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PREFACE

This is one of a series of final reports on noise and propulsion technol,gy submitted by the
Boeing Commercial Airplane Company, Seattle, Washington, 98124, in fulfillment of Task 111
of Department of Transportation Contract DOT-FA-72WA-2893, dated 1 February 1972.

To benefit utilization of technical data developed by the noise suppressor and nozzle develop-
ment program, the final report is divided into 10 volumes covering key technology areas and
a summary of total program results. The 10 volumes are issued under the master title, “Noise
Suppressor/Nozzle Development.” Detailed volume breakdown is as follows:

Volume |

Volunze 11
Volume 11
Volume 1V
Volume V

Volume VI

Volume VII

Volume VIII

Volume 1X

Volume X

Program Summary

Noise Technology

Noise Technology - Backup Data Report
Performance Technology Summary

Peformance Technology—The Effect of
Initial J=t Conditions on a 2-D Constant
Area Ejector

Performance Technology—Thrust and Flow
Characteristics of a Reference Multitube
Nozzle With Ejector

Performance Technology—A Guide to Multitube
Suppressor Nozzle Static Performance: Trends
and Trades

Performance Techinology —Multitube Suppressor/
Ejector Interaction Effects on Static
Performance (Ambient and 1150°F Jet
Temperature)

Performance Technology —Analysis of the Low-
Speed Performance of Multitube Suppressor/
Ejector Nozzles (0-167 kn)

Advanced Suppressor Concepts and Full-Scale
Tests

Report No.
FAA-S§-73-11-1
FAA-S8S8-73-11-2
FAA-S§S-73-11-3
FAA-SS-73-114
FAA-SS-73-11-5

FAA-SS-73-11-6

FAA-SS-73-11-7

FAA-§S-73-11-8

FAA-$S-73-11-9

FAA-SS-73-11-10

This report is volume 1 of the series and was prepared by the Noise Technology and Propul-
sion Research Staff of the Boeing Commercial Airplane Company.
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SUMMARY

Engine noise levels were a major problem for the U.S. SST at the termination of the proto-
type program. The large dry (nonafterburning) engine considered at the time had noise as
one of the major constraints in defining its size and cycle. Particular emphasis was placed on
the noise generated by the jet exhaust flow. The very high nozzle pressire ratio and exhaust
temperature levels make this problem unique among the aircraft of today. For this reason,
the Department of Transportation’s SST office esiablished a follow-on program to continue
the technological development begun during the SST program. This report summarizes the
final documentation of that study.

The objective during the current program was to develop a viable nozzle system capable of
meeting Federal Air Regulation noise levels (FAR part 36) while minimizing thrust perform-
ance penalties. Included in the constraints were size, weight, and aerodynamic and mechani-
cal feasibility considerations.

The approach followed in the program was to develop a theoretical and experimental tech-
nology base for the mechanisms of noise generation, suppression, and nozzle aerodynamics.
The technology portion of the program is briefly described in volume 1 and in more detail in
volumes 11 through 1X. The technology development led to the construction of design trend
and trade curves: these are described in volumes 11 and 1V. Finally, nozzles were built, based
on the design guides, and tested model scale. From these configurations a demonstrator
system was selected and tested on a fullscale J-58 engine. This configuration, although
boilerplate, was designed to meet airplane geometric constraints. This portion of the program
is summarized in volume | and reported on in detail in volume X.

The following is a brief summary of the conclusions established during the technology
development part of the program.

Noise technology:

® Five major sources of noise were identified and related to flow patterns and properties.
These flow characteristics can in turn be related to nozzle geometry.

® The predominant sources, premerged and postmerged mixing noise, are primarily a
function of number of elements and nozzle area ratio, respectively. There are optimal
values of these parameters for a given set of airplane constraints.

® Acoustic shielding by multielement nozzles was established. Transmission effects were
separated from source generation mechanisms.

@ Hardwall ejectors were shown to provide additional noise suppression, apparently
through a feedback mechanisin. Ejectors were also shown to “focus’ noise generated
inside the ejector to an angle 70°from the jet axis.

@ The effects of temperature and velocity profiles and of distributed noise sources on
lining effectiveness in ejectors were established.
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@ [Flight velocity effects were shown to be a function of the noise sources present in a
particular configuration. These effects can be scparated or summed in an analysis
procedure.

Propulsion technology:

@ Initial jet conditions (jet flow profile, base thickness, and turbulence level) can signifi-
cantly affect the mixing process in suppressor/ejectors.

@ Base drag is the largest contributor to static performance losses associated with multi-
tube suppressor nozzles. Base drag is least when tubes are arranged in a radial array to
maximize base ventilation. '

® Given sufficient mixing length and inlet arca, static ejector performance increascs in
proportion to secondary air handling which in turn is proportional to cjector area ratio.

@ Sccondary air handling is the dominant factor governing ejector-suppressor performance
lapse rate (i.e., the rate of performance decay with forward velocity increases with
increasing secondary air handling).

@ The static thrust performance gains due to increasing ejector size always cause
increasing penalties at some forward velocity because of increasing lapse rates. This
trade between static performance and lapse rate must always be considered when
selecting the ejector area ratio if the best takeoff perfor.aance is to be realized.

A measure of the advancement in the state-of-the-art of jet noise suppressor technology is the
confirmation by tcst results of the predicted acoustic ard performance characteristics. The
current program has used as a goal the development of the noise and performance tech-
nology necessary to establish design trend curves. These curves were used to design and

test advanced concepts. The configuration tested full scale was designed to produce 17 PNdB
sideline noise suppression with no larger than 2% static thrust penalty.

Model tests yielded 16.4 PNdB at a thrust penalty of 3.2%. Full-scale (J-58) test results for
the same configuration yielded 16 PNdB at 0.75% thrust penalty.

The implication of this study is that a suppressor system can be designed that is capable of
meeting the required jet noise ievels for an SST. Further, the performance characteristics are
such that payload/range growth trades are available. It is reccgnized that future SST’s might
not have turbojet-type engines (e.g., multicycle or duc:-burning turbofan engines). It is
believed that whatever cycle is produced will require some jet noise suppression, and further,
that this program has generated a technology base that could be applied to any of the cycles.

Recommended further work would include more fundamental studies, including broadband
ejector linings, noise/flow mechanisms, initial jet conditions on mixing and ejector perform-
ance, temperature effects on ejector performance, and ground-to-flight effects on both noise
and propulsion.

vi



Selection of an appropriate engine cycle to give the lowest noise signature for a future SST
would be the most efficient method of suppression. Further work in developing these cycies
is recommended.

vii
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SYMBOLS AND ABBREVIATIONS

Nozzle throat area

Suppressor base area, in2, Ap(NAR - 1)

Postmerged jet area

Ejector flow area

Fully expanded jet cross-sectional area

Area ratio

Total area between tubes in multitube suppressor outer tube row
Primary nozzle exit area

Gross thrust coefficient

Close-packed array )
Nozzle internal velocity coefficient; CFg + Dbase/FlD
Decibel

Nozzle base drag in pounds, calculated from static pressure measurements
taken at area-weighted taps on the base

Diameter of postmerged jet core

Exit diameter of a single R/C nozzle having the same area as the total
effective flow arca of a multitube suppressor, in.

Ejector to primary nozzle area ratio, AE/AP

Frequency in Hertz

Ideal primary nozzle thrust; (Wp/g)Vip

Ejector inlet lip suction force, 1b; derived from static pressure measurement
on lip

Ne thrust

Feet per second
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Hz Hertz, cycles per second

kHz Kilohertz

kn Knots

L Ejector length

L/D Ejector length-to-diameter ratio

L/ch Ejector length to equivalent primary nozzle diameter ratio

Lt Nozzle tube length measured on the outside of the tube; distance from exit to
base plate

M Mach number

M; Jet Mach number

MTW Maximum takeoff weight

NAR Nozzle area ratio

Nt Total number of tubes in multitube nozzle

OASPL Overall sound pressure level

O/B Octave band

P Pressure

Pamb Ambicut pressure

PNdB Units of perceived noise level

PNL Perceived noise level

P Totul pressure

Prp, PR Primary nozzle pressure ratio

Prg Secondary nozzle pressure ratio

Povall Ejector wall static pressurc

PWL Sound power level

RA Radial array
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R/C
Ref.
s, sec
SB
SL

SPL

Round convergent

Reference

Second

Setback distance

Sideline

Sound pressure level

Tube

Jet total temperature
Turbomachinery noise
Ambient sea level temperature
Takeoff field length

Total temperature

Postmerged jet core velocity
Fully expanded ideal jet velocity

Relative jet velocity, Vj - Vo,

Freestream velocity (wind tunnel) or airplane forward velocity

Engine airiiow
Primary nozzle weight flow

Gas density
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1.0 INTRODUCTION

Engine noise levels were a major problem for the U.S. SST at the termination of the program.
The large dry (nonafterbuming) engine considered at that time had noise as one of the major
constraints in defining its size and cycle characteristics. Particular emphasis was placed on the
noise generated by the jet exhaust flow. The very high nozzle pressure ratio and exhaust
temperature levels make this problem unique among the aircraft of today. Reference 1 has
addressed the status of jet noise for various types of aircraft.

