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Preface

The final report is written in two volumes.
In the first volume we present the design
philosophy of the new lobe mixers tested,
and then analyze the results of various
acoustic and aerodynamic tests done at
NASA Lewis Research Center, Cleveland,
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it

Ohio and Aero Systems Engineering
FluiDyne Laboratories, St. Paul, Minnesota
over a period of three years (1995-1997).
The second volume is a compilation of the
plume survey data, the aecrodynamic data for
the acoustic tests and the acoustic data.
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Summary

A comprehensive database for the acoustic
and aerodynamic characteristics of several
model-scale forced lobe mixers of bypass
ratio 5 to 6 has been created for mixed jet
speeds up to 1080 ft/s at typical take-off
conditions of small turbofan engines. The
flight effect is simulated with a free jet
surrounding the model nozzle with Mach
numbers ranging from 0.0 to 0.3. The static
thrust performance and jet plume flow is also
examined at typical take-off and cruise
conditions. This data is scaled for a nozzle
with 29 in. diameter, and the effect of several
lobe-mixer and nozzle parameters is
examined in terms of flyover noise at
constant altitude and, also, noise in the
reference frame of the nozzle to understand
the changes in  the  noise-source
characteristics.

Several new concepts, mechanisms, methods
and findings are reported here for the first
time regarding such mixers. The new
concepts include a rational method for
scalloping lobe sidewalls leading to
“boomerang” scallops, and an extreme limit
of scalloping leading to the “tongue” mixer.
A new diagnostic method to detect “excess”
internal noise sources due to fan/core mixing
is given; it uses appropriate “shifted” angles
for comparison of non-Doppler-shifted noise
at several free jet speeds. Another new
method is found to extrapolate known flyover
noise for lobed mixers {rom one flight speed
to different flight speeds.

The effects of scalloping, number of lobes
and  mixing-length on  noise  are
systematically examined. Compound effects
of lobe penetration and fan-to-core area ratio
are also examined. For all forced mixers, the
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flyover effective perceived noise level
(EPNL) is found to scale with “net” thrust
when tested at different free jet speeds.
Different types of lobe mixers are found to be
most effective at different thrust levels to
provide maximum noise benefit over a
coaxial nozzle. At about 9500 1b net-thrust a
maximum of 3 EPNdB noise suppression is
accrued with a deeply scalloped lobe mixer
having higher number of lobes (20) and
higher lobe penetration. However, at a net-
thrust of 5000 Ib, a maximum of only 1
EPNdB benefit is obtained from a mixer with
fewer lobes (12), lower lobe penetration and
lobe sidewall cutouts. These benefits
increase by about 1 EPNdB when
comparison is made on the basis of same
mixed jet velocity rather than same net thrust.
Thus, for example, at approximately 1060
ft/s, corresponding to the highest thrust levels
tested, a maximum noise suppression of 4
EPNdB is achieved by the 20-lobe deeply
scalloped mixer. And, in general, the noise
benefits increase at higher and higher thrust
levels or mixed jet speeds.

Over most of the range of thrusts or jet
speeds tested none of the unscalloped lobe
mixers are quicter than the coaxial jet. Thus
“scalloping” is the most important mixer
geometrical parameter identified for reducing

noise. Deep scalloping reduces the typical
low frequency mixing noise without
increasing the annoying  mid-to-high

frequency noise when compared to the
unscalloped mixer, and gives a benefit of 1.8
EPNdB to 3 EPNdB depending on the thrust
level. The “gradual” introduction of
streamwise  vorticity by  appropriate
scalloping is found to bc the key to this
behavior. However, scalloping also increases



the bypass ratio. Hence, the effective lobe fan
and core areas should be resized
appropriately for desired bypass ratios in
applications to specific engine cycles.
Scalloping also introduces slight thrust-
coefficient loss at typical cruise conditions as
compared to unscalloped mixers, especially,
for mixers with higher number of lobes.
Hence, the amount of scalloping should be
used as a trading parameter between noise
reduction and thrust loss. However, with
fewer lobes and lower penetration, even with
lobe cutouts (which act like scallops), an
improved cruise thrust coefficient is
obtained.

One surprising new result regarding the
effect of nozzle length is also found: for a
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given mixer, there exists an “optimal” mixing
length or nozzle length that creates a local
minimum in noise. A reduction in the
mixing-length by 25% gives a noise benefit
of as much as 3 EPNdB for the unscalloped
mixer compared to the baseline mixing
length (which is 1.5 times the nozzle exit
diameter). A competing mechanism of
acoustic  unshielding vs  aerodynamic
unshielding is proposed for this behavior.
Using optimal nozzle length can be very
helpful in reducing noise with unscalloped
mixers if thrust loss due to scalloping is
unacceptable. However, its effect on boat-tail
angle and cruise thrust coefficient is not
examined. Also, the implications of all these
lobe and nozzle geometric changes on thrust
specific fuel consumption are not examined.
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Chapter 1

Introduction

1.1  Background and Objectives

Future commercial applications of the
turbofan engine will be required to meet
increasingly stringent noise abatement
criteria, primarily, due to an increase in
aircraft traffic near airports. Many of the
current turbofan engines are based on
thermodynamic cycles with a bypass ratio of
five to six as opposed to the lower bypass
ratio of 1.5 or so in older engines. With very
high mixed jet velocities for older lower
bypass engines, jet-noise is a dominant
contributor to total engine generated noise,
especially at take-off (TO). However, even
with the current higher bypass ratios, and
consequently reduced mixed jet velocities,
jet noise continues to be a significant
contributor.

Reduction of jet noise has been sought
earlier by mixing the hot core flow and the
cooler fan flow before they exit through the
nozzle. A more uniform flow at the nozzle
exit plane is supposed to lead to reduced
noise levels. Uniform flow at the nozzle exit
plane is also known to yield better cruise
thrust efficiency thermodynamically than
partially mixed flow or separate unmixed
flow nozzle systems. In fact, that is the
primary reason for mixing the two flows
internally. However, the overall noise
benefit or penalty incurred due to internal
mixing to achieve the uniform exit flow is
not well understood. The actual level of
noise abatement realized in a specific
application must be critically related to the
manner and extent to which internal mixing
is achieved.  Traditionally, the mixing

between the hot core flow and the cold fan
flow has been achieved with so-called
“lobed” mixers which are essentially
convolutions at the end of the splitter plate
that separates the two flows. However, there
does not exist a significant acoustic database
for such lobed mixers at higher bypass
ratios. In addition, a good correlation
between the aerodynamic thrust performance
and acoustic performance for such mixers
does not exist. This task was conceived to
address these two needs as part of NASA’s
Advanced Subsonic Technology (AST)
Program for Engine Noise Reduction,
thereby permitting the design of thrust-
efficient noise suppression mixers for
modern turbofan engines.

Lobed mixers were studied extensively
during the mid-seventies and early eighties
as a means for improving thrust efficiency,
for example, under NASA’s Energy
Efficient Engine (E* Program. Both far
field noise data” and detailed measurement
of = fluid-dynamic and  aerodynamic
properties(2'4) for lobed mixers have been
reported in the literature. Previously
published noise data ™ is typically for low
bypass ratio engine cycles (around 1.5) with
high ideally-expanded mixed jet velocities
of 1330 ft/s or so. Hence, a principal
objective of this task was to extend the
mixer acoustic data base to higher bypass
ratios and operating conditions typical at
take-off for modern turbofan engines. At the
same time, we also wanted to study the
aerodynamic thrust performance at cruise
conditions for the same mixers so that the
trade-off between take-off noise-suppression



and cruisc thrust cfficiency loss, if any, can
be quantified.

