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PREFACE

In 1995, NASA GRC initiated efforts to meet the US industry's rising need to develop jet noise technol-

ogy for separate flow nozzle exhaust systems. Such technology would be applicable to long-range aircraft

using medium to high by-pass ratio engines. With support from the Advanced Subsonic Technology Noise

Reduction program, these efforts resulted in the formulation of an experimental study, the Separate Flow

Nozzle Test (SFNT). SFNT's objectives were to develop a data base on various by-pass ratio nozzles,

screen quietest configurations and acquire pertinent data for predicting the plume behavior and ultimately

its corresponding jet noise. The SFNT was a team effort between NASA GRC's various divisions, NASA

Langley, General Electric, Pratt&Whitney, United Technologies Research Corporation, Allison Engine

Company, Boeing, ASE FluiDyne, MicroCraft, Eagle Aeronautics and Combustion Research and Flow

Technology Incorporated.

SFNT found several exhaust systems providing over 2.5 EPNdB reduction at take-off with less than 0.5%

thrust loss at cruise with simulated flight speed of 0.8 Mach. Please see the following SFNT related

reports: Saiyed, et al. (NASA/T_2000-209948), Saiyed, et al. (NASA/C_2000-210524),

Low, et al. (NASA/CRY000-210040), Janardan et al. (NASA/CR 2000-210039), Bobbitt, et al.

(NASA/CR 201-210706) and Kenzakowski et al. (NASA/C_2001-210611.).

I wish to thank the entire SFNT team of nearly 50 scientists, engineers, technicians and programmers

involved in this project. SFNT would have fallen well short of its goals without their untiring support,

dedication to developing the jet noise technology.

Naseem Saiyed

SFNT Research Engineer
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1.0 Summary

This report describes the work performed by

GEAE (GE Aircraft Engines) and AEC

(Allison Engine Company) on NASA Contract
NAS3-27720 AoI 14.3.

The objectives of this contract were to:

1. generate a high-quality jet noise acoustic

database for separate-flow nozzle models
and

2. design and verify new jet noise reduction

concepts over a range of simulated engine

cycles and flight conditions.

Five baseline axisymmetric separate-flow

nozzle models having bypass ratios of 5 and 8

(with internal and external plugs) and eleven

different GEAE/AEC supplied mixing-

enhancer model nozzles (including chevrons,

vortex-generator doublets, and a "tongue"

mixer) were designed and tested in model scale.

Additionally, Pratt and Whitney (P&W) pro-

vided nine mixing-enhancer model nozzles

representing five jet noise reduction devices

(offset-centerline fan nozzle, flipper-tabbed

fan and core nozzles, scarfed fan nozzle, core

full mixer, and core half mixer) into the overall

NASA program effort. The full and half mixer

for the core nozzle were NASA concepts.

Using available core and fan nozzle hardware

in various combinations, 28 GEAE/AEC sepa-

rate-flow nozzle/mixing-enhancer configura-

tions and an additional 24 P&W configurations

were acoustically evaluated in the NASA
Lewis Research Center Aeroacoustic and Pro-

pulsion Laboratory Nozzle Acoustic Test Rig

facility during the March through June 1997

time period.

The acoustic design and measured acoustic

characteristics of GEAE/AEC exhaust systems

are discussed in this report. In addition to

acoustic results, this report describes GEAE/

AEC model nozzle features, facility and test

instrumentation, test procedures, test matrix

summary, and the data acquisition/reduction/

analysis methodology.
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2.0 Introduction

During the 1960's, significant attention was

directed toward the prediction and reduction of

jet mixing noise. The turbojet and low-bypass

turbofans used for aircraft propulsion during

that era had acoustic signatures dominated by

jet mixing noise produced by the high-speed,

high-temperature exhaust.

Although increasing bypass ratio (BPR) tends

to lower the contribution of the jet as a noise

source relative to the turbomachinery, modern

higher BPR engines continue to generate sig-

nificant farfield jet noise at high-thrust takeoff

conditions. Also, for growth applications

(increased takeoff gross weight) of existing

aircraft such as the Boeing 747,757,767, and

777, high-BPR engines that provide increased

thrust are needed. New large engines and

derivatives of existing large engines capable of

producing the needed higher thrust generally

operate with higher fan pressure ratios and

consequently higher fan and core exhaust jet
velocities.

For these reasons, jet mixing noise will con-

tinue to be a significant contribution to engine

acoustic signatures at takeoff power. However,

development of mixing-enhancement devices

would enable airplane/engine growth without

need for costly major engine/nacelle redesigns.

In the AST program, NASA has addressed the

need to reduce jet mixing noise through re-

search into the noise-reduction potential of new

exhaust nozzle designs. An effort was identi-

fied to develop (1) a subsonic separate-flow

nozzle system jet noise database and (2)

concepts for reducing separate-flow jet noise.
NASA Lewis awarded GEAE a contract

(NAS3-27720, AoI 14.3) to design, build, and

test separate-flow exhaust system scale mod-

els, in the BPR range of 5 to 8, that employ

various potential jet noise reduction features in

the form of mixing-enhancement devices.

This NASA test program involved efforts from

NASA Lewis Research Center, GEAE, and

P&W with technical assistance from AEC

(subcontractor to GEAE) and the Boeing Com-

mercial Aircraft Company (subcontractor to

P&W).

GEAE/AEC provided 5 baseline axisymmetric

separate-flow nozzle models (BPR = 5 and 8)

with internal and external plugs and 11 mixing-

enhancer designs consisting of various

chevrons, vortex-generator doublets, and a

"tongue" mixer.

P&W, under contract NAS3-27727 (Task

Order 14.2), supplied nine enhanced-mixing

nozzle models representing five jet noise re-

duction designs (offset-centerline fan nozzle,

flipper-tabbed fan and core nozzles, scarfed fan

nozzle, core full-mixer nozzle, and core half-

mixer nozzle). All P&W hardware was adapt-

able only to the GEAE-provided, BPR = 5,

external-plug, separate-flow, baseline exhaust

system model.

The model test program was conducted in the

NASA Lewis Aeroacoustic and Propulsion

Laboratory (AAPL) Nozzle Acoustic Test Rig

(NATR) facility in the March through June
1997 time frame. Farfield noise measurements

were acquired in this test program. The NATR

was not configured for nozzle thrust measure-

ments for this test program.

This report describes the model test program

that evaluated selected GEAE and AEC jet

noise reduction concepts potentially applicable

to current and future, separate-flow, high-BPR

engine/nacelle exhaust systems. The specific

objectives of this NASA test program are
summarized below:

1. Generate a high-quality jet noise acoustic

database for baseline separate-flow nozzle

models for a range of simulated operating/

flight conditions.
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.

.

Evaluate and validate (relative to baseline

configurations) noise-reduction concepts

for high-bypass, separate-flow exhaust sys-

tems that could reduce noise in the range of

3 EPNdB for the exhaust jet noise compo-

nent of modem, high-bypass turbofans.

Perform limited nearfield noise testing of

selected promising noise-reduction con-

cepts using a Boeing provided phased-array

microphone system in an attempt to locate

major sources of jet noise radiation.

4. Conduct jet plume survey (pressure and

temperature) testing on selected promising

noise-reduction concepts to correlate with

jet noise farfield measurements to further

understand jet noise signatures.

GEAE contracted effort focused on Objectives

1 and 2.
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3.0 Selection of Baseline Nozzles and Mixing-Enhancer
Concepts

Brief descriptions of the selected baseline

nozzles are provided in Section 3.1. Section 3.2

contains a listing of potential mixing-enhancer

concepts that were initially selected by GEAE/

AEC for screening, details of the conducted

computational fluid dynamics (CFD) analysis,

and brief descriptions of the concepts finally
selected for fabrication. Details of the baseline

nozzle and mixing-enhancer hardware are
described in Section 4.

plugs. The coplanar-exit nozzle represents a

reference baseline geometry.

The model hardware fabricated under the

Langley/Douglas program for testing in the

Langley JNL facility could not be used directly

in the NASA Lewis AAPL facility because the

flange mountings and the structure of the

AAPL system were not compatible (scale

factor difference of 1.0224).

3.1 Selected Baseline Nozzles

McDonnell Douglas, under NASA Langley

Contract NAS1-20103 (Task Order 6 "Sub-

sonic Dual Stream Jet Noise Database") has

designed a series of high-bypass-ratio, sepa-

rate-flow, scale-model nozzles representing

typical geometry variations of current and

advanced engine exhaust systems. It was

decided to use the aerodynamic flow lines of

some of these generic designs for the baseline

nozzles of this program, and the following

separate-flow exhaust systems were selected:

• BPR = 5.0 with Coplanar Exit

• BPR = 5.0 with Internal Plug

• BPR = 5.0 with External Plug

• BPR = 8.0 with Internal Plug

• BPR = 8.0 with External Plug

• BPR = 5.0 with External Plug and Short Fan

Nozzle (this one was later deleted from the

program)

Bypass ratios of 5 and 8 were selected because

they represent BPR's of current and growth

product-engine applications The selected

geometry details address key nozzle variables,

and the measured results from this program will

provide a parametric database including depen-

dency on BPR and internal versus external core

3.2 Mixing-Enhancer Candidates

At the outset of this program, GEAE/AEC

decided to consider mainly those mixing-

enhancer concepts that had the potential to

provide significant jet noise reduction with

minimal nozzle performance (thrust) loss and

minimal nozzle weight increase. The potential

candidates were also mostly limited to those

that were somewhat easily adaptable to engine

applications.

The initial candidate concepts were selected

based on anticipated ability to enhance mixing

of the higher velocity core jet with the lower

velocity fan stream relative to that of a separate-

flow baseline nozzle. Although, in principle,

enhanced mixing should reduce noise metrics

such as perceived noise level (PNL), it has not

always been so in practical applications.

Increased mixing, in general, has decreased jet

sound pressure level (SPL) at lower frequen-

cies but has also increased SPL at higher

frequencies (References 1-4). The increase in

higher frequency sound levels exacerbates

annoyance (Noy factor) and thus offsets some

of the reduction at frequencies where jet mixing

noise produces peak SPL.

The increase in higher frequency noise has
sometimes been attributed to increased turbu-

lence due to enhanced mixing. To minimize or

avoid the increase in SPL at higher frequencies,
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mixing of the two streamsshouldtakeplace
without significantincreasein flow turbulence
intensity.Therefore,mostof themixing candi-
datesthat wereconsideredunderthisprogram
wereconceptsthat wouldprovidea "gentler"
mixing of the two streamsoutsideanddown-
streamof therespectivenozzleexitsratherthan
a "forced" mixing insidetheexhaustduct.By
this approach, it was anticipated that the
candidateconcept,if successfulin enhancing
mixing and thus providing significant noise
benefit, would also impose a minimal
associatedperformancethrustloss.

GEAEandAEC collaboratedto comeupwith
38potentialconceptsfor jet mixing enhance-
ment. They are summarizedin Table 1. The
conceptsincludedchevrons,flipper chevrons,
chevronswith tabs,tabs,flipper tabs/paddles,
vortexgenerators,a scarfednozzle,anelliptic
nozzle,and a "tongue" mixer for corenozzle
application.Chevrons,flipper chevrons,tabs,
vortex generators,a scarfednozzle, and an
elliptic nozzlewerethe potentialconceptsfor
fannozzleapplication.

Descriptionsof the mixing mechanismspro-
videdby someof theseconceptscanbe found
in References5-15. Chevrons,tabs,paddles,
scarfednozzles,and elliptic nozzlesprovide
additional shearperimeterrelative to a sepa-
rate-flow baselinenozzle and thus increase
interfacial mixing area. Chevrons, tabs,
paddles,andvortexgeneratorsgeneratelarge-
scale,streamwise,counterrotatingvorticesthat
enhancemixing. Theideabehindthe"tongue"
mixeris tohavecontouredchutespenetratethe
core flow for forcedmixing of core and fan
streams.

To keeptheoveralltestprogramwithin scope
andavoidduplicationof conceptsthatNASA
Langley and P&W were considering(flipper
tabs/paddlesand scarfed nozzles) in their
respectiveseparate-flowjet noiseprograms,
the initial GEAE/AEC selectionmatrix was
trimmed to 30 candidates(seeTable 1). Of

these30 concepts,only chevronand inward
flipper chevron designswere identified for
screeningby computational fluid dynamics
(CFD)analysisbyGEAE,andthetonguemixer
wasidentifiedfor CFD analysisby AEC. The
resultsof CFDanalysesofthechevrons,flipper
chevrons,and the tonguemixer are summa-
rizedin Sections3.3and3.4of this report.

3.3 GEAE CFD Analysis of Chevron
Concepts

The primary consideration in the design of the
chevrons was to maintain a continuous flow-

path with no slope discontinuities. The chev-

rons were designed on stringers using a cubic or

quadratic fit between the trailing edge of the
nozzle and the end of the chevron. The end of

the chevron was selected based on the desired

penetration into the core or fan stream. For the

concept analysis, penetration depth was

selected to be one boundary layer thickness.

GEAE performed the CFD analyses of the

selected chevron concepts. All of the analyses

were conducted on the BPR = 5, external plug

exhaust system. A typical takeoff operating

point was selected for the analyses. The pres-

sure ratio and total temperature for the core and

fan streams, respectively were: 1.65/1650°R
and 1.80/665 °R. The free- stream Mach number

was 0.29. The following discussions detail the

analysis procedure and summarize the results.

3.3.1 Analysis Procedure

To analyze the potential benefit of the proposed

chevron configurations, a 3D, viscous CFD

analysis of the chevrons was conducted. To

analyze each configuration, PAB3D (devel-

oped and maintained by NASA Langley) was

used. PAB3D solves the 3D thin-layer Navier-

Stokes equations on a multiblock grid using a

variety of turbulence models. It has been

calibrated for and widely used on exhaust

system flows. Details of this code are described
in References 16-18.
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To analyze the chevron configurations, a three-

block grid was used with one block each for the

core stream, fan stream, and free stream. Figure

1 is a meridional view of a typical grid in the

vicinity of the exhaust system. The grid

extended 9 fan diameters radially into the free

stream and 30 fan diameters axially down-

stream of the nozzle exhaust. The grid extended

circumferentially over half of one chevron, so

symmetry boundary conditions were used to

account for the circumferential periodicity of

the geometry and flowfield.

As stated earlier, PAB3D solved the thin-layer

Navier-Stokes equations. For analysis of the

chevrons, the option that couples the j and k

directions (radial and circumferential, respec-

tively) was selected. The Jones and Launder

turbulence model was selected, and the flow-

field was gridded to y+ = 1. Third-order

accurate spatial discretization was used with
the minmod limiter.

3.3.2 Postprocessing

Effectiveness of various chevron configura-

tions was evaluated by examining the PAB3D

solutions in several ways. The circumferen-

tially averaged velocity and turbulent kinetic

energy (TKE) profiles were used to evaluate the

decay of the plume and the transfer of energy

from low frequencies (large-scale plume struc-

ture) to high frequencies (turbulence). Typical

profiles for a 12-chevron core nozzle, separate-

flow configuration are illustrated in Figure 2.

The velocity profiles indicate the mixing of the

core and fan stream and decay of the plume.

The TKE profiles indicate all of the TKE,

initially, is confined to the shear layers that

develop between the core and fan streams and
between the fan stream and the free stream. As

the plume develops, the shear layers become

thicker and grow together. It is interesting to

note that TKE is higher in the fan/free-stream

shear layer than in the core/fan shear layer. This

is consistent with the fact that the velocity
difference between the fan stream and free

stream is greater than that between the core and
fan streams.

Cross-stream cuts through the flowfield were

used to examine mixing effectiveness and to

understand the physical effect of the chevrons

on the flowfield. Typical cross-stream cuts

obtained with the 12-straight-chevron core

nozzle configuration and a 12-flipped-chevron

(into core flow) core nozzle configuration are

shown in Figure 3. The total temperature

contours at the plug trailing edge for the two

configurations are compared in this figure.

Note that for a baseline configuration, with no

Figure 1. Typical Grid Used to Analyze a Chevron Configuration

NASA/CR 2000-210039 8
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chevrons on the core nozzle, the temperature

contours would be circular arcs. The tempera-

ture profiles indicate cross flow of the hot core
and cooler fan streams with core nozzle chev-

rons. The depth of penetration of the streams

appears to be greater with the flipper-chevron

configuration than with the straight-chevron

configuration.

A great difficulty with postprocessing the CFD

results was interpreting the acoustic benefit of

the chevrons. More rapid plume decay should

reduce the strength of noise sources located far

downstream and thus reduce low-frequency

noise. However, higher turbulence near the

nozzle exit could increase high-frequency
noise. If the effect of the chevrons on turbu-

lence was not considered, one would be driven

to designs that maximize plume decay regard-
less of the effect on turbulence and associated

high-frequency noise. Therefore, it is neces-

sary to consider the effect of the chevrons on

TKE production. Since the TKE profile trends

qualitatively appear reasonable, they were

considered in the final comparative analysis of

the various chevron designs. It is recognized

that this introduced some uncertainty into the

quantitative results as the magnitude of TKE is

not a parameter which, to the authors' knowl-

edge, has been validated against test data for

separate-flow exhaust system plumes.

3.3.3 Analysis Results

Seven chevron configurations were analyzed in

addition to the baseline BPR = 5 external plug

exhaust system. The chevron configurations

analyzed were 8, 12, and 18 straight chevrons

on the core nozzle; 12, 24, and 36 straight

chevrons on the fan nozzle; and 12 flipped (into

core stream) chevrons on the core nozzle. The

chevrons were all placed at equal angular

intervals. All of the chevron configurations

analyzed appeared to have some mixing benefit
relative to the baseline nozzle.

For all configurations, the chevrons had the

same qualitative effect on the flowfield. Each

chevron generated a pair of counterrotating

streamwise vortices. This is shown in Figure 4

for the 12-chevron core nozzle configuration.
These vortices enhanced the transverse convec-

tive transport of mass, momentum, and energy

between the adjacent streams and thus resulted

in more rapid mixing of the plume and faster

decay of the higher speed core jet. An added

benefit of the chevrons is that they reduce, in an

average sense, the gradient between the adja-

cent streams. Since TKE is a strong function of

gradients in the flow, reduced gradients pro-

duce less TKE in the shear layers and therefore

could result in less high-frequency noise.

Based on these analyses, the most promising

configurations were found to be 8 and 12
chevrons on the core nozzle and 12 and 24

chevrons on the fan nozzle. The 8 chevrons on

the core appeared to be better than 12 chevrons

on the core, and the 24 chevrons on the fan

appeared to be slightly better than 12 chevrons
on the fan. The results for the 12 chevrons

flipped into the core stream were inconclusive;

a tremendous plume velocity reduction was

effected, but the configuration also appeared to

generate substantially more TKE. From the

above described CFD results, it was not pos-

sible to definitely determine whether the noise

due to the increased TKE would outweigh the

benefit due to the reduced plume velocities.

3.4 AEC CFD Analysis of Tongue
Mixer

The AEC concept focused on aggressive mix-

ing strategies. The mixer concept, referred to as

a tongue mixer, was modeled using CFD by
AEC.

3.4.1 Numerical Modeling

A 3D, viscous CFD analysis was conducted on

the proposed tongue mixer configuration using

the NPARC analysis code. The NPARC code

(Reference 19), Version 3.0, solves the full,

NASA/CR 2000-210039 10
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three-dimensional, Reynolds-averaged, Navier

-Stokes equations in strong conservation form

using the Beam and Warming approximate

factorization scheme to obtain a block tridiago-

hal system of equations. Pulliam's scalar penta-

diagonal transformation provides an efficient
solver. The code has several turbulence models

available. The calculations presented in this

study used the Chien low Reynolds number k-_
model. The scheme uses a central difference

approximation. Artificial dissipation is
introduced to eliminate oscillations associated

with the differencing scheme. The code uses

structured, multiple grid blocks. Information is

transferred across grid block interfaces using

trilinear interpolation. The NPARC code has

been used extensively at AEC to predict both
internal and external flows associated with

mixer/nozzle exhaust systems.

3.4.2 Grid generation

The tongue mixer is composed of 12 identical

pairs of chutes or tongues spaced at equal

angular intervals along the circumference. In

each pair, one chute is deflected into the core

nozzle, and the other is aligned with the

undisturbed bypass flow streamlines. This

periodic geometry was exploited to reduce the

computational requirements -- resulting in a

grid extending circumferentially between the

centerline and one tongue pair, as shown in

Figure 5. The GRIDGEN code (Reference 20)

was used to generate the computational grid.

The grid consisted of 8 blocks with a total of 1.8

million grid points. Both contiguous and non-

contiguous block interfaces were used. Grid

density near boundaries was sufficient to

resolve boundary and shear layers. The down-

NASA/CR 2000-210039 11



Figure 5. Geometry of
Tongue Mixer
Numerical Model

stream boundary was established 30 diameters

aft of the nozzle exit in order to capture a

significant portion of the plume development.

The outer radial boundary is approximately 22

diameters from the nozzle centerline. Figure 1

shows a meridonal view of the grid.

3.4.3 Boundary Conditions

Fan and core total pressures and temperatures

were specified on upstream boundaries internal
to the nozzle. Solid walls were modeled as

adiabatic, no-slip surfaces. For the external

flow, upstream total pressure and temperature

were specified and set consistent with the

desired free-stream Mach number. Symmetry

conditions were applied at the centerline and

across the edge boundaries in the radial/axial

plane, while the outer radial boundary in the

free stream was modeled as a slip surface.

3.4.4 Results

The results presented in this section correspond

to a fan total pressure ratio of 1.6 and a core total

pressure ratio of 1.35. The internal total

temperatures were set to 1.19 and 2.59 times

ambient for the fan and core streams, respec-

tively. All results are for a free-stream Mach

number of 0.28. Initial geometric definition of

the tongue mixer was based on previous

internal mixer experience. The intent was to

vary key geometric parameters to optimize the

configuration. Acoustic performance was to be

qualitatively assessed based on the production

of TKE. However, the numerical solution in the

plume proved extremely slow to converge. As

a result, it was not feasible to explore alternate

configurations such as different numbers of

chutes, chute deflection angle, or tongue shape.

The numerical results confirm that the selected

configuration is aerodynamically acceptable,

producing no regions of separated flow and

acceptable losses. As can be seen in Figure 6,

the core centerline temperature begins to decay

at approximately six diameters downstream of

the mixer exit; this is similar to single-stream

jet flows. It should be noted that full conver-

gence has not been achieved in the region
downstream of 20 diameters. In addition, the

lack of monotonic decay of the centerline total

temperature from three to 20 diameters (includ-

ing spikes in Figure 6) is due to either lack of

convergence or numerical issues related to how
NPARC treats the coordinate transformation

Jacobian at the centerline. The centerline axial

velocity decay is shown in Figure 7. This trend

is similar to total temperature decay.

As a check on the results, the numerical results

were compared with ideal core velocity and

total temperature. The maximum numerical

value of axial velocity occurs on the centerline

and is very close to the ideal levels. The ideal

mixed total temperature was reached approxi-

mately 10 diameters downstream of the mixer

exit, similar to the behavior measured on other

mixer/nozzle configurations. Displaying the

centerline velocity and temperature evolution

on a log/linear scale showed decay behavior

NASA/CR 2000-210039 12
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very similar to that observed in single-stream

jets, except in the region between the nozzle

exit and two diameters downstream. In this

region, the velocity field is controlled by the

wake from the core nozzle plug.

Contour plots of total temperature and TKE are

presented in Figures 8 and 9. These figures

demonstrate the qualitative effect of the tongue

mixer on the mixing of the core and fan streams.

The predicted contours show the formation of

a strong axial vortex. In contrast to more

traditional mixed-flow configurations, this

vortex forms in a region of relatively high axial

velocity and is not constrained by the presence
of duct walls. Interactions between the vortex

and the primary-to-secondary shear layer in the

vortex formation region appear weak. The

strength of the vortex has decayed an order of

magnitude by five diameters downstream of the
core nozzle exit.

Referring to Figure 9, the annular concentra-

tion of TKE in the core cowl shear layer is

initially generated by the roll-up of the axial

vortex and its interaction with the tongue

boundary layers. As the plume evolves, the

TKE continues to increase. A maximum is

reached approximately one-half diameter

downstream of the core nozzle exit and persists

well downstream. This is accompanied by a
general dispersion of turbulence across the

X/D = 0

1345

X/D = 0.5

1200

X/D = 1.0

1200

©
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__ 1100

Temperatures are in °R; contours are in 50° increments.

Figure 8. Total Temperature Contours
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plume, until at five diameters downstream of

the core nozzle exit, turbulence is found across

the entire radial extent of the plume. Not

surprisingly, this corresponds to the end of the

primary jet potential core. Evolution of the

turbulence properties in this annular region is

likely to be strongly influenced by numerical

modeling approximations. The grid blocking

scheme employed in this region produced a

noncontiguous, overlapping grid interface. As

previously mentioned, information is trans-

ferred across such boundaries by interpolation.

The interpolation process may well be the

reason for the TKE tending to the constant

maximum value mentioned earlier. Due to

extremely slow convergence of the numerical

results, it was not possible to investigate the

sensitivity of turbulence to changes in grid

structure or interpolation scheme.

Interpretation of the CFD results in terms of

acoustic impact was difficult. It was initially
intended to use TKE as a discriminator of

acoustic performance. Since no calibration of

numerical TKE predictions and measured
noise levels was available for a reference

configuration, qualitative rather than quantita-

tive comparisons were intended. The formation

of the region of fairly high TKE near the core

nozzle exit, as shown in Figure 9, is physically

consistent with the existence of a strong vortex

in this region. Due to the relatively high

NASA/CR 2000-210039 15



velocities, noise produced in this region would

be observed at higher frequencies than typical-

ly associated with jet mixing. However, persis-

tence of the TKE maximum up to the end of the

primary potential core does not appear to be a

correct physical trend, making direct acoustic

interpretation of CFD results impossible.

3.5 Doublet Design Review

The doublet concept was mainly based on the

work by Barter and McCormick (References 13

and 15). Their studies showed that doublets

generate strong streamwise vortices with little

drag penalty. It was decided to select a doublet

design identical to that used by Barter and
McCormick but scaled for differences in

boundary layer thickness (based on velocity).