Unsuppressed noise levels as a function of thrust, estimated for the U.S. SST, based on the
planited production model envisioned at the progran; termination, are shown in figure 1 for
approach and takeoff measuring stations. The jet noise obviously dominated, especially for
the sideline and cutSack conditions during takeoff. Thus for a successful supersoaic trans-
port, concepts must be developed for reducing jet noise very significantly to make the oper-
ating noise levels comparable to those of other large commercial transports that will be
operating in the same time period. The reductions must be accomplished with minimal per-
formance loss and in a manner to permit growth versicns of the initial airplane.

Reference 2 discussed the principles of suppression, the types of engines to be suppressed,
the factors to be considered in selecting and designing a suppression system, typical types of
suppression systems being considered, and finally the economic impact of suppression sys-
tems. That discussion emphasized the need for 2 systems approach in determining the sup-
pressor; the engine and airplane constraints must be considered in choosing a suppressor
design that achieves the required noise reduction with minimum overall airplane performance
penalty. No attempt is made in thiz program to select an engine cycle or type. Rather the
large dry turbojet cycle considered at the termination of the U.S. SST program is used as a
common vehicle to measure the advances in suppression technology. It is noted in reterence 2
that bypass and multicycle engines are believed to require jet suppression, albeit less than that
required for turbojet engines.

Suppressor technology has been derived that will allow an SST to meet FAR part 36 noise
regulations. This report summarizes the advances resulting from an intensive program con-
ducted at Boeing under this contract. A detailed accounting of the results of the program is
provided in volumes 11 through X.

The basic suppression concept pursued in these studies consisted of a multitube mixer nozzle
with or without an ejector shroud. Both hardwall and acoustically lined ejectors were investi-
gated. The multitube concept was chosen because past studies (refs. 3, 4) have shown it to be
the only known way to achieve high noise suppression levels at supersonic jet velocities. The
program consisted of approximately two years of technology development and was culmi-
nated by a full-scale demonstrator nozzle system tested on a J-58 engine. A brief summary of
the technology program is presented first, then the results of the demonstrator nozzle are
shown.



2.0 JET NOISE SUPPRESSION TECHNOLOGY

The basic philosophy was to associate the geometric vanations of nozzles and ejectors to
flow patterns and these in turn to mechanisms associated with noise as described in vol-

ume H. In order to achieve this goal, a systematic, modcl=scale, experimental program was
conducted to study the different jet noise sources by varying one test or geometric parameter
at a time and then synthesizing the results to create a physical model of jet noise generation
and suppression. The experimental program was supplemented with analytical studies to
establish a solid foundation in areas where previous work was lacking,

2.1 MULTITUBE NOZZLES

The main emphasis in the experimental program was placed on static acoustic testing of
parametrically related multitube nozzles and hardwall cjectors (sec. 4, vol. H). Thrust per-
formance data were always acquired in conjunction with the acoustic data to assure data
repeatability and to establish test conditions accurately.

In addition to the controlled nozzle parametric studies, more involved multitube suppressor
designs were tested to establish the relative importance of various techniques for controlling
the acoustic energy after it has been generated by the jet. Acoustic effects of temperature
and velocity profile control were also studied (sec. 4.5, vol. 11).

Insight into the jet noise-generating mechanisms was gained through studies of noise source
frequency distributions along the jet axis using the wall isolation technique of reference 5.
Examination of the jet wake was also conducted by measuring mean flow properties in both
radial and axial directions and thus observing the mixing properties between the primary jet
and ambient atmosphere (sec. 4.6, vol. 11). This approach led to the identification of the vari-
ous noise-source components with certain jet-flow regions as shown in figure 2. The studies
have revealed the following jet noise sources (fig. 3) to be present in the supersonic
multitube suppressor system’s noise spectra:

1. Elemental jet premerging (and merging) turbulence noise
' 2. Postmerged jet turbuience noise

3.  Spiral-mode flow-instability noise

i

H 4. Shock (screech) noise

| BN

3

4 5. Facility/engine core noise
:

The spectral characteristics of these noise sources are shown in figure 4.

The multitube nozzle jet premerging turbulence noise has a broadband spectrum producing
the high-frequency peak of the composite jet noise spectrum. Noise level from this region is a
product of the outer row of elemental jet mixing. Noise produced by jets within the nozzle
array appear to be effectively shiclded by the outer row jet turbulence, as will be dis-

cussed later.

L
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A generalized spectnum shape of premerged jet noise is shown in figure 5. The peak fre-
quency of premerged jet turbulence noise can be estimated by the following empirical
cquation:

(0.6 - 0.0043N)V
f=

05/ 05 M
d(h) (I j
A I
where 0

Nt is number of tubes in the array.
d is the tube exit diameter.

A* s nozzle geometric area.

Ay is fully expanded flow area.

Vy s jet velocity.

T+ is et total temperature.

1. is ambient temperature.

Premerged jet noise PWL can be normalized by subtracting 10 log (p + po)zA] as shown in
figure 6. This approach does not work for small area ratios where the elemental jet cores
penetrate the postmerged jet region thus transferring jet Kinetic energy from the premerged
jet region to the postinerged jet region.

The multitube-nozzle jet postmerging noise radiates from a region which has flow similarities
to a simple jet. The merged elemental jets form a low-velocity core of diameter equal to
(4Ag ARg/m)™ where Ag and ARg are nozzle exit area and area ratio respectively. Flow-
profile mezsurements show that the gas conditions in the postmerged jet core correspond to
the ave:age gas conditions of a simple jet which has mixed and expanded to the same
diame-er as the postmerged jet core. The postmerged jet turbulence noise has characteristics
similar to a simple jet and agree with theoretical predictions. Postmerged jet turbulence
sound power levels can be normalized, as for a simple jet, by subtracting 10 log pc"AJ where
P is the gas density in the postmerged jet core. Figure 7 shows a comparison of normalized
test data with predicted levels for a “clean jet.” The deviations of test data from the
predicted levels at the lower jet velocities are due to the test facility’s burner/core noise. A
generalized spectrum shape for postmerged jet noise is shown in figure 8.

Postmerged jet turbulence peak frequency can be estimated by the empirical relation:

where D
D, is the diameter of the postmerged jet core, ie., (4Ag AR8/7r)0'5
e is the postmerged jet core velocity.

Spiral-mode flow-instability noise postulated by Christopher Tam (ref. 6) for R/C nozzle
supersonic jets has been identified in multitube nozzie acoustic data also. This noise appears
in the high frequency portion of the spectrum radiating in the direction of 90° to the nozzle
inlet. Spiral-mode flow-instability peak frequency observed in the test data correlates well
with predictions using a simplified form of Tam'’s equation:



B i

1.202a,[(My + 1Y 0 v\
f= ] [( >jl X (].436 -0.301 —) ,Hz
d My -1 g

where

ap s the speed of sound in air.

d s the fully expanded flow diameter of an elemental jet.
Mj s jet Mach number.

Vj s the fully expanded jet velocity.

Spiral-mode flow-instability noise can have adverse effects un peak perceived noise levels and
noise duration for supersonic jet conditions.

Shock or screech tones were present in the bascline R/C nozzle test spectra at supersonic jet
velocities. For cold and low-temperature jets, shoek noise was also detected in the multitube
nozzle spectra. The multitube nozzles, however, showed no tendency to radiate shock noise
under hot-flow conditions. When the spiral-mode flow-instability noise frequency coincided
with the shock noise frequency or its harmonics there was significant amplification of both
noise components. The following empirical equation has been derived from test data to
predict the fundamental screech tone frequency in jet nois: spectra.

f -
Mk aPr-1.89)05"

for PR >1.39

where
1o = speed of sound
d = fully expanded jet diameter from each tube or nozzle
PR = nozzle pressure ratio
K = constant

= 1.57 for R/C nozzle
= 2.74 for multitube nozzles

Hot jet model-test facilities as well as full-scale turbojet engines have low-frequency core
noise radiating out of the exhaust nozzle which is associated with engine internat com-
ponents such as bumners, flow passages, and structural obstructions. This noise can only be
detected at lower jet velocities. Core noise can be a problem in multitube-nozzle, postmerged
jet noise analysis, because both occur in the same part of the frequency spectrum.

The amount of jet noise suppression that can be attained at a given jet velocity then depends
on the judicious balancing of these various noise components.

