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SUMMARY

The objective of this task was to develop a design methodology and noise reduction
concepts for high bypass exhaust systems which could be applied to both existing
production and new advanced engine designs. Special emphasis was given to engine
cycles with bypass ratios in the range of 4:1 to 7:1, where jet mixing noise was a primary
noise source at full power takeoff conditions. The goal of this effort was to develop the
design methodology for mixed-flow exhaust systems and other novel noise reduction
concepts that would yield 3 EPNdB noise reduction relative to 1992 baseline technology.

Two multi-lobed mixers, a 22-lobed axisymmetric and a 21-lobed with a unique lobe,
were designed. These mixers along with a confluent mixer were tested with several fan
nozzles of different lengths with and without acoustic treatment in GEAE’s Cell 41 under
the current subtask (Subtask C). In addition to the acoustic and LDA tests for the model
mixer exhaust systems, a semi-empirical noise prediction method for mixer exhaust
system is developed. Effort was also made to implement flowfield data for noise
prediction by utilizing MGB code. In general, this study established an aero and acoustic
diagnostic database to calibrate and refine current aero and acoustic prediction tools.
Following conclusions are made on the basis of the measured acoustic and LDA data:

e Significant noise reduction can be achieved by using a lower core velocity engine
cycle for multi-lobed and confluent mixer exhaust systems.

e  While the low frequency noise is significantly reduced by 22- and unique-21-Lobed
mixers compared to the confluent mixer, high frequency noise increase is large.

e The Task objective of 3 EPNdB reduction relative to 1992 technology level was
demonstrated in Task - A Tests: 12-lobed mixer configuration (F9B) resulted in a 3.5
EPNdB reduction compared to the confluent mixer at V,;x=1000 ft/sec.

e 22- and unique-21-lobed mixer tests in Task - C along a reduced core velocity cycle
(High Bypass Mixed Flow Cycle) resulted in an EPNdB lower than the FOB at
Vmix=1000 ft/sec due to a combination of cycle and mixer design, even though a 2
EPNdB reduction relative to confluent mixer is achieved.

e Increased fan nozzle length reduces noise level at all frequencies at lower velocity
conditions due to improved mixing. The trend is reversed at higher velocity
conditions possibly due to increased turbulence level.

e Internal pylon for unique-lobed mixer has very little effect on noise level compared
to the 22-lobed axisymmetric mixer configuration.

Acoustic treatment on fan nozzle is more effective in reducing noise at higher velocity
conditions.
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e Also, the treatment effectiveness is more for E* mixed flow cycle conditions, possibly
due to higher internal noise caused by higher core velocity.

e Treated configuration introduces excess noise at lower velocity conditions at higher
frequencies (2 to 4 kHz) possibly due to increased small scale turbulence by liner
perforations. However, these levels are small compared to noise reduction due to
treatment at other frequencies at higher velocity conditions.
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1.0 INTRODUCTION

Jet mixing noise limits the engine noise reduction that can be achieved at higher power
settings for current high bypass engines, and for advanced engines with bypass ratios less
than about 10:1. Methods for reducing jet mixing noise are therefore needed for engines
with bypass ratios less than 10:1 that do not introduce significant performance and weight
penalties. Current production engines have bypass ratios in the range of 3:1 to 6:1, and
the potential of increased future noise certification rule stringency requires development
of jet noise reduction concepts that are applicable to, and practical for, this class of
engines, so that they can remain competitive in the marketplace and compliant with
prevailing regulations well into the 21st century. Because of the long lead time required
to introduce new engines into the marketplace with sufficient fleet penetration to have a
significant impact on community noise exposure, only by reducing the noise of existing
production engine models can it be hoped to reduce community noise impact in the next
15 to 20 years.

The objective of this task is to develop a design methodology and noise reduction
concepts for high bypass exhaust systems, which can be applied to both existing
production and new advanced engine designs. Special emphasis is given to engine cycles
with bypass ratios in the range of 4:1 to 7:1, where jet-mixing noise is a primary noise
source at full power takeoff conditions. The goal of this effort is to develop the design
methodology for mixed-flow exhaust systems and other novel noise reduction concepts
that will yield 3 EPNdB noise reduction relative to 1992 baseline technology.

Development of the design methodology is based upon a previously developed jet noise
model and code for exhaust nozzles (MGB), which will be coupled with a CFD flow field
analysis. The modeling is envisioned to be in two steps. The first step is to adapt an
existing CFD code to predict the velocity, temperature, and turbulence intensity profiles
at the exit plane of the mixer, and these profiles are then the starting conditions for the
MGB aeroacoustic computations. By coupling the CFD flow fields with the MGB code,
the noise generated by the internal mixing will be assessed. The second step is to adapt
the existing CFD code to also predict the external jet plume aerodynamics as well, rather
than using the MGB aerodynamic mixing algorithms (based on Reichardt’s momentum
and enthalpy transport theory). The first step provides the capability for studying mixer
exit profile shape effects on the noise generation, and can provide some guidance on
possible new mixer designs that may provide lower noise. The second step provides a
more accurate simulation of the jet plume mixing characteristics. This two-step approach,
the CFD-MGB integrated model, will provide a useful design tool for developing low
noise exhaust nozzle designs.

In concert with the development of advanced aeroacoustic design tools, the CFD-MBG
model, a carefully selected set of baseline and example mixer test and diagnostic
measurements with simulated forward flight in the GEAE Cell 41 Anechoic Free-Jet
Wind Tunnel Facility were performed to validate and calibrate the model. For this
purpose, the several existing mixers developed during the Energy Efficient Engine (E%)
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program in the 1970’s were tested under Subtask A. The scale models tested under
Subtask A in Cell 41 were selected Energy Efficient Engine, E* Long Duct Mixed Flow
(LDMF) exhaust system configurations with 12-lobed mixers. Subtask A establishes an
aero and acoustic diagnostic database from which to calibrate and refine current aero and
acoustic prediction tools. The acoustic and LDA results for this subtask are presented in a
report, “Acoustic & Laser Doppler Anemometer Results for Confluent and 12-Lobed E’
Mixer Exhaust Systems for Subsonic Jet Noise Reduction.”

The next step consists of designing, fabricating, and testing candidate low-noise mixer
designs, using the validated CFD-MGB tool and experimental results from E’ mixer tests.
This activity is a demonstration that the modeling and understanding gained from the
experiments will provide the capability to design an exhaust system capable of meeting
the objective goal of reducing jet mixing noise of a high bypass exhaust system by 3
EPNdB.

Two multi-lobed mixers, a 22-lobed axisymmetric and a 21-lobed with a unique lobe,
were designed. These mixers along with a confluent mixer were tested with several fan
nozzles of different lengths with and without acoustic treatment in GEAE’s Cell 41 under
the current subtask, Subtask C. In addition to the acoustic and LDA tests for the model
mixer exhaust systems, a semi-empirical noise prediction method for mixer exhaust
system is developed. Effort is also made to implement flowfield data for noise prediction
by utilizing MGB code. In general, this study establishes an aero and acoustic diagnostic
database to calibrate and refine current aero and acoustic prediction tools.

NASA/CR—2002-211598 2



2.0 ANECHOIC FREE-JET JET NOISE FACILITY

The GEAE anechoic free-jet jet noise facility, shown in Figure 1, is a cylindrical chamber
43" (13.1 meters) in diameter and 72' (21.95 meters) tall. The inner surfaces of the
chamber are lined with anechoic wedges made of fiberglass wool to render the facility
anechoic above 220 Hz. The facility can accommodate model configurations up to 5.3"
(13.5 cm) and 5.5" (14.0 cm) equivalent flow diameter in the inner and outer flow
streams, respectively. The corresponding throat areas for these streams are 22 and 24
square inches. The streams of heated air for the dual flow arrangement, produced by two
separate natural gas burners, flow through silencers and plenum chambers before entering

the test nozzle. Each stream can be heated to a maximum of 1960°R with nozzle pressure
ratios as high as 5.5, resulting in a maximum jet velocity of 3000 feet/second.

The tertiary air stream system, which is used to simulate external flow, consists of a
250,000 scfm (at 50" of water column static pressure) fan and a 3,500 horsepower electric
motor. The transition duct work and silencer route the air from the fan discharge through
the 48" (1.2 meter) diameter free-jet exhaust. The silencer reduces the fan noise by 30 dB
to 50 dB. Tertiary flow at its maximum permits simulation up to a Mach number of about
0.4. Mach number variation is achieved by adjusting the fan inlet vanes. The combined
model and free-jet airflow is exhausted through a "T" stack silencer directly over the
models in the ceiling of the chamber. The "T" stack is acoustically treated to prevent high
levels of noise to the surrounding community.

The facility is equipped with two systems of microphone arrays to measure the acoustic
characteristics of the test models in the farfield, a fixed array of microphones and an array
on a traversing tower. The fixed array has 17 microphones mounted from the false floor,
the wall, and the ceiling of the test cell, which provides measurements at a minimum
distance of 26.75' (8.15 meter) from the nozzle reference location covering the polar

angle (0) range from 50° to 155°. The traversing tower contains 13 microphones,

mounted at polar angles 6 ranging from 45° 10 155°, and provides measurements at a
distance of 22' (6.7 meter) from the nozzle reference location. The traversing tower can

be positioned at any azimuthal angle ¢ between +55° t0 -55° with respect to the fixed
microphone array (or ¢ = -10° to 1000).

The facility is also equipped with a laser Doppler anemometer (LDA) system for jet
flowfield measurement.
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3.0 COMPONENTS, ASSEMBLIES OF EXHAUST SYSTEM AND EXHAUST
SYSTEM CONFIGURATIONS

Two multi-lobe mixers, a baseline 22-lobed axisymmetric mixer and a baseline 21-lobed
mixer with one unique lobe and a confluent mixer, shown in Figure 2, are designed and
fabricated. These mixers are tested with three fan nozzles with different lengths (see
Figure 3), namely, the baseline fan nozzle, the short fan nozzle representing a 1/3rd
reduction in the nozzle mixing/tailpipe length, and the long fan nozzle representing a
1/3rd increase in the nozzle mixing/tailpipe length. The assembly of mixers and the fan
nozzles is schematically shown in Figure 4. The baseline 22-lobe mixer is defined by
reflecting the half lobe surface about the lobe center-plane that passes through the engine
centerline. The full lobe pattern is then revolved around the engine centerline to create the
22 common lobe pattern (see Figure 5). The baseline mixer with unique lobe has the same
common lobe shape as the baseline 22 lobe mixer. However, two of the common lobes
are replaced with one unique lobe as shown in Figure 6. The confluent mixer (see Figure
4), which is a fan and core flow side surface of revolution, with approximately the same
core area of the baseline mixers and with axial length consistent with the baseline mixers
is also tested for comparison purpose. The fan nozzles consist of both internal and
external surfaces of revolution. Figure 7 shows the general model hardware setup with
lobed mixer nozzles on the upper half and the confluent mixer on the lower half with the
standard or baseline fan nozzle. Figure 8 shows the long and short fan nozzles mounted to
the lobed mixer nozzles on the upper half and the confluent mixer on the lower half on
each case. Figure 9 shows views of the unique lobe mixer and the confluent mixer
integrated with the internal pylon systems. The integration of internal pylon with the
unique lobe mixer without and with the baseline fan are shown in Figures 10 and 11,
respectively.