3.6 Selected Mixing-Enhancer
Concepts

Cost quotes were obtained for the 30 sets of

mixing-enhancement candidate hardware

listed in Table 2. Out of these 30, a total of 11

were selected for fabrication (denoted by * in

Table 2). The selection was guided by CFD

results for selected chevron designs, configura-
tion considerations relative to what NASA

Langley and P&W were planning for their test

configurations, and budgetary limitations.

The selected devices, categorized in terms of

the candidate mixing-enhancement concepts,

for the different baseline separate-flow exhaust

model applications are listed in Table 3. Table

4 is a condensed summary of the reasoning for

eliminating concepts. Table 5 is a summary of

the noise-reduction concepts finally selected
for fabrication and acoustic evaluation.

3.6.1 Selected Core Nozzle

Concepts

For the BPR = 5 internal plug baseline nozzle

(Model 2), a 12-chevron core nozzle and an

AEC defined tongue mixer were chosen.

Because it is typical of many full-scale engine

nozzles, the BPR = 5 external plug baseline

nozzle (Model 3) was chosen as the exhaust

system of most interest; consequently, most of

the noise-reduction concepts were developed

for application on this configuration. These

included: an 8-chevron core nozzle, a 12-chev-

ron core nozzle, a 12-chevron core nozzle with

chevrons deflected into the core stream (inward

flipper chevrons), a 12-chevron core nozzle

with chevrons deflected alternately into the

core and fan streams (alternating flipper chev-

rons), a core nozzle with 64 doublet vortex

generators installed on the internal/core flow

side, and a core nozzle with 20 doublet vortex

generators installed on the external/fan flow
side.

For the BPR = 8 external plug baseline nozzle

(Model 5), a 12-chevron core nozzle was
chosen.

No core nozzle mixing enhancer concepts were

chosen for use on the BPR = 8 internal plug

nozzle (Model 4) or the BPR -- 5 coplanar

baseline nozzle (Model 1) configurations.

3.6.2 Selected Fan Nozzle

Concepts

Separate-flow exhaust system fan nozzle hard-

ware is the same for the BPR = 5 and 8 internal

and external plug nozzle models. Therefore,

any fan nozzle mixing-enhancer concept hard-

ware chosen for one of these configurations can

be employed on all of them. The types of

devices selected for investigation on the fan

nozzle include a 24-chevron arrangement and

a nozzle with 96 doublet vortex generators
installed on the internal/fan flow side near the

fan nozzle exit plane.

The baseline BPR = 5 external plug with short

fan nozzle model was deleted from the pro-

gram. Hence, no noise-reduction devices were

selected for study with this exhaust system

design.
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Table 2. Mixing-Enhancer Candidate Concept List

-_ Selected concepts indicated with an asterisk (*)

Model Item Description

2 * 6a Core Nozzle, 12 Chevron

6b Core Nozzle, 24 Chevron

6c Core Nozzle, Inward Flipper Chevron (12 or 24)

6d Core Nozzle, Alternating Flipper Chevron (12 or 24)

6e Core Nozzle, Chevron with Tabs (12 or 24)

6f Core Nozzle with 18 Tabs

6g Core Nozzle, 48 Internal Vortex-Generator Doublets

6h Elliptic Core Nozzle

• 6i Core Nozzle, with Tongued Mixer

6j Core Nozzle, 48 Internal Vortex-Generator Singlets

2-5 * 7a Fan Nozzle, 24 Chevron

7b Fan Nozzle, Flipper Chevron (12 or 24)

7c Fan Nozzle, with 50 Tabs

• 7d Fan Nozzle, 96 Internal Vortex-Generator Doublets

7e Elliptic Fan, Nozzle

7f Fan Nozzle, 96 Internal Vortex-Generator Singlets

3 * 9a Core Nozzle, 12 Chevron

• 9b Core Nozzle, 8 Chevron

• 9c Core Nozzle, Inward Flipper Chevron (12)

• 9d Core Nozzle, Alternating Flipper Chevron (12)

9e Core Nozzle, Chevron with Tabs (12 or 24)

9f Core Nozzle with 18 Tabs

• 9g Core Nozzle, 64 Internal Vortex-Generator Doublets

9h Core Nozzle, 64 Internal Vortex-Generator Singlets

• 9i Core Nozzle, 20 External Vortex-Generator Doublets

5 * 13a Core Nozzle, 12 Chevron

13b Core Nozzle with 18 Tabs

Original 6 18a Core Nozzle, 12 Chevron

18b Core Nozzle, 64 Internal Vortex-Generator Doublets

18c Core Nozzle, 64 Internal Vortex-Generator Singlets
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Table 3. Mixing-Enhancer Concepts Selection

1. Comparison of Core Chevrons on Different Type Nozzles

Model BPR Plug

2 5.0 Internal

Number of Chevrons Item

12 6a

3 5.0 External 12 9a

5 8.0 External 12 13a

2. Comparison of Number of Chevrons on Core

Model BPR Plug

3 5.0 External

3 5.0 External

3. Comparison of Chevron Types on Core

Number of Chevrons Item

12 9a

8 9b

Model BPR Plug Type of Chevrons Item

3 5.0 External Basic (12) 9a

3 5.0 External

3 5.0 External

4. Comparison of Core Vortex Generators

Inward Flipper (12)

Alternating Flipper (12)

9c

9d

Model BPR Plug

5.0
Type of Vortex Generator Item

3 External Internal Doublet (64) 9g

3 5.0 External External Doublet (20) 9i

5. Comparison of Different Enhancer Devices on Core

Model BPR Plug Type of Enhancer Item

2 5.0 Internal 12 Chevrons 6a

2 5.0 Internal Tongue Mixer 6i

6. Fan Nozzle Enhancers

Model

2-5

BPR Plug Type of Enhancer Item

5.0 - 8.0 Internal and External 24 Chevrons 7a

2-5 5.0 - 8.0 Internal and External Internal Doublet (96) 7d

Total Number of Concepts Selected: 11
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Table 4. Reasons for Elimination of Some of Mixing-Enhancer Concepts

Item Reason

6b 12 Chevrons (6a) anticipated to be better

6c Effects on external plug nozzle (9c) more desirable

6d Effects on external plug nozzle (9d) more desirable

6e Anticipated effectiveness deemed not worth cost

6f 12 Chevrons (6a) anticipated to be better

6g Effects on external plug nozzle (9g) more desirable

6h Too expensive

6j Anticipated effectiveness deemed not worth cost

7b Anticipated effectiveness deemed not worth cost

7c NASA Langley and P&W concepts similar

7e Too expensive

7f Anticipated effectiveness deemed not worth cost

9f NASA Langley and P&W concepts similar

9e 12 Chevrons alone (9a) anticipated to be better

9h Doublets (9g) anticipated to be better

13b 12 Chevrons (13a) anticipated to be better

18a Original Model No. 6 deleted

18b Original Model No. 6 deleted

18c Original Model No. 6 deleted

Table 5. Noise-Reduction Concepts Selected for Evaluation

Core Nozzle

Chevron (8)

Chevron (12)

Flipper Chevron (12)
(Inward Flip)

Flipper Chevron (12)

(Alternately Flip)

Vortex Generating Doublet (64)
(Core Flow Side)

Vortex Generating Doublet (20)
(Fan Flow Side)

Tongue Mixer

Model

1 2 3 4 5

X

X X X

X

Fan Nozzle *

Chevron (24)

Vortex-Generating Doublet (96)
(Fan Flow Side)

* Fan Nozzle Hardware Is Common For Models 2 Through 5

Model

1 2 3 4

X X X

X X X
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4.0 Separate-Flow Exhaust System Model Design,
Fabrication, and Instrumentation

Five scale-model, separate-flow exhaust

nozzles, representative of current and advanced

high-BPR engines, were selected as baseline

configurations for this program. Mixing-

enhancement devices can be incorporated into

the fan and core components of these nozzles.

Twenty mixing-enhancement concepts (11

GEAE/AEC and 9 P&W) were chosen for the

NASA testing, 7 for the fan nozzle and 13 for
the core nozzle. The GEAE/AEC hardware is

discussed in detail in the following paragraphs.
Table 6 is a list of the contractor-fabricated

model hardware for this program. Details of the

separate-flow nozzle (SFN) model hardware

are available in ASE series 2078 and 2087

drawings and in Reference 21.

4.1 Baseline Models

The baseline models consist of a BPR = 5

coplanar exhaust system and internal and

external plug nozzle concepts of BPR = 5 and

8. These are scaled (scale factor = 1.0224)

versions of concepts planned to be tested at

NASA Langley. Estimated nozzle areas (at

operating conditions) are presented in Table 7.

Table 6. Separate-Flow Nozzle (SFN) Test Contractor Hardware List

ASE Dwg

2078-001

2078-002

2078-003

2078-004

2078-005

2078-402

2078-403

2078-404

2078-405

2078-406

2078-407

2078-408

Description

Model Nos. 2 - 5, fan nozzle

Model No. 1, fan nozzle

Model Nos. 2 - 5, 24-chevron fan nozzle

Model Nos. 2 - 5, 96 internal vortex generator doublet fan nozzle

Model No. 3, 20 external vortex generator doublet core nozzle

Model No. 3, tailcone forward section

Core nozzle adapter

Model No. 2/No. 3, core nozzle forward section

Model No. 3, core nozzle aft section

Model No. 5, tailcone forward section

Model No. 2, core nozzle aft section

Model No. 5, tailcone aft section

2078-409 Model No. 4/No. 5, core nozzle forward section

2078-410 Model No. 5, core nozzle aft section

2078-411 Model No. 3, tailcone aft section

2078-412 !Model No. 4, core nozzle aft section

2078-413 Model No. 1, core nozzle

2078-414 Tongue mixer core nozzle forward ring

2078-416 !Tongue mixer core nozzle forward section

Contractor

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE

GEAE
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Table 6. Separate-Flow Nozzle (SFN) Test Contractor Hardware List (Concluded)

ASE Dwg Description Contractor

2078-422 Model No. 3, 12-chevron core nozzle aft section GEAE

2078-423 Model No. 3, 8-chevron core nozzle aft section GEAE

2078-424 Model No. 5, 12-chevron core nozzle aft section GEAE

2078-425 Model No. 2, 12-chevron core nozzle aft section GEAE

2078-426 Model No. 3, 64 internal vortex generator doublet core nozzle aft section GEAE

2078-427 Model No. 3, 12 inward flipper chevron core nozzle aft section G EAE

2078-428 Core nozzle adapter strut body GEAE

2078-429 Model No. 3, 12 alternating flipper chevron core nozzle aft section GEAE

2078-601 Forward plug adapter GEAE

2078-602 Model No. 1, tailcone GEAE

2078-603 Model No. 2/No. 4, tailcone GEAE

2078-603A I Model No. 2/No. 4, extended tailcone AEC

2078-604 Forward plug closeout GEAE

2078-605 Model No. 2/No. 3, core nozzle cover ring GEAE

2078-606 Core nozzle split ring cover GEAE

2078-607 Model No. 4/No. 5, core nozzle cover ring GEAE

2078-608 Tongue mixer core nozzle cover ring GEAE

2078-609 Centerbody sliding sleeve GEAE

2078-611 Tongue mixer fan lobe G EAE

2078-612 Tongue mixer core lobe G EAE

2078-801 Core ID sleeve GEAE

2078-802 Core nozzle adapter strut body plug nose GEAE

2087-001 Model No. 3, 48 flipper tab fan nozzle P&W

2087-002 Model No. 3, 24 flipper tab fan nozzle P&W

2087-003 Model No. 3, medium offset fan nozzle P&W

2087-004 Model No. 3, max offset fan nozzle P&W

2087-006 Model No. 3, scarf fan nozzle P&W

2087-401 Model No. 3, 48 flipper tab core nozzle aft section P&W

2087-402 Model No. 3, 24 flipper tab core nozzle aft section P&W

2087-404 Model No. 3, half-mixer core nozzle aft section P&W

2087-407 Model No. 3, full-mixer core nozzle aft section P&W

Seals GEAE

Fasteners GEAE

NASA/CR--2000-210039 22



Table 7. Estimated Nozzle Areas at Simulated Takeoff Operating Conditions

Model

3

4

5

Description

BPR = 5.0, Coplanar

BPR = 5.0, Internal Plug

BPR = 5.0, External Plug

BPR = 8.0, Internal Plug

BPR = 8.0, External Plug

Estimated Area, in2

Core

11.30

11.19

10.53

7.96

8.64

Fan

29.58

28.94

28.94

32.72

32.72

4.1.1 Model No. 1, Coplanar
(BPR = 5.0)

Model No. 1 (Figure 10) is a BPR = 5 system

with coplanar exit stations; it includes a tail-

cone aft section (ASE drawing 2078-602) and

(ASE 2078-413) core nozzle (3.753-in cold

exit diameter) and (ASE 2078-002) fan nozzle

(7.246-in cold exit diameter). Based on pre-

vious scale-model nozzle experience, a fan

nozzle external boattail angle of approximately

14 ° was selected. No mixing-enhancer devices

were tested on this configuration. The purpose

of this model was to provide a common concept

for comparing acoustic data from NASA Lewis

(AAPL) and NASA Langley (JNL).

4.1.2 Model No. 2, Internal Plug
(BPR = 5.0)

Model No. 2 (Figure 11) is a BPR = 5 system

with an internal plug. Components include a

fan nozzle (ASE 2078-001), a tailcone (ASE

2078-603), core nozzle forward and aft sec-

tions (ASE 2078-404, 407), and a core nozzle

cover ring (ASE 2078-605). The fan nozzle

(9.629-in cold exit diameter) is common to

model Nos. 2 through No. 5 and has an external

boattail angle of approximately 14 °. For test-

ing, the fan nozzle exit plane was situated 24.39

inches aft--jet exit rig (JER) station 156.49-

of the facility free-jet nozzle exit plane at JER
station 132.10. The tailcone is also used on

Model No. 4 (BPR = 8, internal plug). Because

of the flow lines, the core nozzle forward

section is also common with Model No. 3 (BPR

= 5, external plug), but the core nozzle aft

section is unique to Model No. 2 and has an

external boattail angle of approximately 14 °.

The core nozzle exit plane was designed to be
7.081 inches downstream of the fan nozzle exit

plane at cold static conditions and has a cold
exit diameter of 3.753 in. The core nozzle cover

ring is also used on Model No. 3 (BPR = 5,

external plug). Mixing-enhancer devices were
tested on both the core and fan nozzles of

Model No. 2.

4.1.3 Model No. 3, External Plug
(BPR = 5.0)

Model No. 3 (Figure 12) is a BPR = 5 system

with an external plug. Model No. 3 hardware
includes the fan nozzle common to Model Nos.

2 through No. 5 as well as the core nozzle

forward section and nozzle cover ring that are

common with Model No. 2. The (ASE

2078-405) core nozzle aft section and (ASE

2078-402, 411) tailcone (external plug) are

unique to Model No. 3. The plug angle is

approximately 16 ° . The core cowl exit diame-

ter is 5.156 inches (cold) and the core cowl

external boattail angle is approximately 14 °.

Also, at cold conditions, the core cowl exit

plane is 4.267 inches downstream of the fan

nozzle exit plane. Model No. 3 was the

workhorse for testing mixing-enhancer devices
on both the core and fan nozzles.
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Figure 10. Model System No. 1, BPR = 5.0, Coplanar

Figure 11. Model System No. 2, BPR = 5.0, Internal Plug
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Figure 12. Model System No. 3, BPR = 5.0, External Plug

4.1.4 Model No. 4, Internal Plug
(BPR = 8.0)

Model No. 4 (Figure 13) is a BPR = 8 system

with an internal plug. Hardware components

consist of the Model Nos. 2 through No. 5
common fan nozzle, the tailcone that is com-

mon with Model No. 2, a core nozzle forward

and a core nozzle aft section (ASE 2078-409,

412) and a core nozzle cover ring (ASE

2078-607). The core nozzle forward section

and cover ring are also used in Model No. 5

(BPR = 8, external plug). The Model No. 4 core

nozzle aft section has a cold exit diameter of

3.165 inches, and the exit plane extends down-

stream from the fan nozzle exit plane by

approximately 7.6 inches (cold). The external

boattail angle of the core nozzle for Model No.

4 is approximately 14 °. Mixing-enhancer con-

cepts were available for the fan nozzle of Model

No. 4, but none were tested.

4.1.5 Model No. 5, External Plug
(BPR = 8.0)

Model No. 5 (Figure 14) is a BPR = 8 system

with an external plug. It uses the Model Nos. 2

through No. 5 fan nozzle and the Model No. 4

core nozzle forward section and cover ring.
However, the Model No. 5 core nozzle aft

section (ASE 2078-410) has a cold exit diame-

ter of 4.827 inches, and the exit plane extends

downstream of the fan nozzle exit plane by
4.265 inches (cold). The core cowl external

boattail angle is approximately 14 °. The Model

No. 5 tailcone (ASE 2078-406, 408) has a plug

angle of approximately 16 ° . Mixing-enhancer
devices were tested on both the core and the fan

nozzles of Model No. 5.

4.1.6 Adapter Hardware

Baseline separate-flow exhaust system hard-

ware interfaced with facility hardware in three

areas. At the facility core centerbody (a 1.38-in

diameter cylinder), an adapter (ASE

2078-601) attached to and encompassed the

facility hardware, and a sleeve (ASE
2078-801) extended forward to act as the inner

retainer for the core-flow screen assembly. The
facility centerbody was then extended to the

centerbody/plug of the core nozzle adapter

piece with struts (ASE 2078-428) via a sliding

sleeve (ASE 2078-609).

The interface at the core nozzle was designed to
occur at JER station 146.1185. Here the core

nozzle adapter piece (ASE 2078-403) pro-

vided the transition between the facility core

hardware (ASE 2043-007) and the baseline
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Figure 13. Model System No. 4, Internal Plug, BPR = 8.0

Figure 14. Model System No. 5, External Plug, BPR = 8.0

core nozzle forward sections. Struts (three)

extending inward at the aft end of this adapter

piece were part of a centerbody/plug (ASE
2078-428) to which the baseline hardware

plugs attached.

As a precaution, in the event of differential

thermal expansion complications associated

with the sliding sleeve, an alternate configura-

tion for the core nozzle centerbody hardware

was available. In this alternate configuration,

the facility centerbody is closed out by

replacing the sliding sleeve with a 13 ° tailcone

piece (ASE 2078-604). The resulting exposed

front end of the core nozzle adapter piece with

struts, including the sliding surface for the

sliding sleeve, would be covered with a bullet-

nose (ASE 2078-802). This alternate arrange-

ment, illustrated in Figure 10, was not used.

NASA provided a 12.739-in ID fan nozzle

spool piece (NASA drawing 28529M42A001)

that contained fan flow charging station instru-

mentation. SFN baseline and mixing-enhancer
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fan nozzle hardware attached to the aft flange

of the spool piece at JER station 146.1185.

4.2 GEAE/AEC Mixing-Enhancer
Concepts

The GEAE/AEC mixing-enhancement devices

chosen for this program include chevrons,

vortex-generator doublets, and a "tongue"

mixer. These devices (included on new nozzle

hardware) replaced the core nozzle aft sections

and the fan nozzles of specified baseline

separated-flow exhaust nozzle scale-model

configurations (Model Nos. 2 through 5). Two

GEAE mixing enhancer devices were fabri-

cated for the baseline fan nozzles, and nine

GEAE/AEC mixing enhancer devices were

built for application on the baseline core

nozzles. These are summarized in Table 8.

Table 8. GEAE/AEC Mixing-Enhancer
Devices

Fan 24 Chevrons

96 Internal Vortex-Generator Doublets

Core Tongue Mixer (Model No. 2)

12 Chevrons (Model No. 2)

8 Chevrons (Model No. 3)

12 Chevrons (Model No. 3)

12 Inward Flipper Chevrons
(Model No. 3)

12 Alternating Flipper Chevrons
(Model No. 3)

!64 Internal Vortex-Generator Doublets
(Model No. 3)

20 External Vortex-Generator Doublets
(Model No. 3)

12 Chevrons (Model No. 5)

4.2.1 Chevrons

Chevrons are a serrated continuation of a

nozzle trailing edge. They were either straight

extensions to the existing baseline nozzle, or

they were directed inward; alternately, they

were directed inward and outward at the nozzle

exit to effect a _ chevron geometry. For

this test program, a 24-chevron fan nozzle and

a 12-chevron core nozzle were tested on Model

Nos. 2, 3, and 5. An 8-chevron core nozzle was

tested on Model No. 3 as were 12-chevron

inward and 12-chevron alternating flipper

chevron configurations. Figure 15 illustrates

the chevron geometry/nomenclature with

respect to a baseline nozzle exit plane, and

Table 9 lists the basic design parameters for the

chevrons associated with this program.

The overall design philosophy of the chevron

was to generate mixing between the core and

fan streams and between the fan stream and the

free stream, with minimum thrust loss. To

minimize thrust loss, relatively minor flowpath

changes were considered. Further design con-

siderations allowed no surface discontinuities,

and the chevrons blended smoothly to the

baseline exhaust system. Surface discontinui-

ties could lead to flow separation, thrust loss,

and (potentially) increased noise.

To define the surface shape of the chevrons,

second-order curves were used to generate a set

of stringers. The boundary conditions that

defined the shape of the curve were the location

and slope of the upstream end of the chevron

and the location of the downstream end of the

chevron.

4.2.2 Vortex-Generator Doublets

The vortex-generator doublets selected by

GEAE for testing consisted of tandem wedges

located internally near the exit of a fan and a

core nozzle and externally near the exit of a

core nozzle. Reference 15 indicates that these

generators can produce strong, streamwise

vortices in transonic and supersonic wall-
bounded flows.

NASA/CR 2000-210039 27



@ DO=

@ 9` =

@ ,_r =

@ D =

@c =

@s =

@e =

@ b =

(_ 9`p=

@, =

@* =

@s =

@P=

@ 9`/PHD =

(_ P/PHD=

J

Nozzle !D at baseline nozzle throat plane. _ D

f/rSOnoOrem[i21eda_iS2HD(Perimeter Hydraulic Diameter), _ @ °= AiBs2!elil_eit

Nozzle internal flowpath angle at throat plane.

Used to project forward and aft of throat plane for
definition of chevron parameters

Chevron length along inner flowpath; 9`Fwd and 9`Aft = split
of length forward and aft of throat plane

9.Fwd x sinc_

Do + 2_r (Internal diameter at base of chevron)

_D (Circumference at base of chevron) _o@.

C/N (Arc length at base of chevron where N = number of chevrons)

360°/N degrees or 2_/N radians

Dsin(0/2), Chord length at base of chevron, 0 in radians

9`cosc_, projected (planform) length of chevron

arctan[(b/2)/_ p)], half angle of chevron tip

2_ (included angle of chevron tip)

_/(b/2)2 + (_p)2, length of chevron side

N x 2S (perimeter of all chevrons)

Normalized chevron length

Normalized chevron perimeter

Figure 15. Chevron Nomenclature and Geometry with Respect to Baseline Nozzle Exit Plane
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Table 9. Basic Chevron Design Parameters All dimension in inches unless otherwise specified.

Model No.
Parameter

3 3 5 2 2-5

BPR 5.0 5.0 8.0 5.0 5.0 and 8.0

Plug External External External Internal Internal and External

Nozzle Application Core Core Core Core Fan

Mixing Enhancer Item 9a 9b 13a 6a 7a

N 12 8 12 12 24

1 DO(PHD) 5.156 5.156 4.827 3.753 9.629

2 c_(degrees) 11.92 11.92 12.02 11.02 11.99

3 £ 1.0 1.0 1.0 1.0 1.0

3 Cfwd 0.5 0.5 0.5 0.5 0.5

3 £aft 0.5 0.5 0.5 0.5 0.5

4 Ar 0.1033 0.1033 0.1041 0.0956 0.1039

5 D 5.3626 5.3626 5.0352 3.9442 9.8368

6 C 16.847 16.847 15.819 12.391 30.903

7 s 1.4039 2.1059 1.3182 1.0326 1.2876

8 e (degrees) 30 45 30 30 15

8 0 (radians) 0.5236 0.7854 0.5236 0.5236 0.2618

9 b 1.3879 2.0522 1.3032 1.0208 1.2840

10 £p 0.9784 0.9784 0.9781 0.9816 0.9782

11 0 (degrees) 35.35 46.36 33.67 27.47 33.28

12 d_(degrees) 70.69 92.73 67.34 54.95 66.55

13 S 1.1995 1.4178 1.1753 1.1064 1.1701

14 P 28.79 22.68 28.21 26.55 56.16

15 e/PHD 0.194 0.194 0.207 0.266 0.104

16 P/PHD 5.58 4.40 5.84 7.08 5.83

The fan nozzle internal doublet configuration

(ASE 2078-004) was tested on Model No. 2
and contained 96 doublets. The core nozzle

internal doublet scheme (ASE 2078-426) had

64 doublets and was tested on Model No. 3, as

was the core nozzle external doublet design

(ASE 2078-005) with 20 doublets. Doublet

descriptions are summarized in Figure 16.

4.2.3 Tongue Mixer

The AEC-defined tongue mixer, Figures 17

(ASE 2078-415) and 18 (ASE 2078-417),

consisted of 12 equally spaced, specially con-
toured chutes within the circumference of a

core nozzle that partially penetrates into the

core flow. This mixing-enhancer device was
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Internal Vortex Flow Direction
v

Generator Doublet

External Vortex Generator Doublet

I
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Trailing Edge

Nozzle Cross Section Nozzle Cross Section

Nozzle Trailing Edge

F'°w°irecti°ni "A ">

Isometric of Doublet

Roll-Out Segment

Number of W (in)
Description Doublets H (in) a (in) L (in) (Arc Length)

64 0.05 0.50 0.35 0.25Internal Placement on the BPR = 5

External Plug Core Nozzle

External Placement on the BPR= 5

External Plug Core Nozzle

Internal Placement on the Fan Nozzle
Common to Models 2-5

20

96

0.15

0.06

0.50

0.60

1.05

0.42

0.75

0.30

Figure 16. Vortex Generator Doublet Description
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Figure 17. Tongue Mixer Concept

I

Figure 18. Tongue Mixer Configuration Assembly

evaluated on Model No. 2. Because of the

complicated flow lines, this mixing-enhancer

device required a dedicated core nozzle

forward section (ASE 2078-416).