Before entering this program, Rolls-Royce
Allison had already designed, fabricated and
aerodynamically  tested four  mixer
configurations. These included three lobe
mixers and one baseline annular or confluent
configuration. Three of these configurations
were originally developed under company
funding, while the fourth was completed
under Task 15 of NASA Contract NAS3-
25950. The geometric variations in these
mixers were not defined by parametrically
varying only one geometric variable to
examine its incremental ecffect on the
aerodynamic or acoustic results. However
these designs are representative of current
technology levels and were included in the
current program for their intrinsic value in
expanding the experimental database.

Early Rolls-Royce Allison experience with
lobed mixers with cutouts in the lobe
sidewalls, showed that these cutouts may be
acoustically beneficial. This is in line with
work done on scalloping of lobes (partial
removal of lobe sidewalls) by Pratt &
Whitney and General Electric Aircraft
Engines. However, no systematic study has
been published examining the effect of
scalloping on both acoustics and
aerodynamic thrust performance especially
at high bypass ratios. Hence, one of the
objectives of this task was to systematically
study the effect of scalloping of lobe
sidewalls on noise suppression and thrust
performance. This also led us to designing
and testing a unique new mixer concept
called the “tongue” mixer.

Since the distance between the mixer exit
plane and the nozzle exit plane, called the
“mixing- length,” governs the axial
evolution of flow and the consequent noise
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distribution inside and outside the nozzle it
is expected to be an important parameter.
Hence, another objective of the program was
to examine the relationship between nozzle
length and the jet noise generated by the
various lobed mixers.

1.2 Overview

The tests in the program were conducted
over a period of three years from 1995 to
1997. The acoustic tests were performed in
two phases at NASA Lewis Research
Center’s (now Glenn Rescarch Center)
Aeroacoustic Propulsion Laboratory (APL)
Nozzle Acoustic Test Rig (NATR) facility.
The aerodynamic tests were conducted at
Aero  Systems  Engineering’s  (ASE)
FluiDyne Aerotest Laboratory static thrust
stand in St. Paul, Minnesota and were also
done in two phases. This report summarizes
the principal results of the voluminous data
collected from these four different tests and
the lessons learned.

For the acoustic tests, data was obtained
over a range of free-jet Mach numbers,
which simulates the forward motion of the
aircraft at take-off. This not only allows us
to compare noise benefit at take-off speeds,
as opposed to static conditions, but also to
approximately locate the different noise
sources associated with the different
frequency bands, as explained in later
chapters. The operating conditions were
chosen to cover typical take-off operating
conditions for modern turbofan engines. All
acrodynamic thrust tests were conducted
under static (or no free-jet) conditions, and
included both cruise conditions and most of
the take-off operating points. Plume surveys
outside the nozzle, including total pressure,
total temperature and static pressure were
also conducted so that possible trends could



be obtained between the acoustic
characteristics and the plume evolution.

This volume summarizes the design of a
series of lobed mixers developed specifically
for this program and the results of the
acoustic and aerodynamic tests done for all
the mixers. The second volume collates
detailed plots obtained from the plume
surveys and the aerodynamic data collected
during the acoustic tests.

Chapter 2 of this volume discusses the
conceptual development and new design
rules for the scalloped mixers and the new
tongue mixer. It also briefly describes the
computational fluid dynamic (CFD) results
for some of the new mixers and gives the
geometrical properties of all the models
tested.

Chapter 3 summarizes the experimental
facilities for the acoustic and the
aerodynamic tests, and the manner in which
the data was processed. It also collates all
the test matrices from the different test
phases.

Chapter 4 summarizes the aerodynamic test
results obtained from the static thrust stand
at ASE FluiDyne, as well as those obtained
during the acoustic tests at NASA Lewis.
Some selected plume surveys are also
discussed to facilitate the acoustic data
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analysis, and the full jet plume data is given
in Volume 2.

Chapter 5 summarizes the acoustic test
results for all the mixers tested. It discusses
the parametric effects of operating
conditions, surrounding free-jet Mach
number, and nozzle length on each mixer.
Comparison between different mixers at the
same operating conditions is also presented
here to bring out the effect of different
geometric parameters such as scalloping and
number of lobes. We also present a new
way of processing the acoustic data to
deduce the presence of excess “internal”
mixing noise, that is, noise produced inside
the nozzle duct due to the mixing of fan and
core flow, as distinguished from the classical
jet mixing noise due to sources in the plume
outside the nozzle. Certain rules of thumb
for improving noise suppression Wwhile
minimizing the adverse effect on thrust
performance are also summarized in this
chapter.

Finally, in Chapter 6, we summarize the
main conclusions from these tests.
Recommendations for implementation in
full-scale engines and further useful tests are
also given.

The appendices at the end of this volume are
intended to supplement the main body of the
text by providing additional detailed
derivations, data, figures or tables.
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Chapter 2

Mixer-Nozzle Designs and CFD Analysis

Under this program, a total of eight mixers
were tested. Four of the configurations were
existing designs from previous tests, while
four new mixers were designed, fabricated
and tested. All testing was carried out at
model scale. This allowed utilization of an
existing test rig for performance
measurements at the ASE FluiDyne facility.
Additional hardware was fabricated as part
of the program to allow adaptation of the
mixed nozzle flow rig to the NASA NATR
facility.

In this chapter, we briefly outline the history
and geometry of the four existing mixers,
describe the concepts that led to new rational
design rules for scalloping and the unique
tongue mixer, and finally present the
geometrical details of the four new mixers
which were fabricated. The main body of
this chapter has the schematic figures (or
photos), whereas all detailed geometrical,
dimensional figures are collated in Appendix
A. The results of a CFD analysis for one of
the new scalloped mixers and the tongue
mixer are also briefly described to validate
the conceptual picture and to help analyze
the acoustic data later.

2.1 General Model Assembly and
Common Flow Lines

Figure 2.1 shows the general arrangement of
the mixer-nozzle configurations and
geometrical definitions.  All the mixer-
nozzle configurations had common inner
flow lines for the fan nozzle or shroud.
However the outer (external) surface of the
fan-nozzle was different for the models
tested in the acoustic rig (NATR) and the

static thrust stand. This is due to the
requirement of providing flight simulation
effects via a free-jet surrounding the nozzle
in the NATR which demanded a smoother
outer surface. Figure A.l1 and A.2 show the
detailed model assemblies for the acoustic
rig and the thrust-stand respectively. Both
figures also show the location of the
pressure and temperature rakes used at the
charging stations and Figure A.2 further
shows the additional rake used to measure
total pressure (Pr) near the mixer exit plane.
The exit Pr rake was removed during thrust
measurements.

Figures A.3 and A.4 show the detailed inner
flow lines of the baseline or reference fan
nozzle downstream of the reference station 0
depicted in Figure A.2. In general, it forms
a converging area from about 10.290 in. in
diameter at station O to 7.245 in. in diameter
at the nozzle exit plane (station 57), with a
nominal mixing length, L, of 11 in. and
gives a baseline mixing length-to-mixing
plane diameter ratio (/D) of about 1.10.