2.2 MULTITUBE JET NOISE SHIELDING

Many investigators in the past have conjectured that the observed premerged jet noisc-
suppression characteristics of multitube nozzles were duc to some form of shielding o1 the
noise from the centrai ¢cluster of jets by the outer row of jets.



Middleton and Clark (ref. 7) have suggested that the flow from a multitube nozzle which is
visible to the observer is chiefly responsible for the noise radiated to the far field from the
premerged jet region.

Gray, Gutierrez, and Walker (ref. 8) propose a premerged jet shielding hypothesis which
assumes that noise generated within the jet cluster of a multitube nozzle cannot radiate
through the outer mixing zone of a iet in the outer row. In order to achieve shiclding it is
further assumed that the spreading initial mixing zones of adjacent outer jets merge and form
a scalloped shield upstream of the axial location of maximum noise generation. The
spreading scalloped shield region generates the premerged jet noise observed by a fur field
observer.

Studies were conducted in this program to look into these shielding concepts to gain a better
understauding of the noise suppression mechanisms of multinozzle jets. Tests were run with a
multitube nozzle where the jet flows in the outer row of 24 tubes could be controlicd
independently of the central cluster of 37 tubes. An evample of the resnltc obtained is chown
in figure 9.

The low-frequency peak of the spectrum, caused by the postmerged jet turbulence. experi-
ences a large reduction in level when only the outer row of 24 tubes is operating. There is no
significant difference in the premerged jet noise level apparent between the 24-tube and
61-tube cases. This provides good support to the argument that the outer row of jets irom a
multitube nozzle can effectively shield the premerged jet noise generated by the innerimost
jets. However, the total premerged jet noise power level measured for the annulus of 24 jets
is 9.6 dB less than expected from an equivalent number of isola‘ed jets. Neither method from
references 7 or 8 comes close to predicting this amount of jet noise suppression. Conse-
quently it is thought that in addition tc the geometric shiclding proposals of references 7
and 8 other mechanisms due to acoustic and/or flow-mutual coupling between adjacent jets
have to be considered.

In addition to the above noise shielding effects which are inherent in all multitube jets,
additional shielding benefits can be gained by controlling the jet velocity and temperature in
the outer row of jets relative to the central cluster, For example, a higher temperature but
lower velocity annulus of outer jets can be used to increase the shielding of the noise from a
high-velocity cluster of core jets. Figure 10 illustrates u ty pical case where the lower velocity
flow from the outer row of jets shields the higher noise levels originating from the central
cluster of 37 tubes. Several other important characteristics can be observed in figure 10. The
central array jets tend to dominate the 90°to 130° arc noise level, while the outer row jets
tend to dominate the 140°to 160°arc noise level. The central-array jet noise is attenuated in
the 90°to 120°arc by the outer row jet flow due to acoustic impedance (Pc) mismatch and
turbulence scattering. In the 120°to 160°arc the central-array jet noise is greatly attenuated
by severe refraction and reflection of noise by the outer row jet flow. There is probably a
relative velocity effect on central-array jet noise levels which will tend to decrease that source
of premerged jet noise also. There may be mutual coupling cffects (flow and/or acoustic)
between the outer row of jets and the inner array of jets which will affect premerged jet
noise levels. The test data from this program, however, are insufficient to resolve quantita-
tively all the mechanisms involved in dual-flow premerged jet noise characteristics.




2.3 MULTITUBE NOZZLES WITH EJECTORS

Typical SST engine installations require convergent-divergent nozzles for supersonic cruise.
During takeoff the divergent portion of the exhaust nozzle is not used and generally serves as
an ejector relative to the primary nozzle or for the multitnbe suppressor nozzle if one is
installed. Consequently it is important to understand the impact of an ejector on the noise
suppression characteristics of multitube nozzles and take advantage of them to further
increase the jet noise suppression of the total system. It has been found that a properly sized
hardwall ejecior can improve noise suppression and secondly, the ejector provi‘les a natural
location for acoustically absorbent wall linings that will further attenuate the jet exhaust
noise. The acoustic lining effectiveness, however, is severely limited by the 1elative balance of
the jet noise generated within the ejector and that generated downstream of the cjector

exit plane,

Noise generated by multielement jets surrounded by a hardwall ejector normally propagates
dowrstream beyond the ejector exit and into the far field unaffected. When the cjector fits
tightly around the jet efflux, the velocity of secondary flow between the elemental jets and
cjector wall increases, providing some reduction of premerged jet noise due to a relative
velocity effect. Properly sized “tight™ ejectors have shown additional premerged jet noise
suppression beyond what can be expected from the relative velocity effect. It is thought that
under certain geometric conditions, noise reflections from the ejector wall back to the source
region may be affccting the noise generation process as implied by the sharp attenuation
peak for the 2.6 AR ejector in figure 11. 1t can also be seen that fully mixed ejector
configurations will reduce the postmerged jet noise, probably due to a lowering of the kinetic
energy in the postmerged jet.

Ejectors exhibit a very pronounced higlh-frequency directivity characteristic as shown in
figure 12. The premerged jet noise that normally has a broad radiation pattern is refracted
away from the jet axis to appear maijnly at angles between 90° and 120° from the enginc
inlet. In all ejector test configurations a sharp peak at about 110° has shown up in the
directivity patterns which invariably penalizes the sideline perceived noise levels which are
important for noise certification purposes. This peak at 110°is associated with the refraction
characteristics of the ejectors as shown in figus~ 12. Through the use of a jet isolation tech-
nique (ref. 5), noise measurements were made tor that portion of the jet that exists beyond
the cjector exit planc. 1t can be seen that the jet noise that is attributed to being generated
inside the ejector radiates mainly to angles away From the jet axis, peaking at 1102,

2.4 MULTITUBE NOZZLES WITH ACOUSTICALLY LINED EJECTORS

Jet noise source location studies have shown that For multitube jets the high-frequency
premerged jet noise sources occur relatively close to the nozzle. This close proximity allows
for the successful use of acoustic linings in the ¢jector walls to further attenuate some of the
jet noise. In general, the acoustic lining techniques developed for turbofan engine fan noise
absorption in inlet and exhaust ducts have been found to be applicable in the ejector jet
noise environment. The major differences that have to be accounted for are the distributed
nature of jet noise sources, the flow gradients in the ejector (sec. 5, vol. I1) and the knowl-
edge of noise source locations so that the acoustic lining can be properly tuned. There is,



however, a limitation imposed on the maximum attenuation that can be observed in the far
field due to the jet noise sources that occur downstream of the ejector exit.

2.5 FLIGHT EFFECTS ON JET NOISE SUPPRESSION

An acoustic test program has been conducted in a low-speed wind tunnel to determine for-
ward flight effects on jet noise suppression at velocitics typical of aircraft takeoffs (sec. 4.7,
vol. I). The acoustic flight effects are summarized in figure 13 for a representative case of an
unsuppressed nozzle, a multitube nozzle, anc a multitube nozzle with a hardwail ejector.

For the R/C nozzle, the jet noise at the peak noise location is reduced by flight velocity in
accordance with relative velocity. That is, the spectrum shape and level, OASPL, and PNL
can be estimated by operating the nozzle statically at the flight relative velocity. The flight
effect at angles toward the inlet quadrant is dependent upon the presence or absence of
shock noise and spiral-mode flow-instability noise. At subsonic or low supersonic jet condi-
tions the in-flight noise will follow relative velocity at all angles. Where strong shock noise is
present the in-flight noise will be reduced by a smaller amount, depending upon the contri-
bution of the shock noise to the total noise signal. Test results indicate that shock noise is
little changed by external flow.

The multitube nozzle suppressor results have to be examined separately for the premerged
and postmerged jet noise. The low-frequency postmerged jet noise has properties similar to a
simple jet and consequently this noise component follows the relative velocity defined as
(VR POST = Vj Mi1X — Veo)- This relationship holds for the suppressor with and withoat the
ejector. The high-frequency premerged jet noise is dominated by the noise from the outer
row of jets. The premerged jet mixing noise is reduced in flight generally in accordance with
the relative velocity of the outer row of tubes. The mixing noise appears to follow a v8 type
of reduction, therefore, the total noise from a multitube nozzle without an ejector also
foliows the above relative velocity relationship.

Multitube nozzles with ejectors do show a velocity effect depending on the ejector area
relative to the nozzle flow area. The velocity effect is only associated with the premerged jet
noise that is generated inside the ejector. That is to say, a small area ratio ejector experiences
a very small change in relative velocity, while a large area ratio ejector experiences a
moderate change, as shown in figure 13. This comparison shows that suppression potential is
significantly reduced in flight as jet velocity (pressure ratio) is reduced and that the reduction
is greater for the shrouded configurations.