AEC developed the tongue mixer concept from

earlier, NASA-sponsored, internal-mixer test-

ing. The idea is to let the core and fan flows mix

together downstream of the core cowl so that

jet-mixing noise is reduced. The design

consists of 24 periodically spaced, contoured

chutes, called "tongues" herein, within the
circumference of a core nozzle. The 12 alter-

nate tongues, of equal width at the root,

penetrate the core flow. The penetration depth

and tongue length are selected such that the fan

flow over the tongues will not separate. Since

these tongues create a blockage of the core

flow, the remaining 12 tongues are radially

opened up such that the axially projected

NASA/CR--2000-210039 31



core-flow area at the core nozzle exit plane is

kept equal to that of the baseline coaxial nozzle.

However, to avoid creation of a concave corner

on the outer surface of the core cowl (from the

viewpoint of shockless supersonic fan flow at

cruise conditions), that surface is kept smooth
and conical with less deflection of the fan flow

downstream of the fan throat than that in the

baseline nozzle. The concept is depicted in

Figure 17 (ASE 2078-415) and 18 (ASE

2078-417). To maintain the original length

between fan and core nozzle exit planes,

provide sufficient attachment area, and main-

tain smooth flow lines into the mixing section,

a dedicated, unique, core nozzle forward

section was required (ASE 2078--416).

Initial testing of the tongue mixer configuration

produced core mass flow rates significantly

higher than design intent (about 42% higher),

resulting in bypass ratios below the desired

range (about 3.64 instead of 5.2). Since

program constraints made modification of the

tongue geometry impractical, a new core plug

was defined (ASE 2078-603A) that extended

into the core nozzle exit plane to provide

additional flow blockage. The outer diameter

of the cylindrical portion of the extended plug

was identical to the original short plug, and the

length was established such that the cylindrical

section extended to the core nozzle exit plane.
The reduction in core flow area achieved due to

this extended plug turns out to be the same

percent as the reduction in core flow rate

obtained with the baseline nozzle compared to

the unmodified plug at all core nozzle pressure

ratios tested. Figure 19 shows the tongue mixer

with the extended plug.

4.3 Instrumentation

No instrumentation was installed

contractor-supplied model hardware.

on the

Figure 19. Tongue Mixer With Extended Plug (Model 6)
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5.0 Acoustic Test Facility and Test Scope

Testing of the SFN exhaust system baseline and

mixing enhancer hardware was conducted in

the NASA Lewis Research Center Aeroacous-

tic and Propulsion Laboratory (AAPL). A

71/2-week installation and checkout time frame

was followed by 5 weeks of acoustic testing, 2

weeks of Boeing phased-array installation and

testing, another week to revert back to and

conduct more acoustic testing, and then 2

additional weeks for plume survey rake instal-

lation and testing. During acoustic testing,

NASA periodically acquired their own phased-

array data and took infrared camera shots of

selected exhaust nozzle configuration jet

plumes. Test variables included free-jet Mach

number, fan nozzle pressure ratio, core nozzle

pressure ratio, fan flow temperature, and core

flow temperature. A test plan report (Reference

22) was jointly prepared for this test program

by GEAE and P&W with contributions from

NASA Lewis facilities personnel, AEC, and

the Boeing Commercial Aircraft Company.

5.1 Facility Description and
Instrumentation

The AAPL at NASA Lewis is a 65-ft radius,

anechoic, geodesic-dome, hemispherical hous-

ing (Figures 20 and 21). The walls of the dome

and approximately half of the floor area are

treated with acoustic wedges. Within the con-
fines of the dome is the Nozzle Acoustic Test

Rig (NATR). The NATR (Figure 22) is a

free-jet, forward-flight-simulation test rig. The

duct work is acoustically lined and extends

from an annular air ejector system to a plenum

and transition (bellmouth) section that is an

ASME long-radius, low-[3-ratio nozzle fol-

lowed by a free-jet nozzle duct having an exit
inner diameter of 53 inches and a nozzle

centerline approximately 10 feet above the

Figure 20. Photo of NASA Lewis AAPL Facility
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floor. This arrangementallows free-jetMach
numbercapability up to 0.3. An acoustically
treatedwall installed in the AAPL near the
NATRexitplaneandextendingaft alongthejet
exit rig shieldsthetestarticlenoisesourcefrom
beingreflectedoff poweredlift rig (PLR) test
equipmenttowardthe facility farfield micro-
phones.

Downstreamof theNATRisthejetexit rig.Test
modelsareinstalledon theaft endof theJER,
and the movable JER is positionedaxially
relativeto theNATR free-jetnozzleexit plane
atthedesiredlocation(generallyadistancethat
alignsthetestmodelnozzleexit approximately
24inchesdownstreamof theNATRexitplane)
to appropriatelyusethe 48-ft arcmicrophone
arrayof the AAPL. The JERis the structure
throughwhich airflow is deliveredto the test
article via connectionsto facility compressed
air supplies.For this program,the JERwasa
tandem-strutarrangement(NASA drawing
28529M42A000).ThisJERsetupandarrange-
mentrelativeto theNATRareshowninFigures
23 and24.Exhaustgasesfrom theJER/NATR
areexpelledthroughthe 43-ft high by 55-ft
wideAAPL exhaustdoor.A 60-inexhaustfan
in thetopof thedomeprovidesair circulation.
More detailed information relative to the
AAPL facility, testrigs,andsupportsystemsis
availablein Reference23.

Nozzle airflows, pressures,and temperatures
aremonitoredusingJER/NATRinstrumenta-
tion. Choked-flow venturi locations in the
facility compressedair systemandassociated
instrumentationare illustrated in Figures25
and 26, respectively.Four total pressure/tem-
perature rakes (with five PT and five TT
elementseach) are installed at the charging
stationof thefan andof the coreductsof the
JER.Thefanrakesareinstalledatcircumferen-
tial anglepositionsof 0°, 90°, 180°, and270°
(aft looking forward). Core nozzlerakesare
locatedat circumferentialanglesof 60°, 150°,
240°, and 330° (aft looking forward). The

PT/TTmeasurementplanefor the fan flow is
JERstation140.025,andtheradiallocationsof
thePTandTTsensorsonthefanrakesaregiven
in NASA drawing28529M42A002.ThePT/TT
measurementplane for the core flow is JER
station140.741,andtheradial locationsof the
PTandTTsensorsonthecorerakesaredetailed
in NASA drawing28529M42A003.

Acousticinstrumentationin theAAPL consists
of twenty-six ¼-in B&K microphoneson a
48-ft radius arc. These microphones are
mounted in the dome on 10-ft pole stands
bolted to the floor. For this testprogram,the
anglerangefor themicrophoneswasfrom 40°
in thefrontquadrantto 165° in theaftquadrant
and in 5° intervals.This microphonearray is
illustratedinFigure21andshownin aphotoin
Figure27.Microphonecheckswereconducted
daily to assessthe needfor recalibrationor
replacement.

5.2 Model Interface

Separate-flow exhaust system model fan

nozzle hardware was designed to attach to the

NASA-supplied fan spool piece (NASA draw-

ing 28529M42A001) at cold JER station
146.1185. Model core cowl/nozzle hardware

was designed to attach to the facility core duct

(ASE 2043-007) at cold JER station 146.1185.

Model centerbody/plug hardware was de-

signed to attach to the facility core/tailcone

extension weldment (ASE 2043-406) at cold
JER station 142.1925. When assembled and

positioned, the separate-flow exhaust system

fan nozzle exit plane of Models Nos. 2 through

5 was designed to be positioned at cold JER

station 156.49, and the NATR exit plane was to
be located at cold JER station 132.10. The

nozzle model centerline was elevated 10 feet

above the facility floor.

Because of the different length, the Model 1 fan

nozzle exit plane was designed to be positioned

at cold JER station 161.221 (4.731 inches

further downstream than Models 2 through 5).
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Figure 23. NATR/JER Dispostion for SFN Test
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Section B-B

Section A-A

Figure 24. Jet Exit Rig Configuration for SFN Test
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Figure 27. AAPL Microphone Array
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Figure 28 showsthe intendedJER/separate-
flow exhaustsystemmodelhardwareinterface.
However,acoldmeasurementtakenduringthe
testprogram(3/24/97)indicatedthatthe core
nozzle interface station was approximately
0.06inchfurtheraft thandesired-- causingthe
core nozzlehardwareto be built-up slightly
fartheraft relativeto the fan nozzlehardware
thanoriginally intended.Thiscouldmeanthat
theactualfannozzlethroatareasduringtesting
wereslightly differentthananticipated,dueto
thealteredfaninnerandouterflowpathalign-
mentcausedbythehardwarestackupresulting
from thecore interfacestationanomaly.This
situation,however,existedfor all nozzlecon-
figurations. The influence of the interface
alignmentanomaly,if any,on acousticmea-
surementswouldbethesamefor all configura-
tionswhencomparisonsaremadeto evaluate
noise-reductionconcepts.For this reason,the
interfacealignmentissueis consideredamoot
point andonly mentionedfor documentation.

5.3 Acoustic Test Conditions

The AAPL SFN test was mostly devoted to
acoustics. Noise data were measured for the

baseline separate-flow configurations at Mach

numbers of 0.0, 0.20, and 0.28. Power settings,

as defined by Cycles 1 and 3 (see Table 10),

were used to duplicate those planned to be

tested at the NASA Langley JNL facility.

Baseline noise data at power settings defined by

Cycles 2 and 4 (Table 10) were acquired to

establish a benchmark for assessing the noise-

reduction effectiveness of subsequently tested

mixing-enhancement devices.

Cycle 5 test conditions (Table 10) with elevated

core flow temperature were set to determine the

impact of this parameter on noise for baseline

configurations 1 and 2BB (Model Nos. 1 and 2

baseline configurations).

Cycle 2 power settings (see Table 10) at Mach

numbers of 0.0, 0.20, and 0.28 were used for

acoustic data point settings associated with

mixing enhancer configurations of Model Nos.

2 and 3. Similarly, Cycle 4 (see Table 10) was

used with Model Nos. 4 and 5 mixing-enhancer

configurations for acoustic data point settings.

The desired fan and core nozzle pressure ratio

ranges for acoustic testing were dependent on

the design bypass ratio of the test configuration.

For BPR 5 models, the fan nozzle pressure ratio

range was 1.27 to 1.89 and the core nozzle

pressure ratio range was 1.12 to 1.79. With the

BPR 8 models, the fan pressure ratio range was

1.17 to 1,62 and the core pressure ratio range
was 1.05 to 1.60.

Fan and core flow temperature ranges were

similar for the two bypass ratios and were 560 °
to 662°R for the fan flow and 1185 ° to 1580°R

for the core flow. The core flow temperature

setting ranged to 1640°R for Cycle 5. This

condition was only experienced during Model

Nos. 1 and 2 baseline hardware configurations

at limited Mach/power setting situations (Table

10). Tested power setting conditions of Cycles

2 and 4 are plotted in Figure 29.

To investigate the feasibility of noise reduction

for different engine operating cycles, configu-

ration 3BB (Model No. 3 baseline) and the best

mixing-enhancer configuration (3IC) were

tested at set-point parameters representative of

an engine cycle with a more open core nozzle

area than the original Cycles 1 and 2. Cycle 6

power setting parameters are listed in Table 11.

Model 4 hardware was altered for the acoustic

test by substituting the new core plug (fabri-

cated to modify the tongue mixer configura-

tion) to create a BPR 14 test nozzle. The power

setting parameters of Cycle 7 (listed in Table

12) were used for acoustic data point settings.

Acoustic testing was conducted by setting a

specified free-jet Mach number and acquiring

acoustic data during power setting sweeps in

accordance with set-point conditions outlined

in Tables 10, 11, and 12.
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Table 10. Power Setting Parameters for AAPL Test

Cycle

Test
Point

Cycle 1 10

Langley 11
BPR 5

12

13

14

Cycle 2 20
Lewis

21
BPR 5

22

23

24

25

26

Cycle 3 30

Langley 31
BPR 8

32

Cycle 4

Lewis
BPR 8

33

34

4O

41

42

43

44

45

46

Cycle 5 50
P&W

51
BPR 5

52

Fan Nozzle

PR(f) TT(f ), °R

1.750 647

1.630 629

1.510 612

1.390 596

1.270 582

1.890 662

1.830 655

1.730 640

1.600 620

1.510 612

1.420 600

1.280 580

1.560 608

1.460 593

1.360 580

1.265 570

1.170 563

1.620 630

1.570 625

1.520 620

1.440 600

1.340 590

1.250 580

1.180 560

1.830 655

1.600 620

1.420 600

Core Nozzle

PR(c) TT(C), °R

1.560 1491

1.445 1390

1.330 1300

1.240 1240

1.150 1190

1.790 1540

1.680 1500

1.510 1420

1.350 1345

1.270 1300

1.200 1260

1.120 1200

1.350 1385

1.260 1339

1.170 1280

1.110 1235

1.050 1185

1.600 1580

1.520 1520

1.440 1460

1.330 1400

1.220 1320

1.150 1270

1.090 1220

1.680 1640

1.350 1450

1.200 1300

Free-Jet Mach No.

0 0.2 0.28

X X X

X X X

X X X

X X X

X X

X X

X X X

X X

X X

X X X

X

X X

X X X

X X X

X X X

X X X

X X

X X

X X

X X

X X

X X X

X X

X X

X X

X X

X X

Langley
Number

15.05

12.05

5.05

2.05

1.05

15.08

12.08

5.08

2.08

1.08
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Figure 29. BPR = 5 and 8 Power Setting Conditions

Table 11. Simulated Open A8 Power Setting Parameters for AAPL Test: BPR = 5

Test
Point

60 1.92

61 1.86

62 1.76

63 1.62

64 1.52

Fan Nozzle

PR(f) TT(f), °R

600

600

60O

6OO

600

Core Nozzle

PR(c) TT(C), °R

1.62 1470

1.54 1440

1.43 1380

1.28 1300

1.22 1270

Free-Jet Mach No.

0 0.2 0.28

X

X X

X

X X

X

Langley
Number
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Table 12. Power Setting Parameters for AAPL Test: BPR = 14

Core NozzleTest Fan Nozzle
Point

PR(f) TT(f), °R PR(c) TT(c), °R

70 1.45 600 1.42 1480

71 1.4 600 1.34 1440

72 1.34 600 1.27 1400

73 1.29 600 1.22 1360

74 1.23 600 1.14 1300

75 1.15 600 1.08 1260

Free-Jet Mach No.

0 0.2 0.28

X X

X X X

X X

X X

X X

X X

5.4 Acoustic Test Configuration

Summary

A summary of the AAPL acoustic testing is

presented in Tables 13 and 14. These tables list

the test sequence, test configuration identifica-

tions and codes, model hardware designations

and descriptions, and test variables. They also

show the number of data points acquired for

each test configuration.

To accomplish the goal of developing a

separate-flow nozzle system jet noise database,

five baseline nozzle configurations were tested.
The models were:

• A BPR 5 coplanar system (No. 1)

• A BPR 5 internal plug system (No. 2)

• A BPR 5 external plug system (No. 3)

• A BPR 8 internal plug system (No. 4)

• A BPR 8 external plug system (No. 5)

Model No. 1 was tested at several Mach/power

setting combinations. These are summarized in

Table 13; additional test variable details are

listed in Table 10. No mixing enhancer configu-
rations were tested on Model No. 1. Data from

this configuration were acquired to be

compared to acoustic data from NASA Langley

(JNL) on a somewhat smaller version of the

nozzle design.

Model No. 2 was tested in the baseline configu-

ration and with combinations of two different

fan nozzle mixing enhancers (24 chevrons and

96 vortex-generator internal doublets) and two

different core nozzle mixing enhancers (12

chevrons and a "tongue" mixer). In all, seven

GEAE/AEC Model No. 2 hardware configura-

tions were acoustically evaluated on Model No.

2 (see Tables 13 and 14 for specifics).

An additional NASA configuration involving

an external boundary layer trip device on the

24-chevron fan nozzle (2CC*) was also tested.

Test variables associated with Tables 13 and 14

Mach numbers/power settings for Model No. 2

test configurations are given in Table 10.

Model No. 3 bore the brunt of the testing for this

program. In addition to the baseline configura-

tion, 6 fan nozzle (24 chevrons, 96 vortex-

generator internal doublets, a scarfed nozzle, a

maximum offset nozzle, 24 flipper tabs, and 48

flipper tabs) and 10 core nozzle (24 flipper tabs,

48 flipper tabs, a core full mixer, a core half

mixer, 12 chevrons, 8 chevrons, 12 inward

flipper chevrons, 12 alternating flipper chev-

rons, 64 vortex-generator internal doublets,

and 20 vortex-generator external doublets)

mixing-enhancer devices were tested in several
combinations.
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GEAE provided two of the fan nozzle mixing-

enhancer devices (24 chevrons, 96 vortex-gen-

erator internal doublets) and six of the core

nozzle mixing enhancer concepts (12 chevrons,

8 chevrons, 12 inward flipper chevrons, 12

alternating flipper chevrons, 64 vortex-genera-

tor internal doublets, and 20 vortex-generator

external doublets). A fan medium-offset nozzle
was also built but was not tested.

In all, 36 Model 3 configurations (12 of which

involved only GEAE hardware) were acousti-

cally assessed in this program (Tables 13 and

14). In addition, a NASA-defined configura-

tion using vortex generators on the external
surface of the 24-chevron fan nozzle was

tested. Model 3 test variables are listed in

Tables 13 and 14. Related power-setting pa-
rameters are listed in Tables 10 and 11.

Model No. 5 was tested after Model No. 3. In

addition to the baseline configuration, mixing

enhancers for the core nozzle (one device, 12

chevrons) and fan nozzle (one device, 24

chevrons) were evaluated in various combina-

tions. In all, four configurations underwent

acoustic testing using Model No. 5 hardware.

Table 13 lists the test variables, and Table 10

details associated power setting parameters.

Model No. 4 succeeded Model No. 5 in the

acoustic test sequence. Although two fan

nozzle mixing enhancer devices (24 chevrons

and 96 vortex-generator internal doublets)

were available for testing on Model No. 4, only

the baseline configuration was run. Again,

Table 13 lists pertinent test variables, and Table

10 specifies power setting details.

The new extended core plug paired with the

existing tongue mixer was designated Model
No. 6. It was tested with the baseline and

24-chevron fan nozzles (see Table 14). Tables

10 and 14 again provide pertinent test variables

and power setting parameters.

To simulate a BPR = 14 separate-flow exhaust

system, the new extended core plug was
matched with Model No. 4 hardware. This

assembly resulted in a core nozzle with reduced

core area (compared to Model No. 4) due to the

protrusion of the core plug past the core nozzle

exit plane. Test variables and power setting

parameters for this configuration are defined in
Tables 12 and 14.

All configurations of baseline and mixing-

enhancer hardware (except 2CC* and 3BC*)

assembled for this test program are identified

by the "Test Configuration" designations in

Tables 13 and 14. They are also tabulated and

pictorially represented in Appendix A herein.

During acoustic testing, NASA conducted (on

a noninterference basis) phased-array testing

on selected configurations at selected power

settings using a NASA-defined linear micro-

phone array located at the 90 ° azimuthal

position slightly beyond the farfield micro-

phone radius. Table 15 is the NASA phased-

array test matrix.

Boeing also conducted phased-array testing as

a separate segment of this program. Table 16 is

a summary of the testing.

In addition, and again on a noninterference

basis, NASA took infrared camera shots of the

exhaust jet plume of selected test configura-

tions at specified power settings. Table 17 is the

IR camera test summary.

5.5 Plume Survey Testing

Following the acoustic and Boeing phased-

array testing, the NASA plume-survey appara-

tus was installed in the AAPL. Model configu-

rations for plume surveys were chosen based on

results from acoustic testing. The specified

condition for the plume surveys coincided with

test point 21 of Cycle 2 at a free-jet Mach

number of 0.28 (see Table 10).
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Table 17. AAPL Separate-Flow Nozzle IR Camera Test Summary

Configuration

3HmB(0)

Date

4/8/97

Mach No.

0.28

0.0

3HmC(0) 4/8/97 0.28

3HMC(45) 4/8/97 0.28

3BB 4/9/97 0.0

3BOmax(0) 4/9/97

4/9/97

4/10/97

4/10/97

3HmOmax(0)

3BOmax(90)

3BOmax(180)

0.28

0.28

Cycle/Power Setting

2/20

2/21

2/20

2/21

2/21

2/21

2/23

Corresponding
Escort Reading

603

6O6

616

626

640

642

652 10

2/22 653 11

2/21 654 12

2/20 655 13

0.0 2/21 659 14

2/230.28

0.0

0.28

0.0

0.28

0.0

3BT24 4/11/97 0.28

3C8B 4/14/97 0.28

3IB 4/14/97 0.28

664

IR

Reading

15

2/21 665 16

2/20 668 17

2/21 67O 18

2/2O 671 19

2/21 689 20

2/21 692 21

2/21 696 22

2/20 697 23

2/21 699 24

2/20 727 25

2/20 762 1

2/20 771 2

3AB 4/14/97 0.28 2/20 778 3

3DiB 4/15/97 0.28 2/20 801 4

31C 4/15/97 0.28

3C12 C 4/15/97 0.28

4/15/97 0.2830120

3BB 4/16/97

4/16/97

0.28

2/20 816 5

2/2O 824 6

2/20 826 7

2/24 832 8

2/23 834 9

2/22 835 10

2/21 836 11

2/20 837 12

2/20 8420.283C8C 13
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Table 17. AAPL Separate-Flow Nozzle IR Camera Test Summary (Concluded)

Corresponding IR
Configuration Date Mach No. Cycle/Power Setting Escort Reading Reading

3AC 4/16/97 0.28 2/22 849 14

0.0

2/20

2/21

851

853

15

16

3HmB(45) 4/17/97 0.28 2/20 875 17

3DxB 4/17/97 0.28 2/20 882 18

31C 4/18/97 0.28 2/20 892 19

3BB 4/18/97 0.28 2/20 918 20

4BB 4/21/97 0.28 4/41 975 2

5CB 4/22/97 0.28 4/41 1023 3

3T24B 2/23/97 0.28 2/20 1057 4

3BB 4/23/97 0.28 2/20 1073 5

3T48C 4/23/97 0.28 2/20 1080 6

3T48T48 4/23/97 0.28 2/20 1085 7

1BB 4/28/97 0.28 2/23 1097 9

0.285/12/976TmB

2/22 1098 10

2/21 1099 11

2/21

2/20

2/21

2/20

5/12/976TmC

1251

1252

1258

1259

0.28

3BB 5/13/97 0.28 2/21 1275 6

3FB 5/13/97 0.28 2/21 1283 7

3HmB 5/13/97 0.28 2/21 1290 9

3FC 5/13/97 0.28 2/21 1296 10

5/13/97 0.28 2/21 1302 113T24T48

A typical survey comprised six lateral traverses

at axial locations downstream of the separate-

flow nozzle, with the plume survey assembly

total pressure rake starting out positioned at the

nozzle centerline (see Figure 30). The surveys

were performed in two modes: cross-sectional

scans and axial scans. Also, because of the

geometries of the coplanar, internal plug, and

external plug models (Nos. 1, 2, and 3 respec-

tively), the corresponding surveys were some-

what different.

For Model No. 1 (coplanar), cross-sectional

scans were performed at axial distances 6, 12,

18, 30, 60, and 100 inches from the plane of the

Model No. 3 (external plug) fan nozzle exit. At

the 6 and 12-in axial positions, the survey rake

traversed 8 inches laterally in 0.25-in intervals

(a total of 33 individual positions). In order for

the outboard static pressure rake to cover the

same survey territory as the total pressure rake,

however, another 36 lateral stops were required
at 0.25-in increments.

At the 18-in axial location, data were acquired

with the rake assembly over a 10-in lateral span

in 0.5-in increments (21 positions). Here, the

survey was extended to include an additional
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X=D1
X= D2

X= D3

X = D4

Y=O

X=D5

Figure 30.

X= D6

Typical SFN Plume Survey

six lateral positions to accommodate the need-

ed travel for the outboard static pressure rake to

encompass the same domain as the total pres-

sure rake. The additional lateral positions,

however, were minimized by assuming sym-

metry about the nozzle centerline and not

duplicating static pressure rake positions

whose mirror image was previously accounted

for during the initial 10-in lateral traverse.

For the 30-in scan, the survey embodied a 12-in

lateral traverse in 0.5-in intervals (25 positions)

with an additional six spanwise locations for

completion of the static pressure rake data

acquisition. The 60-in axial position had a 16-in

lateral traverse stopping every inch to acquire

data for a total of 17 initial survey positions.

Three more were added for static pressure rake

data completeness.

Finally, the 100-in axial scan involved a 20-in

lateral movement (21 individual positions) at

1-in intervals with an additional three stop-

pages beyond the 20-in travel to accommodate

the needs of the static pressure rake. In all, 240

surveys were made for the cross-sectional

scans with the Model No. 1 coplanar nozzle

(see Figure 31).

For axial scans associated with Model No. 1,

the plume-survey rake was positioned with the

total pressure rake at the nozzle centerline (y =

0). The rake was then traversed axially along

the nozzle centerline from 6 to 22 inches, taking

data at 0.5-in intervals (33 positions). Follow-

ing this, the rake traveled from 22 to 46 inches,

stopping every inch to acquire data (total of 25

positions).

Finally, from 46 to 98 inches along the nozzle

centerline, the rake took survey data at 4-in

intervals (14 positions). When this was com-

pleted, the rake assembly was moved laterally

to line up the total temperature rake with the

model nozzle centerline (y = 3.0), and the entire

process was repeated in reverse order (see

Figure 31). When all were done, 144 axial scans

had been conducted, and Model 1 combined
cross-sectional and axial scans totaled 384.
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Cross-section (33+36) (21+6) (25+6) (17+3) (21+3) (240)@ 1.0"
scans: @0,25' @0,5" @0.5" @1.0"

20.0"
8.0" 10.0" 12.0' 16.0"

SFNTIYC.DAT / \ I

1 30.0,.0 8.0" 100.0"
60.0"

i, x

X=0

(Model 3 Fan nozzle exit)

Axial scan: (33*2) (25*2) (14"2) (144)
(y=0.0, 3.0) @0.5 @1.0 @4,0"

SFNTIXC.DAT

(6 readings)

i _y10.0"
__t_

6.0" 22.0" 46.0" 98.0"

(384 total)

Figure 31. Plume Surveys for Model No. 1

For the BPR = 5 internal plug nozzle model

(Model No. 2), the 332 plume surveys taken are

pictorially defined in Figure 32.