Three additional fan nozzles, which were
compatible with all the mixers, were also
fabricated. Each of these nozzles
maintained a constant exit diameter but
varied the mixing length (see figure A.5);
this varies the axial rate of contraction for
each nozzle. The additional mixing lengths
tested were 1.363, 0.818, and 0.545, when
normalized to the mixing-plane diameter.
This corresponds to nominal variations of
+25%, -25%, and -50% from the baseline
mixing length. The coordinates of the
additional nozzles are provided in Figures
A.6, A7 and A.8.
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Figure 2.1 Schematic of mixer-nozzle configuration and geometrical definitions.

Mixer Mixer | Lobe Scallop Lobe Lobe Area Mixing
Code No. Penetration Length Ratio | Length
(Hi/Himp) (Lo/Drup) | (AdAo) | (/Dyy)
Confluent CONF - - - - 2.554 1.15
12 Lobe with Cutouts/Low 12CL 12 Triangular 0.48 0.33 2.637 1.13
Cutouts
12 Lobe Unscalloped/High 12UH 12 None 0.68 0.34 2.637 1.09
16 Lobe Unscalloped/High 16UH 16 None 0.72 0.34 3.199 1.09

Table 2.1 Previous Existing Mixer Parameters
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Two center tailcone configurations were
employed. The first shown in Figure A.9,
had a length of 5.935 in. and was used with
all the lobed mixers. The second one,
shown in Figure A.10, was shorter and used
only with the confluent nozzle
configuration. This tailcone had a length of
4.258 in. and slightly different shape. The
two taillcones are shown side-by-side in
Figure A.2. The resulting confluent mixer
configuration, described below, had a
slightly smaller fan-to-core area ratio but
was designed such that, after accounting for
the boundary-layer thickness, the mass-flow
rates would match with the original lobed
mixers. From a viewpoint of systematic
variation of geometric parameters, it would
have been preferable not to have varied the
tailcone at all for the confluent mixer, but
rather to have varied the confluent mixer
geometry itself to match the mass-flow rates
or area ratios of the lobed mixers. However,
due to the availability of previous
aerodynamic, as well as, full-scale acoustic
data ®® we continued using the old
confluent-mixer/tailcone combination
instead of building a new one. This fact
needs to be borne in mind when comparing
acoustic or aerodynamic data of the lobed
mixers with that of the confluent mixer.
[Note that the uniquely truncated tailcone
shown in Figure A.2 (one with cross-hatched
cross-section) was a carry-over from an old
program and was not used in this task.]

2.2  Previous Existing Mixers

Four existing mixer configurations from

previous programs were available. These

were:

1. Annular or confluent mixer which acted
as the reference configuration.

2. 12-lobed mixer with cutouts in the lobe
sidewalls and low penetration (that is,
low lobe-height-to-maximum possible
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lobe height in the duct (Hp/Humyp in Figure
2.1).

3. 12-lobed, unscalloped, high-penetration
mixer.

4. 16-lobed, unscalloped, high-penetration
mixer.

Figure 2.2 shows the relative shapes of the
mixers and Table 2.1 lists their non-
dimensional geometric properties as defined
in Figure 2.1. As shown in Table 2.1, we
will use certain symbols for lobed mixers for
convenience: ab ¢ d where ab represents the
number of lobes, ¢ represents the type of
scalloping or cutouts (U for unscalloped, C
for cutouts) and d represents relative lobe-
penetration (L. for low, H for high lobe
penetration).

The two 12-lobed mixers, 12CL and 12UH,
differ in two aspects: presence of sidewall
cutouts and lobe penetration with fan-to-core
area ratio, lobe number, and lobe length held
constant. The last two configurations in
Table 2.1, 12UH and 16UH, differ in terms
of both number of lobes and fan-to-core area
ratios, however, they are similar in terms of
lobe penetration and lobe length. Between
12UH and 16UH mixer at least two
parameters vary from one mixer to the other.
As a result, it is not possible to isolate the
effect of a particular geometric parameter on
the resulting aerodynamic and acoustic data.
The detailed geometrical characteristics of
these four mixers is provided in Figures
A.11 through A.17.

Before discussing the new mixers, let us
make a note of some of the characteristics of
the original mixers. Firstly, the confluent
mixer, CONF, has its own tailcone different
from that for all other mixers, as mentioned
before. Secondly, only the cut-out version
of the 12 lobed, low-penetration mixer
(12CL), shown in Figure A.14, was used in
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this program. It was made from a previous
uncut version whose flow-lines are given in
Figure A.13. The approximate triangular
cutouts in the lobe sidewalls of 12CL were
made where the sidewalls were flattest. The
fillet radii at its 3 apexes were made simply
to reduce stress concentrations in the
sidewalls. The high-penetration 12-lobe
unscalloped mixer, 12UH, was designed
earlier to improve thrust mixing efficiency
over the uncut, low-penctration 12-lobe
mixer. The design philosophy, some CFD
results and aerodynamic test results for these
three mixers can be found in Booher et al®
where they are referred to as confluent,
baseline (or conventional mixer), and
advanced mixer, respectively. The last
mixer in Table 2.1, the 16 lobe mixer
(16UH), was designed for a different
operating point at lower pressure ratios and
had a much larger fan-to-core area ratio;
consequently, 16UH stands apart from the
previous mixers. This should be borne in
mind when acoustic comparisons are made
later.  Results from CFD analysis and
comparison with aerodynamic test data for
all these four mixers can be found in Barta et
al”’ where the 16-lobe mixer is referred to as
the acoustic mixer.

2.3 New Mixers

Acoustic data obtained from the four
previous existing mixer configurations, in
the first phase of this task, confirmed
previous observations that aggressive, high-
penetration, unscalloped mixer
configurations do suppress the low
frequency spectrum which is characteristic
of unmixed, coaxial turbofan exhausts, but
produce secondary spectral peaks at higher
frequencies which are heavily weighted in
the Perceived Noise Level (PNL) metric.
However, the moderate penetration 12 lobe
configuration with cutouts in the sidewalls
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(12CL) produced the low frequency
suppression of the more aggressive designs
without incurring a penalty at the higher
frequencies. Since both the radial lobe
penetration and sidewall cutouts werc
different from the other designs, it was not
possible to determinc directly from the
available data which change was most
responsible for the acoustic characteristics.
However, data previously presented in the
open literature'” for “scalloped” sidewall
mixers for a lower bypass ratio, higher
pressure ratio cycle showed similar
behavior. From these two results, it is
inferred that the sidewall scalloping is the
controlling parameter. However, existing
data™ defining the acoustic impact of
sidewall scalloping was not obtained by
parametric variation of a single parameter.
For example, the data reported in Reference
1 was obtained on a series of mixers with
varying scalloping. However, the variation
in scalloping was achieved by cutting back
the mixer exit plane, introducing an
additional variation in the mixer cant angle.
To address this shortcoming, three
additional mixers were designed and tested
in this program which parametrically varied
the sidewall scalloping while holding all
other parameters fixed. A fourth mixer
represents a unique new concept referred to
as a “tongue mixer.” As part of this effort, a
systematic approach to developing the
scalloped curves has been defined and rules
of thumb for its application developed. Both
the process and the resulting designs are
described in the following section.

2.3.1 Conceptual Selection

2.3.1.1 Scalloped Family of Mixers
The idea here is to test a family of mixers
which have exactly the same geometric
properties, except for the amount of
scalloping or cutouts in the lobe sidewalls.




This would entail a minimum of two mixers
- an unscalloped and a scalloped one.
However, to form a trend a third mixer with
an “in-between” scallop is required. Then
the questions to be answered from an
acoustic point of view are:

1) Should we select scallops or
cutouts?

ii)  Are there preferred shapes, from an
acoustic standpoint, for the scallops or
cutouts?

iiil) How many lobes should we select
for this family of mixers?