Tl

s

3.0 SUPPRESSOR PERFORMANCE TECHNOLOGY

An advanced supersonic aircraft requires a variable convergent-divergent nozzle geometry to
provide near-ideal engine exhaust expansion for maximum thrust performance at supersonic
cruise. During takeoff a suppressor can be used in conjunction with an cjector, formed by the
divergent part of the exhaust system, to provide required noise suppression and good takeoff
thrust.

A critical factor in the development of jet noisc suppression devices for exhaust nozzle
systems is the maintenance of acceptable levels of thrust performance over the flight regime.
Application to advanced supersonic aircraft demands that the suppressor cause little or no
perfccmance loss at cruise conditions. This constraint generally means that the suppressor
must be retracted out of the jet stream at other than takeoff and approach flight modes, and
this in turn severely limits the range of suppressor hardware parameters that can be con-
sidered for practical configurations.

This chapter provides an overview of the technology program that has been directed toward
the establishment of performance design guidelines within mechanical design constraints and
acoustic criteria for low-noise multitube suppressor exhaust systems. A complete summary of
the performance technology program is provided in volume V.

A matrix of multitube suppressor configurations was tested at model scale to develop a
detailed understanding of pertormance loss mechanisms for design trade studies. Major
parameters included number, length and array of tubes, size (area ratio) of array, and the
effects of the addition of ejectors and of forward speed. Additional experiments were
conducted to study detailed mixing phenomena in ejectors including evaluation of initial
flow conditions on mixing and performance in a two-dimensional model and sccondary air
handling characteristics of axisymmetric configurations. The 2-D test program used a multi-
slot nozzle and ejector to determine the effects of initial flow characteristics (velocity
profiles, turbulence levels, initial base thickness) on ejector thrust asugmentation, secondary
air handling, and mixing rates.

3.1 EJECTOR MIXING STUDY

A two-dimensional cjector test setup was used to investigate the effects on initial jet flow
conditions on mixing and ejector performnance. An ejector apparatus was fabricated for use
on the Boeing high ratio rig which consisied of an array of slot nozzles exhausting to a
mixing section of rectangular cross sectioh. Two opposite sides of the mixing section were of
clear plastic to permit spark shadowgraph photos to be taken of the mixing flow. Both
primary and secondary flows were metered and entered the mixing scction through the
nozzle assembly as substantially uniform and parallel flows.

Base thickness was varied by chamfering the plates separating primary and secondary

streams. The velocity profile variation was accomplished by lengthening the nozzle throat,
thus producing a larger initial boundary laycr thickness. Turbulence intensity was changed by
insertion of upstream blockages into the primary flow. Testing was conducted at ambient
primary and secondary flow temperatures over a range of primary pressure ratios from 2 to 4.



The pressure of the secondary flow entering the mixing section was maintained equal to
ambient,

Figure 14 is a comparison of ejector wall static pressure distribution as affected by the initial
flow condition changes for pressure ratio 4. At low pressure ratios (not shown here but
discussed in volume V) trends were undistinguished with minimum pressure occurring near
the nozzle exit followed by a continuous rise to ambient at the ejector exit.

At the PR = 4 condition the static pressure remains relatively constant at a low level for some
distance downstream. It then rises very steeply to ambient pressure at the exit. The axial
location of this pressure rise is definitely affected by the initial condition of the primary
flow. A high initial turbulence level permits the low ejector pressures to be maintained
farther downstream than for any other configuration.

It was concluded from these results that differences in the initial flow condition could be
important when comgaring nozzle data fror different facilities and further that these effects
may be responsible for a part of the difference seen in comparison of scale-model perform-
ance with the full-scale suppressor testing reported on in volume X.

3.2 MULTITUBE NOZZLE/EJECTOR STUDY

A three-part experimental program investigated detailed performance mechanisms for a wide
range of multitube suopressor/ejector geometry, jet conditions, and the effect of forward
speed.

3.2.1 TEST PROGRAM DESCRIPTION

Multitube suppressor/ejector performance is dependent upon numerous geometric
parameters as well as jet conditions and flight effects. A three-part set of experiments was
conducted to investigate important parameters and establish performance design criteria for
multitube suppressors. Initial testing considered the static performance interactions of
suppressors without ejectors. Principal geometric variables were tube number, tube length,
and nozzle area ratio and the array of placement of tubes.

The second test series studied the effects of ejector addition to the suppressors. Along with
the nozzle parameters as before, ejector geometry variations included ejector area ratio,
ejector length, and inlet area (controlled by ejector lip setback from the nozzle tube exit
plane).

The concluding tests were conducted in the 9- by 9-ft low-speed wind tunnel to investigate
flight effects. The same test hardware and geometry variations were considered as above.

Wind tunnel testing covered a range of velocities from 30 to 167 knots. All three test series
investigated a range of pressure ratios from 2 to 4 at ambient and 1150°F jet temperatures.
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3.2.2 MULTITUBE NOZZLES

To make the separation of variables manageable and avoid “ent and try,” constraints were
introduced to give the nozzles a family reiationship. Suppressor tubes were arranged in two
patterns. The first array of nearly equal tube spacing renresented the most compact regular
array of tube placement. This type of array as shown in figure 15 is referred to as a close-
packed array. The other array in figure 15 is a radial array, deriving its name from the
placement of tubes on radial lines to maximize the ventilation in the outer rows and
minimize ventilating flow ficld obstructions.

The performance of multitube suppressor nozzles is strong'y influenced by the lower-than-
ambient pressure acting on the base area between nozzle elements. The reduced pressure is
the result of air entrainment of each of the discrete primary jets. The extent of pressure
reduction is largely dependent upon the ability to provide a sufficient quantity of ambient
air to ventilate the base area which is heavily influenced by the geometry (array) of the jet
clements.

A convenient measure of the amount of ventilation on any given nozzle is the physical venti-
lation parameter, AS/AB, where AS is the total area between tubes in the outer row and AB
is the base area that must be ventilated. This parameter and another paiameter including the
arca between the jet wakes have been used previously (ref. 9) in atteimnpts to nondimension-
alize base drag parameters. Figure 16 shows the ventilation parameter per unit of tube length
as a function of tube number, area ratio, and tube shape. High ventilation parameters are
associated with minimum base drag. It is most convenieni that the physical ventilation
parameter is reasonably independent of tube number. Tube length can be varied to acquire a
wide range of A§/AB. The validity of the ventilation parameter as a base drag nondimension-
alizer can be easily tested by varying tube number at « fixed tube length and arca ratio.

The effect of area ratio on ventilation is very pronounced. For very small area ratios, the
tubes touch and thus completely eliminate ventilation. The resulting AS/AB = 0 has the
physical significance that the base area, though small, is going to feel a very low pressure,
resulting in high base drag. At the other extreme as area ratio becomes very large there is
plenty of area between the tubes to allow ventilating air onto the base but the base area
becomes so large that small static pressure depressions due to the velocity of the air penetrat-
ing the base region result in a large base drag. Figure 16 shows that for close-packed arrays,
the optimum ventilation parameter is primarily a function of tube shape. Thus the minimum
base drag could be expected to occur near AR 5.0 for R/C tubes and AR 3.0 for elliptical
convergent tubes or round, nonconverging tubes.

The ventilation parameter for the radial array is shown to increase rapidly as the arca ratio is
reduced, limited only by the minimum area ratio it is possible to build, i.c., by the space
available between tubes. This suggests that optimum ventilation for a fixed stowable tube
length requires a small area ratio radial array. Base drag becomes less sensitive to these param-
eters as tube length is increased beyond the stowable limits.

An example of the distribution of perrormance losses for multitube nozzles is shown in
figure 17. The close-packed and radial array nozzles cited were designed with identical tube
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shapes so that the internal tube performance Cy ¢ is the same. Base drag, expressed as a
percentage of ideal thrust, is seen to be the major loss contributor for short stowable tubes.

3.2.3 BARE SUPPRESSOR PERFORMANCE TRENDS

Overall performance trends for bare tubular suppressor nozzles within this study are estab-
lished in volume V1I. An example of these trends in figure 18 shows that tube number and
especially length (which controls base ventilation) are the strongest performance variables for
close-packed arrays. Where short (stowable) tubes are i configuration requirement, the use of
radial tube arrays offers large performance improvements.

3.3 SUPPRESSOR/EJECTORS
3.3.1 RANGE OF VARIABLES

The suppressor nozzles discussed in section 3.2.2 were tested with a series of ejector config-
urations that encompassed practical hardware limits for SST engine application. The ejector
area ratio was varied from 2.6 to 3.7. The majority of ejector studies were conducted with
an ejector area ratio of 3.1 which is approximately the size anticipated for a practical SST
installation. The smallest ejector was tested only with the 2.75 area ratio nozzles whose
tube exit arrays fit within the ejector diameter.