In addition to the above described configurations, a treated long fan nozzle (see Figure
12) is also designed and tested with various mixers to evaluate noise suppression due to
treatment. A 0.4”-deep bulk material treatment is used for this purpose. The inner surface
of the nozzle remains the same as the long untreated fan nozzle of Figure 8 (a). However,
the outer surface is modified to accommodate 0.4”-deep treatment. Two different bulk
materials, Feltmetal, made out of a high temperature steel and astroquartz, with a
perforated facesheet were used as the treatments. An insert with six components is
fabricated to hold the treatment on fan nozzle surface. The feltmetal treatment is shaped
into six pieces to fit the insert compartment. To obtain a proper assessment of noise
suppression due to treatment a similar insert with hardwall surface is also fabricated and
tested. These components are shown in Figure 13. A nozzle shell is fabricated to hold the
treatment insert or the hardwall insert as required. The nozzle shell and the nozzle shell
with the treatment insert are shown in Figure 14.

All the different mixer configurations and fan nozzle lengths employed the same plug

nozzle. A 5.09” diameter conic nozzle is also tested at the mass averaged mixed flow
conditions corresponding to the various engine cycles for the mixer configurations.
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Several 12-lobed mixers and a confluent mixer were tested earlier under Task A of this
program (see Figure 15). The 12-lobed scalloped and staggered with quarter periodic
mixer (F9B) and the confluent mixer (V1) were also tested under the current task to
evaluate the noise impact due to mixer geometry.

Based on the various mixers and fan nozzles, described above, a number of
configurations for high bypass exhaust system (see Table 1) are assembled and tested in
the anechoic freejet facility. While the acoustic tests were conducted for all these
configurations, LDA tests were conducted for a few selected configurations at a limited
number of aerothermodynamic conditions.
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ue,] U0 pajear] - =g
‘ue,] Suo - ¢=9g
‘ue M0YS - 7=4
‘ue ] surpaseq - =4
‘9zzoN ue,] ON - =4
:9[zzou uej Jo adA) oy} 10J spue)s ¢ IoquInu puoddg

zyrenbonsy - ¢=(
‘TeRunR - 7=a
‘[empiey - [=d
9uounyeal], oN - 0=
:juounean) uej Jo ad£} 10J spuels (J Ioquinu Yuno,j

uolhd Y - 1=0 paqo enbrup) - y=v

UOIAd ON - 0=D PaqOT 7T - €=V
‘uo[4d quan[juo) - 7=V
[EUISIUL JNOYIIM IO UM IOJ SPUe)s ) Idqunu piryf, Q10 -[=V

: IOXIUI/9[ZZOU 9109 JO 2d£) 9y} 10J SpPUR)S Y I9qUINU 1811,

'V YSe ] Jopun paysa) ‘(Joxtw orporrad 1openb yim parsddels pue padoqeds paqol-g| ayl) g6 pue
“JOXIW JUSN[JU0D: Y} ‘[ A 10§ 3do0Xd ‘Smo[[0F st paurjep ST Joquinu yoeq "(qDEV) SIPQUINU  JO SISISUOD 3P0 UONHEINIUOD) : 90N

21

LSy 9'6¥ 601 - ON prepuels | (v Ysel) paqo] 7l d64d
LSy 9'6¥v 601 - ON prepuels | (Vv Ysel) juanpjuo) IA
L'1S 6L 0§ 88111 [e}oun}o] SOA guog paqo’] anbrupy [484%
LIS 6L 08 88111 [[empleH SOA 3uo] paqo] anbrup) |§84%
L'1S ¥6L°0S 88111 - SOA pIepuels paqo] anbrup) 11884
LIS 9L1'€S 6IL Y1 zyenbonsy ON 3uog P2q07] CT (10143
LIS 9L1'¢S 6L V1 [e}oUn[9] ON 3uog] P2q07] 7T [40)43
LIS 9LT° €S 61L 11 [[esmpleH ON 3uo] Paq07] 7T 10)43
LIS 9L1'¢€S 61L Y1 - ON 3uo] P=29071 ¢ 00¢¢
L'1S 9L1°¢S 6lL V1 - ON HOYS P=q07] TT 00C¢
LIS 9LT'¢S 61L VI - ON plepuel§ P=9071 T 001¢
LIS 619°¢S 88991 - ON HoYsS juanyuor) 00¢CC
LIS [42%VS 88991 - SIA pIepuels JUSN[JUOT) 011¢
LIS 619°¢S 88991 - ON pIepuelS JUAN[JUO’) 001¢
$0C - §0C - - - Joy) 0001
Ul ‘LAY NMXH At NXH IOXIN Ul UXH IOXIA uojAd 9[ZZON opo)
9[edS [PPON Je BAIY UB Je BaIY 210D JUSUBII], | [PUIIU] ue, IOXIJN/9]ZZON 2100 | uonein3juo)

U §/0€ = BOIY 3[BOS [N 1S9, [ [[9D 10} suoem3yuo)) waskg isneyxy ssedAq YSIH 9[edS [SPON [ 2IqBL

NASA/CR—2002-211598






4.0 TEST PROCEDURE AND DATA ACQUISITION

All of the acoustic and LDA tests for the model scale nozzles are conducted in the
General Electric Anechoic Free-Jet Facility (Cell 41). A photograph of a model scale
exhaust nozzle, mounted in the anechoic chamber is shown in Figure 16. The traversing
microphone tower and the fiber flow probe of the LDA system mounted on a three
dimensional actuator table system are shown in this figure. During the acoustic
measurement the LDA system is removed from the anechoic chamber and the actuator
system is lowered down to avoid any possible acoustic interference

4.1 Acoustic Tests : Cell 41 is supported by well-calibrated acoustic and aerodynamic
data acquisition systems. Acoustic data measured by both the microphone arrays is
analyzed by an on-line system, which computes 1/3-octave band data for model scale at a

40" arc corrected to standard day conditions (i.e., S9°F and 70 % humidity) and
narrowband data as measured. In addition, this data can be recorded if required on
magnetic tapes for post processing. All static and total pressures including model surface
pressures are measured using an aerodynamic data acquisition system consisting of
multiport scanivalve contained pressure transducers, signal conditioner, and
analog/digital converters. The online acoustic system is operated by a work-station
computer. The data is transfered to other computer systems for further analysis.
Concurrently, a front-end computer with touch-screen application is used for signal and
facility control and for real time data monitoring. Temperature data (thermocouple
signals) are fed directly to the front-end computer.

Both the flow streams, core and fan, were utilized for the current dual flow model exhaust
system in the anechoic freejet facility (Cell 41). The 13-microphone tower array was used
for farfield acoustic measurement and only online data was acquired for all the
configurations. For axisymmetric configurations the farfield data is measured at one
tower location of ¢ = 34°. For a few conditions the measurement is taken at several tower
locations to examine the symmetry of the noise field. For non-axisymmetric
configuration the data is acquired at two tower locations, namely ¢ = 34° for sideline and
¢ = 90° for community. Again, for limited conditions the data is measured at several
tower locations. Online 1/3-octave data is further analyzed as per the flow chart of Figure
17 for scaling, flight transformation, and extrapolation to any sideline or arc location. The
scale model data is scaled to an engine size of 3078 in’ and extrapolated to a range of
sideline distances from one to two thousand feet. Acoustic data extrapolated to a sideline
distance of 1500 feet is presented in this report. The acoustic data is corrected to standard

day conditions of ARP 77°F and 70 % humidity. f

Mass flow rate through the individual streams m are calculated by using the following
expression;

m = m,.PA/(T)")
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where;
m, = [2gy/((y-DR) (1-(1/nprp)*"]** (1/nprp)"™”
P, = Total pressure of the stream
T, = Total temperature iof the stream
A = Cross sectional area of the stream at the pressure and temperature
measurement location
g = Acceleration due to gravity
v = Specific heat ratio
R = Gas constant
nprp = Pressure ratio of the stream at the pressure measurement location

For the current test configurations the mass flow rates are calculated in the following
three different ways;

1. Mass flow through charging station using scanivalve data:
nprp = [(Average total pressure)/(Average static pressure)], carging station)
Area of core charging station=57 in’
Area of fan charging station=154.45 in

2. Mass flow through charging station using differential pressure transducer in charging
station:
nprp = [(Average total pressure)/
( Average total pressure-Average static pressure) ], charging station)
Area of core charging station=57 in
Area of fan charging station=154.45 in’

3. Mass flow through charging station using model static pressure data:
nprp = [(Average total pressure), marging stion) 1 /(Average model static pressure)
Area of core at the static pressure location=15.268 in
Area of fan at the static pressure location=60.242 in*(51.477 in* for F9B
configuration)

The mass flow rates calculated by model static pressure data (Method 3) are utilized in
the current data analysis. The acoustic data is normalized with respect to a constant
reference thrust of 60,000 Ibs.

4.2 LDA Tests : Laser Doppler Anemometer (LDA) system was employed for velocity
measurements. The LDA system was a DANTEC four-beam, two-color Laser Fiber
Optics system which measured two mutually perpendicular velocity components
simultaneously. The optical head was rotated by 45 degree so that the measurement
capability of maximum velocity increased by a factor of 1.4. The optical system had a
3.22 deg. beam angle, 112.67mm beam distance, 2000mm focal length, 36 fringes, and
9.136 micron fringe spacing for the green beam (514.5nm) and a 3.23 deg. beam angle,
112.92mm beam distance, and 8.646 micron fringe spacing for the blue beam (488.0nm).
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The optics consisted of a 60 mm diameter fiber optic probe and 1.9 and 1.5 beam
expanders.

The LDA system was operated in two modes. The first mode was a conventional method
in which the LDA collected data from each measurement point providing histogram data.
For the second mode, the LDA system was modified to obtain online data using two
counter processors, an x-y plotter, three Fluke digital voltmeters and a Compaq computer.
Employing these methods allowed the acquisition of large amounts of Laser data in a
short time period thus keeping test time at a minimum.

Velocity information was obtained from the analog output of the two counter processor
through D/A converters which provided voltages related to the Doppler frequency plus
Bragg Cell frequency (40MHz). Laser position was read from a Laser positioning
actuator simultaneously using a Compaq computer. Instantaneous axial velocities were

plotted on an xy plotter against Laser position as data were acquired for the data quality
check.

The data acquisition process for the LDA system is shown in Figure 18. All the velocity
and position data were transferred to a workstation for further analysis. The seeding was
provided from downstream of the burner using three 100psi vacuum pumps. The Laser
seeding material was one micron aluminum powder.

