables; this bibliography is separate and
independent of of the Reference List at the end of this report.
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APPENDIX C

PROPOSED ARP 876 GAS TURBINE JET
EXHAUST NOISE PREDICTION

The following is the text of the letter (dated 14 July 1975) transmit-
ting the ballot version of proposed SAE ARP 876 to the A-21 Committee members.

Dear Member,

The A21 Committee will shortly be balloted on the revision to AIR 876.

As those of you who managed to get to London in April will realize the
subcommittee meeting agreed certain editorial changes and minor modifications
to the technical content of the draft, and set a deadline of the end of May
for afterthought. To those of you who did not attend the meeting I am send-
ing relevant additional paperwork.

We received some comment from Boeing in the afterthought period, and
have spent some time analyzing this comment against the document.

Clearly, had it not been for the considerable delay in being able to
correspond and the unlikely event that all concerned could obtain funds to
attend a special session, another review would have been desirable before
balloting. However, I feel that perhaps the only way of bringing the first
phase of our work to a satisfactory conclusion is to get final comment via
the ballot.

On other matters dealt with at the subcommittee meeting I am sure that
the initiative now lies largely with members of the group. Out proposals for
shockcell noise and in-flight effects need appraisal and comment as soon as
you are able. On the question of coaxial flow noise we will shortly be
sending a revised proposal.

I
Naturally I hope that there will be suffIcient response for a useful

discussion at the next A21 meeting, but if no substantive materiAl has been
received by then we may opt to leave these matters for a further six Months.

Yours sincerely,

M.J.T. Smith

Introduction - AIR 876, issued on October 7, 1965, presented a sum-
ptry correlation of jet engine e•haust noise data available o't that time. It
dealt both with static and with (light modes, becaase the data was from full-
scale engines, no attempt was made to subdivide the information into the
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relevant component sources. Work in recent years on good-quality, noise
facilities has established that most engine exhaust systems are influenced in
the noise characteristics by far more than the noise due to the external
mixing process along, and this work has provided the opportunity to develop a
clearer I)Lcture of the influence of other effects.

AIR 876 was also limited to velocities above 1,000 ft/sec, ite., the
range of exhaust velocities associated with early jet engines. The intro-
duction of more advanced engine designs demands a prediction technique for
exhaust sources over a far wider range of velocity conditions.

Therefore it is intended that ARP 876 be developed on a long-term basis
as a document definitive in most aspects of the prediction of exhaust noise,
consistent with the state of ýhe art, and specific recommended procedures
will be issued as Appendices.

The document will offer a method of estimating the exhaust noise from
single, unsilenced engines. To be useful in estimating the noise from air-
craft installations, a number of additional effects must be considered, and
it is intended that these also will be covered as substantive evidence becomes

Iavailatle.

Areas that will not be addressed, due to source variability with de-
tailed engine design parameters, are aerodynamic blade noise sources; that
is, the noise generated by interaction effects between rotating and station-
ary components of the fan, compressor, and turbine systems.

Fach Appendix will be dated, and will represent an approach to a partic-
ular topic as agreed by members of the SAE-AZI Subcomittee with experience
or data on that subject. Lists of members and affiliated bodies contributing
vplrimentat data or other informtion as used in compiling ýtny one Appendix
will be included. Correspondence should be addresued to the Secretary to the
A21 Committee for appropriate distribution.

Source# of Exhaust Noise - The exhaust system noise of an aircraft gas
turbine engitne can be considered to comprise the folloving Matin iources:

(a) Pure jot mixing toist. resulting from a hot core exhaust stream
om. ing with the surrounding onvirotnit (which may be influenced by
a bypass flow).

(b) Pure jet mixing noise resu-lting from a cold bypast. stream mixing
with both tho surrounding etwirot uwt and the core flow.

(c) Shock-associated noise, where either or both hot and cold exhaust
sy•tems coprise a choked final nozzle.

(1) Noise from the coro engine resultiog froo acrodynamic diasturbancos
upstream of the final tnatle, itclitding co ustion noise.

(e) Aerodynamic noise, tonal and broadbaod, resulti•g from blade inter-
action effects in fan, compressor, or turbine systems.
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All the above sources combine in varying degrees to produce the overall
exhaust-noise characteristics. The relevance of each source is a function of
both engine operating conditions and aircraft speed. Because of the depen-
dence of aerodynamic blading noise on the intimate design configuration of

J, any given engine, this aspect is specifically excluded from subsequent con-
sideration, and every attempt has been made to remove such phenomena from any
engine data used.

Notes on Use of Prediction Procedures - Prediction methods contained in
this Appendix are self-contained.