We invoke certain fluid-dynamic and
aeroacoustic principles to answer these
questions  qualitatively. The precise
mechanism of how scalloping may help
suppression of noise is not known but what
happens to the two flows in the scalloped
region must be quintessential to its
downstream evolution and noise generation.
We present certain new hypotheses which
will be used as guidelines to shape the
scallops or cutouts.

(i) As compared to an unscalloped forced
mixer, it is clear that scalloping, of any
type, allows the two streams (fan and
core) to interact with each other “earlier”
that is, upstream of the corresponding
unscalloped mixer exit plane, so that the
flows are already partially mixed by the
time they reach the original mixer exit
plane. Hence, if the two streams are not
parallel near the lobe sidewall, then with
scalloping,  their radial  velocity
components will give rise to axial or
streamwise vorticity right from the start
of the scallop. It is well known®*" that
streamwise vorticity helps enhance
mixing of these two flows as opposed to
mixing only due to Kelvin-Helmholtz
type of vortex-sheet instability. What
should be done differently with

NASA/CR—2002-210823/VOL]1 10

scalloping is the manner in which
vorticity is initially introduced into the
flow - earlier and also “gradually”. By
gradual initial mixing, we mean the axial
gradient at which net vorticity is
introduced into the flow should be
smooth and gradually increasing. This
should presumably reduce the relatively
high-frequency noise  sources, SO
important to perceived noise level
metrics, and which were indeed, found
in the unscalloped lobe mixer data of
Reference 1, as well as, in phase I of this
program. In unscalloped mixers, since
the two streams “see” each other for the
first time across the “full height” of the
mixer exit plane, it is presumably the
“sudden” interaction there that shears a
larger area of fluid generating the high-
frequency noise.

This control over the rate of introduction
of vorticity in scalloped lobes can be
obtained by gradually increasing the
radial height of the scallop starting from
zero. This can be verified by referring to
the circulation around a loop in the
transverse plane enclosing the radial
height of the scallop (see Figure 2.3);
such a circulation is an integral measure
of the axial vorticity at each axial
station. The fact that we seek to mix the
flows gradually in the beginning may be
at odds with the desire that the flows
should be fully mixed by the end of the
nozzle exit plane because the mixing-
length may not be enough. Achievement
of a fully mixed flow is desirable from a
thermodynamic thrust efficiency point of
view and also provides a reduction of
low-frequency classical jet mixing noise
from the far downstream plume.
Obviously, the distance from the mixer
exit plane to the nozzle exit plane - the
mixing-length - will also play a role in
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Circulation around this loop, ¢, in transverse plane

Figure 2.3 Loop in transverse plane for finding circulation at an axial station inside scallops.

“Leading” Edge ‘ “Trailing” Edge

Edge of Scalloped
Lobe Wall

Edge of Scalloped
Lobe Wall
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Flow Velocity Flow Velocity.
e

Figure 2.4 Definition of “leading” edge and “trailing” edge of scallop.
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how well-mixed the flow is at the nozzle
end and how much the low frequency
noise is suppressed by a scalloped mixer.
So, in fact, we should also test the effect
of nozzle length. We also expect a
difference in the total pressure loss
between scalloped lobes and unscalloped
lobe designs.

(ii) The noise mechanism dealt with above is

the result of the mixing of two flows and
is best represented by the Lighthill
“quadrupole” type of noise sources.
When we consider flows near scalloped
edges we also need to worry about the
formation of so-called “dipole” noise
sources, which are even more efficient
sound generators than quadrupoles.
These are the same type of sources that
are responsible in fan noise for creating
tones when the blade-wakes periodically
hit the leading edge of downstream
vanes. To be sure, the trailing edge of a
splitter plate separating two flows can
also act as a dipole source of noise, but
of much less magnitude than the
corresponding leading edge source.
While designing the scallops we must
minimize the formation of “dipole”
noise sources. Based on the analogy of
leading edge dipole sources in the fan
blade-vane interaction problem, a design
rule is -developed for scalloping to
minimize dipole formation which will be
called the “trailing edge rule.”

First a definition for the “leading edge”
in a scallop must be developed.
Analogous to wing-aerodynamics, we
define that part of the scalloped edge as a
“leading edge” with respect to a stream
if the velocity vector of that stream has
the component orthogonal to the edge
going “towards” the edge, as shown in
Figure 24. Conversely, if this
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orthogonal component is going “away”
from the edge then we will define it as a
“trailing-edge”. To minimize the dipole
noise source generation, the scalloped
edge should be shaped such that it acts
as a trailing edge throughout its length
with respect to both the streams (fan and
core) around it. This, we will call “the
trailing-edge rule for scalloping.” In
adopting this rule of thumb, it must be
remembered that the relative strength of
the dipole source relative to the usual
quadrupole sources has not been
established. It is possible that the dipole
source incurred due to scalloping may
not be a strong noise source. By
avoiding the formation of the dipole, the
intent is to simply avoid the formation of
additional sources.  Based on this
guideline, several unacceptable
configurations can be immediately
identified and are shown in Figure 2.5.
For example, the vertical strip at the
downstream edge of mixer 12CL
violates this rule of thumb.

(iii) Selection of Mixer Lobe Number: In

considering the number of lobes to be
used in a mixer, it should be
remembered  that  lobe number
establishes the wetted perimeter. By
increasing the number of lobes in the
mixer, the interface area between the two
flow streams is increased. This
increased area of interaction leads to an
overall increase in turbulent mixing.
However this process is not entirely
straightforward. Since all mixers must
fit within the same duct cross sectional
area, increasing the number of lobes
produces a corresponding decrease in
lobe width and the resultant diameter of -
the axial vortex shed from each lobe
sidewall.  The resulting changes in
vortex growth, diffusion, and interaction
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will also substantially alter and
complicate  the  mixing  process.
Unpublished  data  exists  which
establishes that an increase in lobe
number can be acoustically beneficial
under certain operating conditions.
However, this acoustic benefit is offset
by an increase in skin friction and total
pressure loss which will adversely affect
thrust production.

It is not easy to place a limit on how high
the number of lobes must be from these
considerations but other properties like
weight, blockage due to lobe metal
thickness, and manufacturability of the
lobes do come into the picture. Having
previously tested mixers with 12 and 16
lobes in the first phase and in order to
strike a balance between noise
suppression and thrust loss, we selected
20 lobed mixers for the second phase
which would be similar to the high-
penetration 12 lobe mixers (12UH) in
other respects.

2.3.1.2 The Tongue Mixer

As discussed earlier, scallops in forced lobe
‘mixers may be acoustically advantageous if
designed properly. Most probably, it is the
carlier and more gradual initiation of
streamwise vorticity due to the scallops that
is helpful in reducing high-frequency noise.
Suppression of the low frequency portion of
the spectrum 1is enhanced as the flow
approaches a uniform state at the nozzle
exit. By letting the scallops become deeper
and deeper both these processes can be
accentuated, although we then lose control
of the cross-sectional areas for the two
streams and, hence the flow properties
between the lobe sidewalls. It is also
possible that for a given shape and number
of lobes in a lobe mixer, there exists an
optimal depth of scallop from a noise
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suppression point of view. If we take this
scalloping to its ultimate limit, that is,
scallop all of the lobe sidewall, only the lobe
crests and valleys remain.  This bare
skeleton of fully scalloped lobes will look
like multiple tongues of metal deflected
towards the outer nozzle wall and the nozzle
center-line - hence, the name “tongue”
mixer. If the two streams are subsonic and
if the two streams flowing along their
respective tongue surfaces still do not
separate then the process of formation of a
streamwise vortex between the two tongues
will still exist and enhance mixing.
However, without the lobe sidewalls to
guide the two streams the tongue surfaces
will now have to be modified from the
corresponding unscalloped lobed mixer
geometry. In fact, the older rules of
designing forced lobe mixers may not be
applicable to the tongue mixer.