Likewise, for Model No. 3 (external plug

nozzle), 318 plume surveys acquired data

according to the criteria outlined in Figure 33.

In addition, to analyze flowfield properties in

the region between the fan nozzle exit plane and

the core plug trailing edge, some external plug

nozzle/flow-enhancer configurations were

chosen for further plume-survey investigation

at the end of the test program. Here, near the

nozzle at axial distances of 1.0, 2.5, 4.5, and 7.5

inches from the fan nozzle exit, traverses were

made in 0.25-in increments from a point 6

inches away from the nozzle centerline inward

until just before touching either the core cowl

or plug hardware (see Figure 34).

The plume survey assembly contained four

rakes in an envelope roughly the size of a

standard 81/2 by 11-in sheet of paper. Looking

downstream, the left outboard rake contained

41 total pressure elements equally spaced at

0.25-in intervals and positioned 4.28 inches

from the rake assembly centerline. At 1.28

inches to the left, forward looking aft (FLA), of

the rake assembly centerline was a 41-element

total temperature rake (left inboard rake) with

sensors equally spaced at 0.25 in. The right

inboard (FLA) rake was 1.28 inches from the

rake assembly centerline and contained 21

static pressure sensors equally spaced at 0.50-in

intervals. Finally, the right outboard (FLA)

rake was also a static pressure sensor rake. This

rake contained 20 Ps measurement stations

equally spaced at 0.5 inch at a distance from the

rake assembly centerline of 4.28 in.

For this type of survey, only 11 sensors

(centerline, 5 above, and 5 below) on the total

pressure rake of the plume survey assembly

were used to acquire data.

Figure 35 is a schematic of the plume survey

rake sensor measurement arrangement, and

Figure 36 is a photograph of a typical plume

survey apparatus installation in the AAPL.
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Cross.section (33+12) (21+6) (25+6) (17+3) (21+3)

scans: @0.25" @0.5" @0,5" @1,0" @1.0"
(192)

20.0"
8.0" 10.0' 12.0" 16.0"

SFNT2YC.DAT

_ 12.0" 30.0" 00,0"

.0" 18.0" 60.0" 1

(Core Plug = 6.7)
XX=O

(Fan nozzle exit)

Axial scan: (31"2) (25*2) (14"2)
(y=0.0, 3.0) @0.5 @1.0 @4.0"

SFNT2XC.DAT

(6 readings)

7.0' 22.0" 46.0"

(140)

(332 total)

Figure 32. Plume Surveys for Model No. 2

Cross-section (33+12) (21+6) (25+6) (17+3) (21+3)
scans: @0.25" @0.5" @0.5" @1.0" @1.0" (192)

8.0" 10.0" 12.0' 16.0" 20.0"

SFNT3YC.DAT ___'-_

(6 readings)

_13'.5" 3o'.o'

-_ 100.0"

10.5" 18.0" 60.0"

(Plug = 10")

j-
X=0 X

(Fan nozzle exit)

Axial scan: (24*2) (25*2) (14"2) (126)
(y=0.0, 3.0) @0.5 @1.0 @4,0"

SFNT3XC.DAT

(6 readings)

-TI I
10.5" 22.0" 46.0" 98.0"

Figure 33. Plume Surveys for Model No. 3

(318 total)
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Figure 34. Near-Nozzle Plume Surveys (for 3BB, 3BC, and 3BT24 Only)
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Figure 35. Plume Traverse Survey Rake (Dense) Looking downstream (forward looking aft).
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Figure 36. Plume Survey Traversing Rake
Apparatus

Table 18 is a test-matrix summary for the

AAPL/SFN plume surveys.

5.6 Test Procedures

Facility startup, shutdown, and emergency

shutdown procedures are provided in the

NATR Operations Manual along with
associated mechanical check sheets.

Acoustic testing was conducted by establishing

the initial desired flee-jet Mach number in the

NATR. Following this, generally, the lowest

pressure ratio test point conditions were fixed

by attaining the appropriate fan and core flows

in the JER to give the desired fan and core flow

total pressures and temperatures. When condi-

tions stabilized, acoustic data were acquired.

Fan and core flows were then adjusted to the

pressure and temperature conditions corre-

sponding to the power setting for the next

higher pressure ratio test point. After condi-

tions stabilized, acoustic data were again

acquired. This procedure was repeated in the

order of increasing pressure ratio until acoustic

data were acquired for all power setting simula-
tions at the first Mach number.

Once this was accomplished, the free-jet Mach

number was changed, and the procedures

described above were repeated in reverse order

(decreasing pressure ratio) until acoustic data

had been acquired at all desired power settings
associated with the second Mach number.

For the third and final Mach number, those

procedures for setting test conditions and

acquiring acoustic test data outlined for the

initial Mach number setting were repeated.

During this sequence of events, at selected test

conditions, NASA phased-array and IR camera

data were also acquired. Pertinent test variables

are listed in Tables 10, 11, and 12.

5.7 Data Acquisition, Reduction, and
Processing

The acoustic data and the test conditions of the

program were provided by NASA Lewis to

GEAE, AEC, and P&W in electronic database

formats. The final posttest acoustic data were

provided as follows.

First, NASA Lewis supplied as-measured,

1/3-octave-band, acoustic data with front-end

instrumentation corrections only. Instrumenta-

tion corrections included all data-acquisition

system and procedure corrections and data-

amplification and analyzer system corrections.

Second, NASA Lewis provided 1/3-octave

data corrected for free-jet shear-layer effects.

Third, NASA Lewis provided narrowband

acoustic data corrected for shear-layer effects

and at 1-ft and lossless conditions. Finally,

NASA Lewis provided 1/3-octave data scaled

to engine size (using a scale factor of 8 relative

to model-scale hardware) and extrapolated to a

1500-ft sideline distance along with associated

PNLT and EPNL output.
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Table 18. AAPL Separate-Flow Nozzle Plume Survey Test For all configurations, M = 0,28 and Cycle
2/Point 21 were test conditions.

Test
Sequence Configuration

1 3BB

2 3C12B

3 3C12C

4 3BC

5 31C

6 3T24C

7 3C8B

8 31B

9 3AB

10 3HmB(90)

11 3FB

12 3T48B

13 3T24B

14 3T24T24

15 3BT24

16 3BOmax(90)

17 3T24T48

18 4BB

19 1

20 6TmB

21 7BB

22 3BB

23 !3BC

24 3BT24

Core

Model BPR Plug Nozzle

3 5 Ext. Base

3 5 Ext. 12 Chevrons

3 5 Ext. 12 Chevrons

3 5 Ext. Base

3 5 Ext. 12 In-Flip Chevs.

3 5 Ext. 24 Flip Tabs

3 5 Ext. 8 Chevrons

3 5 Ext. 12 In-Flip
Chevrons

3 5 Ext. 12 AIt-Flip Chevs.

3 5 Ext. Half Mixer

3 5 Ext. Full Mixer

3 5 Ext. 48 Flip Tabs

3 5 Ext. 24 Flip Tabs

3 5 Ext. 24 Flip Tabs

3 5 Ext. Base

3 5 Ext. Base

3 5 Ext. 24 Flip Tabs

4 8 Int. Base

1 5 Int. Base

2 5 New Tongue Mix.

4 14 New Base

3 5 Ext.

3 5 Ext.

3 5 Ext.

Fan Clock Date
Nozzle Position Tested

Base N/A 5/20/97

Base N/A 5/20/97

24 Chevrons N/A 5/21/97

24 Chevrons N/A 5/22/97

24 Chevrons N/A 5/22/97

24 Chevrons N/A 5/22/97

Base N/A 5/23/97

Base N/A 5/23/97

Base N/A 5/23/97

Base 90° 5/23/97

Base N/A 5/27/97

Base N/A 5/27/97

Base N/A 5/27/97

24 Flip Tabs N/A 5/27/97

24 Flip Tabs N/A 5/28/97

Max. Offset Noz. 90 5/28/97

48 Flip Tabs N/A 5/28/97

Base N/A 5/29/97

Base N/A 5/30/97

Base N/A 5/30/97

Base N/A 5/30/97

Base N/A 6/30/97

N/A 6/30/97

6/30/97

Base

Base 24 Chev.

Base 24 Flip Tabs N/A

These data formats correspond to blocks II, IV,

III, and V respectively of the NASA Lewis

acoustic data processing scheme outlined in

Figure 37. Ambient static temperature, pres-

sure, and relative humidity in the free-jet and

inside the test chamber as well as test condi-

tions (free-jet Mach number, total temperature,

total pressure, etc.) were included with every

final posttest acoustic data point provided by

NASA Lewis. The test conditions included test

point settings, meteorological conditions,

model instrumentation parameters, nozzle per-

formance parameters, and engineering units

calculations.

For data reduction/correlation purposes, a test

configuration code (Tables 13 and 14) was

provided (see Figure 38) to identify, via manual

input to the computer data-reduction program,

the separate-flow exhaust system model hard-

ware definition associated with data point

printout.
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I Digitize Sound Signals I

I Convert to units of pressure using _
calibration coefficients obtained via
piston phone

Compute averaged narrowband Ispectra, convert to narrowband SPL

I Correct for microphone actuatorfrequency

Q[ orrect for microphone free-field andgrid cap response

Correct for analog filter roll-off

I Correct for free-jet shear layerrefraction

I Remove atmospheric attenuation attest day conditions over test distance

I Remove spherical spreading attenua-tion from test distance to a 1 foot arc

I Impose spherical spreading attenua-tion from 1 foot arc to 150 foot arc

I Change scaling of data to full-scale(frequency and amplitude)

Apply Doppler shift for sideline flyover
by adjusting frequency

I Instate atmospheric attenuation at FAA
Standard Day conditions over distance
to 1500 foot sideline

Instate spherical spreading attenuation
from 1 foot arc to 1500 foot sideline

I IEEE compliant 1/3 octave

®

-_ Digital tape archives I

I Test and model conditions from Ifacility computer

B&K certified electrostatic I
calibration I

I B&K provided grid response I

_1 IEEE compliant 1/3octave

-_1 IEEE complaint 1/3octave

Data output status: as measured

-_ Data output status: corrected

®

®

"_1 Archive narrowband spectra for ]customer-specific processing

IEEE complaint 1/3
octave Data output status: 1 foot, Iossless I

®

Noy weighting, ___
summation, and tone Data output: PNLT vs. angle
correction

Summation of PNLT _ Data output: EPNLTplus duration correction
/

@

Figure 37. NASA Lewis Acoustic-Data Processing Scheme
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Test Configuration Code:

Model No. (W)

1 = Coplanar (BPR = 5)
2 = Internal Plug (BPR = 5)
3 = External Plug (BPR = 5)

4 = Internal Plug (BPR = 8)
5 = External Plug (BPR = 8)

6 = New Plug
7 = BPR = 14.0

Core Nozzle Mixing Enhancer (XX)

00 = Baseline (No mixing enhancer)
01 = 12 Chevrons
02 = 8 Chevrons
03 = 12 Inward Flipper Chevrons
04 = 12 Alternating Flipper Chevrons
05 = 64 Internal Doublet Vortex Generators
06 = 20 External Doublet Vortex Generators

07 = 24 Flipper Tabs (P&W)
08 = 48 Flipper Tabs (P&W)
09 = Half Mixer (P&W)

10 = Tongue Mixer
11 = Full Mixer

Fan Nozzle Mixing Enhancer (YY)

00 = Baseline (No mixing enhancer)
01 = 24 Chevrons
02 = 96 Internal Doublet Vortex Generators

03 = 24 Flipper Tabs (P&W)
04 = 48 Flipper Tabs (P&W)
05 = Maximum Offset Nozzle (P&W)
06 = Medium Offset Nozzle (P&W)

07 = Scarf Nozzle (P&W)
08 = 24 Chevrons with B. L. Trip
09 = 24 Chevrons with 24 V.G.

Nozzle Circumferential Position (ZZ)

00 = 0 °
18 = 180 °

09 = 90 °

45 = 45 °

W XX YY

I
ZZ

Figure 38. AAPL SFN Test "Configuration Codes"
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In Tables 13 and 14 the "Test Configuration"
label is also used as an abbreviated name to

identify model configurations. The nomencla-
ture for the labels associated with the GEAE

and AEC test configurations is as follows. The

initial number in the label sequence corre-

sponds to the model number of the Configura-

tion Code presented in Figure 38. A "2," for

example, signifies Model No. 2 (the BPR = 5

internal plug model). The upper case letter

(sometimes accompanied by a lower case letter

or number) following the initial number identi-

fies the model core nozzle configuration. Here,

"B" stands for Baseline, "C12" represents a

12-chevron nozzle. "Tm" designates the

Tongue Mixer design, 'T' the inward-flipper

chevron nozzle, "A" the alternating flipper

chevron core nozzle, "Di" the internal doublet

mixing-enhancer concept, "Dx" the external

doublet concept, and so forth. The next upper

case letter in the Test Configuration sequence
identifies the fan nozzle used in the model test

configuration, for example: B for Baseline, C

for Chevron, and D for Doublet. An "r" in

parenthesis following the Test Configuration

label indicated a "repeat" test configuration.

Even though test results for the P&W configu-

rations are not reported in this document, the

Test Configuration nomenclature and Configu-

ration Code are provided so the complete SFN

test summary can be presented. For these

configurations, "S" is a scarfed fan nozzle,
"Omax" is an offset fan nozzle, "T24" and

"T48" represent flipper tab nozzles with 24 and

48 flipper tabs respectively, "Hm" is a half-

mixer core nozzle, and "F" is a full-mixer core

nozzle. The numbers in parenthesis accompa-

nying some of the P&W labels indicate the

nozzle circumferential position.

The NASA Lewis acoustic data processing

scheme outlined in Figure 37 takes into account

microphone calibrations, actuator frequency,

free-field and grid cap response, narrowband

spectra conversions, analog filter roll-off

corrections, free-jet shear-layer refraction,

atmospheric and spherical spreading attenua-

tion, data scaling, Doppler shift, standard day

considerations, Noy weighting, summation and

tone corrections, and duration corrections as

well as test and model conditions supplied by

the facility computer. The free-jet background
noise was subtracted from the measured

acoustic data for test points simulating flight
conditions.

The method used to process the AAPL SFN test
measured scale-model acoustic data included

application of the Amiet point-source, shear-

layer-correction model to the simulated-flight
test data.

This set of scale-model data was also processed

by GEAE using two shear-layer correction

methods: the Amiet point-source model and the

Mani distributed-source model. Comparison of
the NASA and GEAE results indicated GEAE

processed EPNL values, for a given test point,

to be generally lower by 2 dB relative to NASA

processed preliminary data. Upon review of

their preliminary data-processing setup, NASA

Lewis determined that there was a booking

anomaly and subsequently reprocessed the

results. The NASA reprocessed results agreed

with GEAE processed data to within 0.5
EPNdB. This is further discussed in Subsection

6.1.1.2.

Also, NASA Lewis provided as-measured,

1/3-octave-band, scale-model data of selected

test points of test configurations 3BB, 3IB, and
3IC.
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6.0 Data Analysis and Discussion of Results

The acoustic test results from the GEAE/AEC

nozzle configurations were analyzed to assess
the noise-reduction characteristics of the

concepts tested and evaluate how well the

concepts worked relative to expectations.

As a preliminary step to evaluating the noise-

reduction concepts, data scatter and uncertainty

were first analyzed. Baseline Model 3 (BPR =

5, external plug) nozzle acoustic data were

measured several times during the course of the

test program, providing sufficient repeat data to

assess uncertainty and repeatability.

As much as possible, an attempt was made to

correlate either CFD analysis results or flow

survey test results with the measured acoustic

characteristics, as a way of relating the flow

physics with the noise generation and noise
reductions observed.

Acoustic test cycle conditions for each model

configuration are summarized in Appendix B.

Test conditions were established by setting a

fixed total-to-ambient pressure ratio and total

temperature for the core and fan streams.

With the exception of the tongue mixer, the

noise-reduction concepts tested produced only

minimal changes to the exhaust system overall

aerodynamic characteristics.

6.1 Acoustic Results

Acoustic results for each configuration are

generally discussed by examining peak noise

(aft) angle perceived noise level (PNLmax) for

static conditions (no forward-flight simulation,

free jet not operating) and by examining

effective perceived noise level (EPNL) for

simulated flight cases. The data are typically

plotted against ideal Vmi x and/or ideal net

thrust. Selected PNL directivities, sound power

level (PWL) spectra, sound pressure level

(SPL) spectra, and Noy spectra are also pres-

ented at typical takeoff and cutback test condi-

tions. These test conditions correspond to

engine ideal thrust of 44,500 and 32,000 lbf

under static conditions and engine ideal net

thrust of 33,000 and 22,000 lbf for Mach 0.28

(Mo = 0.28) simulated-flight conditions.

The model data have been scaled to projected

engine size using a factor of 8. Due to the

weighting attributes of some of the subjective

noise metrics (in particular PNL), the benefits

and conclusions presented in this section may

change when other substantially different scale
factors are considered. The calculation of

EPNL was based on assuming a level flyover at
1500-ft altitude with the observer under the

flight path, for one engine, and includes

Doppler and atmospheric-absorption effects

but neglects ground reflection, ground absorp-

tion, or aircraft shielding effects. The SPL's

have been adjusted to reference atmospheric

conditions of 77°F and 70% relative humidity.

6.1.1 Data Quality

Concerns arose regarding the repeatability of

acoustic results from the early phase of the test.

On a couple of occasions, differences in
acoustic results were noted when the Model 3

baseline nozzle data were repeated. In addition,
a 1 to 1.5 EPNdB difference was noted between

Model 2 (BPR = 5, internal plug) and Model 3

(BPR = 5, external plug). This was in contrast

to GEAE experience from similar scale-model

tests. Hence, it was decided to repeat some

configurations during the acoustic testing

phase. For example, the Model 2 baseline test

was repeated twice, and Model 3 baseline test

was repeated 15 times during this test series.

This subsection includes a discussion on the

repeatability of the measured acoustic data. It

also includes typical comparisons of model

data scaled to engine size using NASA and

GEAE scaling and extrapolation procedures.
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6.1.1.1 Data Repeatability

Engine-size EPNL data for all Model 3 baseline

tests, corresponding to different power settings

along the Cycle 2 operating line (see Table 10),

are summarized in Figure 39 as a function of

Vmi x. The parameter Vmix is nozzle exit mass-

averaged ideal velocity, defined as follows:

Vm/x =
( mc°re Vcore, ideal + mfan Vfan, ideal)

(mcore + tufa n)

(1)

The ideal core and fan exit velocities are

computed from the nozzle total pressures and

temperatures and ambient pressure. This figure

indicates that, for a given test condition, the
EPNL data are scattered within a +l-dB band.

The data of Figure 39 are plotted as a function

of net thrust in Figure 40. Figure 40 also
indicates the variation in EPNL and net thrust

for Cycle 2 test conditions. A similar observa-

tion is made with regard to the PNL directivity

and SPL spectra in the vicinity of peak noise

level, as shown in Figure 41, for test condition

21. Test condition 21 corresponds to a typical,

full-power, takeoff-cycle operating condition.

During these repeat tests, it was noticed that

ambient temperature had varied from 32 ° to

74°E The EPNL data of Figure 39 were

therefore replotted as a function of the ambient

temperature, as shown in Figure 42. Each of the

five rows of data in this figure correspond to

different power settings along the Cycle 2

operating line. Figure 42 clearly indicates a

sensitivity of the scaled acoustic results to the

ambient temperature. It can be seen from

Figures 39 and 41 that the measured variations

for the same configuration were about the order

of magnitude as the noise reductions expected

from some of the noise-reduction concepts;

therefore, the observed measurement varia-

tions were unacceptable from the standpoint of

assessing noise reductions.

Over the years, scaled acoustic results from
model nozzle tests in GEAE Cell 41 have

traditionally been presented after normalizing

EPNL data with respect to a reference density
and thrust. This normalization was done to

account for variations both in ambient condi-

tions and in nozzle conditions of repeat test

points. The normalization factor, NF, estab-

lished from acoustic scaling laws, is defined as
follows:

NF = -10 log (F/Fref)(Oj/Oo) _°-1 (2)

In this equation, (o is a density exponent (as

described and quantified in Reference 24), 0j is

jet density, and 0o is ambient air density. Using

a value of 1000 lbf for Fref, the data of Figure
39 have been replotted in terms of normalized

EPNL, defined as EPNL + NF, against a

normalized Vmix, defined as Vmix/Camb, where

Camb is the ambient speed of sound. That plot is

presented in Figure 43. The Model 3 external

plug separate-flow nozzle results are now seen

to be very repeatable with about +0.5 EPNdB of
data scatter.

Different versions of the above normalization

procedure were investigated, and the results are

summarized in Figures 44 and 45. In Figure 44,
the EPNL data are normalized to a reference

thrust only (1000 lbf), without the density

correction, and are plotted against normalized

Vmix- In Figure 45, the EPNL data without any

normalization are plotted against normalized

Vmi x. The good correlation indicates that, for

well-repeated nozzle flow conditions, normal-

ization of Vmi x by Camb alone appears to reduce

adequately data scatter due to different test day

ambient temperatures.

Based on these results, the format with EPNL

data normalized to reference thrust (1000 lbf)

and plotted against normalized Vmi x was

selected for most EPNL data comparisons in

subsequent analyses, and discussions in the

following subsections refer to such unless
otherwise stated.
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6.1.1.2 Data Processing

The method used to process AAPL measured
scale-model acoustic data is described in Sec-

tion 5.7. It includes application of the Amiet

point-source, shear-layer correction model

(Reference 25) for adjusting measured flight-

simulation test data, scaling the data to engine

size, and extrapolating to a sideline distance.
Selected scale-model AAPL data were also

processed using two alternate methods: (1) the

Amiet point-source, shear-layer correction

model implemented in the GEAE PANDA

scaling and extrapolation program and (2) the

Mani distributed-source, shear-layer correc-

tion model (Reference 26) and GEAE in-house

DATPROC scaling and extrapolation program.

Model 3 baseline configuration (3BB) data

processed with the GEAE methods are

compared with NASA-method-processed data

in Figure 46 (normalized EPNL plotted against

normalized Vmix). The three sets of results are

within a +0.5 EPNdB band. The GEAE/Amiet

results are higher than those of NASA/Amiet

m

J
z
13_
u.l

E
o

Z

2 dB

13

by 0.5 EPNdB, and GEAE/Mani data are

higher than those of GEAE/Amiet by another

0.5 EPNdB. The two GEAE methods approach

each other at high values of normalized Vmix,
and the NASA and GEAE/Amiet methods

approach each other at low values of Vmi x.

To further understand the differences in data-

processing methods, typical PNL directivity

comparisons are shown in Figure 47 and SPL

spectrum comparisons at 60 °, 90 ° , and 120 °

emission angles in Figures 48 through 50 for

Test Point 20 (see Table 10). The three sets of

results are comparable, but the NASA/Amiet

and GEAE/Amiet results agree well with each
other whereas the GEAE/Mani method seems

to give different results away from 90 ° . The

GEAE/Amiet EPNL values are higher than

those of NASA/Amiet, as shown in Figure 46,

due to the fact that NASA PNL directivity

patterns are not extrapolated and ramped, as in

the GEAE/Amiet method, on either side of the

measured directivity to obtain 10-dB down

points for the EPNL integration calculation.

Scale Factor = 8, Altitude = 1500 ft, M0 = 0.28

<> NASA/Amiet + NASA Scaling and Extrapolating

• GEAE/Amiet + GEAE Scaling and Extrapolation (PANDA)

[] GEAE/Mani + GEAE Scaling and Extrapolation (DATPROC)

0.80

Figure 46.
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Normalized Vmix (Vmix/Camb)

Normalized EPNL as a Function of Normalized Vmix for Baseline BPR =5 Nozzle with
External Plug (3BB), NASA and GEAE Processed Data
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The validity of either shear-layer correction

method can only be assessed with true forward-

flight or wind tunnel data. Such data are beyond

the scope of this program. However, the above

results suggest that, if the NASA processing

were to incorporate directivity extrapolation

and ramping, it would agree better with the

GEAE/Amiet method at high jet velocities, and

all the methods would be within about 0.5

EPNdB of each other.

Selected test points of configurations with

noise-reduction features (3IB and 3IC) were

also processed by GEAE and compared with

NASA data. The comparisons show the same
trends as observed with the baseline 3BB

nozzle (Figures 46 through 50). The NASA

method should probably include extrapolation

to provide sufficient PNL directivity range to

reach the 10-dB down points for a better

estimate of EPNL; otherwise, the NASA pro-

cess appears satisfactory. Acoustic data in the

following sections were processed by NASA

using the Amiet shear-layer correction model.

6.1.2 Baseline Nozzle

Comparisons

Several baseline (no noise-reduction concepts

installed) nozzles were tested in this program:

1. BPR = 5 coplanar-exit nozzle,

Configuration 1BB (Figure 10)

2. BPR = 5 staggered exit nozzle with internal

plug, Configuration 2BB (Figure 11)

3. BPR = 5 staggered exit nozzle with external

plug, Configuration 3BB (Figure 12)

4. BPR = 8 staggered exit nozzle with internal

plug, Configuration 4BB (Figure 13)

5. BPR = 8 staggered exit nozzle with external

plug, Configuration 5BB (Figure 14)

It is of interest to know whether any of these

baseline nozzles provide acoustic benefit

relative to the others, so comparisons were

made of the acoustic results of the coplanar, the

internal plug, and the external plug BPR = 5

baseline nozzles. Similarly, comparisons were

made of the internal plug and external plug

BPR = 8 baseline nozzles. The effects of bypass

ratio variation and forward flight Mach number

variation on baseline nozzle acoustic character-

istics were also investigated, and the results of

these analyses are discussed below.

6.1.2.1 Coplanar, Internal

Plug, and External
Plug BPR--5 Nozzle
Comparisons

The engine-size EPNL data for the baseline

nozzles (Models 1BB, 2BB, and 3BB), corre-

sponding to different power settings along the
Cycle 2 operating line, are summarized in

Figure 51 as a function of ambient temperature.