The largest ejector area ratio tested was 3.7. Ejector length was varied from a scaled practical
installation length of 8 in. to 24 in. (L/Deq = 2) to establish performance trends with mixing
length.

Ejector setback, defined as the axial distance from suppressor tube exits to highlight of the
ejector lip, was varied from 0 to 1 in. (SB/Dyq = 0 to 0.25) for most configurations to ensure
determination of performance with adequate ejector inlet area.

3.3.2 SUPPRESSOR/EJECTOR PERFORMANCE TRENDS

Setback was shown to be the strongest gcometric parameter affecting performance because it
directly affects the inlet area. The general trend of inlet area effect on perforinance is shown
in figure 19.

If the inlet area is too small and choking occurs, the performance is severely penalized. Since
the ejector air demand is a function of the nozzle operating conditions (e .g., pressure ratio
and temperature) inlet choking may not be present except for certain limi¢ing conditions.
For this reason it is extremely important in the developraent of ejector-suppressor configura-
tions that testing and analysis encompass the entire range of expected inservice operating
conditions.

A chart format of data presentation has been developed in this program which shows general
performance trends over a broad range of suppressor and ejector geometries. Each summary
chart considers a particular suppressor array and identifies performance trends as a function
of nozzle tube length, ejector area ratio and setback. The summaries for all nozzle configura-
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tions provided in volume V111 are based on a nozzle pressure ratio of 3 and ambient jet
temperature. Hot jet effects are shown on the charts for representative configurations.

A sample summary performanee chart is shown in figure 20. The example is based upon the
37-tube, NAR 2.75 close-packed array suppressor. The numbers within the boxes at the left
of the chart are measured static gross thrust coefficients for the bare suppressor (primary
alone) with various tube lengths. The effect of adding ejectors of increasing size is shown in
the boxes to the right for the suppressor with given tube length. Performance with cjector
setback of SB/I)c = 0.25 is depicted in the dashed-line boxes. The arrows on lines conneeting
the boxes show the direction of increasing performance; the amount in percent is also shown.

3.4 LOW-SPEED PERFORMANCE

3.4.1 RANGE OF VARIABLES

The investigation of low-speed performance was conducted in the 9- by 9-ft induction wind
tunnel at Boeing and is described in volume 1X. Testing covered a range of pressure ratios
from 2 to 4 at ambient jet temperatures. Limited testing at hot jet, 1150° F, conditions
showed performance/noise trends although budget constraints did not allow for sufficient
data to be taken to generalize the results. Suppressor and cjector hardware were the same as
in the earlier static testing and similar geometric variables were examined.

Figure 2! typifies the resu’ts of these experiments and demonstrates an interesting character-
istic of flight effects on ejector performance. First, the results shown are for a particular
31-tube nozzle with constant ejector length and various ejector area ratios. As expected,
increasing ejector area ratio (EAR) at static conditions from 2.6 to 3.1 increases thrust due
to increased secondary air handling, i.c., acceleration of induced ambient air producing thrust
augmentation relative to that of the primary jet thrust. An apparent anomaly is observed
since the static performance with a 3.7 AR ¢jector is less than that with a 3.1 AR ¢jector.
This can be explained by the fact that the ejector length was insufficient to optimize mixing
and thus thrust for this “large™ ejector. 1t is also observed that the lapse rate, rate of decrease
in performance with increasing external velocity, increases from the no ¢jector case to
increasing EAR except that lapse ratc decreases at EAR = 3.7 to the approximate level of the
EAR 2.6 configuration. The lapse rate is alinost entirely due to the air-handling capability of
the ejector and independent of lossz2s of the suppressor nozzle as illustrated by the following
example.

3.4.2 EJECTOR PERFORMANCE EFFECT

Figure 22 shows the effect of ejector length on lapse rate for a 37-tube nozzle with a 3.7 AR
ejector. Although the static performance is much lower for the short L/D = 1 ejector, the
lapse rate is also lower than that when L/D = 3. The loss in performance between static and
160-kn conditions is seen to be 6% for the L/D = 1 ejector and 11% for the L/D = 3;a differ-
ence in lapse rates of 5%.

Integration of measured pressure distributions over the nozzle/ejector surfaces provides the

component forces summarized in figure 23. Changes in ejector lip suction are shown in the
example to be the dominant factor accounting for the difference in lapse rate.
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In the example, the ejector is sufficiently large in diameter that the jets do not impinge upon
the ejector lip and therefore the ejector lip force at static ambient conditions can only be
attributed to induced secondary flow into the ejector. The effect of forward velocity is to
reduce ejector inlet recovery and thus the secondaiy air handling. This in turn is reflected by
the decreasing lip suction forces with forward velocity shown in figure 23.
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4.0 MECHANICAL DESIGN CONSIDERATIONS

The design study (sec. 4.0, vol. X) was based on use of a nonaugmented GE4/36H2 turbnjet
engine. The suppressor system was designed to be stowed into a variable convergent-divergent
ejector nozzle during cruise-flight conditions in order that high performance could be
maintained.

The number of tubes, length of tubes, and pattern of array for the suppressor are usually
selected as the best compromise to achizve the noise reduction and thrust loss goals. The
sizing and position of the shroud and secondary nozzle are selected to optimize nozzle
performance within the constraints of the suppressor size, the space for stowage of suppres-
sor, and the nacelle boattail considerations.

The parametric data from model tests showed that a suppressor with an area ratio of 2.9 and
56 tubes approxim.ately 10 in. long and 3.1 AR ejector would satisfy the noise and
performance goals.

The exhaust sysiem having a maximum diamete: of 100.0 in. attaches to the engine’s aft-
turbine flange and extends aft approximately 15.5 feet. Four lougerons form the backbone
of the exhaust system and transmit all loads from the thrust reverser, jet suppressor, and
cruise nozzles to the main engine structurc.

The exhaust system, of titanium and inconel, was configured to include a clamshell thrust
reverser with cascade exits, a variable-area primary nozzlz, a tube-type suppressor capable of
being stowed, a convergent-divergent ejector nozzle with a variable throat and closure doors
for the ejector inlet. Figure 24 is a schematic shcwing this system as configured to matcli the
GE4/J6H2 engine.

A conventional-type clamshell thrust reverser, upstream of the primary nozzle, diverts the
exhaust flow through cascade units in the upper and lower quadrants. This type of reverser is
reliable and efficient, and the development and manufacturing aspects are well known. The
side quadrants house the hydraulic actuation system for the reverser and contain ducts to
carry secondary cooling air to the primary nozzle.

The 16-segment variable-area primary nczzle controls the engine flow area during all cruise
regimes (subsonic and supersonic). During suppressor operatiuu the nozzle segments open
wide to seal against the outer lip of the suppressor and thereby complete the exhaust passage
to the suppressor. Individual nozzle segments are interconnected through links to a unison
ring which is moved by hydraulic actuators in a track supported under the longerons. The
pritary nozzle assembly is mounted on a bulkhead ring which is supported by the main
longerons of the exhaust system. The bulkhead ring also serves as the aft portion of the
thrust reverser.

The convergent-divergent ejector nozzle system requires control of its air inlet so tiiat it is
open during takeoff and approach and closed during cruise. This is accomplished by hinged
doors in the front portion and a translating cowl ring in thc aft portion. Each of the four
quadrants between the longerons of the nacelle contains four hinged doors of the overlapping
segment type. These doors zre supported from a frame between the longerons and are
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operated by individual hydraulic actuators. The translating cowl ring is retained in tracks

attached to the longerons and operated by ballscrew jacks driven by the suppressor segment
actuators discussed below. When the system is closed for cruise the hinged doors are secured
against the lip of the translating cowl and between transiating cowl and ejector leading edge.

To enable the suppressor to be stowed during cruise it is divided into four hinged pie-shaped
segments, each of which contains 14 tubes. The tube array has elliptical tubes on the outer
row and circular tubes of two sizes on the inner rows. Tube lengths vary from 13.5 to 7 in.
with the longest in the outer row. The elliptical tubes are of a censtant section while the
circular on s have conical nozzles at their ends. Each segment is structurally designed to
carry the nozzle loads across the forward face of the tube array to the pivot bearings
supported at each side through hinged links attached to the longerons of the exhaust system.

The convergent-divergent secondary nozzle and 3.1 AR shroud has 24 segments, the inner
and outer surfaces of which are capable of independent motion, to provide the throat and
exit configurations required during takeofi; landing, subsonic, and supersonic cruise. Each of
the 24 inner segments is attached to its corresponding outer segment of pin joints at the aft
end, while being independently hinged at the forward end. The inner surface segments are
supported at the forward end by lever arms hinged from the front main frame which attaches
to the longerons. The outer surface segments are hinged at the forward end from the rear
main frame. Separate unison rings secure the inner segments and outer segments to their
respective hydraulic actuation systems. Acoustic treatment is provided on the internal sur-
faces of alternate inner segments only, as considerable segment overlap is required to accom-
modate the diameter change between cruise and suppression positions. This treatment
provides 45 ft2 of lining with depths varying from 2-1/2 to 1 in.