To develop an estimate of the total exhaust-noise signature from an
engine, it is necessary to integrate the individual source components. This
is effected by estimating each component spectrum and summing the levels in
each one-third octave logaritbmically. This is most conveniently carried out
prior to any extrapolation to the relevant distance or corrections for atmo-
spheric conditions and ground reflection effects. It is also necessary to
incorporate any estimated turbomachinery content (not covered herein) at the
initial stage, in order to obtain a complete engine iicture. Furthermore, it
is advisable that any assumed modification to the noise by virtue of silenc-
ing or installation effects is made In the component calculation stage.

Methods contained in this Appendix are expressed in terms of noise
levels that would be measured under free-field conditions. Reflective augmen-
tations and cancellations from real surfaces, primarily the ground surface
over which measurements are made, produce peaks and troughs in the observed

_-- test spectra; these have been corrected out of the experimental data used
where it has not been obtained under laboratory conditions.

Spectra and directivity plots in this Appendix must, therefore, be con-

verted to nonfree-field conditions to make them representative of typical "in
the field" measurements. SAE AIR 1327 provides guidance on such a conversion
for an acoustically hard surface (i.e. concrete, tarmac) and advice on how to
deal with other typical surfaces (e.g. grassland).

The prediction methods provide spectral information derived from measure-
ments taken in the acoustic far field, but corrected back to a reference dis-
tance of less than one nozzle diameter.

Since dista'-,es involved in aircraft noise calculations are large, apart
from the normal i'verse square law correction, allowance must be made for
atmospheric absortion. SAE-ARP 866 provides a standard method of allowing
for atmospheric absorption under a range of ambient temperature and humidity
conditicno.

If a subjective assessment is required, perceived noise levels (PNL) may
be calculated using the methods in SAE-ARP 865A.
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Symbols

a Ambient speed of sound
0

A. Cross-sectional area of jet exhaust nozzle
J

C Velocity coefficient for relevant discharge nozzle

dB Sound Pressure Level (re: 0.00002 N/m2 )

D. Nozzle diameter
J

f One-third-octave, center band frequency

g Gravitational constant

NPR Nozzle pressure ratio

OASPL Overall Sound Pressure Level (dB re: 0.00002 N/m )

r Radial distance from source to observer

R Gas constant

S Free-field overall sound pressure level

SPL Sound Pressure Level (dB re: 0.00002 N/m2)

Tj Jet total temperature (kelvins)

V Forward speed of engine/airplane
a

Vj Fully expanded jet velocity

Ratio of specific heats for propulsive medium

Angle to engine inlut axis (degrees)

Angle to jet axis (degrees)

KVISA Atmosphe.ric density under ISA conditions

4) Fully expanded jet density

w Variable density index used in computing jet mixing
noise OASPL

NOTE: Variables for which traits are not designated above
are used only in dimensionless ratios.

324

AASg1 V>~**



Appendix I to Proposed ARP 876: Single-Stream Jet Mixing-Noise Prediction

Static Conditions - Definitive, model-scale, experimental work of recent
years has provided a firm data base for the study of mixing noise over a wide
range of jet velocity and temperature conditions. This work has shown that
jet mixing noise level and spectral character are a function of the following
principal parameters:

(a) The velocity differential between the jet and the environment.

(b) The jet density relative to the environment.

(c) The jet dimensions.

It has been concluded that one of the most convenient ways to express
jet noise characteristics is to consider firstly the normalized overall sound
pressure level (OASPL) as a function of jet velocity (Vj) and angle of mea-
surement (6i or Oj) and to then relate the spectral character (on one-third-
octave basis) to the overall level at any point in the field. This procedure
may be adopted by using Figures C-1 through C-10 et seq.

The method of calculation is as follows:

Step 1 - Calculate the fully expanded mean jet velocity (Vj) from a
knowledge of jet temperature and pressure, where:

-~~~ Ti( 1/2
"J v - (C-1)

or, where a definition of temperature and pressure is not
readily available (for example, from engine test stand measure-
ments) an alternative method of calculating Vj is from thrust
and mass flow, where:

ati Gross ThrustYJ L Mass Flow J(-2

Step 2 - Using V obtained from Step 1 and the ambietnt speed of sound
(a,) oblain the variable density index (w) from Figure C-i.