Online data was taken at six axial locations, 0.5, 0.5D, 1.0D, 1.5D, 3.0D, and 5.0D,
measured from the nozzle exit plane, D being the nozzle exit diameter. At each axial
locations the LDA system was traversed along Y (N-S) and Z (E-W), as shown in Figure
19. Histogram data was acquired at five axial locations, 0.5, 0.5D, 1.0D, 1.5D, and
3.0D. At each location the LDA was traversed along Y (N-S) direction and positioned at
11 equispaced points, measured from the nozzle center, at 9 equispaced Z (E-W)
locations. Thus, LDA data at 99 points on a grid were acquired at fixed axial locations, as
shown in Figure 20. The grid spacing along Y and Z were 0.45” and 0.3”, respectively,
at axial locations of 0.5, 0.5D, and 1.0D. At axial locations of 1.5D and 3.0D these
spacings are increased to 0.5 & 0.375” and 0.6” & 0.45”, respectively.

Two dimensional four-beam, two-color, LDA measurements of axial mean velocity (u),
horizontal mean velocity (v) which is perpendicular to axial velocity and parallel to
horizontal centerline, and the axial and horizontal component of turbulence velocities (u’,
v”) were made on different engine exhaust configurations.
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5.0 VARIOUS MIXED & SEPARATE FLOW ENGINE CYCLE CONDITIONS

Acoustic tests for the model scale exhaust configurations were conducted by following
two typical high bypass ratio separate flow and mixed flow cycle lines applicable to the
current design. In addition, some configurations are also tested at the two cycle lines used
for E* configurations, tested under LET TO #31A. The aerothermodynamic conditions for
these four cycle lines are listed in Tables 2 and 3. Two additional points with higher
pressure ratios are included in the existing E* mixed flow cycle. The aerothermodynamic
conditions for conic nozzle tests are designed to result in exit conditions matching the
mixed flow exit conditions of the mixed and separate flow cycle lines of Tables 2 and 3
for high bypass exhaust system. The conditions for separate flow cycle are very close to
those of mixed flow cycle. Thus, only one set of these parameters are selected for conic
nozzle tests and are listed in Table 4. Table 4 also contains a few aerothermodynamic
conditions at which the same conic nozzle was tested under LET TO #31A for E’
configurations. The nomenclature for various parameters included in tables 2 through 4
are defined as follows:

P, , = Primary or core stream nozzle pressure ratio

T,, = Primary or core stream nozzle total temperature in degree R

W, = Mass Flow Rate for primary or core stream in Ibs/sec

V;, = Ideal Nozzle Exhaust Velocity for primary (core) stream in ft/sec
P, .= Secondary or fan stream nozzle pressure ratio

T, = Secondary or fan stream nozzle total temperature in degree R

W, = Mass Flow Rate for secondary stream in 1bs/sec

V;, = Ideal Nozzle Exhaust Velocity for secondary (fan) stream in ft/sec
Viix = Vi, - W, + V. W) / (W, + W) = Mass averaged mixed velocity in ft/sec
Vy=V,;./V,,= Velocity ratio

Wy =W,/ W, = Mass flow ratio

Tgr = Static temperature ratio

Pamb = Ambient pressure in psi

Tamb = Ambient temperature in degree R

P, = Nozzle pressure ratio for single stream nozzle

T, = Total temperature for single stream nozzle in degree R

W = Mass Flow Rate for single stream nozzle in lbs/sec

V; = Ideal Exhaust Velocity or jet velocity for single stream nozzle in ft/sec

For the dual flow exhaust system the core and fan stream jet velocities are computed
assuming ideal expansion of each stream to the atmosphere. The individual mass flow
rates are computed using the core and fan areas of 16.7 in” and 50.5 in’, respectively, at
the mixer exit plane. Thus, the mixed jet velocity, mass flow ratio, and velocity ratio are
based on these assumptions. The actual mass flow rates are determined utilizing
experimental pressure measurements in the flow system as described in section 4.
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Table 4. Cycle conditions for 20.5 in’ conic nozzle, determine on the basis of matched
mixed flow conditions for various high bypass exhaust system cycles.

TEST P, T, W \% Pov Tas
POINT °R Ib/sec ft/sec psi °F

Mixed Conditions of High Bypass Separate & Mixed
Flow Cycles

11 1.173 604. 5451 569. 14.4 520.0
12 1237 615. 6311 660. 14.4 520.0
13 1.293 619. 6979 726. 14.4 520.0
14 1385 723. 7.375 879. 14.4 520.0
15 1.448 732. 7.894 939. 14.4 520.0
16 1.519 737. 8.442 999. 14.4 520.0
17 1.592 746. 8941 1056. 14.4 520.0
18 1.656 756. 9.327 1105. 14.4 520.0
19 1.706 765. 9.608 1140. 14.4 520.0
20 1.771 772. 9969 1183. 14.4 520.0
21 1.841 781. 10.328 1226. 14.4 520.0
22 1912 793. 10.652 1269. 14.4 520.0

Mixed Conditions of E* Mixed Flow Cycle

72 1439 643. 8.339 874. 14.4 520.0
75 1.595 655. 9.568 991. 14.4 520.0
77 1.701 662. 10.294 1058. 14.4 520.0

Mixed Conditions of E* Separate Flow Cycle
86 1.650 627. 10.203 1002. 14.4 520.0
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Variation of cycle parameters, listed in Tables 2 through 4, are graphically illustrated in
Figures 21 through 26. Figures 21 and 22 show the variation of core and fan stream
pressure ratios and total temperatures with respect to mixed jet velocity, respectively. The
pressure ratios for both the streams are relatively lower for the current cycles compared to
E’ cycles at fixed mixed jet velocities. The fan stream temperatures at higher mixed jet
velocities for the current cycles are higher compared to E’ cycles. Thus, for the same
mixed jet velocity, the E’ cycle generates much higher core velocity compared to current
cycles. These cycle differences are further illustrated in Figure 23 by plotting core stream
pressure ratios with respect to fan stream pressure ratio. The dashed and dotted lines
connecting points between mixed flow and separate flow cycles, current and E°,
respectively, are the fixed ideal thrust lines. Variation of velocity ratio and mass flow
ratio with respect to mixed jet velocity for different cycles are shown in Figure 24. The
corresponding variations of mass flow ratio with respect to velocity ratio are shown in
Figure 25. The sudden mass flow jump for the current cycles (see Figure 25) is due to the
abrupt fan stream total temperature variation from atmospheric condition to a heated
condition. The implication of these cycle characteristics are expected to influence the
noise characteristics of the exhaust systems.

The variation of nozzle pressure ratio and total temperature with respect to the ideal jet

velocity for the conic nozzle are illustrated in Figure 26. Again, the mixed pressure ratios
for E? cycles are relatively higher compared to the current cycles.

NASA/CR—2002-211598 35



Cycle | P o
(94— High Bypass Separate Flow J
o, |®© High Bypass Mixed Flow 4 ol
/ /
~ [&-—4& Ecube Separate flow & /LI
&--0 Ecube Mixed Flow 45/ 2
S 4
MU > /55/ ,‘/m
-— / i
< g/ 4A , ’1/’
g"] // //xg
5 < S i
[&J - 0/ /’f:");@
Eg ,,,, er‘qg//ia////g :
[qV] L, ,—‘e """" //B/
< N & m—
= o1
< B//ea/
8]
& —
Y
4 Cycle
& (9—&1 High Bypass Separate Flow /Z/EJ
- o _G) -® High Bypass Mixed Flow /Z/ /,2)
) — [4&-—& Ecube Separate flow
Z &--0 Ecube Mixed Flow
o
5@
E >—
o
[~
=
5]
Z > :
= o]
N
" 500 600 700 800 900 1000 1100 1200

MIXED JET VELOCITY, Vmix ft/sec

Figure 21. Core and fan stream pressure ratio variation with respect to mixed jet velocity
for different cycles.

NASA/CR—2002-211598 36

1300



1600

Cycle
9—1 High Bypass Separate Flow P
O---® High Bypass Mixed Flow
"A--—A Ecube Separate flow

1500
\\\\N

NOZZLE TOTAL TEMPERATURE

& &-—& Ecube Mixed Flow v
O //
E o
.~ O
= X
<
69}
a7
B~
« (o]
2 3
O A ol
@)
S il
S 7
- Lo
S
o
=2
£
=} D —ER—E0—EO— 5D £
- o "’/,
Z 8 7
=
; B8 0A+—H—&++T--e
< 3
= 500 600 700 800 900 1000 1100 1200 1300

MIXED JET VELOCITY, Vix ft/sec

Figure 22. Core and fan stream total temperature variation with respect to mixed jet
velocity for different cycles.

NASA/CR—2002-211598 37



6}

8t

*SO[0Ad JUQIYJIp JOJ
oner ainssaid weans uej o 19adsar yym oner aImssaid weans 2109 Jo UONeLEA €7 om3i,]

34d ‘OLLVY TANSSHAd WVHILS NV4

L'l

9l

Gl

vl

MO|4 POXIN 8Qnd3 o——©
Mo)} sjeledag aqnd3 ¢—--v
Moy paxi ssedAg ubiH @---@
Mo|4 siesedag ssedAg ubiH E@—a

810k9

¢l

vl

9l

gl

24d ‘OLLV Y TINSSTId WVHILS TI0D

38

NASA/CR—2002-211598



- E\ ’ Cycle
\\m (B—8 High Bypass Separate Flow
— u\ O©---O High Bypass Mixed Flow
A--—A Ecube Separate flow
- \9""'_’"@\\@\ &——0 Ecube Mixed Flow
> o
o
= Ol u
= e \
> X e S _
=~ o G- B
: [ \\
3 SNUB
@ S ON
= O
O.. \E\E
O o
© R ©
o B
~&-
*6\9\0
w0
o
w0
~ Cycle
5—=& High Bypass Separate Flow
~ ‘\B\ ®©---@ High Bypass Mixed Flow ]
\g\ A&——A Ecube Separate flow
z 0 < &——& Ecube Mixed Flow -
: N
s ==
é w0 il [ N \\\i\&
[7,) wn -‘\x\\
2!
<
: . \E\S\&
o B g B
~€“ ----- @._-_tjg‘o-“e-_e\\o ‘S\ﬂ
w ‘@“‘GM
< 0
¥
500 600 700 800 900 1000 1100 1200

MIXED JET VELOCITY, Vnix ft/sec

Figure 24. Velocity and mass flow ratio variation with respect to mixed jet velocity for

different cycles.