EPNL data points of 1BB and 2BB are seen to

merge with the data and trend line of 3BB that

was shown in Figure 42 and at each of the cycle
conditions. The normalized EPNL data are

presented in Figure 52 as function of normal-

ized Vmi x. Figures 51 and 52 both indicate no

significant difference in EPNL values among

the coplanar, internal, and external plug base-

line nozzles for a given test cycle condition.

PNL directivity and 1/3-octave SPL spectra at

three different angles for the coplanar and

external plug nozzle are presented in Figure 53

for Vmi x -- 1150 ft/s (cycle point 21). While the

EPNL values are approximately the same, the

coplanar nozzle PNL is slightly higher at the

forward (< 90 °) and extreme aft (> 140 °) angles

and slightly lower between 90 ° and 140 ° ,

compared to the external plug nozzle. In terms

of the spectra, the external plug SPL's are

slightly higher at the lower frequencies (< 1

kHz) and lower in the midrange frequencies

(between 1 and 4 kHz).

The PNL directivity and 1/3-octave spectra for

the internal and external plug nozzles are

compared in Figure 54 for Vmix = 1150 ft/s

(cycle point 21). Again, although EPNL values

are very similar, there are subtle differences in
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the PNL directivity and SPL spectra. The

internal plug nozzle has lower PNL relative to

external plug nozzle up to the peak PNL angle,

around 130 °, and is higher at the extreme aft (>

140 °) angles. Spectrally, the internal plug is

generally lower at low frequencies (< 1 kHz).

However, in general, there is very little signifi-
cant difference or discernible trend in the

acoustic data of the three baseline nozzle

configurations.

The directivity and spectral differences shown

in Figures 53 and 54 are mostly small, fractions
of a decibel in the case of PNL and less than 2

dB in the case of spectra. It was expected that

tested noise-reduction concepts would exhibit

larger differences. This is not to say, however,

that a given noise-reduction concept will not

give significantly different results on one

baseline versus another baseline nozzle design.

6.1.2.2 Internal Plug and
External Plug BPR=8
Nozzle Comparisons

Engine-scale EPNL data for the BPR = 8

baseline nozzles (Models 4BB and 5BB), along

the Cycle 4 operating line, are presented in

Figure 55 as function of normalized Vmi x.

Again, in terms of normalized data, no signifi-
cant differences are noted between the internal

and external plug baseline nozzle acoustic

measurements. Also, looking at individual

points (such as the cycle point labeled 41 on

Figure 55, see Table 10), it can be seen that the

same cycle point setting produced different

values of normalized Vmi x for the internal and

external configurations. This is due to different

ambient temperatures (54°F for Model 4BB

and 45°F for Model 5BB), when the test data

were taken, and slightly different Vmi x values

(992 ft/s for Model 4BB and 998 ft/s for Model

5BB).

PNL directivity and 1/3-octave spectral com-

parisons are presented in Figure 56. Although

the internal plug noise data appear lower than

the external plug noise levels, it should be

remembered that the internal plug configura-

tion is effectively at a smaller value of normal-

ized Vmix, as indicated by the differences

shown in Figure 55. For example, the cycle

point 41 EPNL values are different by about 0.7

dB (5BB is higher), and this is consistent with
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thedifferencesnotedin directivity andspectra
shownin Figure 56. Therefore,it was con-
cluded that there is no significantdifference
betweenthe acousticresultsof internal and
externalplugBPR= 8baselineconfigurations.

6.1.2.3 BPR Variation

It was of interest to evaluate the jet noise

reductions achievable through increasing by-

pass ratio. The models tested in this program

provided an opportunity to evaluate this exper-

imentally. In addition to the two baseline

nozzles designed for BPR = 5 and BPR = 8, an
additional test was run with an extended

internal core plug, as a modification to Model

2BB. The extended core plug reduced the size
of the core nozzle exit area and hence increased

the bypass ratio from the nominal value of 8 to
a nominal value of 14. Thus we were able to

acquire data for three distinct bypass ratios. The

modified Model 7BB, corresponding to BPR =

14, was run along an operating line correspond-

ing to Cycle 7, listed in Table 12.

Test data for the different bypass ratios cannot

be sized using the same scale factor because

larger bypass ratios imply a larger engine for

the same thrust. Also, they cannot be compared

on a constant Vmi x basis, because larger BPR

implies lower Vmi x for the same takeoff thrust.

The proper procedure is to select a cycle point

on the operating lines, given in Tables 10 and

12, that corresponds to the full-power takeoff

condition for each cycle. This determines the

model-scale ideal thrust for each configuration

at the takeoff flight speed. These thrust levels
will be different for different models; therefore,

the scale factors must be selected such that the

thrust of each scaled nozzle is the same.

If we select the BPR = 5 nozzle as the reference,

which has a scale factor of 8:1, we then must

scale the other two nozzles such that they give

the same net corrected thrust at the designated

full-power takeoff point. Table 19 lists the

full-power takeoff cycle points selected for the

three bypass ratios and the corresponding scale

factors required to give the same takeoff thrust.

They do not have the same Vmi x at full-power

takeoff; therefore, comparing EPNL as a func-

tion of Vmix is not appropriate for this assess-

ment. Instead, EPNL is plotted as a function of

corrected thrust, realizing that the Vmix varia-

tion is different for the different bypass ratios.

To illustrate, the original (all model data scaled

using a factor of 8:1) Vmix versus corrected

thrust schedule for the three bypass ratios is

shown in Figure 57. Note there is little differ-

ence in net thrust at a given mixed velocity for

the three bypass ratios when the scale factor is

the same for all nozzles; this is due to the fact

that all nozzles have the same fan diameter and

approximately the same total flow area. Also,

note that for BPR = 14 there is only one data

point at a simulated flight Mach number of 0.28

and five data points for Mach 0.20. The original

(scale factor = 8) Mach 0.20 net-thrust data

were first adjusted by calculating ram drag

based on measured flow rates and test free-jet

Mach number and then by computing gross

thrust by adding ram drag. Then the ram drag

corresponding to a flight Mach number of 0.28

was computed and subtracted from the calcu-

lated gross thrust to get corrected net thrust at
a Mach number of 0.28. The net-thrust data of

BPR -- 8 and BPR = 14 (now all at Mach 0.28)

were next calculated using the scale factors

listed in Table 19. The modified data, shown in

Figure 58, have a Vmi x versus net thrust
characteristic that is much different than that

shown in Figure 57.

The selected takeoff thrust sizing point is

shown as a horizontal line in Figure 58, and the

mixed velocity at this thrust varies from 726 to

1158 ft/s in going from a bypass ratio of 14 to

5, as given in Table 19. Also shown on Figure
58 are second-order curve fits of these charac-

teristics, and they all yield zero net thrust at

approximately the Vmi x corresponding to flight

speed Vam b.
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Table 19. Baseline Nozzle Full-Power Takeoff Conditions for Scaling to Constant Thrust

Configuration BPR Cycle Point

3BB 5 2 21

5BB 8 4 41

7BB 14 7 73

Fan PR Core PR Fan TT,°R Core "IT,°R Vmix, ft/s

1.83 1.68 655 1500 1158

1.57 1.52

1.29 1.22

625 1520 998

60O 1360 726

SF

8.0

9.41

14.74

There is some approximation in the scale

factors derived in Table 19, because the sizing

points were selected based on experience, cycle

studies and data from engine tests, in terms of

selecting the fan nozzle pressure ratio which

most appropriately represents the full-power

condition for the bypass ratio being considered.

The BPR = 5 nozzle fan pressure ratio selected

is 1.83, typical of the CF6-80E1 engine at

full-power takeoff. The BPR = 8 nozzle fan

pressure ratio selected is 1.57, slightly higher

than that of the GE90 engine at full-power

takeoff, but the GE90 engine actually has a

bypass ratio of about 9. Finally, the BPR = 14

nozzle fan pressure ratio selected is 1.29,

similar to that of the ultra-high-bypass study

engine designed by GEAE as part of a contract

for NASA (Reference 27).

Another approximation that may be called into

question is sizing at full-power takeoff for

equal net thrust. Depending on the bypass ratio

and corresponding engine cycle lapse rate, the

limiting thrust may be at top of climb, not at sea

level. For the purposes of this analysis, how-

ever, time and resources were insufficient to

carry out the appropriate cycle and mission

analyses to determine the limiting thrust

requirements for each bypass ratio, so the

approximation of sea level takeoff as the sizing

point was assumed. Within the limitations that

may be imposed by these assumptions, the sea

level static or takeoff gross thrust ratings for the

three engines turn out to be 45,000, 48,000, and

58,000 lbf for BPR = 5, 8, and 14, respectively.

The EPNL versus Vmi x characteristics for the

three bypass ratio nozzles with the same scale

factor (8) is shown in Figure 59. Figure 60

shows corresponding EPNL versus net thrust

comparisons. These figures do not show the

adjustments that should be made for cycle
differences and scale factors.

Time and resources precluded rescaling and

reflying the data for the BPR = 8 and 14 nozzles

using the scale factors shown in Table 19, but

an approximate trend can be extracted as
follows. The EPNL for the BPR = 14 data can

be first corrected from 0.2 to 0.28 Mach number

by assuming that the EPNL varies as the 5 th

power of (Vmi x - Vamb), sort of an average

between high- and low-frequency relative

velocity dependence. The EPNL correction for
Mach number then becomes:

AEPNL =

[ -0"28"camb]Vmix0.20 Carnb (3)50 " IOgl0 kVmi _

where Camb = ambient speed of sound. The

EPNL values at scale factor (8) can be adjusted
for differences in scale factor as follows:

EPNLsF = EPNLsF=8

+ 20 x logl0 [SF/8.0] (4)

where SF = scale factor as listed in Table 19.

Using this expression, the EPNL values were

corrected by 1.4 EPNdB and 5.3 EPNdB for

BPR = 8 and 14, respectively. The resulting

EPNL versus Vmi x trends are shown in Figure

61. Also noted in the figure are the three sizing

points that give equal net thrust. Thus, although

the noise levels increase monotonically with

bypass ratio for a given Vmix, noise drops

significantly with increasing bypass ratio at a

given net thrust. This is, of course, a significant

reason to consider increasing bypass ratio when

new engine designs are contemplated. The

scale factors are significantly larger, but the
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equivalent thrust is achieved at lower values of

Vmix, so jet noise at a given thrust is reduced as

the "design" bypass ratio is increased.

Also shown in Figure 61 are linear curve fits of

the data trends for the three bypass ratios

plotted. The corresponding trends of EPNL

versus net thrust are shown in Figure 62, where

the dramatic impact of "design" bypass ratio on

jet noise is clear. The plots correspond to a

prediction based on the curve fits in Figures 58

and 61, and they fit the data trends quite well.

In conclusion, the data obtained in this test

program were used to extract a systematic

dependency of separate-flow jet noise on

bypass ratio. This quantifies, perhaps for the

first time, the benefits of increasing engine

bypass ratio on jet noise for realistic simula-

tions of engine exhaust systems.

6.1.2.4 Mach Number
Variation

It was of interest to evaluate the effect of flight
Mach number variation on the noise character-

istics of the various baseline nozzles. Some

limited data were taken to evaluate this effect,

and results of evaluating flight Mach number

effects are summarized in Figure 63 for the

BPR = 5 external plug baseline (3BB) nozzle.

The figure shows variation of peak angle

perceived noise level (PNLmax) for the 3BB

nozzle, scaled to full size with a scale factor 8:1,

as a function of normalized mixed velocity

(Vmix]Camb). It can be seen that peak jet noise is

reduced as flight Mach number increases, on

the order of 10 PNdB from static to Mo = 0.28,

and the reduction is fairly constant over the

range of 0.82 < Vmix/Cam b < 1.09.

Corresponding PNL directivity trends and SPL

spectrum comparisons are shown in Figure 64

for cycle point 21, which corresponds to

Vmix/Cam b _ 1.05. This figure shows that the

flight effect or noise reduction due to forward

velocity occurs over the entire measured angle

range, although it is greatest at the peak angle

(130 ° to 140 ° ) and becomes smaller at shallow

angles, forward and aft. Reduction in SPL is

fairly constant over most of the spectrum and

doesn't seem to favor high or low frequencies.
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The corresponding Noy-weighted spectra are

shown in Figure 65, and these results indicate

the reduction at lower frequencies provide the

greatest PNL benefit.

A comparison similar to that in Figure 64 was

also done for the BPR = 8 external plug baseline

(5BB) nozzle, and this is shown in Figure 66.

The cycle data point (32) chosen corresponds to

Vmix/Cam b _ 0.709. Again, it is observed that

noise is substantially reduced over most of the

directivity range, but in this case the peak angle

changes because the "flight effect'' is stronger

at angles above 100 ° to 110 ° -- on the order of

8 PNdB reduction. Also, there is a small but

significant bias toward low frequencies; that is,

the "flight effect" seems to become greater as

frequency is reduced.

The Noy-weighted spectra corresponding to

Figure 66 are shown in Figure 67. It can be seen

that Noy weighting favors the higher frequen-

cies for this nozzle, especially around the peak

PNL angles, about 100 ° to 120 °. For this case,

the jet-to-free-stream velocity ratio (Vmix/

Vamb) is much smaller (on the order of 2.53)

compared with the BPR = 5 nozzle (which had

a ratio of 3.75). This difference could be a cause

for the better low-frequency noise benefit

(compare Figure 64 with Figure 66).

If we assume low-frequency noise is roughly

proportional to the relative mixed velocity to

some power (say, for example, to the 7 th power

if we assume Lighthill's 8th power law but take

out one power for equivalent mass flow), then

we can postulate that the "flight effect" should

reduce low-frequency noise on the order of:

Vmix-VambASPL oc 70 • loglo Vmix (5)

Substituting values of Vmix/Vamb given above,

the formula would suggest that the flight effect
should be about 9.6 dB for the BPR = 5 case and

about 15.5 dB for the BPR = 8 case. Examining

Figures 64 and 66, we see that the average

low-frequency noise reduction is about l0 and

13 dB for the BPR = 5 case and BPR = 8 cases,

respectively. This is a reasonable estimate of

absolute noise reduction and a good estimate of

the difference in flight effects between the two

cases. The outcome may be fortuitous, but it

certainly indicates that the flight effects are not

inconsistent with classical theories of jet noise.

As a final assessment of forward-flight effects,

a comparison was made for the BPR = 5

external plug nozzle with the inward-flipped,

12-chevron (3IB), noise-reduction device on

the core nozzle (the noise-reduction devices are

discussed in Subsection 6.1.3). Figures 68 and

69 show PNL directivity and SPL and Noy-

weighted spectra comparisons. Flight effects

are again very substantial, about 7 PNdB at the

peak angle, and again show more reduction at

low frequencies than at high frequencies.

Another observation worth noting is that the

noise reduction measured statically is also

realized with simulated forward flight. Figure

64 shows a static peak PNL of 100.7 PNdB and

a Mo = 0.28 flight peak PNL of 91.0 PNdB for

the 3BB baseline configuration. The corre-

sponding static and flight peak PNL values for

the 3IB chevron configuration are 98.0 and

88.8 PNdB, respectively. Thus the static peak
noise reductions are observed to be 2.7 PNdB

statically and 2.2 PNdB in flight, suggesting

that these mixing-enhancement devices retain

much noise-reduction effectiveness in flight.

6.1.3 Noise-Reduction Concept
Assessment

Acoustic assessments for the GEAE/AEC

noise-reduction devices tested in this program

were grouped into three categories. Concepts
tested on the:

1. Internal plug BPR = 5 Model 2

2. External plug BPR = 5 Model 3

3. External plug BPR -- 8 Model 5
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The results for the the three groupings are

discussed in the following subsections.

6.1.3.1 Internal Plug BPR=5

Configurations

The baseline internal plug BPR = 5 configura-

tion (Model 2, shown in Figure 11) is composed
of a fan nozzle with a nominal hot throat area of

28.94 in 2, a core nozzle of nominal hot throat

area of 11.19 in 2, and an internal core plug.
Acoustic farfield data were obtained on the

Cycle 2 operating line (Table 10) for this

baseline configuration at several simulated
aircraft forward velocities. Four noise-

reduction devices were selected for testing on

this model: two fan nozzle concepts and two

core nozzle concepts. The core nozzle concepts

included chevrons and a unique variation on the
traditional forced mixer referred to as the

"tongue mixer." The fan nozzle concepts in-

cluded chevrons and tandem triangular vortex

generators referred to as "doublets." A physical

description of each of these concepts is pro-

vided in Section 4.2. All acoustic data pres-
ented in this section have been scaled to

represent a full-size engine with a fan stream
throat area of 1852 in 2 and a core stream throat

area of 716.2 in 2. This corresponds to a scale

factor of 8 relative to the scale-model size.

For the test point representative of thrust levels

at the sideline certification condition, the

maximum variation in mass flow observed with

the introduction of chevrons was 1.5% for the

fan stream and 5% for the core stream, relative
to the baseline nozzles. The doublet vortex

generators produced virtually no change in

operating conditions. For the tongue mixer as

originally configured, core flow rate at each of

the test conditions were substantially higher

than for any of the other configurations. For

example, for cycle point 21 it was 42% higher

than the baseline nozzle, at a free-jet Mach

number of 0.28. As a result, bypass ratio fell

substantially below design intent -- from 5.23

to 3.64 for the above condition. This also

resulted in substantially higher thrust levels at

a given operating point, 9.2% higher for the
above condition.

In an attempt to move the operating characteris-

tics of the tongue mixer concept closer to the

baseline, a longer core plug was fabricated. The

cylindrical section of this plug was the same

diameter and maintained the same taper profile

as the original. The length was increased such

that the constant radius cylindrical section

extended to the end of the tongue segments.

This produced the maximum reduction in core

flow area possible without changing the mixer

chutes. The resulting configuration, designated

Model 6, is shown in Figure 19. Test data show

that the increased blockage due to the extended

plug reduced the core mass flow rate but not

quite to the extent desired. The final bypass
ratio of Model 6 was 4.55 at the sideline

condition, as compared to 5.15 for the baseline

model at the same primary and secondary

nozzle pressure ratios. This difference must be

considered in interpreting the acoustic results.

6.1.3.1.1 Core Nozzle Concepts

The following core nozzle noise-reduction
devices were tested on the BPR = 5 internal

plug nozzle:

1. Configuration 2C12B, 12-chevroncore

nozzle (see page 163 in Appendix A of

this report)

2. Configuration 2TmB, tongue mixer core

nozzle with short core plug (page 164)

3. Configuration 6TmB, tongue mixer core

nozzle with extended core plug

(page 196)

The normalized EPNL of 2C12B, 2TmB,

6TmB and the baseline 2BB configurations, as

a function of normalized Vmi x for the Mo = 0.28

forward-flight-simulation condition, are pres-

ented in Figure 70. The results show a maxi-

mum noise benefit of 1 EPNdB, for any of the
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core nozzle devices, relative to the baseline.

The chevron concept was effective over the

largest range of operating conditions (Vmix).

For values of normalized Vmix less than 0.95,

the chevrons produced essentially the same
farfield noise levels as the baseline nozzle. As

normalized Vmi x increased beyond 0.95, the

chevrons reduced noise compared to the base-

line. The chevrons produced little or no noise

reduction at typical approach or cutback condi-

tions (cycle point 23, Vmix/Cam b < 0.88) and

about 0.8 dB at a typical sideline condition

(cycle point 21, Vmix/Cam b = 1.034).

Both the original tongue mixer configuration

with the short internal plug (2TmB) and the

modified tongue mixer configuration with the

longer plug (6TmB) are significantly louder
than the baseline nozzle at lower values of

normalized Vmi x. As normalized Vmix is

increased above 0.95, configuration 6TmB

approaches the baseline results. However, con-

figuration 2TmB shows noise reduction trends

very similar to those of the chevron configura-

tion. That result was unexpected because

2TmB produced a significantly lower bypass

ratio than any of the other configurations. This

behavior is related to the different operating

conditions of the configuration, which are

highlighted when Vmix is referenced to the

nozzle operating conditions that produced it.

Figure 70 for cycle point 21 shows that, for

fixed nozzle inlet conditions, configuration

2TmB is the loudest, but normalized mixed

velocity is also highest for 2TmB.

The above observation is further demonstrated

when EPNL is displayed as a function of ideal

net thrust (defined as ideal gross separate-flow

thrust minus the ram drag due to the total inlet

mass flow at free-jet speed), as presented in

Figure 71. In this figure, net thrust is also

normalized to reference standard-day condi-

tions by using the factor _ = Pamb/Pre f where

Pamb is the test-day condition and Pref is sea
level standard pressure (14.696 psia).

It is noted that the increase in noise level with

thrust is lower for tongue mixer configuration

2TmB than for any of the other configurations.

This result can be traced back to the higher

core-flow discharge coefficient, CDS, of this

configuration, which allows a required level of
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thrust to be achieved at lower core nozzle

pressure ratios (see summary tables in Appen-

dix B for CD8 values). However, the tongue

mixer has significantly lower core jet velocity

for the same thrust, so the noise reduction is due

in major part to the reduced Vmi x at the same
thrust.

For diagnostic purposes, two additional operat-

ing conditions, labeled cycle points 21A and

20A, were run only for this configuration. For

these operating conditions, fan nozzle pressure

ratio (NPR) was set to the values typical of

cycle points 21 and 20, while core NPR was

reduced at fixed temperature until the bypass

ratio of the original cycle points was matched.

The EPNL values associated with points 20A
and 21A were below all the other data at the

corresponding thrusts. The reduction in core

nozzle pressure ratio required to generate a

given thrust, resulting from the higher dis-

charge coefficient of the tongue mixer, is

controlling the noise signature. Configuration

6TmB, with the extended plug to reduce the

core nozzle area, required a higher core NPR to

reach a specified thrust, giving higher core

velocity and hence higher noise levels than
2TmB.

EPNL is a complex, nonlinear function of the

spectral content, level, and directivity of the

radiated sound field. In particular, PNL is an

overall metric calculated on a spectrally

weighted basis. The sound power spectrum

(PWL) is useful for comparing the overall

source characteristics of different configura-

tions. A comparison of the sound power

spectrum of the four core nozzle configurations

tested on Model 2 is presented in Figure 72 for

cycle point 21, which corresponds to a typical
sideline certification condition. For the chosen

scale factor of 8:1, the baseline nozzle sound

power level (PWL) spectrum data in Figure 72

have a broad peak in the l/3-octave bands

between 80 and 125 Hz. Away from the peak,

the level drops off at approximately 1 dB per

band up to 3.15 kHz. Above 3.15 kHz, there an

increase is indicated, but this may be an artifact
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of the scaling process due to large atmospheric

absorption corrections required at the corre-

sponding very high model-scale frequencies

(above 25 kHz).

Fisher, Preston, and Bryce (Reference 28) have

shown that, for a secondary-to-primary veloc-

ity ratio less than 1.0, the jet-mixing noise

levels of coplanar, coannular nozzles are con-

trolled by that portion of the plume downstream

of the end of the secondary flow potential core.

Further, at the velocity ratio represented by the

condition selected from the current test (0.7),

the data in Reference 28 suggest that the peak

levels are controlled by the fully mixed region

of the plume, which lies downstream of the

primary nozzle potential core. Although the

noise-generation source strength per unit

length of jet plume in this region is not as great

as near the nozzle exit plane, an identifiable

velocity profile persists many diameters down-

stream from the end of the primary potential

core. Based on Strouhal number and "slice of

jet" source location arguments, this region of

the plume -- with large turbulent-eddy length

scales -- will primarily contribute to the

low-frequency portion of the resulting PWL

spectrum.

It can be speculated that if the rate of decay of

the downstream jet plume can be accelerated

without significantly altering the source den-

sity, or if the jet exit velocity itself is reduced,

then low-frequency noise should be reduced. In

fact, introduction of the chevron core nozzle

produces a modest reduction in sound power

levels in the low-frequency spectrum (below 1

kHz), with virtually no change from the base-

line at the higher frequencies. Plume survey

data obtained with chevron configurations on

Model 3 (to be discussed in a later subsection)

showed indications of the formation of fairly
weak vortices from each of the chevrons.

Further downstream, the vortices can no longer

be identified, but the measured velocity profile
was observed to be more uniform than the
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baseline, as shown by a smaller diameter

centerline hot streak. Acoustically, this mixing

enhances the decay of the fully mixed region of

the plume by reducing the "fully merged"

velocity levels, thus reducing noise emission

from this region.

Fisher et al. (Reference 28) demonstrated that

a second important "interaction region" re-

sponsible for acoustic radiation in coannular

nozzle systems is the region between the ends

of secondary and primary potential core, where

the two shear layers from the two nozzle edges

interact and the turbulent-eddy length scales

are smaller than they are further downstream.

The strength and spectral characteristics of this

region scale with the primary jet velocity,

resulting in contributions to the higher frequen-

cy bands. If vortex-induced mixing increases

turbulence in this interaction region, a shift in

the spectral peak toward higher frequencies and

an increase in level at this peak can be expected.

This was not clearly observed with the chevron
nozzle. From these observations it can be

inferred that the vorticity introduced by the

chevrons is strong enough to reduce the overall

length of the jet plume but not strong enough to

significantly increase turbulence in the interac-

tion zone. Rather, it is speculated that the

chevrons produce large-scale, longitudinal vor-

tices that, as they roll up and convect down-

stream, entrain fan stream flow into the core

stream and core stream flow into the fan stream,

effectively increasing the mixing perimeter
between the two streams.

For the tongue mixer configurations, a reduc-

tion in the low-frequency portion of the sound

power spectrum relative to the baseline is

shown in Figure 72. However, the extended

plug (6TmB) produced the largest decrease.

This trend was offset by a major increase in the

spectral levels above 1 kHz. The effectiveness

of the tongues in reducing the low-frequency

noise is strongly influenced by free-jet Mach

number, with maximum suppression observed

at static (no free-jet velocity) conditions,

compared to the baseline nozzle.