The design studies have resulted in a suppressor system concept believed to have practical
application to the exhaust system of a supersonic airplane propulsion installation. The

area ratios of the suppressor and ejector fall within the constraints of nacelle size. Its per-
formance is expected to meet noise reduction and performance goals. The envisioned
manner of stowage of the suppressor permits cruise performance to be maintained without
penalties. :
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5.0 SUPPRESSOR SYSTEM DEMONSTRATOR PROGRAM

The scale-model parametric testing and mechanical design studies led to the design and test
of u full-scale fixed-position boilerplate suppressor-cjector nozzle in order to provide a static.
noise/performance demonstration of SST stute-of-the-art suppressor nozzle technology. The
full-scale jet noise suppressor system demonstrator design (sec. 2, vol. X) resulted from
trade studies that took into account mechanical feasibility, thrust performance, and acoustic
requirements. From the jet noise point of view the jet flow beyond the nozzle exit plane
had to be decelerated as rapidly as possible. This can be achieved by the use of multitube
nozzles which enhance the normal mixing process with the ambient air. A large number of
nozzle elements of small size are required to reduce the high-frequency (premerged) jet
noise. A large nozzle area ratio is required to reduce the low-frequency (postmerged) jet
noise. In order to maximize low-frequency noise suppression for a given nozzle area ratio
the primary jet flow should be evenly distributed across the nozzle array.

A family of acoustic design curves derived from the technology studies (fig. 25) was used to
choose the basic suppressor nozzle geometry of tube nuinber and area ratio which, when
configured to maximize thrust performance, gave an aceeptable suppressor system.

The basic design (LNHP-2) that was conceived incorporated an area 1atio 2.9, 57-tube noz:le
and a 24-sided, area ratio 3.1 lined ejector. A schematic showing the nozzle tube array is
shown in figure 26. The tubes were chosen of unequal size to meet the requirements of a
desired high frequency spectral content from the outer row of tubes to maximize acoustic
lining effectiveness while at the same time shielding the noise generated in the center of the
array. The tube spacing was arranged to provide straight ventilation paths across the nozzle
baseplate to minimize base pressure losses. Tube size and location were also influenced by
the requirement for even primary flow distribution across the array in order not to jeop-
ardize the postmerged jet noise characteristics.

Tubes in the outer row were of constant elliptical cross section, with the major axis aligned
radially to maximize base ventilation. The remaining tubes were circular in cross section,
with convergent exits to maximize internal performance. Tube exits were noncoplanar to
conform to stowage requirements of an SST suppressor nozzle installation. The LNHP-2
suppressor was designed to achieve a 2% performance loss and 17 PNdB noise suppression at
71 28-ft sideline for a thrust penalty of less than 2% relative to a 10° hatf-angle R/C reference
nozzle.

5.1 MODEL-SCALE SUPPRESSOR DEMONSTRATION

A 1/8-cale (relative to the GE4/J6H2 engine) model of the LNHP-2 jet noise suppressor
system was built and tested statically at a jet temperature of 1500°F and nozzle pressure
ratio of 3.0 (sec. 3.0, vol. X). To demonstrate the flexibility of the acoustic and thrust
performance technology gained in this program, two additional model-scale suppressor
systems were designed and tested. An 85-tube, 3.4 arca ratio nozzle (LNHP-3) coupled to a
3.7 area ratio lined ejector (fig. 27) was chosen to demonstrate the potential for increasing
jet noise suppression provided that thrust performance and engine nacelle size constraints can
be relaxed. Conversely a 31-tube, 2.7 AR nozzle (LNHP-4) (fig. 28) coupled to the original
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3.1 AR lined ejector was chosen to demonstrate the potential for thrust performance
improvements, provided that noise suppression goals arc lowered.

The results of the model tests scaled up to the GE4/J6H2 engine size are presented in

figure 29. They show that the 57-tube suppressor system achieved 16.4 PNdB of sideline jet
noise suppression for 3.2% gross thrust loss. Higher noise suppression can be obtained by
increasing the suppressor area ratio, as shown by the 85-tube system which achieved between
18.8 PNdB and 21 PNdB jet noise suppiession. However, the increase in area ratio and tube
number raised the thrust loss to 7.8%. Thrust performance can be improved by reducing the
tube number as shown by the 31-tube system which had only a 1.2% thrust loss (statically),
but this was achieved at the expense of noise suppression which dropped to 15 PNdB.

5.2 FULL-SCALE SUPPRESSOR DEMONSTRATION

The final evaluation of a jet noise suppressor system has to be performed full scale or at least
on a large scale, using a turbojet engine (sec. S, vol. X). This had to be done to overcome
some deficiencies of modelscale testing. The main reasons are that engines have their own
peculiar nozzle exhaust temperature profiles that can affect the suppressor performance and
that full-scale hardware will have different Reynolds number effects on skin friction and
ejector air handling. The full-scale acoustic lining surfaces can also be made smoother by
choice of smaller perforations to further reduce thrust losses.

Because the GE4/J6H2 turbojet engines were never built, the only available engine today
that comes anywhere near in performance characteristics is the J-58 (or JT11D). Therefore
the S7-tube suppressor system was scaled to the J-S8 engine size and tested at the maximum
jet velocity of 2280 fps which is somewhat short of the suppressor design goal ol 2550 fps.
Figure 30 shows the full-scale test installation at the Boeing engine test site in Boardman,
Oregon.

The full-scale tests confirmed the acoustic results of the model-scale program. The effective-
ness of the suppressor system is shown very clearly by the sound power spectra in figure 31.
The bare 57-tube nozzle shows a good balance in the spectrum between pre- and postmerged
noise components. The addition of an acoustically lined ¢jector further suppresses the high-
frequency premerged jet noise leaving the system as postmerged noise dominated. The only

way known to attack the postmerged noise further is to increase the suppressor area ratio as
demonstrated by the model-scale test series.

The sideline PNL beam patterns in figure 32 show the suppressor effectiveness from the
point of noise certification requirements. For the J-58 engine cycle the maximum jet noisc is
suppressed by approximately 16 PNdB. Corresponding thrust performance results (figure 33)
show the static gross thrust loss to be 0.75%. Fullscale performance exceeded model-scale
results by 2% in gross thrust at maximum power conditions for the ejector configurations.
About two-thirds of this difference can be accounted for by Reynolds number scaling effects
and by known differences in primary nozzle geometry. The geometry differences are internal
tube length and convergence rate which reflect the change in performance characteristics
seen in the bare suppressor data. Finally, figure 34 shows good agreement between the
acoustic model-scale and the full-scale test data, so that model-scale test results can be used
with confidence to predict the noise performance of the suppressor system to higher jet
velccities than could be attained with the J-58 engine.
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6.0 SST APPLICATION

If the 57-tube suppressor system were to be installed on the 1971 version of the U.S. SST the
following results would be obtained. The probable nacelle installation schematic is shown in
figure 24. It shows the stowable features of the nozzle system in order to maintain high

performance during supersonic cruise.

Based on the model- and full-scale test results it is estimated that the 57-tube suppressor
system would suppress sideline noise by 16.5 PNAB for 0.75% gross thrust loss statically.
With forward velocity during climbout, however, both the acoustic and thrust performance
would be degraded. Current estimates of flight effects change the suppressor performance to
15-PNdB sideline noise suppression for 7% net thrust loss at 230-kn climbout velocity.
Figure 35 compares the status sideline SST noise levels at the termination of the SST pro-
gram in 1971 with the levels achieved during the current program by the demonstrator hard-
ware. An 800 000-Ib MTW airplane with 815-b/sec airflow GE4/J6112 turbojet engines could
have achieved 1 10-EPNdB sideline noise levels through the use of a “‘chute” suppressor and
with the engines throttled back. The 57-tube suppressor system on the same airplane would
achieve a sideline noise level of 108-EPNdB and still leave it with excess thrust. This thrust
could be used to increase the airplane MTW to 860 000 Ib which would improve the air-
plane’s economics either through increased payload or range or a combination of both.
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7.0 CONCLUSIONS

Jet noise suppression, a major problem in the development of supersonic transports, has

experienced a substantial technology advance since the termination of the U.S. SST program.