NASA/CR—2002-211598

39

1300



bh

I ‘OILVY ALIDOTAA
I 60 80

*$9[0A2 JuaIa)JIp 10J Onel A1100[9A 01 102dSa1 Yiim OIEI MO[J SSEW JO UONBLIEA "CT am31

L0 90 G0

\

Mo|4 PaXIN 84N03 o—-9
Moj} ejesedsS aqno3 v—--v
Mo|4 paxiy ssedAg ybiH @--
mo|{ ajesedag ssedAg ybiH F—
819A9

Sy

g'g

§9

G/

M ‘OLLVY MOTd SSYIN

40

NASA/CR—2002-211598



NOZZLE TOTAL TEMPERATURE, TT R

NOZZLE PRESSURE RATIO, PR

1.4 1.6 1.8

700 750 800 1 1.2

650

S
O,

Mixed Conditions
94— High Bypass Separate & Mixed Flow
A--—A Ecube Separate flow
"&-—& Ecube Mixed Flow

g

Mixed Conditions
09— High Bypass Separate & Mixed Flow
A--—A Ecube Separate flow
&-—0 Ecube Mixed Flow

7

/

/ 0
d ’,’0—’
o7
A
g//a/
00 600 700 800 900 1000 1100 1200

NASA/CR—2002-211598

JET VELOCITY, V; ft/sec

Figure 26. Nozzle pressure ratio and total tem
velocity for different cycles.

41

perature variations with respect to ideal jet

1300



6.0 EXPERIMENTAL RESULTS

Acoustic and LDV tests were conducted for a number of configurations, listed in Table 1,
with and without flight simulation. Freejet Mach numbers of 0.24 and 0.28 were used as
flight simulation. Limited numbers of tests with relatively lower aerothermodynamic
conditions were conducted with simulated flight Mach number of 0.24.

6.1 Acoustic Data for 20.5 in?> Conic Nozzle: Acoustic data for the conic nozzle is
analyzed and examined to assess the quality and the repeatability of the results. In
addition, the current tests (Task C) include the mixed aerothermodynamic conditions for
high bypass exhaust system cycle conditions for higher ideal jet velocity. These high jet
velocity results will be used to assess relative noise characteristics of the high bypass
exhaust systems compared to conic nozzle.

OASPL and PNLT directivities at a number of aerothermodynamic conditions along the
conic nozzle cycle line are plotted in Figure 27 for static condition. The impact of
increasing ideal jet velocity V; due to increasing NPR (P)) and T; on noise level is clearly
observed in this figure, that the noise level increases with increasing ideal jet velocity.
The corresponding SPL spectra at a number of polar angles 0 are plotted in Figure 28,
which also indicates increasing noise level with ideal jet velocity. Similar results with
simulated flight of Mp=0.28 are shown in Figures 29 and 30, respectively. The sound
power level (PWL) spectra for both static and flight cases at different aerothermodynamic
conditions are shown in Figure 31.

The same 20.5 in’ conic nozzle was tested earlier under Task A of the current program,
mostly at lower ideal jet velocity conditions, up to about 1000 ft/sec. Results from Task A
are compared with those of the current task (i.e., Task C). In these comparisons all the
noise levels are normalized to an ideal gross thrust of 60,000 Ibs. Figure 32 shows the
comparison of EPNL and PNLT at several polar angle 0 with respect to V; between the
two tasks. EPNL agreement between the results is excellent for flight-simulated
conditions. In addition, the agreement seems to be better at higher jet velocity conditions.
Similar comparisons of OASPL and PNLT directivities at three different V; are shown in
Figures 33 and 34, respectively. Again the agreement is much better with flight
simulation and at higher velocity conditions. The spectral comparison of sound pressure
level (SPL) for the same three jet velocities is shown in Figures 35 through 37.

The observation leads to conclude that the agreement between the two sets of data is
excellent at higher velocity conditions. At lower velocity conditions the agreement is still
good with flight simulation. The observed differences between the two sets of data are
possibly due to the differences in the internal noise, anechoic chamber background noise,
and the atmospheric conditions during the tests for the two tasks. At higher velocity
conditions the impact of these parameters is negligible, since the jet noise component is
relatively high. At lower velocity conditions these differences, especially the internal
noise component, could influence the noise levels significantly. At higher jet velocities,
above 1000 ft/sec, conic nozzle data repeatability is expected to be excellent.
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OASPL, dB

PNLT, dB

Figure 27. OASPL and PNLT directivities at different aerothermodynamic conditions along the
conic nozzle cycle for a 20.5 in* conic nozzle at SAE 77° standard day conditions,
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along the conic nozzle cycle for a 20.5 in® conic nozzle at SAE 77° standard day
conditions, Mg=0.28, A8=3078 in?, Sideline Distance=1500 ft.
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Figure 33. Comparison of Normalized OASPL directivities at a number aerothermodynamic
conditions along the conic nozzle cycle for a 20.5 in® conic nozzle between the current
tests (Task C) and the previously conducted tests (Task A) for Static (Mg=0) and Flight
(Mg=0.28) at SAE 77° standard day conditions, A8=3078 in?, Sideline Distance=1500 ft.

NASA/CR—2002-211598 49



95

TASKC TASK A

9—a STATIC &—=&
G—O FLIGHT &--&

85

-
i

=
-

80
R @

75

1\,0

NORMALIZED PNLT, dB

90

L
40 60 80 100 120 140 160

POLAR ANGLE, DEGREE

Figure 34. Comparison of Normalized PNLT directivities at a number aerothermodynamic
conditions along the conic nozzle cycle for a 20.5 in® conic nozzle between the current
tests (Task C) and the previously conducted tests (Task A) for Static (Mg=0) and Flight
(Mg=0.28) at SAE 77° standard day conditions, A8=3078 i in?, Sideline Distance=1500 ft.
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Figure 35. Comparison_of Normalized PWL spectra and SPL spectra at a number of polar angles 6
for a 20.5 in” conic nozzle between the current tests (Task C) and the previously conducted
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Figure 36. Comparison of Normalized PWL spectra and SPL spectra at a number of polar angles 8
for a 20.5 in® conic nozzle between the current tests (Task C) and the previously
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6.2 Acoustic and LDA Data for Confluent and 22-Lobed Mixers with Standard Fan
Nozzle Showing the Effect of Engine Cycle on Farfield Noise Level and Plume
Flowfield: Tests for confluent and 22-lobed mixers with standard fan were conducted at
various engine cycle conditions, namely, High Bypass Separate Flow (HBSF), High
Bypass Mixed Flow (HBMF) and E* Mixed Flow (E’MF) cycles.

Figure 38 shows the EPNL variation with respect to V ; for confluent and 22-lobed
mixers with standard fan. The effect of engine cycle seems to be more prominent for the
confluent mixer compared to 22-lobed mixer. In addition, the EPNL variation with
respect to different cycles is dominant with flight simulation compared to static,
especially for 22-lobed mixer. Axial velocity profiles in 3-dimensional form at 0.5”
downstream of the nozzle exit plane shown in Figures 39 and 40 for the confluent and 22-
lobed mixers with standard fan for different engine cycles at nominal V,;, of 1000 ft/sec.
For the confluent mixer (see Figure 39) the core velocity distinctly steps up over the fan
velocity for HBMF and E°MF cycles compared to HBSF cycle and the increase is higher
for E*MF cycle. Each profile has a dip at the center due to the center plug of the exhaust
system. The step between the core and fan velocity is highest for E’MF cycle and least for
HBSF cycle. For the 22-lobed mixer (see Figure 40) the core velocity steps up over the
fan velocity with rising conical shape profiles along the core flow lobes. For HBSF cycle
the heights of the cones are small and thus the entire profile looks more uniform. For the
other two cycles the velocity at the center steps up in the form of a cone along with the
cones through the core flow lobes. The heights of these velocity cones are significant.

Confluent Mixer: Noise levels due to aerothermodynamic variation along the HBMF
cycle for the confluent nozzle with standard fan is shown in Figure 41. Sound pressure
levels at all polar angles increase with increasing aerothermodynamic conditions for the
entire frequency range. Similar effect is also observed for OASP and PNLT directivities
at all polar angles. The effect of aerothermodynamic condition on the flowfield is shown
in Figure 42 in the form of 3-dimensional velocity profiles measured at 0.5” downstream
of the nozzle exit at different test points along the HBMF cycle. The core velocity
distinctly steps up over the fan velocity with a dip at the center due to the center plug of
the exhaust system and the relative difference between core and fan velocities increases
with increasing V,, conditions. This effect on the axial velocity contour and axial
velocity (i.e., mean and unsteady) distributions at 0.5” downstream of the nozzle exit
plane is shown in Figure 43. Axial velocity levels are higher for TP38 compared to TP36,
especially the difference of velocities between these test points is much higher for the
core region, resulting into a higher uneven velocity profile at the higher
aerothermodynamic conditions.

The evolution of mean and random unsteady axial velocity distributions along the nozzle
axis, downstream of the nozzle exit plane, for a nominal V , of 1000 ft/sec (TP36) for
HBMF cycle is shown in Figure 44. Due to the center plug in the exhaust system a
significant velocity drop is observed at the center. This velocity drop decreases along the
axis, downstream of the nozzle exit, as shown in Figure 44. The fan and core streams are
very distinct at the nozzle exit plane. The mixing process continues outside the nozzle
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exit plane, at least, up to about 5 nozzle diameters downstream of the nozzle exit for this
aerothermodynamic conditions (see Figure 44). Similar effects are also observed with the
random unsteady velocity distributions.

Figures 45 and 46 show the effect of engine cycles on PNLT directivity and SPL spectra
for confluent mixer with standard fan at nominal Vi of 1000 ft/sec and 1125 ft/sec,
respectively. The cycle effects on noise field are more dominant with flight simulation.
The effect of simulated flight on axial velocity contours at the nozzle exit plane and axial
velocity distributions at various downstream locations from the nozzle exit plane for a
nominal Vy,ix of 1000 ft/sec (TP36) for HBMF cycle are shown in Figures 47 and 48,
respectively. The velocity contours and profiles within the plume shear layer are not
effected much by flight simulation. However, the relative velocity change due to flight
simulation is the cause for noise reduction.

Noise levels are the highest for E°MF cycle conditions and lowest for HBSF cycle
conditions. The effect is more prominent at lower frequencies and at higher polar angles.
The axial velocity contours and axial velocity distributions at nominal Vpx of 1000 ft/sec
at the nozzle exit plane for different cycles are shown in Figure 49. The velocity profile is
most uniform for HBSF cycle and extremely unmixed for E°MF cycle, which is the
reason for noise field variations among the cycles shown in Figure 45. The effect of
engine cycle on axial velocity distributions at various axial downstream locations from
the nozzle exit plane at nominal Vy;x of 1000 ft/sec are shown in Figure 50. The
nonuniformity of velocity profile continues further downstream for HBMF cycle
compared to HBSF cycle.