This concept of the tongue mixer as an
extreme limit of scalloping actually can be
viewed as one of the steps bridging the gap
between the confluent mixer (splitter plate)
and a scalloped lobe mixer, as shown in
Figure 2.6. Here, the conceptual variations
between the tongue mixer and the confluent
mixer, called the “comb” mixer and the
“screen” mixer are obtained by reducing the
width of the tongues and then adding a
transverse grid. The comb and the screen
mixers will simply generate small-scale
eddies downstream, where the mixing
between the two streams will proceed due to
turbulent diffusion alone and will not be
efficient. However, a tongue mixer, if
designed properly, may stand to benefit
acoustically. It may also have advantages in
terms of manufacturability, weight and cost.

The principle of operation for the tongue
mixer, thus, still remains the earlier and
gradual generation of axial vorticity by
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guiding each stream in its own tongue such
that the mixing between them occurs across
the vortex sheet which replaces the lobe
sidewalls. This vortex sheet has both axial
and radial vorticity components due to
differences in, respectively, the radial
velocity components and the axial velocity
components of the two streams. The axial
vorticity component is known to enhance
mixing in lobed mixers by increasing the
interface area between the two flows by
curling the vortex-sheet, and thus
introducing the “engulfing” process which is
far superior to mixing due to viscous
diffusion occurring in a confluent nozzle.
This same enhanced mixing process will
now occur in the region between any two
adjacent tongue edges and continue
downstream with interaction between the
adjacent vortex sheets. With axial vorticity
first ingested at the “root” of the tongues
(that is, where the two neighboring tongues
first start diverging from each other) and
with axial vorticity at downstream stations
being possibly strongest midway between
the two tongues, this vortex-sheet will curl
at mid-height and the central vortices will
grow in size as they convect downstream. In
this regard it is interesting to note that Elliott
et al ® at MLT. have suggested through
their CFD studies that for lobed mixers
maximum mixing contribution due to axial
vorticity can be obtained if the axial
vorticity is highest or concentrated at the
mid-height of the lobes. The hypothesized
vorticity dynamics for the tongue mixer is
shown in Figure 2.7.

We will embody these considerations as
three basic principles, to be stated below,
around which we can base our design
guidelines for tongue mixers. First, since we
are talking about a new concept, let us
clearly define some of the new terminology
we have adopted for the tongue mixer:

NASA/CR—2002-210823/VOLI1
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(a) Top tongue or core tongue refers to the
radially outward tongue (as we go
downstream); bottom tongue or fan
tongue for the radially inward one.

(b) Internal stream or surface, for a given
tongue, refers to the flow or surface that
would be inside the unscalloped lobe
from which this tongue can be thought to
be made of; the external stream or
surface would be the one outside that
lobe. Thus for a conventional two-
stream nozzle with fan flow surrounding
the core flow, for the rop tongue (which
can be thought of as being made up of
the crest of a core lobe) the internal
stream is the core stream and the
external stream is the fan stream;
whereas, for the bottom tongue the
internal stream is the fan stream and the
external stream is the core stream.

The three basic fluid-dynamics and acoustic
principles for the tongue mixer to work are:

P1. The internal flow on the tongue should
not separate.

P2. The external flow over the tongue should
not go around it towards its internal side
displacing the internal flow and forming
wake like eddies.

P3. The dipole noise-source due to the
interaction of tongue and external flow
should be minimized while achieving the
desired goals of mixing performance.

Thus, for any tongue geometric parameter
under consideration it should be designed
such that the above three principles are
satisfied. We will refer to these principles as
P1, P2 and P3. There may be other rules of
thumb which may improve the non-acoustic
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performance, such as aerodynamic thrust,
and should be incorporated, if possible,
without violating the above principles.

2.3.2 Design of the New Mixers

2.3.2.1 _ Unscalloped 20-lobe mixer

The 12 lobe, high penetration mixer (12UH),
12 lobe low penetration mixer (12CL), and
the confluent mixer (CONF) configurations
of Table 2.1 were designed to have equal
bypass ratio. For the parametric study of the
effects of scalloping, a 20 lobe configuration
was selected. The unscalloped 20 lobe
baseline was designed to have an identical
area ratio, lobe penetration and lobe length
as the 12UH configuration. In this way, it
would be possible to isolate the effect of
lobe number on acoustics and aerodynamics.
The angular coordinates of the new 20 lobe
mixer (denoted 20UH) were initially derived
by symmetrically compressing the 12UH
coordinates on either side of the crest
centerline by the lobe ratio (12/20). This
initial profile was then modified by
increasing the radius of curvature of the
crest and decreasing the radius of curvature
of the keel, as viewed in the transverse
plane. In addition, it was necessary to re-
contour the crest surface in the meridional
plane to suppress a small region of separated
flow. Some CFD results are discussed later
in section 2.4.2. The final configuration is
shown in Figure A.18.

2.3.2.2  Implementation of the New Rules
for Scalloping

In the previous section, we developed two
general guidelines for designing scalloped
edges for a given lobe mixer:

(i) the radial height of the scallop should
gradually increase from zero to some value.
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(i) the scalloped edge should be a “trailing-
edge” all along its length with respect to
both fan and core flows.

These guidelines do not address the
selection of the axial depth of the scallop or
the specific curve defining the edge of the
scallop. Additional criteria for selecting
these parameters must be defined.

Since the flow inside the lobes and close to
the lobe surface closely follow the shape of
the crest or keel (depending on whether it is
core flow or fan flow respectively) it
appears, at first sight, that a simple V-shaped
deep scallop in the lobe sidewall (with the V
pointing upstream) will satisfy both the
geometrical principles mentioned above.
This appears satisfactory for lobes with
monotonic radially diverging crest and keel
lines, or scallops with relatively shallow
axial depth. However it can fail in cases
where either the crest or the keel line has an
inflection point, especially, when the scallop
is axially deep. We will show how that
limitation can be removed and give a general
method to obtain a first-order scalloped edge
satisfying the two rules. This will be done
by building approximate flow lines purely
from the given geometry of the unscalloped
lobe and without the use of any CFD tools.
Any further refinements will of course
necessitate CFD tools; however, in most
cases, the first order estimate of the
scalloped edge should be adequate.

While discussing the geometry of a
scalloped edge on the lobe wall it is
convenient to consider a reference
meridional plane rx (r being the radial
direction and x being the axial flow
direction) in the case of a circular nozzle and
rotate all the corresponding lines (such as,
the lobe crest or keel lines) from meridional
planes at different azimuthal angles on this



one reference plane. We will call the
straight line joining the top of the lobe crest
and the bottom of the lobe keel in this
reference  meridional plane as the
“unscalloped” trailing edge of the lobe. This
line may be canted and not necessarily
radial. Any deviation of the actual trailing
edge of the lobe from this straight line will
be considered as scalloping.