Stop 3 - Using Figure C-2 obtain the normalized, free-field, overall
sound pressure level (S) where:

ISA r

for the value of Vj at any desired angle.
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Figure C-3. Jet Noise Characteristics, 90' to 20* Angle to Intake
Axis, 90" to 160* Angle to Jet Axis.
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Figure C-4. Jet Noise Characteristics, 100" Angle to Intake Axis,
80" Angle to Jet Alse.
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Figure C-S. Jet Noise Characteristics, 110' Angle to Intake Axis,
70* Angle to Jet Axis.
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Figure C-6. Jet Noise Characteristics, 120* Angle to Intake Axis,

60 Angle to Jet Axis.
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Figure C-9. Jet Noise Characteristics, 150* Angle to Intake Axis,
30* Angle to Jet Axis.
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H

Step 4 - Calculate the overall sound pressure level (OASPL)
where:

OASPL=S +wxl10log(ai- )+10olog( A (C-4)
PISA r

Step 5 - Obtain one-third-octave band spectrum levels from Figures
C-3 to C-1O using a knowledge of the jet velocity (V ), the
jet temperature (Tj), and the final nozzle diameter 1(Dj) to
determine:

fd
log V.s (C-5)

where

V s =Vj sin(Oj) + a (l -sin(j)) (C-6)

For angles and temperatures other than the valjes specified
in Figures C-3 through C-10 linear interpolation is recom-
mended.

dataOridins of Experimental Data For Appendix I Fxperimental model rig
data used in this appendix has been obtained from the following sources:

• C (eneral Electric, 1 Jimsou Road, Cincinnati, Ohio, USA.

SAE Co=unicatien (W.(. Coniell to SAE-A21) 11th October 1972.

ME Co(matuncation (W.G. Cornell to H.J.T. Smith)
14th Hay 1974.

WA Communication (W.S. Fisk to 'K.J.T. Smith) 31st DWcember 1974.

0 Lockhee Ceor ia Coqm ti.-., Har i tta, Coot-&Is, U.S.A.

"Effect of Te perature on Supersonic Jet Noise" -
Tanner & Dean paper AIAA 73-991
October 1973.

"An ýpe'iontetal Study of Shoek-Ftee Supersonic Jet Noi""
-Tonntr 6 Dean paper AIAA 75-480
Harch 1975.

* Ittional (as Turbine Establishment, Pye.stock.
Panborough, ltaapshire, Igland.

Paper "Studieq of the Influence of Density oni Jlet Noise" - Harseil-
les First International Sypo'siu cm Air Breathing Ffgines. June
1973.
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Communication (B. Cocking to K. Bushell)
12th October 1973.

0 Rolls-Royce (1971) Limited, Derby and Bristol, Engine.

Report INM 00067 8th September 1971.

Report GN 14181 4th October 1971.

Report INR 20142 22nd April 1972.

K.K. Ahuja and K.W. Bushell - An Experimental Study of Subsonic
Jet Noise and Comparison With Theory. Journal of Sound and
Vibration pp 317-341, 1973.

Societe National d'Etude et de Construction de Moteurs d'Aviation,

77 Moissy-Cramayel, France.

Report 545ZA62 17th April 1970

Paper "Studies of the Influence of Density on Jet Noise" -

Marseilles First International Symposium on Air Breathing
Engines, June 1973.

Report YKA No. 4851/73 JPD/GM 14th September 1973.

Report YKA No. 5009/74 JPD/MTL 29th March 1974.

Report YKA No. 5317/75 RH/MTL 31st January 1975,

* The Boeing Company, Settle, Washington, USA.

Document No. D6-40604 2ad October 1972

Co-ordin tion Sheet No. ANS-RES-442
ist Aprii 1973.

Co-ordination Sheet No. ANS-RES-512
18th March 1974.

N.B.: Engine data has been supplied by the above and other contributors
listed below but has not been used in compiling the definitive curves and
spectra, due to the probable presence of other sources. Nevertheless, cum-
parisons have been made between the method and such engine data showing good
agreement at frequencies where other sources are thought to have little
influence.
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Parties Contributing to Compliation of Appendix I

'2 Douglas Aircraft Company, OSA.

General Electric, USA.

Hamilton Standard, USA.

Lockheed California Company, USA.

National Aero & Space Adminstration, Langley, USA.

Nationpl Gas Turbine Establishment, United Kingdom.

Pratt & Whitney Aircraft Company, USA.

Rolls-Royce (1971) Limited, UK.

SNECMA, France.

The Boeing Company, USA.

Department of Transportation, USA.

338



APPENDIX D

PREDICTION OF SINGLE STREAM SHOCK-CELL NOISE - REVISED PROCEDURE

A prediction method for broadband, shock-cell noise was issued to the
SAE, on September 25, 1974. The method was based on a simplified version of
the work of Harper-Bourne and Fisher.

The simplification was the assumption that the shock pattern was equally
spaced along the jet axis. This assumption gave results which were unaccept-
able. In order to match the data, an empirical modification to the results
was made.