Fundamental technology development has led to a better understanding of nozzle acro-
dynamics, noise generation, and noise transmission processes. The current program has
allowed the development of a noise and performance design prediction that has been sub-
stantiated by model- and full-scale demonstrator programs. The results fiom the demonstra-
tor programs were used to show that the application of such a suppressor system on the
former Boeing B2707-300 SST would achieve FAR part 36 sideline noise levels. Further, it
was shown that such an installation would allow a substantial increase in the airplane’s
maximum takeoff weight (7.5%) relative to previous designs, thereby improving airplane
€conomics.

Demonstration of flightworthy operational hardware is required to confirm the mechanical
feasibility study results presented herein for the variable geometry concepts.

The work described in these reports only addresses the jet noise problem. When an SST
powerplant is developed at some future date, turbomachinery and core noise components
will also have to be taken into account. In the case of the J-58 engine these were not found
to be significant.
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8.0 RECOMMENDATIONS

It is recommended that the LNHP-2 suppressor system be tested for relative velocity effects
to substantiate methods of predicting suppressor nozzle forward flight noise and perform-
ance levels. The state of the art in adjusting static test data to predict relative velocity effects
for ejectors is not well established in either acoustic or performance technologies as shown in

particular by the conflicting claims in current literature for noise effects. This area of investi-
gation should be emphasized in future research activities.
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28

#

L




-

adeys wniyoads
pueg-9/19G-£/| T Md 9SION 19 pabiawaly 8]2ZON aqGniINy parewis3— ¢ 94nbi4

(x),, 6
I, -, L

1< oy " )
A (N €v00°0 - 90)
191 8 i Z J 1z Wil 18/l 9171
| | I | I [ | [ I

i

, 1
\ . 4
/f. : o) i
N M
\ {
___../ i
i
\ 8P “IMd aAnejey M
....f : — ot M
§
\ ¥
| ]
Jdo j
¥
* 3

- -~ - - il il C - ”» G -

e B R i e e L e et i ,w,

b D A e s B VT i WS I T

b Tl o




S9|2Z0pN onjey ealy £°€ 104
S18N37 49MOd FSION 19 pabiawaly Pazijew oN— g &4nbi-

sdy ‘(jeapi) FA
000€ 00SZ 0002 00S1 0001
( T T T =

OY<HIS 0T
4,061 24153 09

LE

61

ﬁ e

saqnl 40
12quinp

0s1

siiem oL 3
(as ak gL~
8 v, d + 0) boj g1 —IMd

30



000t

005¢

$]9A87 19MOd 3SION 18 pabiawi}sod pazijewoN—f ainbiy

sdj *A3100}an 13 pabiawisog

000¢

00s1

ooL1

1

sajzzou agniiNnN = Vv
ajzzou juabiraauod punoy = 0
(744) ease 23] pabiawisog = Oy

Avnisuap 1al pabiawsod = 20
:310N

1 7]

aLt

9174

ote

suem ¢ 0L 131 8P
0 601 0L—TMd

31

—_—— =

g o,



adeys wnijoads asioN 19 pabiawsod 8j2zop aqniiiiny— g ainbi4

o]

A
°as
0'S ol G e - =10 Lo
I | ] 1 1 | 1
\\
AN —4 0¢
/
/
/
\ —
N\ /
N\ /
\ 8P “IMd
\ / — Ot pueq aAe120
\ / /1 anejay
N\ /
N\ /
\ -
\ /
\ /
\ /

32



3|2Z0N 0neY ealy £'€ ealy ‘3G -] g € 104 $|aAa] 3SION JuauOdwi0) 18 JUBWI3I1YNW— "6 34nbiI4

8'€ = Hd
4.0051 =11
ZH ‘Aduanbaiy
mc_. S 4 vc_. S 4 mc— S 4 20t
| I I I 1 I I I T oci
|.|.|.I.|.I.|.||.|.I.|.||
—{ O€l
R g
AjuD AiRpuades s D —
I.I-I-I_I.I_I_I_I] -
N X 2
2
— Ovi M
- }
slem o0l 31 gp i
‘1aA3)] 1amod |
PUNCS 5AIIC-E/1 \
— 0S5t i
?
t
J
— 091
R




e

9/2Z0N 9qnL-1 9 e ul S}af Jo MOy 131NQ Aq BuIpaIysS asiopN 19— ‘01 d1nbi4
Bap ‘19ju :as ajbuy

091 0s1 ori OEL 0z1L oL 001 06
I T T T T T T T 1—y 08 i

___.,.,. (uonisodiadns Aq panisap) K |
<\l 519l jenusd 4 wouy |
\
\

asi0u 13l papjaiyg _
5601 — g = —06 [
— SBLl | o ¥ i
S60t | 58/l | — ff i |
— » L]
$3aqn] Mmou saqny - '
131n0 pz | jesquao y¢ ._.l..lr.... .....\ &
8P ‘1d4s
pueq
aAe120-g/1

S oy e =

IHY DL 1]




HY LE
Hv 1E
HY 9°Z

csopoaly

81220\ oney ealyy G/ ‘eqny-1g

01 /13813y $10123/F |jemMpIel JO SI11SIB)oesey?) uoIssaiddng asiop, 18— 1 | 8inbil4

244 ‘Aouanbaiy

Z i g5

I

A s, s’
Ve
Jll-lnl-l-. /...!.ulll.\

asou 3af astou 3af

pabiawaug pabiawisoy
0°C=4Yd
4.0511=11

z
- 0
1
i IR 4

$S0O|

uoIasul

jamod

punog
19
— 8
- 0t

35




Sonsis810es84) AJIN1841Q 1019313 pue 8j2zoN 8GN -4£— 7| a4nbiy

Bap ‘191Ul :a. ajbuy

091 0si orl OEL (174 oL 001 06

I I 1 I I | 1 1

18 1 20000 91
P "dS
aAe1o0-g/|

paiejos! 13l yo pg | (e
1010319 Yy Z'E UUM
101091 Yy O'Z YLim

sovmala Lnouip

(ZH% 8)
Aduanbayy pafiawaid eag

- Sk

36

"




SWwasAS 10ssa1ddng 8s10p 13 UO S398443 ANI0IIA PIemMIOS— €| aunbi

001 x sdy ‘HA
9c | 74 44 0c 81 91 14 cl
T T T T | T | (574
.V
sd} OGZ
1aaya E._?
i0i23ls Wy L'E
ajZzou aqni-E - oe1
O
7
o
g8PNd
“INd 2ulj2pis
4001 ¥ead
- Orl
ams— O 0O
uo puunl—- @ Y B
punoy
= D51
- - - w o @ el

— ES S— e il b




uonnqLISIq aanssaid 21e3S [1EM—p | 34nbly
‘Ul ‘31x@ Asewisd wiouy aduelsIq
o9l ovi ociL 001 (0] 09 oy 0c 0
[ 1 1 | I 1 1
s < ov
\l/z A
! \ I
.~ / N - - o5
!
!
!
\
o1 = MeSLy / .
oy - We dl, \ \\ \ o9
{ :
22UBINQINT YBIH -~ = meev \ / \ que
100y buoy - — —— / / 2 [1em
a5eQ YOI | — - — / : d
auljaseg / \ -4 or
\\..\
—{ 08"
- 8.
J o011




=

sAeiry ajzzoN aqmnInN—G4 8nbi4

39

e Sy s e I S M e s A



T PSS

s

S3[ZZON 8GN [-£E 10} Ja18useIe UONEIIUS) dseg—'g| inbi4

Oi1R) BAIR B[ZTZON

09 0s oy L1 > oz

SE°

40




1.00
C . \
) Vint Radial and close-packed
9€ -
N Radial
Close-packed
2 /

o F
|
° wml
b /

/ Practical limit

for stowable tubes
L radial

-,1 e | //\

i - w== ===~ Close-packed

7~

8
T

+
94 - / 37-tube nozzle NAR = 4.5
l Pressure ratio = 3.0
Ty = ambient
l
' 92 -
l | | i J
.25 .50 .75 1.00 1.25
| LT/Deq
{ L Figure 17.—Performance Loss Components
|
|
‘[ 4
t ¢
I
¥
41
- ®




1.00

98 |
Nozzie 96 }
gross thrust :
coefficient

CFg
94
© 7 Incressing
tube length
92
Closepacked tube array ‘f
!
@ Base drag difference with change in tube array
90 - Nozzle area ratio = 3.3
PR =3.0
Ty =ambient
LT.i
l-‘ an2
73 Area ratio = A
Ry
T /4A
Figure 18.—Effect of Tube Number on Bare Suppressor Performance
l.
L
£ CFg
i Inlet area

Figure 19.—Ejector Performance Trend

42




i R

AelLily paxIeq-as0/D ‘GL'Z = YYN ‘9GNL-/E 10§ XI1IeY 3IUeUII0JIad— OF 84nbi-

ﬂ W
Ba.Je 313 21138W0ab mojy Asewiiy = dy

Bale Mo[} 10103fa = m<

_— (4v3) onel eaie 10102(3

= (4VN) ofles ease Jossarddng

4,061 =11

waque =4

0’t = Hd

{4Vv3) onei ease 7
40108fa Buisealouy 7

/s
4

(8S) 32eqias buiseasou)