It is convenient to use local mixer axes (1)
as parallel and orthogonal to this
“unscalloped” lobe trailing edge. Figure 2.8
shows one selection of these axes (with
origin O) with &-axis along the unscalloped
edge and m-axis passing through the
intersection of the crest and keel lines (point
C). Some of the geometrical terms we have
introduced to describe the scalloped edge
characteristics are also shown. Thus the
depth, height and offset of the scallop
broadly describe its geometry and the type of
the curve tells its shape. Notice that the
depth FH is defined here to be in the 1-
direction which may not be necessarily in
the axial direction due to a possible cant
angle of the unscalloped edge. The scallop
depth, FH, can be expressed as a percentage
of the maximum depth, CO, that can be
achieved for the given lobe; thus,
100*FH/CO is the percentage depth. The
offset of the scallop apex F is defined from a
point G which in some way defines the
“mid-height point” at that depth. With the
local axes defined as in Figure 2.8, it is
natural to define the mid-height point G as
the mid-point of a line parallel to the
unscalloped edge and passing through the
apex F. The offset can then be quantified as
a percentage of the maximum offset
achievable at that depth as 100*FG/GL
However, note that it may be possible to
define the locus of “mid-height points” as
the locus of centers of circles inscribed
between the lobe crest and keel lines (see
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Figure 2.9(a)). In this latter sense the point
p in Figure 2.9(a) is equi-distant from the
two neighboring crest and keel surface lines
(pq = qr); whereas, in the previous sense (as
shown explicitly in Figure 2.9(b)) it still is
equidistant from these two surface lines but
on a given canted line pqr parallel to the
unscalloped edge. We define the zero offset
line as the simpler-to-draw mid-height line
CC’ of Figure 2.9(b). Lastly the scallop
height DE can also be defined as a
percentage of the maximum scallop height
possible AB as 100*DE/AB.

When constructing the scalloped edge one
can ask the broadest question: “What is the
scallop depth, offset, height and type of
curve that should be selected to reduce
noise?” We do not know the answer to this
question and how indeed noise varies with
these parameters. It does not appear that
such a question has ever been posed at all or
answered in the open literature to our
knowledge. It appears that the most
dominant parameters amongst these may be
the depth of the scalloped curve. The effect
of scallop depth is what will be studied here.
Thus a reasonable question that we propose
to answer is “Given the scallop apex
location F (that is depth and offset) how do
you construct the scalloped edge so as to
satisfy the two rules (given at the beginning
of this sub-section)?”

The “trailing-edge (t.e.) rule” requires an
estimate of the flow direction on both sides
of the corresponding unscalloped lobe
sidewall. If we can obtain a simple
approximation to the flow velocity direction
near the crest and keel lines then that would
indeed help in constructing at least deep
scallops whose edges are close to the crest
and keel lines and which satisfy the t.e. rule.
From two-dimensional inviscid flow
analysis results we know that, for example,



Unscalioped
Edge

Core Flow

Center-Line
of nozzle duct

Figure 2.8 Geometrical definitions for describing a scalloped edge on a lobe mixer sidewall.

(a) Locus of centers of . . inscribed circles . (b) Mid-heights of lines parallel to (canted)
‘ unscalloped edge

Figure 2.9 Two possible methods of prescribing the mid-height locus for a lobed mixer.
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the steady streamlines near a surface and
away from stagnation points and separated
regions are very nearly “locally parallel” to
that surface. But there is an ambiguity when
we say that two curves are locally parallel
because we can translate a given curve
horizontally or vertically or in any other
direction and consider any of these
translated curves to be “parallel” to the
curve in its original location. So we need to
be more precise. We assume, as a first order
estimate for obtaining the flow velocity
direction at a point, P, near a solid line that
the flow velocity there is influenced most by
the point, Q, closc to P on that line and the
slope of the line at the point Q. The closest
point Q to a line from a point P in the flow is
of course obtained by dropping a
perpendicular from P to that line as shown in
Figure 2.10. Then we assume that the flow
velocity direction at P is the same as the
tangent to the solid line at Q. Of course, this
procedure fails when point P in the flow
region is equidistant from two or more solid
lines or in general is influenced more or less
equally by two or more nearby surfaces.
However, in our application if we consider
the core flow velocity component in the
meridional plane, say, at the azimuthal
center of the core-lobe, the two influencing
solid surfaces of interest are the lobe crest
and the plug surface, with the plug exerting
little influence on the velocity direction near
the crest line. Similarly, the fan flow
velocity component in the meridional plane
at the center of the fan lobe, which is
bounded by the keel and the nozzle wall is
influenced more by the keel surface than the
nozzle wall when P is near the keel surface.
So it appears reasonable to apply this
approximation to the flow velocity direction
near the crest and keel surfaces which is all
that is needed for satisfying the t.e. rule.
Once the local flow velocity direction is
known at a point then it is easy to verify
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whether a proposed scalloped edge near that
point P is a “trailing” or “leading” edge, as
shown in Figure 2.10.

Using this construction we can easily find
the upper and lower radial bounds on the
scalloped edge corresponding to a give apex
location which does not violate the t.e. rule.
First note that if we draw a circle with
diameter PQ (see Figure 2.10) then the
tangents to it at P and Q give the direction of
the flow velocity at P and Q. So if we roll
this circle on the crest line then the envelope
of the rolling circles will correspond to the
strcamline or the pathline of the particle
passing through point P in this
approximation. Figure 2.11 shows these
“rolling-ball envelopes” corresponding o0 a
given scallop apex location F. There are two
of them, one corresponding to the core flow
and the other to the fan flow. Consider for
the moment the upper core flow particle
path passing through F. If the downstream
portion of the tangent to the scalloped edge
at F lies below the rolling ball envelope then
obviously it would be a “leading” edge.
Hence, any scalloped edge which lies wholly
below this rolling ball envelope will violate
the t.e. rule at least in regions close to F. In
this sense the rolling ball envelope from F
gives a “lower” radial bound for the
scalloped edge on the upper side. Similarly
the lower rolling ball envelope from F gives
the “upper” radial bound for the scalloped
edge on the lower side. Thus, for example,
even a straight scalloped edge (which can be
considered as upper part of a V-scallop)
from F which lies wholly below the upper
rolling ball envelope will not satisfy the t.c.
rule. Further, even if a portion of the upper
straight scalloped edge near F is below the
upper envelope then it will still violate the
t.e. rule.