22-Lobed Mixer: a Noise level due to aerothermodynamic variation along the HBMF
cycle for the 22-lobed mixer nozzle with standard fan is shown in Figure 51. Sound
pressure levels at all polar angles increase with increasing aerothermodynamic conditions
for the entire frequency range. Similar effect is also observed for OASPL and PNLT
directivities at all polar angles. Substantial sound pressure level increase is observed at
higher frequency range for very high aerothermodynamic conditions (namely, at
Vmix=1220 ft/sec). The effect of aerothermodynamic condition on the flowfield is shown
in Figure 52 in the form of 3-dimensional velocity profiles measured at 0.5” downstream
of the nozzle exit at different test points along the HBMF cycle. The cone heights along
the mixer core flow lobes and the cone height at the center increases relative to the
secondary flow velocity with increasing Vpix condition. This effect on axial velocity
contours and axial velocity distributions at 0.5” downstream of the nozzle exit plane is
shown in Figure 53. Axial velocity levels increase with increasing aerothermodynamic
conditions. The core stream velocity increase due to aerothermodynamic condition is
higher compared to fan stream velocity, resulting into a higher uneven velocity profile at
the higher aerothermodynamic conditions.

The evolution of mean axial velocity distributions along the nozzle axis, downstream of

the nozzle exit plane, for different aerothermodynamic conditions for HBMF cycle is
shown in Figure 54. Distinct velocity peaks due to mixer lobes are observed in the
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Figure 48. Effect of simulated flight on axial velocity distribution at various axial downstream
locations from the nozzle exit plane for model scale confluent mixer with standard fan of
exit area 51.7 in’ for high bypass mixed flow cycle (TP=36), Nominal V..,=1000 ft/sec.
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Figure 49. Effect of engine cycle on axial velocity contours and axial velocity dlstubu‘uons
for model scale confluent mixer with standard fan of exit area 51.7 in® at the
nozzle exit plane (X=0.5", Y=0) ), Nominal V ,=1000 ft/sec, M=0.28.
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Figure 53. Effect of aerothermodynamic conditions on axial velocity contours and axial velocity
distributions for the model scale 22-lobed mixer with standard fan of exit area 51.7 in’
at the nozzle exit plane (X=0.5, Y=0) for high bypass mixed flow cycle, M;=0.28.
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Figure 54. Effect of aerothermodynamic conditions on axial velocity distributions at various axial
downstream locations (X) from the nozzle exit plane for the model scale 22-lobed mixer
with standard fan of exit area 51.7 in? for high bypass mixed flow cycle, M;=0.28.
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velocity profiles closer to the nozzle exit. The mixing process continues outside the
nozzle exit plane downstream of the nozzle exit. For higher aerothermodynamic
conditions the velocity peaks and valleys continue to exist even at 5 nozzle diameters,
downstream of the nozzle exit.

Figures 55 and 56 show the effect of engine cycles on PNLT directivity and SPL spectra
for 22-lobed mixer with standard fan at nominal Vi of 1000 ft/sec and 1125 ft/sec,
respectively. The cycle effects on noise field are more dominant with flight simulation.
The effect of simulated flight on axial velocity contours and velocity distributions at the
nozzle exit plane and axial velocity distributions at various downstream locations from
the nozzle exit plane for a nominal Vi of 1000 ft/sec (TP36) for HBMF cycle are shown
in Figures 57 and 58, respectively. The velocity contours and profiles within the plume
shear layer are not effected much by flight simulation. However, the relative velocity
change due to flight simulation is the cause for noise reduction.

Noise levels are the highest for E°MF cycle conditions, similar to confluent mixer.
However, the lowest noise levels are achieved for HBMF cycle points, especially at lower
Vmix conditions, indicating the effectiveness of the lobed mixer in mixing process. The
axial velocity contours and axial velocity distributions at nominal Vi of 1000 ft/sec at
the nozzle exit plane for different cycles are shown in Figure 59. The velocity profile is
most uniform for HBSF cycle and extremely unmixed for E’MF cycle, which is the
reason for noise field variations among the cycles shown in Figure 55. The effect of
engine cycle on axial velocity distributions at various axial downstream locations from
the nozzle exit plane at nominal Vyix of 1000 ft/sec are shown in Figure 60. The
nonuniformity of velocity profile continues further downstream, especially for E°MF
cycle compared to HBSF cycle.

The pressure ratios for both the streams are relatively lower for the current high bypass
cycles compared to E’ mixed flow cycle at fixed mixed jet velocities. The fan stream
temperatures at higher mixed jet velocities for the current high bypass cycles are higher
compared to E* mixed flow cycle. Thus, for the same mixed jet velocity, the E’ mixed
flow cycle generates much higher core velocity compared to the current high bypass
cycles. Thus the noise level for E> mixed flow cycle is higher relative to the high bypass
mixed flow cycle due to higher core velocity. Noise reduction due to simulated flight is
lower for E> mixed flow cycle conditions compared to the high bypass mixed flow cycle
due to reduced velocity ratio effect (shear effect based on flight to jet velocity ratio) due
to higher core velocity at lower frequencies and higher level of “Unmixedness” possibly
due to lower secondary to primary stream velocity ratio at higher frequencies.

Substantial noise reduction is achievable by lowering core velocity with appropriate
engine cycles.

6.3 Effect of Mixer Geometry on Farfield Noise Level and Plume Flowfield: Figure

61 shows the EPNL variation with respect to Vy,x for confluent and multi-lobed mixers
with standard fan at different cycle conditions. The multi-lobed mixers include a 12-lobed
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Figure 58. Effect of simulated flight on axial velocity distribution at various axial downstream
locations from the nozzle exit plane for the model scale 22-lobed mixer with standard fan
of exit area 51.7 in” for high bypass mixed flow cycle (TP=36), Nominal V,,=1000 ft/sec.

NASA/CR—2002-211598 7



. HBSFC (TP16)
T - ;. €N
g3 [ W l g
= 800 ‘ g et
Z i P =
. % 800 |~ 0 ,‘ Q# - 3°§
> IR ® 2
3 /] | >
2 w0 -
[ T' %
200 I=—"= — 10 o
o HBMFEC (TP36)
i
1600 A 80
8, .
1400 J “\ 70
81200 | 602
» £-1ooo 50;%
g =
Vi ft/SGK’:“ § ‘ ‘{ : jé E
> 800 42
g 1l | I 3:
< 600 & (’ BH d 08
{ 5]
apl=uld [ 200:
& ’
200 i | 10
1600 ﬁ 80
1403, ’ F!%_‘L mﬁ
] -
., 1200 { l, mn | A Vs ) 0
@ e | B o
Emoo 4 i =
- +—t S 50 >
2 ' [ a8
2 800 |——f— o 202
i ] ] { =
. £
2 600 M g d 303
[ I =
! 'i{ ! fS:U
400 ji 20
j o] g
G 3 200 10
Distance, inch ; Y E°MFC (TP75 ) 6 -4 2 0 2 4 8

Distance from the Center of a Nozzle, inch 4

Figure 59. Effect of engine cycle on axial velocity contours and axial velocity distributions
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nozzle exit plane (X=0.5", Y=0) ), Nominal V, =1000 ft/sec, M;=0.28.
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Figure 60. Effect of engine cycle on axial velocity distributions at various axial downstream
locations (X) from the nozzle exit plane for the model scale 22-lobed mixer with
standard fan of exit area 51.7 in, Nominal V,,=1000 ft/sec., M;=0.28.
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Figure 61. Effect of mixer geometry on normalized EPNL for confluent and multi-lobed mixers

with standard fan for different engine cycles at SAE 77° standard day conditions,
A8=3078 in’, Sideline Distance=1500 ft.
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scalloped and staggered with quarter periodic mixer (F9B) and a 22-lobed axisymmetric
mixer. Data for two confluent mixers compatible to each of the lobed mixers are included
in Figure 61. The 12-lobed mixer and the corresponding confluent mixer (V1) were tested
earlier under Task A of this program. These configurations are again tested under Task C
for all the cycle conditions for appropriate comparison. The dimensions including the fan
nozzle length for mixers tested under Task A are significantly different compared to the
mixers of the current task. However, the acoustic results are scaled to the same full scale
size. Normalized EPNL levels are distinctly higher for the Task C mixers compared to
those of Task A for HBSF cycle at all mixed velocities. For HBMF cycle EPNL for 22-
lobed mixer is comparable to 12-lobed mixer at mid mixed velocity range. For EEMFC
while the confluent mixer noise levels are comparable the 12-lobed mixer seems to be
quieter compared to 22-lobed mixer for entire velocity range.

Figure 62 shows the effect of mixer geometry on PNLT & OASL directivities and SPL
spectra at a nominal V,, of 1000 ft/sec (TP75) for E°MF cycle. For 22-lobed mixer the
SPL levels are slightly higher at higher frequency range at a few polar angle locations
between 110° to 130° compared to thel2-lobed mixer. In the forward arc the 22-lobed
mixer is quieter than the 12-lobed mixer. The axial velocity contours and axial velocity
distributions at the same aerothermodynamic conditions (i.e., at TP75) at the nozzle exit
plane for different mixers are shown in Figure 63. Distinctly, the unmixedness is most
prominent for the confluent mixer. Between the lobed mixers the mixing seems to be
slightly better for the 12-lobed mixer compared to 22-lobed one. Velocity profiles for the
lobed mixers are further compared in Figure 64 for the nominal V ; of 1000 ft/sec
(TP75). In this figure the distance from the nozzle center is normalized with respect to the
exit radius for proper comparison. The data for 12-lobed mixer is compared with 22-
lobed mixer with two different fan nozzles of different lengths. The fan nozzle length for
the 12-lobed mixer lies between the short and standard fan lengths of 22-lobed nozzle.
However, for both the cases the axial velocity levels for 12-lobed mixer are lower
compared to the 22-lobed data.

Figures 65 and 66 show the effect of mixer geometry on SPL & Noy spectra and PNLT &
OASL directivities, respectively, at a nominal V,;, of 1060 ft/sec (TP77) for E’MF cycle.
Sound pressure levels for 22-lobed nozzle are lower at lower frequencies compared to the
12-lobed nozzle. However, the trend is reversed at higher frequencies. Thus, the
Annoyance levels at higher frequencies are much higher for 22-lobed mixer influencing
the PNLT to increase significantly (see Figure 66), even though the OASLs are lower for
22-lobed mixer.

The noise level differences between the two multi-lobed mixers are further examined by
plotting the mixed velocity with respect to ideal gross thrust at different cycles in Figure
67. For a fixed mixed velocity the ideal gross thrust is higher for the 22-lobed nozzle
compared to 12-lobed nozzle, especially for E°MF cycle. The EPNL for the multi-lobed
nozzles are again compared in Figure 68 at three different cycle conditions with respect to
mixed velocity. Clearly, the EPNL for 12-lobed mixer is lower compared to 22-lobed
mixer, even though the levels are normalized with respect to ideal gross thrust. However,
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V,.=1060 ft/sec (TP77 of E°MFC) for confluent and multi-lobed mixers with
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Figure 67. Effect of mixer geometry on ideal gross thrust with respect to mixed velocity for
multi-lobed mixers with standard fan for different engine cycles at SAE 77° standard
day conditions, A8=3078 in’, Sideline Distance=1500 ft.
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the EPNL with respect to ideal gross thrust, shown in Figure 69, shows good agreement
between the mixers for both the mixed flow cycles. Thus, both the mixers are similar in
their performance with respect to the ideal gross thrust for mixed flow cycles.