An example of the effect of free-jet speed on the

acoustic power spectrum is given in Figure 73

for the 6TmB tongue mixer. Sensitivity to

forward-flight speed is typical of noise gener-

ated in the fully mixed region of the flow,

supporting the conclusion that the low-

frequency suppression provided by the tongue

mixer is a result of enhanced decay of the

far-downstream plume. It can also be inferred

that the tongue mixer produces higher turbu-

lence near the nozzle exit, increasing high-

fiequency noise in the PWL spectra. It is also

possible that there is unsteady lift on the tongue

trailing edges, due to vortex shedding. If this

does occur, it would explain why the high-

frequency noise is relatively insensitive to

free-jet Mach number. Such a nonconvecting
source doesn't realize the benefit of reduced

convective amplification with increasing flight

speed.

It is hypothesized that low-frequency noise is

reduced through more rapid mixing of the hot
and cold streams, as a result of the formation of

counterrotating streamwise-vortex pairs down-

stream of the tongues. Figure 72 shows that the

extended-plug tongue mixer (6TmB) produces

a larger suppression of the low-frequency

spectrum compared to the original tongue

mixer configuration (2TmB). One plausible

explanation is that the extended plug in the

6TmB mixer forces core flow in the tongue

region to be more axial and less radially

converging towards the centerline relative to

the 2TmB mixer. This could lead to stronger

streamwise vorticity in 6TmB than in 2TmB,

resulting in more rapid mixing and consequent-

ly more rapid decay of the plume in 6TmB.

Also the percent of core flow that participates

in mixing due to streamwise vorticity produced

by the tongues will be larger in 6TmB than that
in 2TmB due to the constraint of the extended

plug, in spite of the reduced core-flow rate for
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6TmB mixer. This too can possibly lead to

stronger streamwise vorticity and faster plume

decay. Alternatively, the 6TmB mixer core

flow, being smaller than for the 2TmB mixer,

may cause the core velocity to decay more

rapidly, since the tongue size is a larger portion

of the core annulus height.

While the sound power spectrum gives a useful

overall picture of the source characteristics of

a sound field, the Noy-weighting of the sound

pressure level spectra and the corresponding

directivity determine the EPNL. The PNL

variation with emission angle for a 1500-ft-

altitude level flyover is presented in Figure 74.

Note the SPL spectra at peak PNL emission

angle and at 90 ° . The peak noise level of the

baseline nozzle (2BB) occurs at an emission

angle of 130 ° and is associated with a dominant

frequency range of 100 to 200 Hz. The addition

of chevrons to the core nozzle (2C12B) reduces

peak PNL approximately 1.5 dB with no

significant change in PNL directivity pattern

compared to the baseline configuration.

Comparing the spectra of the baseline and core

chevron nozzles at the peak PNL angle of 130 °,
the chevrons are observed to reduce SPL at

frequencies below 400 Hz. At higher frequen-

cies, the spectral change is minimal. These
observations are consistent with the sound

power results discussed earlier and support the

conclusion that the chevrons produce a longitu-
dinal vortex entrainment effect that enhances

decay of the fully developed segment of the

plume without generating the intense turbu-
lence near the nozzle exit associated with

elevated high-frequency content.

The two tongue mixers produced significantly

higher high-frequency noise, as indicated in

Figure 74, at 90 ° and 110 °, resulting in a 3 dB

higher peak PNL and a shift in peak PNL angle
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from 130° to 105° - 110 °. The configuration

with the extended core plug (6TmB) is the most

effective of all devices tested in reducing the

classical low-frequency mixing noise, but it

produced significant increases in spectral lev-

els for higher frequencies. The 150-ft-arc

overall sound pressure levels (OASPL) direc-

tivity of all four configurations are shown in

Figure 75. The directivity patterns are very

similar, suggesting that the directionality of the

total acoustic energy is not materially altered by

the mixing devices,but rather the frequency

content (lower low-fi'equency noise and higher

high-frequency noise) is the dominant change

that impacts EPNL.

The corresponding Noy-weighted spectra are

shown in Figure 76. At the 110 ° (peak noise)

angle, the peak SPL for the mixer configura-

tions (see Figure 74) is in the same frequency

band, approximately 125 Hz, as the baseline

120

110

1213

.J
13_
03
<
O

nozzle, and the levels in the 2- to 3.15-kHz

bands are 5 to 16 dB below the peak, depending

on the mixing concept. However, the Noy-

weighted spectra for these same configurations

is dominated by the 2- to 3.15-kHz bands, and

the tongue mixers apparently create the highest

noise levels in the frequencies of highest

Noy-weighting. Consequently, these results are
sensitive to the chosen scale factor. For smaller

scale factors, the SPL spectra will shift to

higher frequency bands for all angles. The

combination of: (a) moving the high-frequency

noise increase out of the range of highest Noy

weighting and (b) the additional atmospheric

absorption at these higher frequencies reduces

the noise increase caused by the tongue mixers
and could even result in an EPNL reduction.

In summary, the mixing devices applied to the

core nozzle for Model 2 produced a maximum

EPNL reduction of 1 dB at operating conditions

100

90

80

..... "''l,''+'''''I '''' ..... I'''''''''I'' .... '''I'''''''''I '''''d''''l ...... "''I .........

------- 2BB
2TmB

+,-----+ 2C12B
+------+ 6TmB

• Model 2
• BPR = 5
• Scale Factor = 8
• M 0 = 0.29
• Cycle Point 21 /"LF
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Directivity Angle Relative to Inlet, Degrees

Figure 75.

180

Comparison of OASPL Directivity for Core Nozzle Mixing Enhancers
(2BB, 2C12B, 2TmB, and 6TmB)
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representative of the sideline certification

point. Little or no benefit was observed at lower
thrust conditions. For the selected reference

engine size, the chevron concept was more

effective than the aggressive tongue mixer

design at a given nozzle pressure ratio. Due to
differences in the core mass flow characteris-

tics of the chevron and tongue mixer concepts,

the data trends are different when the compari-

son is made at a given thrust. In particular, at

very high thrusts chevron and tongue mixer

concepts produced similar EPNL reductions.

The chevron apparently introduces a weak,

longitudinal vortex structure into the shear

layer between the primary and secondary flow

streams. This vortex enhances decay of the

fully merged portion of the plume by enlarging

the mixing perimeter, thus increasing mixing

without producing significant additional turbu-

lence near the nozzle exit plane.

The tongue mixer produces a stronger vortex

system than chevrons and thus promotes more

rapid decay of the fully merged plume. This is

apparently accompanied by increased turbu-

lence in the initial mixing region. Acoustically,

this produces a significant reduction in low-

frequency noise, accompanied by a corre-

sponding large increase in the higher frequency

noise that is heavily weighted in annoyance-
based metrics such as EPNL. Because of the

spectrum shape dependence on scale factor and

atmospheric absorption, the noise-reduction

effectiveness of the tongue mixer concept is

only likely to be favorable for small engines.

6.1.3.1.2 Fan Nozzle Concepts

Two mixing enhancement devices were tested

on the internal plug BPR = 5 configuration:

1. Configuration 2BC24, 24-straight-

chevron fan nozzle (see page 161)

2. Configuration 2BD, doublet or vortex-

generator fan nozzle (94 doublets on

inside of fan nozzle) (page 160).

A comparison of normalized EPNL for 2BC24,

2BD, and the baseline 2BB nozzle configura-

tions as a function of normalized Vmix for the

Mach 0.28 flight simulation condition is pre-

sented in Figure 77. The data trends indicate an

EPNL benefit of 0.5 to 1.0 dB relative to the

baseline nozzle. Changes in normalized Vmi x at

a fixed nozzle pressure ratio are indicated in

Figure 77 by marking the cycle point 21 for the

three test configurations. Performance data

recorded during the acoustic test of these

configurations showed no significant differ-

ences in the fan stream mass flow for given

nozzle pressure ratio. Hence, differences in

normalized Vmi x are due to differences in the

ambient speed of sound resulting from varia-

tions in ambient temperature during the test.

The EPNL data of these test configurations are

displayed as a function of ideal net thrust in

Figure 78. In this figure, configuration 2BD is

observed to be ineffective in reducing noise
level relative to baseline 2BB. A 0.5 to 1.0 dB

benefit in EPNL is noted for the chevron

2BC24 configuration. This indicates that,

unless test conditions are exactly the same from

configuration to configuration, determining a

test concept effectiveness in reducing EPNL is
sometimes difficult when noise benefits are

small -- of the order of 0.5 to 1.0 EPNdB. This

is particularly so when the ambient temperature
differences also result in a same order-of-

magnitude change.

PWL spectra comparisons for the three fan

nozzle configurations are presented in Figure

79. Data are presented for cycle point 21

(typical sideline condition) and a free-jet Mach

number of 0.28. Results at other operating

points were observed to be very similar. As on

the core nozzle, chevrons produce a moderate

reduction in the spectral peak compared to the

baseline. The primary effect of the fan chevrons

is to enhance mixing between the fan flow and

the free jet. The reductions are observed for a

wider range of frequencies away from the peak
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than was the case for core nozzle chevrons, up

to 1.6 kHz. Between 1.6 and 3.15 kHz, the

chevron spectra become essentially identical to
those of the baseline nozzle. The doublets

produced no significant spectral variations

from the baseline on a sound power basis.

Comparisons of the PNL directivity, 1/3-octave

and Noy spectra (at three angles) of 2BB, 2BD,

and 2BC configurations at test point 21 (Cycle

2) and Mach 0.28 conditions are presented in

Figures 80 and 81. For all configurations, peak

PNL is at an emission angle of 130 °. The fan

chevrons reduce peak PNL 1.5 dB relative to

baseline nozzle. A PNL benefit of 1 dB persists

for angles between 95 ° and 160 ° . This follows

trends previously observed for chevrons ap-

plied to the core nozzle. The doublet configura-

tion actually produces a small increase in peak

PNL (0.8 dB) compared to the baseline nozzle.

Similar results are observed for angles between

120 ° and 150 ° , with the maximum difference

between baseline and doublet configurations

increasing to 1.5 dB at 140 °.

The SPL spectral results for the various angles

(Figure 80) indicate that the primary effect of

the chevrons is to again reduce the levels in the

low-frequency portion of the spectrum while

having virtually no effect above 1.6 kHz. This

observation is further supported by the Noy

spectra (Figure 81). For the doublet configura-

tion, the spectral levels associated with the peak

PNL angle are approximately 1 dB higher than

the baseline for the frequency bands between

200 and 1000 Hz, as more clearly shown in the

Noy spectra (Figure 8 l). For angles approach-

ing the jet axis, differences between the SPL

spectra of the doublets and the baseline become

negligible except in the bands centered at 160
and 200 Hz. The fan nozzle chevrons and

doublets were both intended to promote mixing
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between the fan and surrounding ambient flow

streams to enhance the plume velocity decay

and reduce the average velocity levels in the

far-downstream region. The spectral results

suggest that the chevron configuration per-

formed somwhat as intended. However, the

primary effect of the doublets was to shift the

spectral peak at the angle corresponding to

peak PNL from 100 to 200 Hz, without

reducing the SPL. Hence, it appears that the

thickness or the shape of the doublets selected

was not conducive to improved fan flow/free-

jet mixing for this configuration.

In summary, chevrons on the fan nozzle pro-
duced a maximum reduction in EPNL of 1 dB

at the typical sideline certification point. The
effect of the chevrons was to reduce the levels

of the low frequency portion of the spectrum

(below 400 Hz), with little or no change from

the baseline at higher frequencies. On a direc-

tivity basis, the chevrons reduced PNL at the

peak and higher angles but did not alter the

angle at which the peak occurred. The paired,

cascaded, triangular vortex generators (or dou-

blets) were not effective in reducing noise,

compared to the baseline nozzle. At the highest

pressure ratios tested, an increase of 1 EPNdB

relative to the baseline was observed. This was

primarily the result of a shift in the spectral

peak from 100 Hz in the baseline model to 200

Hz in the doublet configuration, without any

reduction at the peak frequency. As with the

chevrons, the doublets had no effect on the

directivity angle corresponding to peak PNL.

6.1.3.1.3 Combined Core and Fan Nozzle

Concepts

Based on the results described in the previous

two subsections, three configurations employ-

ing combinations of fan and core nozzle mixing

concepts were tested:

1 Configuration 2C12C, 12-chevron core

nozzle and 24-chevron fan nozzle (page

162)

2 Configuration 2TmC, tongue mixer core

nozzle with short core plug and 24-chev-

ron fan nozzle (page 165)

3 Configuration 6TmC, tongue mixer core

nozzle with extended core plug and

24-chevron fan nozzle (page 197)

The EPNL results for these configurations are

presented in Figures 82 and 83. EPNL normal-
ized for thrust as a function of effective

mixed-jet velocity normalized to the ambient

speed of sound is presented in Figure 82.
Unnormalized EPNL as a function of standard-

day net thrust is presented in Figure 83. These

figures show a maximum reduction of 2 dB.

The maximum suppression occurred at an

operating condition typical of the sideline

certification point.

For configuration 2TmC, the tongue mixer

with the short core plug, two additional condi-

tions (labeled points 21A and 20A) are also

presented in Figures 82 and 83. As previously

explained, this configuration of the tongue

mixer delivered a considerably higher core

mass flow rate for a given core nozzle pressure

ratio than any of the other configurations, due

to incorrect design of the effective throat area.

For cycle points 20A and 21 A, the core nozzle

pressure ratio was reduced until the core mass
flow rates matched those observed in the other

configurations at cycle points 20 and 21

respectively. For these altered cycle points, 3
EPNdB reduction relative to the baseline coax-

ial nozzle is indicated for the tongue mixer
2TmC on a "same thrust" basis. Of course,

some of this same effect could be achieved by

resizing the core nozzle to give the higher mass

flow at a lower pressure ratio, hence lowering

the core jet velocity and therefore reducing the
noise.

The combination of chevrons on the fan and

core nozzle was the most successful and

demonstrated noise suppression over the larg-

est range of operating conditions. At the lowest

nozzle pressure ratios, noise levels for this
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configuration were virtually identical to those

of the baseline arrangement. Reduced noise

relative to the baseline was observed for values

of normalized Vmi x greater than 0.88. This

typically translates to reduced jet noise at both
cutback and sideline certification conditions.

The tongue mixer configurations on the core

nozzle, in combination with fan nozzle chev-

rons, also demonstrated significant low-

frequency, peak-noise reductions compared to

the baseline, at the higher nozzle pressure

ratios, as shown in the PWL spectra compari-

sons in Figure 84 for cycle point 21. At lower

nozzle pressure ratios, the tongue mixer com-
binations increased noise relative to the base-

line, as can be seen in Figures 82 and 83. As the

nozzle pressure ratio is reduced at fixed free-jet

Mach number, the difference in velocity

between adjacent streams starts decreasing, the

shear layers grow faster, and the extent of the

plume is reduced. Thus mixing enhancement

will have less effect at lower pressure ratios.

As with the baseline fan nozzle, the tongue

mixer configurations with fan chevrons at fixed

cycle conditions show the mixer to be always

noisier. Most of the noise suppression observed

with the tongue mixer at fixed thrust (lower

core pressure ratio to match thrust) is the result

of reduced primary jet velocity compared to

other configurations. In the combined case with

fan chevrons, the enhanced mixing of the fan

flow and free jet continues (just as in the

fan-chevrons-only case), but it also further
alters the flow characteristics due to the core

chevrons or tongues with the net effect being
even more beneficial to noise than the fan-

chevrons-only case. The combination of the

tongue mixer on the core nozzle with chevrons

on the fan nozzle almost doubled the peak noise

decibel reduction compared to the mixer by

150!

140

-Omo_e_-_130 ;
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itself, but the high-frequency noise increase

due to the tongue mixer was not changed with

the addition of the fan chevrons. However, the

combination of chevrons on both fan and core

nozzles doubled the peak noise level reduction

with no appreciable increase in high frequency

noise, resulting in a much greater EPNL

reduction.

The sound power spectrum for the combination

of fan and core nozzle devices at cycle point 21

is presented in Figure 84. The general charac-

teristics in this figure are similar to those

presented in Figure 72 for the core nozzle

devices alone. All configurations reduced the

low-frequency noise that dominates the base-

line nozzle spectrum. Similarly, both configu-

rations employing the core tongue mixer pro-

duced large increases in sound power level at

frequencies above 1 kHz. The combination of
fan nozzle chevrons with the core nozzle

devices significantly improves low-frequency

suppression compared to the core devices

alone. This is particularly true for the configu-

ration employing the tongue mixer with ex-

tended plug (6TmC), where an additional 2 dB

reduction was observed over the frequency

range of 50 to 400 Hz. For the other two

configurations, addition of the fan nozzle

chevrons produced another 1 dB in noise

reduction over the frequency range 50 to 1000

Hz, compared to the results with only the core

nozzle devices. However, the tongue mixer

combinations still exhibited significantly high-

er high-frequency noise. No significant

changes in the spectral level were observed

above 1 kHz for any of the core configurations

as a result of adding chevrons to the fan nozzle.

Comparing the PNL data of Figure 85 with

those of Figure 74 indicates that inclusion of the

chevrons on the fan nozzle did not significantly

affect the shape of the PNL directivity patterns

for the various core nozzle configurations.

However, reductions in the peak PNL of 1-2

PNdB were measured. As observed without the

fan nozzle chevrons, the PNL for the tongue

mixer configurations peaked at a much lower

angle (100 °) than either the baseline or the

chevron configurations. In addition, the tongue

mixer configurations continue to produce

much higher levels in the forward arc than do

the other configurations, in spite of the addition
of chevrons to the fan nozzle.

Comparing sound pressure spectra at several

angles (Figures 85 and 74), it can be seen that
all the devices tested reduced noise in the

low-frequency portion of the spectrum, and the

reductions were observed over a wide range of

angles. Addition of the fan nozzle chevrons

produced the maximum impact at aft angles,

closer to the jet axis, almost doubling the

decibel reduction at 130 ° compared to the

configurations without chevrons on the fan

nozzle. The high-frequency increases observed

in the PWL for the core nozzle mixer configura-

tions are primarily associated with angles near

90 °. The Noy curves of Figure 86 further

substantiate these observations, showing the

total dominance of the high-frequency portion

of the spectrum at the 100 ° angle for the two

tongue mixer configurations and the substan-

tial reduction in annoyance for all configura-

tions in the lower frequencies.

In summary, the combination of fan nozzle

chevrons with the previously described core

nozzle concepts produced a significant addi-
tional decrease in farfield noise levels. Maxi-

mum reductions in EPNL of 2 dB relative to the

baseline nozzle were observed. This is approxi-

mately double the decibel reduction observed

when only the core nozzle devices were used.

Combining the core nozzle concepts with

chevrons on the fan nozzle did not significantly

alter the shape of the directivity curves but did

reduce noise levels. Configuration 2C12C was

the best in terms of noise reduction for the

internal plug BPR = 5 nozzle.
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The EPNL benefits of all mixing-enhancer
devices tested with Model 2 BPR = 5 internal

plug nozzle are summarized in Figure 87.

6.1.3.2 External Plug BPR--5

Configurations

In this section, acoustic results measured with

mixing-enhancement concepts tested on the

external plug BPR = 5 nozzle (Model 3) are

discussed. The baseline nozzle configuration is

shown in Figure 12. This section is further

divided into three subsections corresponding to

mixing-enhancement devices used on the core

only, fan only, and core and fan combinations.

6.1.3.2.1 Core Nozzle Concepts

This subsection discusses results of having

mixing-enhancement devices on the core

nozzle of the external plug BPR = 5 configura-
tion. The tested core nozzle devices include:

1. Configuration 3C8B, 8-straight-chevron

core nozzle (page 184)

2. Configuration 3C12B, 12-straight-chevron

core nozzle (page 181)

3. Configuration 3IB, 12-inward-bent-

chevron core nozzle (page 185)

4. Configuration 3AB, 12-alternating-bent-

chevron core nozzle (page 188)

5. Configuration 3DiB, internal doublet core

nozzle (64 in the core flow side) (page 189)

6. Configuration 3DxB, external-doublet core

nozzle (20 in the fan flow side) (page 190)

A comparison of normalized EPNL for 3C8B,

3C12B, 3IB, 3AB, and the baseline 3BB

configurations as a function of normalized

Vmi x for the Mach 0.28 flight-simulation

condition is presented in Figure 88. The trends

J ..... ---- ---- .... __ --___ --__.

I V • Scale Factor = 8 Altitude = 1500 ft, M o = 0.28 Tam b = 50°F
mx __ _

[] 1200 " _ ..................... - .........

[] 11oo................. --- ...........
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Figure 87. Mixing-Enhancer Noise Benefits Relative to Baseline BPR = 5 Internal Plug Nozzle
(Model 2)
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of 3C8B and 3C12B are very similar and show

EPNL reduction relative to the baseline, with

the fewer number of chevrons (3C8B) provid-

ing a slightly increased benefit over the higher

number of chevrons (3C 12B) at higher normal-

ized Vmix values. The inward and alternating

flip chevrons are very similar at the higher

values of Vmix and provide a significant noise

benefit relative to the baseline. However, at

lower velocities, the noise benefit with 3AB

decreases, and it produces even higher values

of EPNL relative to the baseline at the lowest jet

velocities tested. The 3IB configuration gives

the best noise benefit among the four test core
chevron devices at all velocities.

Comparisons of the PNL directivity, 1/3-octave

and Noy spectra (at three angles) of 3BB,

3C8B, 3C12B, 3IB, and 3AB configurations at

the test point 21 (Cycle 2 operating line) and

Mach 0.28 simulated-flight speed condition are

presented in Figures 89 and 90 (see Appendix

C for comparisons at all angles). PNL directiv-

ity shows that the core chevrons significantly

decrease peak PNL relative to baseline and

cause peak PNL to occur at different angles.

The peak PNL of configuration 3IB is reduced

by more than 2 dB, and the peak PNL angle of

Configuration 3AB is shifted from 130 ° to

120 °. The spectra show that the alternating flip

chevron offers the most low-frequency sup-

pression but is highest at the medium to high

frequencies. The other chevron designs provide

different degrees of low-frequency suppression

with high-frequency levels at or below those of
the baseline. Similar trends are also noted from

the sound power spectral comparisons pres-

ented in Figure 91.

A comparison of the normalized EPNL of

3DiB, 3DxB, and baseline 3BB configurations

as a function of normalized Vmix for the Mach

0.28 flight-simulation condition is presented in

Figure 92. Overall, the doublets were rather

disappointing in noise benefits. The internal

doublets were louder than the baseline at high

velocities, and the external doublets were

louder than the baseline at lower velocities.

Comparisons of the PNL directivity and

1/3-octave spectra (at three angles) of 3BB,

3DiB and 3DxB configurations at the test point

21 (Cycle 2) and Mach 0.28 condition are

presented in Figures 93 and 94. The PNL

directivities of 3BB and 3DiB are very similar,
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with theinternaldoubletsslightly higheratthe
forwardandaft anglesandslightly lowernear
the peak PNL angles.The spectraare very
similar andshownoobvioustrends.ThePNL
directivitiesof 3BB and3DxB alsoshowthat
theexternaldoubletshaveahigherPNLvalue
atforwardandaft angles,andthelevelsaround
the peakPNL angleare lower. The spectral
comparisonsareagainvery similar, although
the doublets result in more noise at high
frequencies.

6.1.3.2.2 Fan Nozzle Concepts

This section discusses results of a mixing-en-
hancement device on the fan nozzle of the

external plug BPR = 5 configuration. The tested

fan nozzle device was configuration 3BC, the

24-chevron fan nozzle (page 167).

Figure 95 is a comparison of the normalized

EPNL of 3BC and baseline 3BB configurations

as a function of normalized Vmi x for the Mach

0.28 flight simulation condition. On an EPNL
basis, it is clear that the fan chevron had little

acoustic impact relative to the baseline config-

uration, unlike the result for the internal plug

nozzle. Recall that for the internal plug, config-

urations 2BB versus 2BC (Figure 77) a 0.5 to
1.0 EPNdB reduction was observed.

Figures 96 and 97 compare the PNL directivity

along with 1/3-octave and Noy spectra for 3BB

and 3BC for the test point 21 Mach 0.28

condition. The fan chevron PNL is higher in the

forward quadrant but lower at the other loca-

tions. In terms of spectra, the fan chevron

reduces noise at lower frequencies but gener-

ates additional high-frequency noise relative to
the baseline. A similar observation can be made

from the PWL comparisons in Figure 98. This

is in contrast to the results with the internal plug

nozzle, where no significant high-frequency
noise increase was observed as illustrated in

Figures 79 through 81. We thus have the

puzzling result that the internal and external

plug baseline nozzles exhibit very similar

acoustic characteristics, but addition of a fan

chevron produces different noise impacts.
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6.1.3.2.3 Combined Core and Fan Nozzle

Concepts

The results of testing the BPR = 5 external plug
nozzle with combinations of fan and core

mixing-enhancer concepts are discussed in this
section. The tested nozzle combinations in-

cluded the following:

. Configuration 3C8C, 12-straight-core-

chevron nozzle and 24-straight-fan-

chevron nozzle (page 183)

. Configuration 3C 12C, 12-straight-core-

chevron nozzle and 24-straight-fan-

chevron nozzle (page 182)

° Configuration 3IC, 12 inward-bent-core-

chevron nozzle and 24-straight-fan-

chevron nozzle (page 186)

. Configuration 3AC, 12-alternating-bent-

core-chevron nozzle and 24-straight-fan-

chevron nozzle (page 187)

Figure 99 compares normalized EPNL for

3C8C, 3C 12C, 3IC, 3AC, and the baseline 3BB

configurations as a function of normalized

Vmix for the Mach 0.28 flight-simulation
condition. Use of the chevron devices simulta-

neously on the fan and core nozzles reduces jet

noise significantly. At the highest jet velocity

points, configurations 3C8C, 3IC, and 3AC

each provide a noise reduction in the neighbor-

hood of 3 EPNdB. This is considered a major

break-through in subsonic jet noise reduction

technology.

While the fan chevron nozzle showed little

benefit when used by itself, it is interesting to

note that it increased the configuration noise
benefits when combined with core chevron

nozzles. Another interesting observation is that

3C12C provided approximately half the noise
benefit relative to 3C8C. The difference be-

tween C8 and C12 lies solely in the number of

chevrons. When these two configurations were

individually tested on the core nozzle, with no
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devices on the fan nozzle, there were no

significant differences in the EPNL values of

3C8B and 3Cl2B (see Figure 88). This indi-

cates that (1) there is a relationship between the
number of chevrons on the core and the number

of chevrons on the fan and (2) there is an

interaction between the flow induced by the fan

chevrons and that induced by the core devices.