Figure 2.10 Approximate estimate of the direction of flow velocity vector at point P near the crest-line
and the relative location of a trailing or a leading edge of a scallop near P.
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Figure 2.11 Rolling ball envelopes as approximate particle paths corresponding to the apex, F, of the
scallop on two sides of a lobe wall and the corresponding bounds for the scalloped edge.
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Since the rolling ball envelope gives one of
the bounds for the scalloped edge it is
pertinent to ask if any curve which is wholly
above that envelope (we are referring to the
upper scalloped edge here) satisfies the t.e.
rule. The answer is no because if, for
example, the scalloped edge ‘“approaches”
the crest line and then “recedes” from it, it is
possible that the t.e. rule is locally violated
somewhere in-between. However, one
family of curves which is wholly above the
rolling ball envelope appears to be
promising, namely, the envelope formed by
circles of monotonically  decreasing
diameters and touching the crest line, as
shown in Figure 2.12(a). In general, with
the chords between the tangency points of
consecutive circles decreasing
monotonically (P1P;">P,P,'>P3P4” etc.), the
two curves (the crest line and the scalloped
edge) can be defined to be converging. In
the special case of a straight crest line and
another converging straight, concave or
convex line (which can be thought as the
envelope of circles with monotonically
decreasing diameters with linear, more than
linear and less than linear rate of decrease
respectively) we can easily see from Figure
2.12(b) that the converging scalloped edge
line indeed satisfies the t.e. rule. We also
observe from Figure 2.12.(b) that for such a
special case not only the chords but also the
perpendiculars drawn from the scalloped
edge on the crest line are monotonically
decreasing. Such perpendiculars are easy to
construct for two given curves on an
interactive CAD program. Without having
proven it for the general case of converging
curves, as in Figure 2.12(a), we will take it
as a rule of thumb that if the lengths of the
perpendiculars from the given scalloped
edge on the crest or keel lines form a
monotonically decreasing sequence as we go
downstream then it will very likely satisfy
the t.e. rule.
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In practice it may be easier not only to check
for  this  decreasing sequence  of
perpendiculars but also to simply double
check at several points whether the t.e. rule
is satisfied or not by drawing the
approximate flow velocity directions as in
Figure 2.10 and then iterating on the
scalloped curve if needed. It turns out that
this sort of iterative geometrical method is
extremely fast when implemented on an
interactive computer program and is the
method of choice. We further note here that
if the flow separates from the surface, say, at
the crest-line then the application of the
above rule of thumb becomes even more
conservative because in that case the flow
velocity near the scalloped edge will diverge
away from the crest surface.

Figure 2.13 shows one such construction for
the scalloped edge of the 20 lobed mixer.
Here we have arbitrarily selected the
location of the scalloped-apex as one with
about 58% depth and 0% offset. This gives
us a sufficiently deep scallop (much deeper
than conventional scallops) without any
danger of a structurally weak lobe sidewall
and with a reference offset of zero. In order
to obtain “converging” curves the endpoints
of the scalloped height, namely, D and E are
originally selected well above the limits
imposed by the rolling ball envelopes from
the apex F. The scallop height DE is also
chosen initially to be large so that the two
flows can interact in the scalloped area as
much as possible forming nascent axial
vortices inside the scalloped region before
going downstream of the unscalloped edge
AB. The initial scalloped height chosen was
about 92% with AD = BE. Having thus
located the points F, D and E the problem is
of obtaining a scalloped edge passing
through these points and satisfying the t.e.
rule. One other condition imposed is the
avoidance of sharp corners on the scalloped



- Figure 2.12(a) Envelope formed by circles of monotonically decreasing diameters and touching
E . the crest line. The chords between points of tangency also decrease leading to
“converging” curves.

REST CKEST CREST
s = % oot o et o i T
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{ | |
l ]
l |
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{
S
(2) Straight edge (b) Concave edge (c) Convex edge

Figure 2.12(b) Satisfaction of the “trailing-edge rule” when the crestis a straight line and the
scalloped edge is converging whether straight, concave or convex.
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edge so as to avoid points of high stresses on
the lobe skin and also to avoid secondary
corner vortices which can lead to total
pressure losses.

This process of constructing the scalloped
edge is broken into two pieces - the upper
and the lower edges with respect to the apex.
Let’s focus on the upper portion. First note
that a simple straight edge FD will indeed
violate the t.e. rule near F because it is
below the corresponding upper rolling ball
curve as mentioned before.  The two
portions will also have to meet smoothly at
the apex which implies that both the
portions have a common tangent at the apex
F which is parallel to the unscalloped edge
AB. With three properties of the upper
curve fixed, namely, two points (F and D)
and the tangent at one of those points (F) we
can let a unique three parameter curve pass
through those points. However, we have
more freedom for the shape of the curve if
we use a four parameter curve with one
parameter left free. B-splines with four
parameters (poles) are easily available and
easy to construct in typical CAD
applications and, hence, were selected. The
fourth parameter, it turns out, controls the
angle of the tangent at the remaining point
D. After selecting this fourth parameter
such that the slope at D is slightly higher
than at A one can draw the proposed
scalloped edge passing through F and D, and
use the rule of thumb of decreasing
perpendiculars (which can be equally spaced
on the scalloped edge) to check if the t.e.
rule is satisfied. After going through this
iteration a couple of times and satisfying the
t.e. rule of thumb we further pulled the point
D upward to point 10 (see Figure 2.13) to
make the curves more converging and
increase the margin of safety. The
decreasing perpendiculars on this final curve
are shown in Figure 2.13 and so is the
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double verification of the te. rule by
drawing the approximate local velocities on
the scalloped edge as lines orthogonal to
these perpendiculars. A similar process was
used to draw the lower portion of the
scalloped edge, FE. In order to avoid the
sharp corners at D and E large fillet radii
were used there. Since the crest and keel
lines of the corresponding 20-lobe
unscalloped mixer are diverging radially
from each other, the scalloped edge,
constructed as above, also automatically
satisfies the first design rule of gradually
increasing radial distance between the upper
and the lower edges of scallop. Projection of
these curves back on to the three-
dimensional lobe surface gives the final
scalloped lobe. Scallops obtained in this
manner are seen to have a “boomerang”
shape. Hence, we will call them
“boomerang scallops.” Figure A.19 shows
the details of the final geometry of the 20
lobe deeply scalloped mixer of high-
penetration (called 20DH).

We have also applied this process to obtain a
family of moderately deep scallops as shown
in Figure 2.14. For a systematic study of the
effect of the depth of scallop on noise we
have selected a scallop of depth equal to half
of the previous one but of the same scallop
height. As before with B-splines we still
have a non-unique choice of several curves.
Six of these are shown in Figure 2.14
ranging from a V-cut (curve 1) to a very
concave line 6 where the fourth poles of the
B-spline are equally spaced on the tangent
line at the apex F. Since the depth is
deemed shallow it appears that all of these
will easily satisfy the t.e. rule and no check
is needed in this case. Each curve, however,
gives a different scalloped area. Notice that
if we had V-cut scallops in both cases then
with half-depth and same height the
moderate scallop would have half of the



Curve # % Area

1 394
2 41.1
3 429
4 447
5 46.5
6 43.5

- Figure 2.14. Tamily of scalloped edges with depth equal to half of the deeply scalloped mixer (20DH)
but same scallop height. The scalloped areas differ and are shown as percentages of the
deeply scalloped one in the inset table. Curve 6 was selected for 20MH mixer.

Table 2.2 New Mixer Parameters

Mixer Code Lobe Scallop Lobe Lobe Area Mixing
No. Penetration Length Ratio | Length
HyHp) | LoDy | (AJA) | (D) |
20 Lobe Unscalloped 20UH 20 None 0.67 0.34 2.637 1.10
20 Lobe Moderately Scalloped 20MH 20 Moderate 0.67 0.34 2.637 1.10
20 Lobe Deeply Scalloped 20DH 20 Deep 0.67 0.34 2.637 1.10
Tongue 12TH 12 pairs | Tongue type 0.56 0.34 1.765 1.10
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scalloped area as the deeper one. Hence, we
have finally selected the curve which gives
approximately half of the scalloped area as
the previous deep scallop, namely, curve 6
which has a scalloped area equal to 48.5% of
that for the deeply scalloped case. Figure
A20 shows the 20 lobe, moderately
scalloped, high-penetration mixer (termed
20MH). Table 2.2 lists the non-dimensional
geometric properties of these 20 lobe
mixers.