6.4 Effect of Fan Nozzle Length on Farfield Noise Level and Plume Flowfield:

22-Lobed Mixer: Figure 70 shows the EPNL variation with respect to Vy;, for the 22-
lobed mixer with fan nozzles of different lengths at two different cycle conditions. For
E’MF Cycle the EPNL increases and then decreases with increasing fan nozzle length.
However, for HBMF cycle the noise levels in terms of EPNL seem to be lowest with
shortest fan.

To illustrate the effect of fan nozzle on the velocity profiles generated by the multi-lobed
mixer, LDV measurements are taken at the mixer exit plane without any fan nozzle.
Figures 71 and 72 show these results for a flow condition with relatively lower pressure
conditions. The velocity profiles from individual lobes are distinctly isolated above the
secondary velocity profile. However, similar results with fan nozzles, measured at the
nozzle exit plane and shown in Figure 73 (at a different flow condition compared to the
data of Figures 71 and 72) indicate substantial mixing between primary and secondary
flow. In fact, the velocity profile is more uniform with longer fan nozzle compared to the
shorter fan nozzle configuration.

Figure 74 shows the effect of fan nozzle length for 22-lobed mixer on PNLT & OASL
directivities and PWL & SPL spectra at a nominal Vy, of 1000 ft/sec (TP75) for E°MF
cycle. At higher frequencies, above 400 Hz, the SPL and PWL decrease with increasing
fan nozzle length, indicating improved mixing due to longer fan nozzle. However, at
lower frequencies the standard fan configuration seems to be noisiest. The axial velocity
contours and axial velocity distributions at the same aerothermodynamic conditions (i.e.,
at TP75) at the nozzle exit plane for different fan nozzle lengths are shown in Figure 75
Again the mixing seems to be better for the standard fan nozzle compared to the short fan
configuration. Figure 76 shows the effect of fan nozzle length on PNLT & OASL
directivities and PWL & SPL spectra at a higher nominal Vp;x of 1100 ft/sec (TP79) for
E°MF cycle. The impact of fan nozzle length on the noisefield seems to be insignificant.

Fan nozzle effect for 22-lobed mixer on PNLT & OASL directivities and PWL & SPL
spectra for HBMF cycle at three nominal Vx of 1000 ft/sec (TP36), 1140 ft/sec (TP36),
and 1230 ft/sec (TP41) are shown in Figures 77 through 79, respectively. In general, noise
levels at higher frequencies seem to decrease with increasing fan length. However, the
impact is small compared to E°MF cycle and limited to very high frequencies. In terms of
OASPL and PNLT directivities the longest fan nozzle seems to be noisiest compared to
short and standard fan lengths.

The effect of fan nozzle length on the flowfield for HBMF cycle at a nominal Vyx of

1230 ft/sec (TP41) is shown in Figure 80 in the form of 3-dimensional velocity profiles
measured at 0.5” downstream of the nozzle exit. The peaks and valleys of the velocity
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Figure 69. Effect of mixer geometry on EPNL with respect to ideal gross thrust for multi-lobed
mixers with standard fan for different engine cycles at SAE 77° standard day
conditions, A8=3078 in%, Sideline Distance=1500 ft, M;=0.28.
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profile due to the mixer lobes are less dominant for the standard fan compared to the short
fan, indicating mixing enhancement due to longer fan nozzle. This effect on axial velocity
contours and axial velocity distributions at 0.5” downstream of the nozzle exit plane is
shown in Figure 81.

Increased fan nozzle length reduces noise level at all frequencies at lower velocity
conditions due to improved mixing as indicated by LDV data. The trend is reversed at
higher velocity conditions possibly due to increased turbulence level.

Confluent Mixer: Figure 82 shows the EPNL variation with respect to Vuyix for the
confluent mixer with fan nozzles of different lengths at two different cycle conditions.
For E>MF Cycle the EPNL is higher for the standard fan compared to the short fan length
for the entire velocity range. However, for HBMF cycle the effect is the same as the
E*MF Cycle only at lower velocity conditions. At higher velocity conditions, above Vpix
of 1000 ft/sec, the fan length has no measurable impact on the noise levels in terms of
EPNL. This is further illustrated in Figures 83 and 84 for E*MF Cycle and HBMF cycle,
respectively, showing the effect of fan nozzle length on PNLT & OASL directivities and
PWL spectra at different Vnix conditions.

6.5 Effect of Internal Pylon on Farfield Noise Level: Acoustic measurements for the
unique-lobed mixer with internal pylon are made at two azimuthal locations, 34° and 90°,
to examine the assymetry introduced by the single unique lobe and the internal pylon.
Figure 85 shows the EPNL variation with respect to Vyix for the unique-lobed mixer with
standard fan nozzle and with the internal pylon at two azimuthal locations for HBMF and
HBSF cycle conditions. EPNL for the 22-lobed mixer are also plotted in this figure. In
general, the impact of internal pylon and the unique lobe on EPNL seems to be very small
and is comparable to the 22-lobed mixer EPNL for most test conditions. For HBMFC the
EPNdB for 22-lobed mixer is lower at mid Vpx conditions compared to unique-lobed
mixer configuration. Also, the EPNLs are higher for unique-lobed mixer at 90° location
compared to 34° levels at higher Vyx, above 1100 ft/sec for HBMF cycle conditions.
These effects are further examined in terms of PNLT & OASL directivities and PWL and
SPL spectra at different Vyx conditions in Figures 86 through 90. In general, the farfield
noise is slightly impacted by the internal pylon and the unique lobe at higher frequencies
and the noise levels are higher at the community compared to sideline for most
conditions.

6.6 Effect of Fan Nozzle Treatment on Farfield Noise Level and Plume Flowfield:
The acoustic treatment used for fan nozzle for the lobed-mixer configurations are
designed using the data for several bulk materials. Two bulk absorbers, a stainless steel
based foam, called Feltmetal and Astroquartz, are decided for the fan nozzle treatment.
The hardware, showing the fan nozzle treatment installation, is shown in Figures 12 and
13.

Treatment Design: Preliminary acoustic treatment design for bulk absorber with
perforated facesheet is carried out for the ~1/9-scale model high bypass exhaust nozzle
applications. Based on the inner and outer flowlines for the standard long fan nozzle a
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liner depth (i.e., bulk + facesheet) Of 0.425” is decided with minimal outer flowline
deviation. Based on the scale factor and previous data on E’> mixers the critical
frequencies impacting EPNL values would be about 20 to 30 kHz.

The objective of this design is to achieve desired optimum impedance at the critical
frequencies. The optimum specific resistance and reactance ranges between 1.5 to 2 and -
0.5 to 0.0, respectively, are chosen for the liner for maximum acoustic suppression on the
basis of past experience.

Tests were conducted to measure the DC flow resistance and normal impedance for three
available 0.4” deep bulk samples at room temperature conditions. Two perforated sheets
of 0.025”-thick and 0.045” hole diameter with different porosities, namely 21% and 37%,
were used in the impedance measurement tests. The normal impedance results for the
bulk samples with and without facesheet are presented in Figure 91. The DC flow test
results are listed below:

Material Description Sample Depth A B R100
Inches Rayls/cm Rayls. sec/cm’ Rayls/cm
Silicon Carbide - 100 ppi 04 55 0.0320 8.70
Silicon Carbide - 200 ppi 0.4 23.0 0.1475 37.75
Felt Metal - 5% Dense 04 40.0 0.0800 48.00

The measured DC flow resistance and the facesheet properties are used in predicting the
normal impedance for the bulk samples with and without facesheets and compared with
the measured impedance data. The prediction code is based on Delany & Bezly method
and assumes linear addition of reactance and resistance of the bulk and facesheet in the
calculation of the combined values for the liner. Reasonably good agreement between
data and prediction is observed on the limited range of frequencies up to 12 kHz (not
shown here).

The liner design is carried out for a grazing flow Mach number of 0.4 and liner static
temperature of 300°F. The boundary layer displacement thickness is assumed to be 0.05”.
A typical internal noise spectrum is assumed with an OASPL of 157 dB. Utilizing the
above temperature, noise spectrum, and grazing flow conditions and using the set depths
and boundary layer displacement thicknesses, the bulk resistivity and facesheet properties
are varied to arrive at optimum liner design, such that the desired impedance values are
attained at most frequencies of interest, especially at and around the critical frequencies.

A 0.01”-thick facesheet is required for the optimum liner. However, this thickness is not
practical from the mechanical considerations. Thus, the impedance is predicted with a
modified facesheet thickness of 0.025” (alternate design) and is compared with the
optimum impedance in Figure 92. The reactance levels at higher frequencies are much
higher for the alternate design compared to the optimum case. A bulk resistivity of 100
Rayls/cm is required for the optimum liner designs. However, it is necessary to predict
the impedance deviations when available bulk materials are to be used in the liner. Thus,
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Figure 91. Effect of bulk resistivity on measured normal impedance for 0.4”-deep bulk
samples with and without facesheet, facesheet thickness and hole diameters are
0.025” and 0.045”, excitation OASPL=150 dB.
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the impedance is predicted for two different bulk materials (100 ppi SiC and 5% dense
Feltmetal) and the impedance spectra are compared with optimum and alternate liner
impedance spectra in Figure 92. In these predictions the bulk resistivities used for
different materials are the values, appropriately modified for 300°F from measured
resistivities at room temperature condition. The Feltmetal impedance seems to be very
close to those of the alternate design case. Hence, 5% dense Feltmetal is selected for the
current application.

The facesheet of the above specification (i.e., 0.025”-thick, 45% porous, and 0.045” hole
diameter) is not a catalog item. However, the facesheet with the same specification, but
with hole diameters of 0.038” and 0.078” are readily available as catalog items. Thus the
impedance spectra for the liners with these facesheets are predicted and compared with
the results of the facesheet with 0.045” hole diameter in Figure 93. Facesheet with 0.078”
hole diameter seems to be very close to the design case. Thus the hole diameter of 0.078”
is used for the current liner.

Acoustic and Flowfield Results for 22-Lobed Mixer: Figure 94 shows the EPNL and
the peak PNLT levels with respect to mixed velocity for hardwalled and feltmetal treated
long fan configurations with 22-lobed mixer. Significant acoustic suppression is achieved
at all conditions in terms of EPNdB and peak PNLT. The acoustic suppression seems to
be higher for E°MF cycle conditions compared to HBMF cycle. The effect of treatment
with respect to acoustic suppression is further demonstrated in Figure 95 in terms of
OASPL & PNLT directivities and PWL & SPL spectra for a nominal V ;, of 1125 ft/sec
(TP79 of E°MFC) for the 22-lobed mixer configuration. Acoustic suppression is more
significant at higher frequencies above 400 Hz.