A revised version of the method was issued to members on April 1, 1975.
This method now includes a variable, shock-cell spacing. This method also
included minor editorial changes. The prediction method which resulted is
of a slightly different form from that given by Harper-Bourne and Fisher,
and for this reason an appendix was issued which fully detailed the derivation
of the method.

Prediction of Single-Stream, Shock-Cell Noise - In an incorrectly expanded,
supersonic jet flow, shock waves will be formed which have a semiregular
structure. The interaction of flow turbulence with this shock structure
products a noise source in addition to that associated with turbulent mixing.

This source has two components, one consists of harmonically related,

discrete tones, often termed screech, This component is rarely, if ever,
present in engine measurements because the acoustic feedback to the nozzle
is interrupted due to nozzle-flow irregularities.

The other, more broadband yet strongly peaked source is usually termed
shock-cell or shock-associated noise. This source is often significant in
high spevd jet flows, and it is for this source that the prediction method
has been derived.

Method - Thu method given is based on the work of itarper-Bourne and
F i sher.

The method of calculation is as follows:

SPL(f) - l1 iog1 0 )(f)
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where -

V
Mj fully expanded jet Mach no. __

Dj Nozzle diameter (ft)

r = Radial distanm.e fron source to observer (ft)

N)2 Gs) +• (n) cos (F) sin (F 0.115) (D-1)
U ( sn N Go ~ +F 0.115

iWi s-0

27if 1L31 ODj .
F 1 + cos j - 0.06 + s)l (D-2)0.7 Vj a. k~l' 2

Vj Fully expanded jet velocity (ft/sec)

ao 0  Ambient speed of sound (ft/sec)

0O W Angle to engine inlet axis (degrees)

f - One-third-octave, center-band frequency (Hz)

and values of G(.S) and C(,) are shown in Figure D-I.
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LIST OF SYMBOLS

I Symbol

A Nozzle exhaust area, ft 2

a Ambient speed of sound, ft/sec

AR Suppressor area ratio; determined by the total nozzle area,
excluding any plug, to the flow area of the nozzle

ARej Ejector area ratio; determined by the ratio of the minimum flow
area of the inlet to the ejector to the flow area of the nozzle

fl C, c Speed of sound, ft/sec; also constant pressure specific heat

D, d Diameter, ft

f One-third-octave band frequency, Hz

FS Ideal gross thrust, lbf

K Number of rows of tubes; also, variation in coannular jet noise
with nozzle area ratio

SL Ejector length, ft

N Jet Mach number

N Number of elements

P Pressure, lbf/in. 2

PNL Perceived noise level, PNdB

PNLT Tone-corrected perceived noise level, PNdhI

EPNL Effective perceived noise level, EPNdB

-13
PWL Sound power level, dB re: 10 watts

OAPVL Overall sound power level

SML Sound pressure level, dB re: dynes/in. 2

OASPL Overall aound pressure level

R Acoustic treatment resistance rayls; also, noise measurement
radius, ft
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LIST OF SYMBOLS (Continued)

R Suppressor radius ratio, determined by the ratio of the inner
r radius to the outer radius for the particular flow passage

i R9  Centerbody plug radius, ft

S Distance, ft

T Temperature, R

U,V Jet velocity, isentropic, fully expanded, ft/sec

W Weight flow rate, lbm/sec

X Axial distance, ft; also, acoustic treatment specific
reactance, rayls

a~a Effective absorption coefficient

Cant angle, degrees; also, 4i2Y
y Ratio of specific heats

6 Mixing zone radius, ft

A Difference in noise from a conical nozzle due to a bypass
stream, dB

0 Angle, degrees

L80i Angle of incidence, degrees

S0C Critical refraction angle, degrees

A Wavelength, ft

p Density, ibm/ft 3

Density ratio exponent

Superscript

i Inner stream

o Outer stream
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LIST OF SYMBOLS (Concluded)

Symbol

Subscript

Aa,ISA,O Ambient or aircraft conditions

c Potential core

eff Effective

ej Ejector conditions

eq Equivalent dimension based on flow area /4A/ir

H Hard wall

Si Inner stream

I, i Inlet conditions

J, j Jet (exhaust) conditions

M, 5 Merged or mean conditions

mix, ma Mixed or mass average conditions

A Nozzle condition

o Outer row/outer stream

p Initial noise generation; also, peak

p, peak Peak

S Static

Suppressor

!T't Total condition, tube, or treated

1 Individual tube

2 Nozzle outer diameter

3,8 Conditions at core Nozzle exit (fully expanded)
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