]
(*atq)

yibua| agn
buiseaou| (3l0N

-~ - -

il . - - . el s Sl

L'E HY 9z "v
1o10aly 1oyaaly

(i~ {ami]

(H ¥ZO°L)

AUD|E Asewiiig

43

%50

CLE St

%l

_ EZTO'L “un %EG

- 3 -

el e L e R . ke il

[ 06| oot

b3g/4q

LI S——

St



R T e T S — Y e

DI, ——-

1.06

1.04

31-tube NAR 2.75 radial array
LT.l'rﬁ‘q =05

PR=30

T+ = ambient

Ejector L/D = 1

EAR

a

3.7

No sjector

26
84 -
92 | | | 1 | i J

0 40 80 120 160 200 240 280

Figure 21.—Effect of Ejector Area Ratio on Performaice at Forward Velocity

- S s ot

44

e o e Temsnm it

Ha Rl o



37-tube close-packed array, L-|-/Deq =05
Nozzle area ratio = 2.75

Ejector area ratio = 3.7

PR = 3.0

TT = ambient

Ejector L/D = 1.0

Ejector L/D = 3.0

|
200

Figure 22.—Effec’ .f Ejector Length on Performance at Forward Velocity




18 37-tube close-packed array,

L1/Dgq = 0.5

A6 NAR = 2.75, EAR = 3.7
PR=3.0
"T = ambient

—

A4

A2

A0 -
Fﬁp |ector

L/D=1
02

0 40 80 120 160 180

-02 - V.o, kn

D
—base -04 b~
! Fio L/D=1

i -06 —
1 L/D=3

-o08 L~

Figure 23.—Suppressor/Ejector Component Forces

46

B
E )




=S e =

wWasAg Jsneyx3 | SS paouespy ue 0) 10ssa1ddng aqn|-£G 3yl 0 uonedddy — pg 3.nbi

SpowWw asinIY

apow jjoaye)

ajzzou
Asepuodag

?jzzou
Arewiug

FEISEYEY]
Ny

47

s o e e Bt et



~ -~ £~ -~
-
W
]
, SIAINY) apel| WAISAS 10ss81ddng as10pN J3f jeIIdA | — GZ 34nbi4
saqn) JO saquing
. 00S 00z 0ol 0S oz
_ T | T 1 .
]
or
v b 0.0] }
_ 9t
R Zol
4
ot — #0I
v
—1 901 - ;
4 2
8PNd 1
—1%0 “INd ,
yead :

auiapis

PAIEUILLIDP 35I0U \ 13ay 8 MHiou —1 0Ll 1
" pouy " 4 8CLT
=121
— vl
0t =Hd — 91l
4 ,0061 =41
10108fa pauiy

sAe.se payoed-asoj) ~J 8l







9jzzop oney ealy g ‘aqnL-G8—/& a4nbiy




~— ——————

ajzzopN oney eay /¢ 'aqnL-1&—-"8¢ ainbi4

51




!

25 -
A
20
A
®
15 |- a
2128-1t sideline
peak PNL
reduction, APNdB
Ty =1500° F
10 p— PR = 3.0
® 57-tube system, L/Deq
A 85tube system, L/Deq
A 85-tube system, L/Deq
5 0O 31-tube system, L/Deq
0 | 1 1 1 ]
0 2 4 6 8 10

Thrust loss ACFg, %

Figure 29.—Advanced Jet Noise Suppressor Noise/Performance Results

52

it

2 ejector
2 ejector
3 ejector
2 ejector




e ——————

walsAg 40ssa1ddng aqn-£G ayl jO uonejjeisul aulbuy G-r— s ainbi-

e

v



L d - Lo 2]
242030S 1amod punos—-Lg a.nbio
ZH ‘Aduanbaiy
00001 000§ 0002 0001 00S 00¢ 001 0s
e T T T T 1 1 T Y .
1019313 paul] WM
/.f.! e — 0S1
sopoala |jempaey E..____.:// ) ..\.\. S
—— A ’
1010818 INOYIIM a...../. s\..t.... e ....--l!....l-.,.!/ suem mmn% .F._ zﬂ
—————— .{f 1 i
et ....aJ.r ./.!...f .._\.. .\\. e, ...-i!...............fl.. ..r......rl../ w>naoov..m~wn”
.// ______._.__ llfl..l'l - -
passasddnsup)
- 091
-1 oil

sdy 082Z = FA

54

g Pl Ahahi e e e e

SRR ....Il.illlllllw:v‘.i.‘.ab



120

110

2128-ft sideline 100
PNL, PNdB

90

80

V= 2280 fps

Unsuppressed

§7-tube nozzle:

Without ejector

. With hardwall ejector
SN N
SO N/ with lined ejector
\'\
Dy 4

T - | 1 ]
80 100 120 140

Angle re: inlet, deg

Figure 32.—Sideline Perceived Noise Level Beam Patterns

&8




0 i,
'Y
- 2 — . s 5 — \.\.D
o § e —— o
3§ \.\.\~
%
5 —0
i
2 o
2 W 6 I
£
8 +—
d | ]
2.0 25 3.0

Nozzle pressure ratio

Symbol | Configuration

0O Bare suppressor

A Suppressor/hardwall
ejector

® Suppressor/iined
ejector

Full-scale test
~ . == Model-scale test

Figure 33.—Model- and Full-Scale Performance of LNHP-2 Nozzle/Ejector Configurations

56




»
»
’
t:
15 1~
1
PNL suppression 101
PNdB re:
2128-ft sideline
¢
5 e
~— 1/5-scale test data
&  Full-scale (J-58 engine) test data
0 ___‘/L 1 { |
| 1500 2000 2500
VJ’ fps
Figure 34.—Model- and Full-Scale Jet Noise Suppression Coirparison for the
57-Tube Suppressor System
e
|
4]

5T




uonINPaY 3sION AUIIBPIS 1SS 01 WasAS 10ssa4ddng agnmua Ny Jo uo;=aijddy— Gg a4nbily

{uX 00Z ‘13A3) eas)
a1 0001 ‘Bua/isniyy yoaxe)

o 59 09 sg 05 Sv
_ T T _ _ _
(SL61)  (LLBL)
1001 ZL = 1401
5 .01 + Q1S 000 098 000 008 = ML - oot
295/G] G518 = BM
CHIr/¥35 _Il

8PNd3
‘ux O
1€ 3 0001
12 3s10u
auljapis
y-8zIeT

58




)
1.
4

)
3,

)
4.
5.

s
6.
s 2
8.
9,

- i e

REFERENCES

C. D. Simcox, “‘A Status Report on Jet Noise Suppression as Seen by an Aircraft Manu-
facturer,” AIAA paper 73-816, August 1973.

C. D. Simcox, “Jet Noise Suppression Systems for High-Speed Aircraft,”” SAE paper
73-0897, National Acrospace Engineering and Manufacturing Meeting, Los Angeles,
October 1973.

H. Y. Lu, D. B. Morden, R. L. Benefiel, and C. D. Simcox, Performmance Evaluation of
an SST Noise Suppressor Nozzle System, Volume I: Suppressed Mode, FAA-SS-72-40-1,
Federal Aviation Administration, February 1972.

D. B. Morden, Performance Evaluation of an SST Noise Suppressor Nozzle System,
Volane I1: Unsuppressed Acceleration and Cruise Modes, FAA-SS-72-40-2, Federal
Aviation Administration, February 1972,

G. R. MacGregor, and C. D. Simcox, “The Location of Acoustic Sources in Jet Flows
by Means of the Wall Isolation Technique,” AIAA paper 73-1041, October 1973.

Christopher K. W. Tam, “On the Noise of a Nearly Ideally Expanded Supersonic Jet,”
Journal of Fluid Mechanics, vol. 51, no. 1, p. 69, 1972,

D. Middleton, and P. J. F. Clark, “Assessment and Development of Methods of Acoustic
Performance Prediction for Jet Noise Suppressors,” UTIAS Tech-Note 134, Institute for
Aerospace Studies, Univ. of Toronto, April 1969.

V. H. Gray, O. A. Gutierrez, and D. Q. Walker, Assessinent of Jets as Acoustic Shields
by Comparison of Single and Multiple Suppressor Nozzle Data, NASA TMX-71450,
October 1973.

F. G. Strout, aud R. Lipke, Multitube Suppressor Nozzle Characteristics Volume I:
Generalized Nozzle Thrust Perjcrmance, Boeing document D6A11822-1, April 1970.

59