The effect of fan nozzle treatment on the flowfield for E°MF cycle at a nominal V ;, of
1125 ft/sec (TP79) for the 22-lobed mixer configuration is shown in Figure 96 in the form
of 3-dimensional velocity profiles measured at 0.5 downstream of the nozzle exit. This
effect on axial velocity contours and axial velocity distributions at 0.5 downstream of
the nozzle exit plane is shown in Figure 97. Effect of fan nozzle treatment is further
examined in Figure 98 on axial velocity distributions at various axial locations from the

nozzle exit plane. There is no measurable effect due to treated fan nozzle on the plume
flowfield..

The effect of treatment with respect to acoustic suppression for HBMF cycle conditions is
further demonstrated in Figures 99 through 101 in terms of OASPL & PNLT directivities
and PWL & SPL spectra for nominal Vmix of 1000 ft/sec (TP36), 1055 ft/sec (TP37),
and 1140 ft/sec (TP39) for the 22-lobed mixer configuration. Acoustic suppression is
significant at higher frequencies and at higher mixed velocities.

Acoustic Results for Unique-Lobed Mixer: Unique-lobed mixer with internal pylon is a
possible engine application. Thus the acoustic benefit due to treatment is examined for
this configuration and is also compared with standard fan configuration without any
acoustic treatment. Figure 102 shows the EPNL variation with respect to V.
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comparing the treated configurations with hardwalled cases for three different cycle
conditions. At higher mixed velocities the noise level is higher for long hardwalled fan
nozzle configuration compared to the standard fan nozzle. However, with acoustic
treatment, the noise level goes down significantly to give additional noise benefit over the
long hardwalled fan nozzle. The effect of treatment with respect to acoustic suppression
for different cycle conditions is further demonstrated in Figures 103 through 108 in terms
of OASPL & PNLT directivities and PWL & SPL spectra for different nominal Vmix.
For all three cycles the acoustic suppression is significant at higher frequencies,
especially significant at higher mixed velocities. A noise increase due to treatment is
observed at frequencies between 2 to 4 kHz at lower velocity conditions.

Acoustic treatment on fan nozzle is more effective in reducing noise compared to the
hardwalled configuration at higher velocity conditions. Also, the treatment effectiveness
is more for E’ mixed flow cycle conditions (for example, see Figure 108), possibly due to
higher internal noise caused by higher core velocity. Treated configuration introduces
excess noise at lower velocity conditions (see Figures 99, 103, 105, etc.) at higher
frequencies (2 to 4 kHz) possibly due to increased small scale turbulence by liner
perforations. However, these levels are small compared to noise reduction due to
treatment at other frequencies at higher velocity conditions. Thus the treatment becomes
more effective at higher velocity conditions. It should be clear that the acoustic treatment
used is not representative of full scale design due to manufacturing limitations at 1/8-
scale model. The acoustic suppression may be different for full scale engine when proper
liner is used.

6.7 Farfield Noise for Multi-Lobed Mixer Configurations Compared to Confluent
Mixer & Conic Nozzle: Figure 109 shows the EPNL variation with respect to V.,
comparing the 22-lobed mixer configuration with confluent mixer and conic nozzle cases
for three different cycle conditions. A hardwalled standard fan nozzle is used for both the
mixer configurations. For E°MF cycle, the EPNL for 22-lobed mixer lies between the
confluent mixer and conic nozzle EPNL for all velocity conditions. For HBMF cycle, the
22-lobed mixer data comes closer to conic nozzle EPNL at lower mixed velocities. At
higher mixed velocities, above 1050 ft/sec, the EPNL for 22-lobed mixer becomes higher
compared to conic nozzle, but remains lower than the confluent mixer data. However, for
HBSF cycle, the 22-lobed mixer seems to be as noisier as the confluent mixer at lower
mixed velocities and becomes more noisier than the confluent mixer at higher mixed
velocities.

Figures 110 and 111 show the comparisons of OASPL & PNLT directivities and PWL &
SPL spectra for HBSF cycle at nominal V.. = 1000 ft/sec (TP16) and 1120 ft/sec (TP19)
between the 22-lobed mixer, confluent mixer, and conic nozzle configurations. At lower
frequencies, up to about 1 kHz, SPL for 22-lobed mixer lies between those for confluent
mixer and conic nozzle. Thus, the 22-lobed mixer improves the mixing and lowers the
noise level at this frequency range. At higher frequencies for V.. of 1000 ft/sec, SPL for
all three configurations are very close to each other. However, at higher V. of 1120
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Figure 109. Normalized EPNL for the 22-lobed and confluent mixers with standard fan of 51.7
in® exit area compared to a conic nozzle for different engine cycles at SAE 77°
standard day conditions, A8=3078 in’, Sideline Distance=1500 ft, M;=0.28.
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ft/sec (see Figure 111) the 22-lobed mixer is significantly noisier due to high frequency
noise generation, resulting in higher EPNL compared to confluent mixer.

Similar results for HBMF cycle conditions are shown in Figures 112 and 113. The
acoustic characteristics of 22-lobed mixer are similar to what is observed for HBSF cycle
conditions. However, the high frequency noise increase for this cycle is relatively lower.
Thus the EPNL for 22-lobed mixer, still remains lower than the confluent mixer at higher
velocity conditions. Similar results for E°MF cycle conditions are shown in Figures 114
and 115. For this cycle conditions the confluent mixer noise levels at lower frequencies
are much higher compared to the conic nozzle, possibly due to the higher core velocity.
The noise reduction due to the 22-lobed mixer at lower frequencies are much greater
compared to the other cycle conditions. Thus, the high frequency noise increase by the
22-lobed mixer does not significantly influence the total noise in terms of EPNdB. Thus,
the EPNL remains lower than the confluent mixer level for all velocity conditions for this
cycle.

Acoustic Data Comparison for Unique-Lobed Mixer: In this section the acoustic data
comparisons are made between the unique-lobed mixer with treated long fan, confluent
mixer with standard fan, and conic nozzle. The results presented in this section are for
HBMF cycle conditions measured at an azimuthal location of 34°. Figure 116 shows the
EPNL variation with respect to Vyix comparing the three configurations. The unique-
lobed mixer data comes closer to the conic nozzle EPNL at lower mixed velocities up to
about 1100 ft/sec, resulting into a decrease of about 2 EPNdB compared to the confluent
mixer. At higher mixed velocities, above 1100 ft/sec, the EPNL for unique-lobed mixer
becomes higher compared to the conic nozzle, but remains lower than the confluent mixer
data.

Comparisons between the above three configurations in terms of OASPL & PNLT
directivities and SPL spectra at nominal mixed velocities of 1000 ft/sec and 1175 ft/sec
are shown in Figures 117 through 119. Significant noise reduction by the treated unique-
lobed configuration is observed at frequencies below 1 kHz compared to confluent mixer.
Adversely, noise increase by the treated unique-lobed configuration is observed at higher
frequencies compared to confluent mixer. For lower mixed velocity conditions the low
frequency noise reduction overcomes the contribution of high frequency noise increase
due to the unique-lobed configuration, and thereby, the resulting EPNL remains lower
(closer to those of conic nozzle) than the confluent mixer results. However, at higher
mixed velocities the high frequency noise increase is substantial and the corresponding
annoyance levels are also high (see Figures 118 and 119). Thus, the noise level for the
unique-lobed mixer configuration, in terms of EPNL, increases significantly compared to
the conic nozzle. Even though, the EPNL for the unique-lobed mixer configuration
remains lower than the confluent mixer the difference becomes small.

The multi-lobed mixer configurations approach ideal mixer (i.e., conic nozzle) noise
levels at velocities up to about 1050 ft/sec at a typical high bypass mixed flow cycle. At
higher velocity conditions the noise reduction relative to a confluent mixer is moderate (~
2 EPNdB at Vyix =1150 ft/sec), due to significantly higher high-frequency noise content
with higher annoyance levels.
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6.8 Conclusions:

e Significant noise reduction can be achieved by using a lower core velocity engine
cycle for multi-lobed and confluent mixer exhaust systems.

e While 22- and unique-21-Lobed mixers compared to the confluent mixer
significantly reduce the low frequency noise, high frequency noise increase is large.

o The Task objective of 3 EPNdB reduction relative to 1992 technology level was
demonstrated in Task - A Tests: 12-lobed mixer configuration (FOB) resulted in a 3.5
EPNdB reduction compared to the confluent mixer at Vp,ix=1000 ft/sec.

e  22- and unique-21-lobed mixer tests in Task - C along a reduced core velocity cycle
(High Bypass Mixed Flow Cycle) resulted in an EPNdB lower than the F9B at
Vmix=1000 ft/sec due to a combination of cycle and mixer design, even though a 2
EPNdB reduction relative to confluent mixer is achieved.

e Increased fan nozzle length reduces noise level at all frequencies at lower velocity
conditions due to improved mixing. The trend is reversed at higher velocity
conditions possibly due to increased turbulence level.

e Internal pylon for unique-lobed mixer has very little effect on noise level compared
to the 22-lobed axisymmetric mixer configuration.

e Acoustic treatment on fan nozzle is more effective in reducing noise at higher velocity
conditions.

e Also, the treatment effectiveness is more for E* mixed flow cycle conditions, possibly
due to higher internal noise caused by higher core velocity.

e Treated configuration introduces excess noise at lower velocity conditions at higher
frequencies (2 to 4 kHz) possibly due to increased small scale turbulence by liner
perforations. However, these levels are small compared to noise reduction due to
treatment at other frequencies at higher velocity conditions.
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APPENDIX A

TABULATED RESULTS FOR VARIOUS EXHAUST SYSTEM
CONFIGURATIONS

Acoustic tests were conducted for 15 different scale model exhaust system configurations
at static and simulated flight conditions at four different cycle points. In addition,
measurements were made at different azimuthal locations. In total, about 1600 tests were
conducted. Some of the results for all 15 configurations are listed in this appendix in
tables 1 through 19. The nomenclature for various parameters included in these tables are
defined as follows:

Config.=Defined in Tablel for different exhaust system configurations.
RDG=Numbers assigned to individual acoustic tests.

Test Point=Numbers assigned to test conditions along the engine cycles (Defined in
Tables 2 through 4)

P, = Primary or core stream nozzle pressure ratio

T,, = Primary or core stream nozzle total temperature in degree R

W, = Mass Flow Rate for primary or core stream in lbs/sec

V;, = Ideal Nozzle Exhaust Velocity for primary (core) stream in ft/sec
P, .= Secondary or fan stream nozzle pressure ratio

T,, = Secondary or fan stream nozzle total temperature in degree R

W, = Mass Flow Rate for secondary stream in Ibs/sec

V,, = Ideal Nozzle Exhaust Velocity for secondary (fan) stream in ft/sec
Viix = (V,, - W, +V;,. W)/ (W, + W,) = Mass averaged mixed velocity in ft/sec
Fg .= Total gross thrust in Ib or klb

Pamb = Ambient pressure in psi

Tamb = Ambient temperature in degree R

P, = Nozzle pressure ratio for single stream nozzle
T, = Total temperature for single stream nozzle in degree R

V, = Ideal Exhaust Velocity or jet velocity for single stream nozzle in ft/sec
Th,,, = Thrust Normalization factor in dB (10 logl10(Fg/Fg,.s), Fg,. = 60,000 Ibs.)
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APPENDIX B

DEVELOPMENT OF NOISE PREDICTION CODE FOR INTERNAL MIXER
NOZZLE SYSTEMS

The problems involved in the design of the exhaust nozzle system for large subsonic
aircraft engines include tradeoffs between performance of the various components to
obtain the best overall economic performance in the customer’s aircraft. Further
complications occur when noise considerations are important, as they now are for both
civil and military aircrafts. To facilitate the complicated trades required in the design
process, relatively simple and easy to use aerodynamic and acoustic prediction methods
are needed to link with engine cycle and mission analysis. Thus, a semi-empirical method
for predicting the noise from internal mixer nozzle systems is developed utilizing the
experimental results obtained in the current task. J. R. Stone and B. J. Clark of Modern
Technologies Corporation, Aerospace Propulsion Division perform this work for GE
Aircraft Engines as subcontractor.