The observation of an interactive effect

between the core chevrons and fan chevrons is

further clarified by the EPNL results presented

in Figure 100. Here, the normalized EPNL of

3C8B and 3C12B are compared with the
normalized EPNL of 3C8C and 3C12C as a

function of normalized Vmi x for the Mach 0.28

flight-simulation condition. The open symbols

are for core chevrons alone, and the closed

symbols correspond to the same core configu-
rations with the 24-chevron fan nozzle. The

core-only configurations are very close in

terms of EPNL. However, when the 24-chev-

ron fan nozzle is added, the 8-chevron core

becomes much more effective in jet noise

reduction compared to the 12-chevron core.

Hence, if the chevron noise-reduction concepts

are to be applied both to the fan and core

nozzles, this relationship between the number
of chevrons on the core and the number of

chevrons on the fan needs to be further investi-

gated, understood, and optimized.

A comparison of the PNL directivities, the

1/3-octave spectra, and the Noy spectra (at

three angles) for 3BB, 3C8C, 3C12C, 3IC, and

3AC configurations at cycle point 21 (Cycle 2)

and Mach 0.28 flight-simulation conditions are

presented in Figures 101 and 102 (see Appen-

dix D for comparisons at all angles). The PNL

directivity comparison indicates that core and

fan chevron devices offer significant benefits.

The peak PNL of 3IC (12 inward-flip chevrons

on the core and 24 straight chevrons on the fan)

is reduced by 3.5 dB relative to the 3BB

baseline, and the peak PNL angle of 31C is

shifted to 110 ° relative to the 3BB peak PNL

angle of 130 °. Spectrally, observed low-

frequency jet noise reduction is very impres-

sive; SPL is reduced more than 5 dB. Configu-

ration 3AC (12 alternating flip chevrons on the
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core and 24 straight chevrons on the fan)

provides the maximum jet noise reduction at

low frequencies. It also generates significant

noise in the medium- to high-frequency range.

Configuration 3C8C does not show any in-

crease in noise at high frequency.

Some of the above trends are also observed in

the sound power spectra comparisons in Figure

103. This figure shows over 10 dB reduction in

low-frequency noise for configuration 3AC;

the next best configuration, 3IC, exhibits about

6 dB reduction in low-frequency noise. Config-

uration 3AC shows a high-frequency noise

increase of 2 to 3 dB on a power spectrum basis.

Configuration 3IC shows a smaller high-

frequency noise increase of 1 to 1.5 dB in the

power spectrum, and this does not show up in

the SPL spectra.

In conclusion, several noise-reduction con-

cepts tested on the BPR = 5 external plug nozzle

were effective. Figure 104 is a summary of the

EPNL benefits of all mixing devices tested with

this model. At typical takeoff conditions,

reductions of 1 to 2.5 EPNdB were observed for

core devices only, with the inward-bent chev-

rons and alternating chevrons giving the best

noise reduction. The fan nozzle chevrons by

themselves did not yield significant noise

reduction but significantly increased total ex-

haust system noise reduction when added to the
core nozzle devices. As much as 3.5 EPNdB

noise reduction was achieved with the com-

bination of inward-bent chevrons on the core

and straight chevrons on the fan. The straight

8-chevron core nozzle also gave good suppres-

sion in combination with 24 straight chevrons
on the fan nozzle. An interactive effect of fan

and core chevron number was deduced, but

additional study is needed to enable exploita-
tion of the effect.

6.1.3.3 External Plug BPR=8
Configurations

A limited number of noise-reduction concepts

were tested on the BPR = 8 external plug

nozzle, Model 5 shown in Figure 14. The

configurations tested included the following:
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1. Configuration 5C12B, 12-straight-

chevron core nozzle (page 194)

2. Configuration 5BC, 24-chevron fan

nozzle (page 192)

3. Configuration 5C12C, 12-straight-
chevron core nozzle and 24-chevron fan

nozzle (page 193)

Figure 105 compares the normalized EPNL of

5C12B, 5BC, 5C12C, and the baseline 5BB

nozzle as a function of normalized Vmix for the

Mach 0.28 flight-simulation condition. The
results for the BPR = 8 model are somewhat

different than those of the BPR = 5 model.

When separately tested, the fan-chevron con-

figuration (5BC) is more effective than the

core-chevron configuration (5C12B). When

tested together (5C12C), there is no significant

increase in the noise benefit when compared to

the fan-alone chevron configuration (5BC).

The fan-chevron alone configuration 5BC

seems to give the best noise reduction, around

0.8 to 1.2 EPNdB at high power. It is to be

expected that, as bypass ratio increases, fan

nozzle mixing-enhancement devices will be

more effective than core nozzle mixing devices

because core flow is a smaller fraction of the

total flow, and core velocity is lower for a given

thrust. In addition, the fan-to-ambient shear

layer contribution to the jet mixing noise

increases with increasing bypass ratio.

Comparisons of the PNL directivity, 1/3-octave

SPL spectra, and Noy spectra (at three angles)

for 5BB, 5C12B, 5BC, and 5C12C at cycle

point 41 (Cycle 4) and Mach 0.28 conditions

are presented in Figures 106 and 107. The PNL

directivity shows that the chevrons affect angle

as well as the magnitude of peak PNL. Because

of a noise decrease in the aft quadrant, the

chevron configurations move the peak PNL

forward to about 95 °. In terms of SPL, the fan

chevrons provide the most benefit at the lower

frequencies. Some noise increases at high

frequency and at some aft angles were also

observed. Overall, the core chevrons were less

effective for the higher bypass ratio nozzle.

This probably is to be expected, since the jet

velocities are generally lower for higher bypass
ratio nozzles.

80;78

76
rn

-o 74 4j o 5C12B
Z

n 72Lu _< 5BC

-o• 70 -1.--N • 50120

o 68E - Poly. (5BB)

64 ..... . _

.... _ F 1

Scale Factor = 8, Altitude = 1500 ft, Mo = 0.28

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95

Normalized Vmi x (Vmix/Oamb)

Figure 105. Normalized EPNL Variation with Normalized Vmi x" Baseline BPR = 8 Nozzle with
External Plug (5BB); Fan, Core, and Combined Chevron Nozzles (5C12B, 5BC, 5C12C)
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Some of the above trends are again observed in

the sound power spectra comparisons pres-

ented in Figure 108. The fan chevron configu-

rations give the best noise reduction at the

lower frequencies.

6.2 Nozzle Plume Survey Results

Jet plume temperature and total pressure sur-

veys were made by NASA Lewis on the BPR =

5 external plug nozzle configurations, follow-

ing the acoustic tests, to provide diagnostic

information on how the mixing devices alter or

change the jet mixing process and jet plume

development. In turn, the changes in jet plume

mixing and structure can offer additional in-

sight as to why some mixing devices were

successful and some were not. Ultimately, it

was hoped that the changes in flow field can be

related to the jet noise generation process

14C

m
-0

_7

_o 13C
13.

"O
¢..-

O

12010

Figure 108.

through theoretical notions of the fundamental

physics. In this section, selected results of the

temperature survey measurements for 3BB and

3IB configurations are summarized. The data

are compared in terms of an axial temperature

profile and cross-sectional temperature profiles

at a number of axial locations (refer to Section

5.5 for details).

Temperature profiles along a nozzle radial/ax-

ial center plane, ranging from 0.5 to approxi-

mately 88 inches downstream of the plug

trailing edge, are shown in Figure 109 for

configurations 3BB and 3IB. The inward-flip

chevron has clearly decreased the length of the

hot potential core by a factor of two, indicating
that the inward-bent-chevron device dramati-

cally increases the jet plume mixing rate.

Figure 110 compares cross-sectional (radial/

circumferential plane) temperature profiles at a

, . , . . . ! • . . .

H 5BB

H 5CB

_ 5BC
5CC

NX
Scale Factor = 8 "%_ /_"
Cycle Point 21 "_%%:::r_ _ ,,.#'/
Mo = 0.28

100 ........ 1000J ...... 10000

1/3-Octave Band Center Frequency, Hz

Comparison of Sound Power for Core, Fan, and Combined Chevron Nozzles
(5BB, 5C12B, 5BC, and 5C12C)
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number of axial locations corresponding to the

results for configurations 3BB and 3IB shown

in Figure 109. A round, hot, core flow; a round,

cooler, fan flow; and a shear layer between the
core and fan streams are discernible for the 3BB

baseline nozzle. The hot core persists for a

significant axial distance downstream of the

exhaust. The cross-sectional temperature pro-

files of the 3IB configuration indicate cross
flow of the hot core and cooler fan streams. The

cross-sectional temperature profiles exhibit

patterns similar to those of a 12-lobed forced
mixer. Each of the 12 chevrons has created a

strong vortex pattern, and this has greatly

increased the mixing between the core and fan

streams, thus reducing the hot potential-core

length relative to that of the baseline nozzle. At

the fourth measurement location (x = 30 in),
there is no identifiable hot core for the 3IB

configuration. For the baseline 3BB configura-

tion, a significant amount of hot core flow still

exists at this location.

The above flow field surveys support the

hypothesis that the chevrons generate large-

scale longitudinal vortices that entrain fan flow
into the core flow on one side of the vortex and

entrain core flow into the fan stream on the

other side of the vortex. This results in a lobular

structure like that produced by a forced lobe-

mixer. The effective perimeter of the mixing

layer between the two streams is therefore

increased and produces more rapid jet plume

decay with axial distance. The successive axial

slices shown in Figure 110 support the hypothe-

sis of increased mixing perimeter.

Additional contour plots of this type were

published by NASA at the Separate Flow

Nozzle Test Status Meeting Proceedings (Ref-

erence 29). Velocity contours were deduced

from total pressure and total temperature sur-

veys, in both a centerplane along the plume, and

at selected axial stations normal to the plume

axis, as shown in Figure 111 (see Section 5.5 for

details). Selected samples of these types of

plots are shown in Figures 112 through 116 for

configurations 3BB, 3AB, 3C8B, 3IB, and

3IC24. On these plots, the "yellow" contour

areas represent midway between the core

Z
Y

x = 10.5 in
x = 13.5 in

x = 18.0 in

x = 30 in

x = 60 in

Figure 111. SFNT97 Plume Survey

x = 100 in X
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velocity and the fan velocity. This yellow band

can be considered a measure of the mixing-

layer perimeter.

Figure 112 shows the cross-sectional velocity

contours, at a station 10.5 inches downstream

of the plug tip, for the above five configura-

tions. Note that, relative to the baseline 3BB

nozzle, the yellow band representing mixing-

layer perimeter is considerably longer for the

chevron nozzles, thus validating the hypothesis

that the mixing layer perimeter is increased by

the vortex entrainment process. It is observed

that the alternating chevron produces 6 lobes

around the perimeter, rather than 12, and that

the 3IB nozzle actually forms discrete jets

rather than lobes, as a result of the stronger

vortex formations due to the chevron inward

bend. The CFD analysis results reported in

Sections 3.3 and 3.4 predicted formation of a

longitudinal vortex by the chevrons, and this is

certainly substantiated by these flow field

measurements.

Figure 113 shows the cross-section velocity
contours at a station 13.5 inches downstream of

the plug tip. These contours look similar to

those in Figure 112, but the lobes have grown

in size and extent, and the regions of highest

velocity are smaller for the 3IB and 3IC24
nozzles relative to the baseline 3BB nozzle.

Contour plots for stations 18 inches, 30 inches,

and 60 inches downstream of the plug tip are

shown in Figures 114, 115, and 116, respec-

tively. At farther downstream stations, the

lobular structure loses its identity, and the

plume becomes more axisymmetric in velocity

profile, while the regions of highest velocity
from the core stream are smaller relative to the

baseline plume.

Figure 117 shows a distribution of the jet plume

maximum velocity near the core centerline, as
a function of axial distance downstream of the

plug tip, for Configurations 3BB, 3C8B,

3C12B, 3AB, and 3IB. The 3IB configuration

produces a modest reduction in peak velocity in

the range of 40 to 60 inches downstream, but

configuration 3AB produces a much more

dramatic reduction over most of the jet plume

axial extent. In contrast, the straight-chevron

configurations, 3C8B and 3C12B, have only a

small effect on the plume centerline velocity

decay.

Figure 118 is a similar plot for configurations

3IB, 3IC24, 3C12B, and 3C12C24. This plot

shows the influence of the fan chevrons (24 in

both cases) on plume development for two core

chevron types: 12 inward flip and 12 straight. In

both cases, the addition of the fan chevron

retarded plume maximum velocity decay, par-

ticularly beyond 40 inches downstream. This is

in spite of the fact that lower noise levels were
achieved with the addition of fan chevrons to

the core chevron configurations.

6.3 Diagnostic Evaluation of Noise
Reductions

It is of interest to see if observed noise

reductions for the various concepts tested can

be explained by the observed and/or computed

flow field changes and, further, be related to the

prevailing theoretical concepts for how jet-

mixing noise is generated. The framework

selected for this diagnostic evaluation is the

MGB jet noise prediction model, documented
in References 30-33. This model is based on

the jet being acoustically equivalent to a

distribution of uncorrelated, convecting

sources. These sources are assumed to be

turbulent shear stress quadrupoles; the source

strengths and frequency spectra are related to

the mean (steady) flow field velocity and

temperature distributions and uses an isotropic

turbulence model for defining the turbulent

shear stresses and corresponding noise source

strengths.

In Reference 33, a systematic study was carried

out, using the MGB model, to explain the

differences between an unsuppressed baseline

nozzle and a multichute suppressor nozzle. The

NASA/CR 2000-210039 136



3BB

, :::.!#,i:]..;;_.,_ -'_r

3AB

3C8B

_,.. _;-:;;i ": .:..

31B

i

3lC24

._,. __.. •,._._:_:i•¸ :_,_,

Cycle Point 21

• Me = 0.28

Figure 112.

!. ..... .-:._._,,.'._::_._,b_::..<_,: :
..... . ,._::;:_.. ,.,_:,,x::_,_400 _ . '

Velocity, ft/s 16oo

Mean Velocity Field Contours 10.5 Inches Downstream of Plug Tip

NASA�CRy2000_210039
137



3BB IAB 3C8B

_!:.:_:_._. _.._._'_._,Z._Ii ...._'.'×."+.........._,:......... "":-_"_:

31B 31C24

_.'._/_ _'_....;:: :"-t.,_,.,:r,_-_:'.-t. .:

• Cycle Point 21

• M 0 = 0.28

400 1600
Velocity, ft/s

Figure 113. Mean Velocity Field Contours 13.5 Inches Downstream of Plug Tip

NASA/CR 2000-210039 138



3BB

;. ' - ,','._;_'.,':,!

_-". ' '. "7" ":/.i$_::_:'-."

: . :.:$×" ".,t,',

_i, ¸

3AB 3C8B

31B

6'71i'_._,:_e-_........ ,..

31C24

• Cycle Point 21

• M o = 0.28

400 1600
Velocity, ft/s

Figure 114. Mean Velocity Field Contours 18 Inches Downstream of Plug Tip

NASA/CR 2000-210039 139



3BB 3AB

.. ...._j.

•"-'._;._,_::

_._,-... ":_.,., , .,..:,_.,

: :_i:_ _"

3C8B

31B 31C24

_J::::::::::::::::::::::: : :.';_. +..

• Cycle Point 21

• M o = 0.28

_, ..::::::,_ , . ::::::::::::::::::::::::::::::::

400 1600
Velocity, ft/s

Figure 115. Mean Velocity Field Contours 30 Inches Downstream of Plug Tip

NASA/CR 2000-210039 140



3BB 3AB 3C8B

i •
!

31B 31C24

I
r

• Cycle Point 21

• M o = 0.28

400 1600
Velocity, ft/s

Figure 116. Mean Velocity Field Contours 60 Inches Downstream of Plug Tip

NASA/CR 2000-210039 141



y = 0.0 inch

z =-0.5 inch

1200
o

X, inches

1600

1400

1200
o
o

1000

8OO
0

ICenterline Velocity i i I

-t_

---i.... ___ 3BB

:::i::::
liill I I....

20 40 60 80

X, inches

100

Figure 117. Velocity Profiles: Core Chevron Comparisons

NASA/CR 2000-210039 142



y = 0.0 inch
z = -0.5 inch

o
o

I160-.--q ! ! I !-:' 'l ! ! ' i I ....... 31B

: i } Centerline Velocity ! 1__ii:, , , q_ _,c_4
14oo-__..i---,-__ _i _ _

 'iitiii I!i ""..........'....
12oo+.-i---.--__ ...........i_:_......_-_........

E, _ I i i i = _ _..-_ ...._ .......
:. , ". j ............ _,....+....÷ .......... _......?..,..,....-.....,:.....;.-..,-,. ,,; ----f .....

/ _:J ...........L..L..[....._._,,,.L.._
1000 -1 -I'_.'-] ..... i i ! ";_

4ii iii[ili 'ooo!.........................................._.......iYi i ii
0 20 80

i

40 60 1O0
X, inches

o ' ' ] , I |16 0 L _ _ I _ _ _ _ _. _' [ I ........... 3C12B
i i Centerline Velocity I i/ I

ooi"!![ ..... ii

ooillllll
0 20 40 60 80 100

X, inches

Figure 118. Velocity Profiles: Fan Chevron Comparisons

NASA/CR--2000-210039 143



study showed that the basic noise characteris-

tics were dependent on three physical processes

involved in jet mixing:

1. Noise source generation

2. Noise source convective amplification

3. Noise source jet shielding (refraction and

shielding)

These processes depend on the flow field

characteristics: jet radial velocity profiles,

temperature profiles, shear gradients, axial

plume decay rates, etc. The MGB code quanti-

fies these relationships, and the code can be

used to separate the effects of these basic

processes. Although the limitations of MGB

may preclude quantitatively accurate simula-

tion of, for example, chevron-nozzle noise

generation, the modeling concepts can be used

in a qualitative sense to rationalize the results of

this test program. The following paragraphs
discuss the observed noise reductions in rela-

tion to the measured flow field survey results

and attempt to establish a plausible connection

to the MGB paradigm for jet noise generation
and reduction.

All of the flow field survey data were taken on

Model 3, the BPR = 5 external plug nozzle,

because it was on this baseline that the best

noise-reduction devices were tested. The fol-

lowing diagnostic evaluations will therefore be
confined to the Model 3 baseline nozzle and

selected noise-reduction devices tested on that

configuration.

6.3.1 Source Intensity Noise

Generation Diagnostic
Evaluation

As discussed previously, three basic physical

processes determine the noise produced by jet

mixing. The first process, turbulent source

sound generation, is a function of the turbu-

lence intensities produced in the jet mixing

process. The dominant frequencies of the

volume-element sources distributed through-

out the jet plume are proportional to the mean

velocity shear or velocity gradient, in the MGB

fi'amework. Thus, flow regions containing high

shear will produce high turbulence intensities;

the corresponding noise source strength will be

high and have high radiation frequencies.

Conversely, the regions of small velocity gradi-

ents will produce volume-eddy sources of low

amplitude and low frequency. However, the

regions of high shear are typically thin, occur

close to the nozzle exit, and are of small volume

while the regions of low shear are typically

thick, occur far downstream of the nozzle, and

are of large volume. Thus, even though the

eddies generated in low-shear regions are low

in amplitude, they are larger, radiate at low

frequencies because of large scale, and there

are many more of them.

The formal expression for the noise source

intensity produced by a volume element im-

bedded in a jet plume is, from Reference 33:

[/9og3] ,, ,
dI(a_) = I_c_R2--](u )'_a_'_H(kt) . dV (6)

L ,Ju

In this expression, dI is the source sound

intensity spectrum for the volume element dV.

The density, speed of sound, and emission

frequency are denoted by O0, co, and _o.

Turbulence intensity is represented by u'. H_u)

is the Fourier transform of the moving-frame,

space-time crosscorrelation of u', and/_ is the

ratio of the emission frequency to the character-

istic frequency, given by the expression:

dU
°_o _ d-7 (7)

Characteristic turbulent eddy size is given by:

e _ u'/o_0 (8)

The term dU/dr is the local turbulent eddy

location crossstream mean velocity gradient or

shear. In the MGB model, turbulence intensity

is related to the three components of shear
stress:

u'= v/_/p (9)
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It can be seen from the above expressions that

noise source intensity per unit volume is a

complex function of mean velocity, mean

velocity gradients, turbulence intensity, and

mean shear stress distribution. At any given

emission frequency, the local eddy volume

sound intensity given by Equation 6 is summed

over all eddy volumes in the jet plume to give

the total sound intensity.

It was observed (and speculated) in Section 6.1

that the noise-reduction devices generate

higher turbulence intensities close to the nozzle

exit but, because of the enhanced plume decay

(as evidenced from the flow survey results

shown in Section 6.2), reduce low-frequency

noise. The MGB paradigm says that the effects

of convective amplification and fluid shield-

ing/refraction are negligible at 90 ° observer

angles. Thus, we can examine SPL spectra at

90 ° to assess whether the source generation

notions described above are apparent in the

data. Figures 119 and 120 show 90 ° SPL

spectra for four core chevron devices, without

and with the fan chevrons, respectively. The

data are for cycle point 21, corresponding to a

typical sideline or full-power takeoff point.

For the cases without fan chevrons, Figure 119,

there is little high-frequency noise increase

(above 2 kHz) -- with the exception that the

alternating-chevron arrangement (bent-in,

bent-out, bent-in, bent-out .... ) exhibits a

considerable high-frequency noise increase, on
the order of 2 dB. This is consistent with the

notion that increasing the mixing layer perime-

ter close to the jet exit will increase high-fre-

quency noise generation. The plume survey

data shown in Figures 112, 113, and 114

corroborate this, where the "yellow" contour

for 3AB is about 2 to 3 times the length of the
baseline contour. The other chevron device

contours, although lobular in nature, are not

nearly as dramatically contorted as 3AB. Note

also that the contours have very large cross-

stream gradients that, as Equation 7 implies, are

associated with higher source frequencies.

For the cases with fan chevrons, as shown in

Figure 120, the trends are qualitatively the

same, but the fan chevrons have reduced the

mid-to-high-frequency noise increase of the

alternating core chevrons and provided greater

reduction in low-frequency noise for all the
core chevron devices. If we look at axial

stations somewhat downstream of the nozzle

exit, say 18 and 30 inches as shown in Figures

114 and 115, the "yellow" contours are much

thicker for the 3IC24 configuration compared

to the baseline. Additionally, the crossstream

mean velocity gradients appear weaker, imply-

ing lower intensities and at lower emission

frequencies, based on the MGB formulations

given by equations 7, 8, and 9.

It may be possible to correlate directly the

differences in mixing layer contour length and

thickness with the changes in high- and low-

frequency noise for those slices of jet close to

and far away from the nozzle exit, respectively.

6.3.2 Noise Source Convective

Amplification Diagnostic
Evaluation

The second physical process that plays a strong

role in mixing noise radiation from a jet is

convective amplification, due to relative

motion, of the source intensity. Turbulent

eddies are assumed to be convecting quadru-

pole sources, moving at a convection speed

proportional to the local flow velocity in the

plume at the location of the eddy. The convec-

tive amplification of the local turbulent eddy, in

the MGB formulation, has the form:

CA = [(1-MccosO) 2 + a " (U'/Co)2] n/2

(10)

CA, the convective amplification factor given

by Equation 10, is applied locally to each eddy

volume. The exponent n is a function of the

quadrupole type and varies from 0 to 4 for the
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various quadrupole orientations: x-x, x-r, x-0p,

qb-qb, r-qb, r-r, etc. In Equation 10, Mc is the

eddy convection Mach number, typically about

0.6 to 0.8 of the local flow, and 0 is emission

angle relative to the jet exhaust axis. For

subsonic convection speeds, CA is approxi-

mated by the expression:

CA = (1 - MccosO) n (11)

Thus, for high flow velocities, we would expect

high eddy convection Mach numbers; there-

fore, a lift in noise should occur in the aft

quadrant and a reduction in noise in the forward

quadrant, in addition to a Doppler shift of the

source frequency due to convection. The slope

of the directivity pattern, especially the OASPL

directivity pattern, is therefore a good indicator

of eddy convection Mach number.

Figures 121 and 122 show OASPL directivity

patterns for the nozzle device combinations
examined in subsection 6.3.1. Since, for the

most part, the spectral peaks occur at low

frequencies, OASPL is dominated by the

lowest frequencies. Therefore, the OASPL

directivity patterns are a good indicator of the

low-frequency source convection speeds. The

plots show that, below a directivity angle of

130 °, the directivity patterns are not signifi-

cantly altered, even though the levels are

reduced significantly by the various chevron

devices. The peak mean velocity decay trends

shown in Figures 117 and 118 show very little

reduction in peak velocity far downstream of

the nozzle exit, where low-frequency noise

sources typically dominate. The one exception

is the alternating chevron 3AB, Figure 117,

which also shows a much larger drop in OASPL

at angles above 130 °, as seen in Figures 121 and

122. This reduction in convective amplification

"lift" at angles close to jet axis is due, at least in

part, to the reduced convection velocities in the

far-downstream regions of the plume, resulting

from the more rapid plume decay.

It can therefore be concluded that: if the noise

reduction device significantly reduces the

mean velocity, it will also reduce the convec-

tive amplification of the noise sources in the aft

quadrant, thus reducing peak noise levels in the

aft quadrant.

6.3.3 Refraction and Fluid

Shielding Diagnostic
Evaluation

The MGB code paradigm as described in

References 30 through 33 include the physical

processes of refraction and shielding of sources

as the sound emitted by the imbedded source

propagates through the jet flow to the surround-

ing ambient medium. For example, in the

limiting case of a "slug flow" jet, a source

convecting along the jet axis will radiate at all

angles. Sound radiating at 90 ° to the jet axis will

pass through the discontinuity boundary be-

tween the jet flow and the surrounding medium

without alteration. If the sound impinges on the

boundary at other than normal incidence, the

sound wave will be refracted, as it passes

through the flow-discontinuity boundary, and

emerge at a different radiation angle. If the

incident impingement angle becomes very

shallow in the flow direction, the refraction

process may reflect the sound totally back into

the jet flow, and any emission angle smaller

than this critical angle will not pass through the

slip layer; the situation would produce an
effective "zone of silence."