There are three noise-generating regions and mechanisms, shown in Figure B-1, are
considered in the current methodology. The first source region is from the mixing plane
of the nozzle exit plane. The internal region is characterized by intense small scale
mixing, which produces high frequency noise. The second source region, the premerged,
extends from the nozzle exit plane to a distance where the primary and secondary flow
regions can no longer be distinguished. For extremely long nozzles the premerged region
may approach the fully mixed limit, but because of weight considerations this is unlikely
to occur in practice. The premerged region is characterized by residual elements of the
primary and secondary flows mixing with each other and the ambient air at small to
moderate length scales, producing mid-to-high frequency noise. The third region, the
merged, extends downstream with significant low frequency noise generated downstream
for a distance of several nozzle exit diameters. The detail formulation of the method and
the results are presented in a report, “Development of a Noise Prediction Code for
Internal Mixer Nozzle System,” by J. R. Stone and B. J. Clark, 1997.

Typical results for the confluent mixer with standard fan nozzle are shown in Figures B-2
through B-4. Similar results for the 22-lobed mixer with standard fan nozzle are shown in
Figures B-5 through B-8. The test points and reading numbers (i.e., RDG) referred in the
figures are listed in Tables 2 through 4 of main text and tables from the Appendix A,
respectively. Following observations are made on the basis of the results presented here
and the results not shown here;

e Premerged noise is predicted reasonably well, but there appear to be cycle effects,
especially for the confluent mixer nozzles, which may imply that the degree of mixing
should be related to cycle conditions as well as the geometry. The internal mixing
noise is also significantly under-predicted

e For the lobed mixers, merged and premerged predictions agree quite well with the
experimental data in all cases, but the internal mixing noise is greatly under-predicted
and the peak frequency is far from predicted.
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APPENDIX C

IMPLEMENTATION AND IMPROVEMENT OF MGB CODE TO PREDICT
FARFIELD NOISE USING CFD PREDICTED/MEASURED FLOWFIELD DATA

Significant effort is being made to implement measured flowfield data to the MGB code
to predict farfield jet noise. Dr. Nathan Messersmith, a professor from Purdue University,
worked on this task at GEAE as an employee of AS&M during the summer of 1996.
Since flowfield measurements are limited, interpolation/extrapolation of measured data is
required for this application. However, noise contribution by a slice of jet could still be
computed using measured flowfield data. In this effort, measured Kiel probe stagnation
temperature and pressure data of the E’ mixer nozzles are used to compute density and
axial velocity. The computed axial velocities are compared with LDV data. Typical
examples are shown in Figures C-1 and C-2 for a confluent mixer (V1) and a 12-lobed
scalloped mixer (V2), hardware tested under Task A. All the results presented in this
appendix are for E3 Mixed Flow Cycle, Test Point 75 (see Table 3 of main text).
Velocities computed using Kiel probe data seem to be slightly higher than the LDV
results. The cause for noted velocity differences are yet to be identified.

The major flowfield inputs to the MGB for farfield noise prediction code are the velocity,
density, and the rms velocity of the plume. The Kiel probe data is useful for MGB code,
since the measured temperature and pressure data can be readily utilized to compute
density (see Figure C-3 as examples), an important input for MGB code. LDV data is
equally important, since the rms velocities are obtained only from LDV measurements.
The mean velocity can be used either from Keil probe data or from LDV measurements.
Utilization of Kiel probe data for density and mean velocity and rms velocity from LDV
measurement as the flowfield input to the MGB code is currently being carried out.

Measured Scale Model Acoustic Data: Measured spectral directivity of various mixer
nozzles are used to generate surface spectral contours to be compared with prediction.
Figures C-4 through C-6 show the surface spectral contour plots of the measured sound
pressure level (SPL) of the confluent mixer V1, the Scalloped mixer V2, and the skewed
mixer F12A, respectively. Several items are of note, the increased SPL of the V1 mixer
compared to the various lobed mixers at low frequencies and high angles relative to the
inlet, and the increased bulge in SPL of the F12A mixer at a high frequency range and for
a wide range of angles. The surface contour plots help to quickly identify regions of
noticeable difference in the spectral content and directivity of the SPL for the various
mixers. A comparison plot, Figure C-7, of the mixer spectra at 90 degrees directivity
clearly shows the low frequency contribution of the V1 mixer and that of the F12A mixer
in comparison to the other mixers, namely V2, scalloped mixer with extended tailpipe
V2L, and scalloped & staggered mixer F9B.

Acoustic prediction of Modified MGB Model Using Experimental Data : The MGB

code has been modified into a version, that uses nth order polynomial curve fits for the
radial profiles of the mean velocity, RMS velocity, and density.
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Figure C-1. Radial distribution of axial velocity at the nozzle exit plane for a confluent

mixer (V1) measured by (a) Keil probe and (b) laser velocimetry (LDV) at
static condition; nozzle pressure ratios and total temperatures are 1.6 & 540°R
for fan stream and 1.631 & 1454°R for core stream (E’MFC - TP75).
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Figure C-2. Radial distribution of axial velocity at the nozzle exit plane for a 12-lobed
scalloped mixer (V2) measured by (a) Keil probe and (b) laser velocimetry
(LDV) at static condition; nozzle pressure ratios and total temperatures are 1.6
& 540°R for fan stream and 1.631 & 1454°R for core stream (E’MFC - TP75).
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Figure C-3. Radial distribution of density at the nozzle exit plane for (a) a confluent mixer
(V1) and (b) a 12-lobed scalloped mixer (V2) computed using measured Keil
probe total temperature and pressure at static condition; nozzle pressure ratios
and total temperatures are 1.6 & 540°R for fan stream and 1.631 & 1454°R for
core stream (E°MFC - TP75).
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Figures C-8 through C-10 illustrate the SPL surface contour plots of the predicted farfield
noise for the V1, V2, and F12A mixers, respectively, using the experimental data at the
nozzle exit plane. In all cases, the predicted high frequency spectra fills the data more
than the low frequency spectra, as expected from the data at a single plane close to nozzle
exit. Nevertheless, key features are noted, such as a bulge at about 1000 Hz that is
attributed to the mass averaged jet exhaust noise, and another peak region at higher
frequencies that is attributed to the mixing noise. This is less clearly defined for the V1
mixer compared to the V2 mixer, while the high frequency content of the F12A mixer is
seen to dominate the noise pattern for this flow. The F12A mixer also seems to exhibit
less attenuation due to shielding effects at large angles compared to both the V1 and V2
mixers.

Figure C-11 shows a direct comparison of the E* acoustic data with the predictions of the
V1 mixer. Good agreement is found at the high frequencies, with a large discrepancy at
the lower frequencies that is again attributed to the single plane of data used for the
predictions. It is expected that better agreement at the low frequencies would be found if
more data were available. It is not known how much more data would affect the present
agreement at the high frequencies.

Figure C-12 shows another comparison of data with prediction with full plume
calculation for an equivalent coannular nozzle. A clear deficiency is observed in the
prediction of the high frequency noise, and a slight overprediction of the noise is found in
the intermediate frequency range; however, the agreement is reasonably good in the
intermediate frequency range. Figure C-13 shows the noise spectra comparisons for
observer angles of 60, 90, 120, and 150 degrees relative to the inlet, respectively. The
above mentioned differences are clearly seen in these plots, with a reasonable agreement
occurring for the 150 degree observation angle, but much less so for all other angles.

For the study of subsonic exhausts jets, the Kiel probe provides total pressure and total
temperature, which yield jet density, if jet static pressure is assumed to be equal to
ambient static pressure. LDV yields accurate mean velocity and turbulence data. For the
conditions considered in the present work, there seems to be some agreement in the
measured acoustic data and the predicted acoustic field (using the V1 mixer experimental
data) at high frequencies. The large discrepancies observed at the lower frequencies are
attributed at present to the availability of experimental data only at the nozzle exit, which
lies in a region that is biased towards high frequency noise production. Whether the
agreement with the predictions and the measurements remains as more experimental data
becomes available at greater distances within the jet plume remains for future
investigations.

The effort of flowfield data implementation to MGB is described in detail in the report

“Correlation Between the Aerodynamics and Aeroacoustics of the E’ Mixer Nozzles,” by
Nathan Messersmith, 1996.
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Figure C-8. Predicted sound pressure level surface contour plot for a confluent mixer (V1)
at static condition; nozzle pressure ratios and total temperatures are 1.6 &
540°R for fan stream and 1.631 & 1454°R for core stream (E'MFC - TP75).

NASA/CR—2002-211598 186



SPL dB

A

1007 N, o D T

160
Angle re Inlet 10

10°

Frequency Hz

Figure C-9. Predicted sound pressure level surface contour plot for a 12-lobed scalloped
mixer (V2) at static condition; nozzle pressure ratios and total temperatures
are 1.6 & S40°R for fan stream and 1.631 & 1454°R for core stream
(E'MFC - TP75).
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Figure C-10. Predicted sound pressure level surface contour plot for a skewed mixer (F12A)
at static condition; nozzle pressure ratios and total temperatures are 1.6 &
540°R for fan stream and 1.631 & 1454°R for core stream (E’MFC - TP75).
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Figure C-11. Comparison between measured and predicted sound pressure level surface
contour plots for a confluent mixer (V1) at static condition; nozzle pressure
ratios and total temperatures are 1.6 & 540°R for fan stream and 1.631 &

1454°R for core stream (E’MFC - TP75).
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Figure C-12.  Comparison between measured and predicted sound pressure level surface
contour plots for an equivalent coannular nozzle at static condition; nozzle
pressure ratios and total temperasures are 1.6 & 545°R for fan stream and
1.631 & 1444°R for core stream (E’MFC - TP75).
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Figure C-13. Comparison between measured and predicted sound pressure level spectra at

various polar angles, 8 for an equivalent coannular nozzle at static condition;

nozzle pressure ratios and total temperatures are 1.6 & 545°R for fan stream
and 1.631 & 1444°R for core stream (E’MFC - TP75).
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