In real jets, however, the jet is not a slug flow;

it has a finite velocity gradient in the radial

direction. When the gradient is large, the sound

refraction, as described qualitatively for a slug

flow jet above, will be large. For small mean

velocity gradients, it can be expected that the
sound refraction will be small. Since the

velocity gradients are not infinite, pure reflec-
tion and creation of a zone of silence will not

usually occur, and there will always be some

"leakage" of the sound at shallow angles.
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MGB modeling of this effect uses a limiting

high-frequency approximation that attempts to

quantify the amount of fluid "shielding" pro-

vided by the jet flow field around the embedded

source. The shielding effect is a function of the

source location in the jet (how much flow the

emitted sound must propagate through along

the emission path) and how much the flow

gradients refract and absorb the sound energy

along that path. In general, the MGB formula-

tion would say that high velocity gradients and

high frequencies radiating at angles close to the

jet axis experience the greatest shielding atten-

uation. No attenuation occurs below 90 ° , and

the shielding attenuation drops off rapidly as

frequency is reduced.

One indication of the shielding effect is the

amount of noise drop-off at high frequencies

and angles close to the jet axis. Examination of

the SPL spectra in the range of 130 ° to 160 ° (see

Appendixes C and D) shows very little differ-

ence in SPL over the frequency range of 1 to 10

kHz among the nine nozzle configurations

tested. Two exceptions are 3AB and 3AC,

where slightly higher levels, on the order of 1

to 2 dB, are observed. This could be attributed

to reduced fluid shielding effects or, as dis-

cussed in subsection 6.3.1, an actual source

noise increase. From the observation that the

high-frequency increase is greatest at 90 ° and
the fact that it seems to diminish as observer

angle increases in the aft arc, it can be

speculated that the source noise increase ob-

served at 90 ° is mitigated by enhanced fluid

shielding. This could possibly be a result of

entrainment of the high-velocity core flow to a

much larger radius, thus shielding the sources

"inside" this core flow. The velocity contour

plots at axial stations close to the nozzle exit,

such as Figures 112, 113, and 114 for configura-

tion 3AB, suggest that this is a plausible

explanation.

In summary, it can be concluded that the

fundamental mixing noise conceptual model

provided by the MGB paradigm is not inconsis-

tent with experimental evidence for the impacts

of mixing devices in reducing jet mixing noise.

Notions of turbulent, convecting, quadrupole-

source distributions in the jet can at least

qualitatively explain some of the observed

effects. It was concluded from this study that

the effectiveness of a mixing device is related
to:

1. reduction in convective amplification

produced by more rapid plume decay,

2. reduction in far-downstream turbulence

intensities and shear stresses that produce

a source reduction at low frequency, and

3. increased shear layer perimeter near the

nozzle exit causing an increase in

high-frequency noise.

There is no clear indication that fluid shielding

is either increased or decreased, although one

core chevron device (3AB) seemed to exhibit

an increase in fluid shielding. The best noise-

reduction device contains an optimum com-

bination of the sometimes competing in-

fluences of effects 1, 2, and 3 above. It was also

concluded that the MGB framework, with

some additional development and refinement,

holds significant potential for providing a tool

to quantitatively predict the effects observed in

this test program. Thus it offers the hope for a

design tool that can identify even greater noise

reductions than were observed in this program.
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7.0 Conclusions

Five baseline axisymmetric separate-flow

nozzle models having bypass ratios of 5 and 8,

and eleven different mixing-enhancer model

nozzles were designed and fabricated. The

mixing-enhancer devices consisted of various

chevrons, vortex-generator doublets, and a

tongue mixer. With various combinations of

core and fan nozzle hardware, 28 separate-

flow-nozzle/mixing-enhancer configurations

were tested, and the acoustic benefits were

measured over a range of simulated operating

cycle and flight conditions. Most of the mixing-
enhancer tests were conducted with the exter-

nal plug and internal plug BPR = 5 configura-
tions. All the tests were conducted in the NASA

Lewis Aeroacoustic and Propulsion Laborato-

ry (AAPL) facility during the March through

June 1997 time period. The following conclu-

sions, regarding scale-model testing of high-

bypass, separate-flow exhaust systems and the

effectiveness of mixing enhancers in reducing

these exhaust systems jet noise, were drawn

based on the experimental test results and

subsequent analysis of the data.

Repeatability: The external-plug, BPR = 5,

baseline nozzle was tested on 15 different days

during this program. For a given cycle point,

noise level (including EPNL) was found to be

dependent both on variations in the ambient

temperature and on nozzle conditions of repeat

test points. Repeatability of EPNL data was

established by normalizing the results to ac-
count for variations in ambient and nozzle test

conditions. It was concluded that there are

several ways to normalize scale-model data for

ambient and charging station conditions, but

the best approach from a physics point of view

is not yet resolved.

Baseline Nozzles: No significant acoustic
differences in the normalized EPNL results

were noted between the data of baseline

coplanar, internal-plug, and external-plug con-

figurations of BPR = 5 and baseline internal-

plug and external-plug configurations of BPR

= 8. Small differences among these configura-

tions were noted in the measured spectral

results. When compared to baseline coplanar

and interual-plug nozzles, the external plug

nozzle showed higher noise in the forward arc

and at low frequencies but lower noise in the aft

arc and at higher frequencies. It was concluded

that, on an EPNL basis, there is no significant

noise difference between interual-plug,

external-plug, and coplanar exhaust systems.

Tongue Mixer: The tongue mixer appeared to

produce an aggressive vortex system and thus

promoted more rapid decay of the fully merged

plume. For the selected reference engine size,

while the straight-chevron concept was more

effective than the tongue mixer at a given

nozzle pressure ratio, the data trends were

different when the comparison was made at a

given thrust -- due to differences in the core

mass flow characteristics between the chevron

and tongue mixer devices. At very high thrusts,

both straight chevrons and tongue mixer con-

cepts produced similar EPNL reductions rela-

tive to the baseline nozzle, but the tongue mixer

was considerably noisier at moderate and low

thrusts. It was concluded that the tongue mixer

was not effective in reducing noise globally and
was less effective than the chevrons on a

specific thrust basis.

Doublets: The doublet configurations showed
little or no benefit. The external doublets

(3DxB) provided a slight benefit at the highest

velocities, and the internal doublets (3DiB)

showed a small increase in noise. There was a

shift in the spectral peak level frequency

relative to the baseline without any reduction in

the level. The doublets increased higher fre-

quency noise. The doublets had no effect on the

directivity or the angular location of peak PNL.

It was concluded that the doublet concept was
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ineffectivein reducingnoiserelative to other
conceptsand does not warrant any further
consideration.

Chevrons:Corechevronsintroducedavortex
into the shearlayer betweenthe fan andcore
streams,andfan chevronsintroducedavortex
between the free-jet and fan streams.This
vortexenhancedthedecayof theplume.Most
of thechevrondesignssignificantlyimproved
mixing withoutinducingadditionalturbulence
near the nozzle exit. The inward-flip core
chevronconfigurationreducedtheaxiallength
of the hot potential core of the baseline
configurationby afactorof two. Thetempera-
ture surveydata of the inward-flip chevron
indicatedthat the 12-lobedmixer profile pro-
videdimpressivemixingenhancement.In gen-
eral,thestrengthof thevortex,rateof decayof
theplume,andanyadditionalturbulencewere
strongly dependentupon the chevrondesign
characteristics.Chevron deviceswere most
effectivewith BPR = 5 configurations;effec-
tivenessdecreasedwhentheyweretestedwith
BPR = 8 nozzles.It was concludedthat the
chevron concept, especially the inward-flip
chevron,wasthemostsuccessfuldevicetested
andwarrantsfurtherdevelopment.

Straight chevronson the fan nozzlereduced
EPNL less, comparedto thoseon the core
nozzle.Fanchevronsaloneweremoreeffective
at higher bypass ratios comparedto core
chevrons.It was concludedthat, if only fan
nozzle or core nozzle mixing deviceswere
beingcontemplated,thenthecorenozzleoffers
thebestpotential;however,if thebypassratio
is very high(say,greaterthan7 or 8), thenfan
nozzlechevronsmightbemoreeffective.

The combinationof fan nozzlechevronswith
thecorenozzledevicesproducedasignificant
additionaldecreasein farfieldnoise.Thebene-
fits with the straight core chevrons were
approximatelydoubledby the additionof fan

chevrons. Significant noise benefits were
achievedby addition of fan chevronsto the
eight-core-chevron configuration (3C8C).
Reductionsof 3 EPNdBandmoreweremea-
suredwhenthefan chevronnozzlewasadded
to theinward-flip andalternating-flipchevrons
(3IC and 3AC). The benefit of 3C8C
approachedthatof theinward-andalternating-
flip chevronconfigurations(3IC and3AC). It
was concludedthat there is a relationship,
betweenthe numberof chevronson the core
nozzlerelative to the numberof fan nozzle
chevrons,thatsignificantlyimpactsthenoise-
reductionpotential.

It wasconcludedthatchevronnozzles----core
only, fan only, or in combination-- do not
significantlyalter theshapeof thenoisedirec-
tivity patterns,nordothey(necessarily)reduce
low-frequencynoiseat theexpenseof increas-
ing high-frequencynoise.An impressivejet
noisespectralbenefit is very clearly indicated
in Figure 123.In this figure, thenoisebenefit
(indicatedby green,yellow, and red) of the
configurationwith inward-flip chevronon the
core and straight chevronon the fan nozzle
(3IC) -- relativeto thebaselinenozzle(3BB)
-- isplottedasafunctionofbothfrequencyand
microphone angle for a typical takeoff
condition.

Summary: A numberof coreandfanmixing-
enhancer devices and combinations tested
during this programreducedjet noisesignifi-
cantly relative to separate-flow baseline
nozzles.Figure124is abargraphsummaryof
thesebenefits measuredat a typical takeoff
power point with BPR = 5, external-plug
configurations.The figure indicatesthat the
inward flip andalternatingflip corechevrons,
when combined with straight fan chevron
nozzle,exceededthe NASA stretchgoal of 3
EPNdBjet noisereductionat typical sideline
certificationconditions.
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8.0 Recommendations

The following recommendations are made

relative to the results and conclusions of this

test program.

The five most promising configurations should

be evaluated for exhaust system performance,

at both takeoff and cruise conditions, including

thrust coefficient and flow coefficient:

1 Straight-chevron core, baseline fan

(3C12B)

2 Inward-flip-chevron core, baseline fan

(3II3)

3 Alternating-flip-chevron core, baseline

fan (3AB)

4 Straight-chevron core, baseline fan

(3C8B)

5 Repeat (1-4) above with 24-chevron fan

nozzle

A detailed study of the NASA-acquired flow-

field measurements, the GEAE CFD results,

and the measured acoustic results is recom-

mended, using the MGB code as a diagnostic

tool, for three of the best mixing-device config-

urations, at three cycle conditions, along with

the baseline nozzle cases, for the purpose of:

a. quantifying the relationship between

fluid mechanics (mixing processes,

vortex formation and structure, etc.)

and acoustics

b. substantiating the aeroacoustics model
in MGB.

Since the MGB code has been less than

successful in predicting the noise benefits of

internal mixer nozzles, this detailed study

would help to identify shortcomings in the

MGB model and provide direction for further

development or improvement in the MGB

model. This will help provide an effective

design tool for external mixing-enhancer

devices on separate-flow exhaust systems.
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9.0 Transition of Technology to Product Lines

GE Aircraft Engine's plan to transition the

technology developed under this program to

GEAE's product lines was provided to NASA
in the "Commercialization Plan" dated Febru-

ary 2, 1998. This document, which contains

GEAE proprietary information, describes

GEAE's plans for the entire NAS3-27720
contract.

To enable transition of jet noise-reduction

technology to product engines, the plan rec-

ommends a follow-on, in-house, scale-model

effort for optimization of the chevron concept.

It is suggested that this effort aim at refining

the chevron noise-reduction concept from an

acoustic and aerodynamic performance

perspective.

The plan, following the suggested scale-mod-

el effort, also recommends a program com-

prising full-scale design, fabrication, and

development testing on a GEAE engine. Use

of the chevron technology in a GEAE product

turbofan eventually will depend upon a suc-

cessful engine demonstration; acoustic needs

of current engines and growth applications;

the results of trade studies involving cost,

weight, and benefit; and market requirements.

10.0 New Technology

The chevron concept is a new technology

conceived and developed under GEAE IR&D

and demonstrated under this program. The

concept provides impressive mixing enhance-

ment and thus a significant jet noise reduction.

Initially conceived during an in-house GEAE

investigation, the chevron concept was further

developed during this program. GEAE has

applied for a patent.
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Appendix A
AAPL SFN Test Configurations

The AAPL SFN test configurations are listed

below, and engineering drawings are repli-

cated on the following pages -- as indicated

in the tabulation.

Model 1 -

Model 2 -

Model 3-

Model 4 -

Model 5 -

Model 6 -

Model 7 -

Coplanar, BPR = 5

Internal Plug, BPR = 5

External Plug, BPR = 5

Internal Plug, BPR = 8

External Plug, BPR = 8

Tongue Mixer Core Nozzle with
Extended Internal Plug

Model 4 Core Nozzle with

Extended Internal Plug (BPR = 14)

Page

158

159

160

161

162

163

Designation

1

(also called
1BB)

2BB

2BD

2BC

(also called
2BC24)

2CC

(also called
2C12C)

2CB

(also called
2C12B)

164 2TmB

165 2TmC

Description

Model 1
Core: Baseline
Fan: Baseline

Model 2
Core: Baseline
Fan: Baseline

Model 2
Core: Baseline
Fan: 96 Internal
Doublets

Model 2
Core: Baseline
Fan: 24 Chevrons

Model 2
Core: 12 Chevrons
Fan: 24 Chevrons

Model 2
Core: 12 Chevrons
Fan: Baseline

Model 2

Core: Tongue Mixer
Fan: Baseline

Model 2

Core: Tongue Mix
Fan: 24 Chevrons

Page Designation

166 3BB

167 3BC

168 3BS

169 3BOmax

170 3BT24

171 3BT48

172 3T24T24

173 3T24B

174 3T48B

175 3T48T48

176 3T48C

177 3HmB

178 3HmS(0)

Description

Model 3
Core: Baseline
Fan: Baseline

Model 3
Core: Baseline
Fan: 24 Chevrons

Model 3
Core: Baseline
Fan: Scarf Nozzle

Model 3
Core: Baseline
Fan: Max. Offset
Nozzle

Model 3
Core: Baseline

Fan: 24 Flip Tabs

Model 3
Core: Baseline

Fan: 48 Flip Tabs

Model 3

Core: 24 Flip Tabs
Fan: 24 Flip Tabs

Model 3

Core: 24 Flip Tabs
Fan: Baseline

Model 3

Core: 48 Flip Tabs
Fan: Baseline

Model 3

Core: 48 Flip Tabs
Fan: 48 Flip Tabs

Model 3

Core: 48 Flip Tabs
Fan: 24 Chevrons

Model 3
Core: Half Mixer
Fan: Baseline

Model 3

Core: Half Mixer
Fan: Scarf Nozzle
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Page Designation

179 3HmC

180 3HmOmax

181 3C12B

182 3C12C

183 3C8C

184 3C8B

185 31B

186 31C

187 3AC

188 3AB

189 3DiB

190 3DxB

Description

Model 3
Core: Half Mixer
Fan: 24 Chevrons

Model 3
Core: Half Mixer

Fan: Max. Offset
Nozzle

Model 3

Core: 12 Chevrons
Fan: Baseline

Model 3
Core: 12 Chevrons
Fan: 24 Chevrons

Model 3
Core: 8 Chevrons
Fan: 24 Chevrons

Model 3
Core: 8 Chevrons
Fan: Baseline

Model 3

!Core: 12 In-Flip Chev
Fan: Baseline

Model 3

Core: 12 In-Flip Chev
Fan: 24 Chevrons

Model 3

Core: 12 AIt-Flip Chev
Fan: 24 Chevrons

Model 3

Core: 12 AIt-Flip Chev
Fan: Baseline

Model 3
Core: 64 Int Doublets
Fan: Baseline

Model 3
Core: 20 Ext Doublets
Fan: Baseline

Page

191

192

193

194

195

196

197

198

199

200

201

202

Designation

5BB

5BC

5CC

(also called
5C12C)

5CB

(also called
5C12B)

4BB

6TmB

6TmC

7BB

3FB

(also called
3FMB)

3FC

(also called
3FMC)

3T24T48

3T24C

Description

Model 5
Core: Baseline
Fan: Baseline

Model 5
Core: Baseline

Fan: 24 Chevrons

Model 5
Core: 12 Chevrons
Fan: 24 Chevrons

Model 5
Core: 12 Chevrons
Fan: Baseline

Model 4
Core: Baseline
Fan: Baseline

Model 6

Core: Tongue Mixer
Fan: Baseline

Model 6

Core: Tongue Mixer
Fan: 24 Chevrons

Model 7
Core: Baseline
Fan: Baseline

Model 3
Core: Full Mixer
Fan: Baseline

Model 3
Core: Full Mixer
Fan: 24 Chevrons

Model 3

Core: 24 Flip Tabs
Fan: 48 Flip Tabs

Model 3

Core: 24 Flip Tabs
Fan: 24 Chevrons
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Appendix B
Aeroacoustic Summary Data Tables

Aeroacoustic summary data tables are presented in this appendix for:

• Model 1 (Coplanar, BPR = 5)

• Model 2 (Internal Plug, BPR = 5)

• Model 3 (External Plug, BPR = 5)

• Model 4 (Internal Plug, BPR = 8)

• Model 5 (External Plug, BPR = 8)

• Model 6 (Tongue Mixer with Extended Internal Plug, BPR = 5)

• Model 7 (External Plug, BPR -----14)

Blank cells in the tables indicate missing data from the supplied data files. The following parameter

names and definitions are used.

Configuration

Date

Point

Cycle

XMA

Tamb

Pamb

RH

P18

PFPQA

T18

W18

V18

CD18

P8

P8PQA

T8

W8

V8

CD8

Vmix

Vmix/Vamb

FN

EPNL

NF

NEPNL

See Section 5 for naming convention and Appendix A for description

Test date

Reading or test point number identified in AAPL Escort system

Condition number of test point (identifies condition on test cycle).

Free-jet Mach number

Ambient temperature in test chamber (°F)

Ambient pressure in test chamber, inches of Hg

Relative humidity in test chamber (%)

Fan (secondary) nozzle total pressure, psia

Fan (secondary) nozzle pressure ratio

Fan (secondary) nozzle total temperature (°F)

Fan (secondary) nozzle weight flow, lb/s

Fan (secondary) nozzle ideal exit velocity (ft/s)

Fan (secondary) nozzle flow coefficient

Core (primary) nozzle total pressure, psia

Core (primary) nozzle pressure ratio

Core (primary) nozzle total temperature (°F)

Core (primary) nozzle model weight flow (lb/s)

Core (primary) nozzle ideal exit velocity (ft/s)

Core (primary) nozzle flow coefficient

Mass-averaged model ideal mixed velocity (ft/s)

Normalised mass-averaged model ideal mixed velocity

Net thrust, lbf

Scaled (scale factor = 8) effective perceived noise level with 1500-ft flyover, dB

Correction factor, 10 log (F/1000)

Normalized EPNL, EPNL- 10 log (F/1000), dB
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Page

205

206

207

208

208

209

210

211

Designation

1

(also called

IBB)

2BB

2BD

2TmB

2TmC

2CB

(also called
2C12B)

2CC

(also called
2C12C)

2BC

(also called
2BC24)

211 3BB

216 3BC

216 3C12B

217 3C8B

217 31B

217 3AB

Description

Model 1
Core: Baseline
Fan: Baseline

Model 2
Core: Baseline
Fan: Baseline

Model 2
Core: Baseline
Fan: 96 Internal
Doublets

Model 2

Core: Tongue Mixer
Fan: Baseline

Model 2

Core: Tongue Mix
Fan: 24 Chevrons

Model 2
Core: 12 Chevrons
Fan: Baseline

Model 2
Core: 12 Chevrons
Fan: 24 Chevrons

Model 2
Core: Baseline
Fan: 24 Chevrons

Model 3
Core: Baseline
Fan: Baseline

Model 3
Core: Baseline
Fan: 24 Chevrons

Model 3
Core: 12 Chevrons
Fan: Baseline

Model 3
Core: 8 Chevrons
Fan: Baseline

Model 3

Core: 12 In-Flip Chev
Fan: Baseline

Model 3

Core: 12 AIt-Flip Chev
Fan: Baseline

Page

218

218

219

219

219

219

22O

221

221

222

222

222

223

223

Designation

3DiB

31C

3C12C

3C8C

3AC

3DxB

4BB

5BB

5CB

(also called

5C12B)

5CC

(also called
5C12C)

5BC

6TmB

6TmC

7BB

Description

Model 3
Core: 64 Int Doublets
Fan: Baseline

Model 3

Core: 12 In-Flip Chev
Fan: 24 Chevrons

Model 3
Core: 12 Chevrons
Fan: 24 Chevrons

Model 3
Core: 8 Chevrons
Fan: 24 Chevrons

Model 3

Core: 12 Air-Flip Chev
Fan: 24 Chevrons

Model 3
Core: 20 Ext Doublets
Fan: Baseline

Model 4
Core: Baseline
Fan: Baseline

Model 5
Core: Baseline
Fan: Baseline

Model 5
Core: 12 Chevrons
Fan: Baseline

Model 5
Core: 12 Chevrons
Fan: 24 Chevrons

Model 5
Core: Baseline
Fan: 24 Chevrons

Model 6

Core: Tongue Mixer
Fan: Baseline

Model 6

Core: Tongue Mixer
Fan: 24 Chevrons

Model 7
Core: Baseline
Fan: Baseline
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Appendix C
Selected Acoustic Data: Baseline BPR=5 External

Plug Nozzle with Various Core Nozzle
Noise-Reduction Concepts

This appendix presents comparison plots of data measured for Model 3 with baseline fan nozzle and

various core nozzle noise-reduction concepts. Model operating conditions were:

• Test Point 21, Cycle 2

• Takeoff Thrust --_ 33,000 lbf (One Engine)

• Altitude = 1500 ft

• Simulated Flight Mach Number -- 0.28

The following comparisons are included:

1. Overall Sound Pressure Lavel (OASPL) Directivity

2. Perceived Noise Level (PNL) Directivity

3. Sound Pressure Level (SPL) Spectra at 60 °, 70 °, 80 °, 90 °, 100 °, 110 °, 120 °, 130 °,

140 °, 150 °, and 160 ° (11 Plots)

4. Noy Spectra at 60 °, 70 °, 80 °, 90 °, 100 °, 110 °, 120 °, 130 °, 140 °, 150 °, and 160 °

(11 Plots)

Data Symbol

Core Nozzle

Fan Nozzle

Test Point

Total Temperature, °F
Ambient (lamb)
Core Nozzle (T8)
Fan Nozzle (T18)

Pressure Ratio

Core Nozzle (P8PQA)
Fan Nozzle (PFQPA)

Ideal Exit Velocity, ft/s

Core Nozzle (Vs)
Fan Nozzle (V18)
Mass-Averaged (Vmix)

Net Thrust (FN), Ibf

1500-ft EPNL

Configuration

3BB 3C12B 3C8B 31B 3AB

[]

Base

Base

734

43.5
1041.2

©

12

Chevrons

Base

740

41.1
1046.7

A

8
Chevrons

Base

761

47.4
1043

4-

12 In-Flip
Chevrons

Base

770

45.8
1038.9

141.4

1.681
1.832

1583
1071
1156

32,750

91.8

142.2

1.686
1.833

1590
1072
1161

142.9

1.674
1.836

1577
1074
1160

32,993

90.7

33,202

90.0

141.6

1.685
1.830

1584
1071
1157

32,872

89.3

X

12 AIt-Flip
Chevrons

Base

777

44.4
1047.8

143

1.676

1.838

1581
1075
1164

33,643

89.8
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Appendix D
Selected Acoustic Data: Baseline BPR=5 External
Plug Nozzle with Various Combined Core and Fan

Nozzle Noise-Reduction Concepts

This appendix presents comparison plots of data measured for Model 3 with a 24-chevron fan nozzle

and various core nozzle noise-reduction concepts. Model operating conditions were:

• Test Point 21, Cycle 2

• Takeoff Thrust -- 33,000 lbf (One Engine)

• Altitude = 1500 ft

• Simulated Flight Mach Number = 0.28

The following comparisons are included:

1. Overall Sound Pressure Lavel (OASPL) Directivity

2. Perceived Noise Level (PNL) Directivity

3. Sound Pressure Level (SPL) Spectra at 60 °, 70 °, 80 °, 90 °, 100 °, 110 °, 120 °, 130 °,

140 °, 150 °, and 160 ° (11 Plots)

4. Noy Spectra at 60 °, 70 °, 80 °, 90 °, 100 °, 110 °, 120 °, 130 °, 140 °, 150 °, and 160 °

(11 Plots)

Data Symbol

Core Nozzle

Fan Nozzle

Test Point

Total Temperature, °F
Ambient (Tamb)
Core Nozzle (T8)
Fan Nozzle (T18)

Pressure Ratio

Core Nozzle (P8PQA)
Fan Nozzle (PFQPA)

Ideal Exit Velocity, ft/s
Core Nozzle (V8)
Fan Nozzle (V18)
Mass-Averaged (Vmix)

Net Thrust (FN), Ibf

1500-ft EPNL

Configuration

3BB 31C 3C12C 3C8C 3AC

[]

Base

Base

(3

12 In-Flip
Chevrons

24 Chevrons

A

12
Chevrons

24 Chevrons

+

8
Chevrons

24 Chevrons

917

45.4
1042.8

140.8

1.675

1.832

1579
1070
1154

32,191

91.3

904

44.1
1035.6

140.6

1.673

1.830

1573
1070
1151

32,747

88.2

823

52.3
1048.2

142.1

1.689
1.834

1592
1073
1161

33,566

89.9

841

47.7
1045

143.6

1.679
1.835

1582
1074
1160

33,052

88.8

×

12 AIt-Flip
Chevrons

24 Chevrons

850

46.3
1044.3

144.8

1.677
1.835

1580
1075
1163

33,494

88.9
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