2.3.2.3 Design Guidelines for the Tongue
Mixer

The design guidelines given here are those
which were used more in the spirit of
building a proof-of-concept tongue mixer
model adhering to the three principles, P1,
P2 and P3 discussed in the previous section
2.3.1.2. Time constraints did not permit
optimization of the tongue contours through
the use of CFD analysis. Primarily, basic
fluid dynamic principles and engineering
judgment were used to pin down the flow
lines for a proof-of-concept tongue mixer.
We give below a description of the selection
for its major parameters, namely, the number
of tongues, the internal and external flow
lines in profile, and the transverse cross-
sections.

(i) Number of Tongues

As a baseline design we start with all top
tongues of one shape and all bottom tongues
of another shape. Principle P3 suggests that
we should not have too many tongues lest
there be considerable dipole type noise from
the tongues themselves. The root-widths of
the  tongues, although  independent
parameters, go hand-in-hand with the
number of tongues and are considered
together.  Principle P2 suggests that the
tongue widths should not be too thin, that is,
the number of tongues should not be too
large.  This selection can be partially
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resolved by using the arguments developed
from vorticity dynamics as described earlier.

The interface area for mixing due to
engulfment depends on the largest diameter
that can be achieved by the two adjacent
vortex structures shown in Figure 2.7 and
that is limited by the smallest tongue width.
This width will govern when adjacent
vortices touch each other and begin
interacting. Hence, if we have unequal
tongue widths then the vortices will grow to
a smaller size than if the tongue-widths were
equal. This would suggest equal tongue
widths.

Examination of the three original lobed
mixers shows that the only mixer with equal
lobe-width at the root was the conventional
mixer with cutouts (12CL). This has 12
lobes. The 12CL mixer may serve as a
comparison point if we also select 12 pairs
of tongues for the tongue-mixer. Any larger
number will make the widths thinner with
more chance of violating Principle P2. Also
we already have a deeply scalloped mixer
with 20 lobes (20DH) which will provide
some indication as to what happens to a
tongue mixer with thinner widths. Hence, in
order to conservatively satisfy P2 for a
proof-of-concept study, we selected 12 pairs
of tongues, with both top and bottom
tongues of equal widths. With an average
radius of about 3.284 in. at the adapter ring
where the roots of these tongues will be
located, this leads to about 0.86 in. width at
the root of the 24 tongues. This is deemed
conservatively wide for the core and fan
flow velocities to be considered, so that
Principle P2 is not violated.

(i) Internal Flow Lines in Profile

Consider the tongues in a longitudinal cross-
section view along their center-lines in a
meridional plane. Clearly avoidance of



separation (Principle P1) governs the
internal flow-lines. It is possible that as a
first step of iteration one could start with the
corresponding flow lines of the keel and the
crest lines of a comparable lobed mixer for
the bottom and the top tongue respectively.
However, without the sidewalls the internal
flow will probably have a larger tendency to
separate for the same surface angle.

Consider first the flow line of the bottom
tongue over which the fan-stream flows.
The axial static pressure distribution along
the keel line of a lobed mixer shows that
after a short initial rise it generally
decreases. The pressure distribution along
the internal side of the bottom tongue may
not be so favorable. Its maximum angle
should be somewhere between that used for
tailcones (which is an axi-symmetric body)
and that used for advanced mixer lobes,
perthaps even more on the conservative
lower side, so as to satisfy Principle PI1.
This implies that 22° < max(Bpor) <30°. The
flow line itself can be made up of a simple
circular arc and straight line combination
with the fan flow exiting at the maximum
angle at its tip which may be made almost
parallel to the tailcone. An angular value
lower than that for the corresponding lobed
mixer with the same length would now
imply that the distance between the tongue’s
tip and the tailcone has increased or, in other
words, that the corresponding penetration of
the tongue has decreased. Increased
penetration increases the height of the vortex
sheet or the interfacial mixing area and is
deemed beneficial from a miXing
effectiveness point of view. (Increased
mixing effectiveness is believed to increase
thrust coefficient and reduce low frequency
noise contribution.) This can be achieved by
either increasing the length of the tongue or
being more aggressive on the maximum
angle. This first choice would go against
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Principle P3 and must be weighted against
satisfaction of Principle P1.

Now consider the top tongue flow-line
internal to which the higher speed core
stream flows. The GE E° mixer lobe data
shows that the axial static pressure
distribution on the crown’s core side
decreases as we go downstream (favorable
pressure gradient). For the top tongue we
still need to be cautious so as not to violate
Principle P1. We again conservatively
establish the tongue angles to be below the
maximum angles typically used for the
crown side of lobes. As before, smooth
circular-arc/straight-line combinations can
be used with the exit angle for the core-flow
being kept axial so as to minimize thrust
losses due to non-axial discharge. With
smaller maximum angles we again face the
issue of reduced penetration, which can be
resolved as suggested above.

Overall it is believed that a longer tongue
may be preferable to a higher angle in order
to increase penetration. That is, it is more
important to follow P1 than P3 for the
concept to work at all. Also it should be
noted that for the tongue mixer the angle
between the line joining the tips of adjacent
tongues and the vertical (or radial) line - the
scarf or cant angle in lobe mixers - is not so
relevant because the flows have already
started mixing. So the length of the tongues
should not be adjusted according to this
scarf angle.

(iii)  External Flow Lines in Profile

Once the internal flow lines are defined,
then the external flow lines for the center
cross-sectional view of the tongues in the
meridional plane is not so much an acoustic |
issue as a structural and aerodynamic issue.
Aerodynamically, the space between the
external and the internal flow lines of a



given tongue defines the blockage created by
the bottom and the top tongue respectively
for the core and the fan flow. This blockage
thickness should be minimized. The
minimum thickness at any axial station, on
the other hand, is governed by the structural
stiffness required to withstand the applied
stresses and assure that fatigue failures due
to vibration do not occur.

For the proof-of-concept model, individual
tongues were machined from bar stock and
attached to an adapter ring to form an
assembly. To reduce base drag at the tongue
tip, it must be as thin as possible. A simple
thickness distribution shape which tapers
monotonically from that prescribed at the
root by the mixer adapter ring thickness
(0.298 in.) to a thin machinable edge (0.010
in.) at the tip of the tongue was deemed
adequate.

(iv)  Transverse Cross-sections

Transverse cross sections were developed by
prescribing an internal arc and an external
arc at a given axial station once its center
thickness had been decided from previous
rules. Aerodynamically, the tongues should
not act as blunt bodies to the external flow
over them lest they increase the ram drag.
Also for them to function as envisaged
earlier through vorticity dynamics they
should not violate Principle P2. Thus on a
cylindrical surface of the streamlines of the
external flow (that is, whose normal is more
or less in the radial direction and not in the
axial one) their external surface should
appear streamlined like the leading edge of
an airfoil. If we further prescribe that the
external {low on the tongue should leave its
edges axially and, hence, that the tangent to
the external arc at the edge should be axial,
then this would demand a deep curve for the
external arc and unless matched similarly on
the internal side with another deep curve
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will lead to very thick tongues which are
undesirable from blockage and weight points
of view. Both these criteria can be met by
something like a super ellipse but it is
obviously more blunt and perhaps difficult
to machine than a simple circular arc. Also
the angle at which the external flow will
leave the tongue edge is determined more
directly by the shape the vortex sheet takes
due to balance of pressure in the two
streams and not so much from the metal
cross-sectional angle. Thus if we remove
the condition that the external arc should
have an axial tangent at its edge this leaves a
wide variety of arc shapes at our disposal to
satisfy the streamlined criterion. For
simplicity of machining, circular arcs were
selected for both the external and the
internal curves such that the thickness at the
edge is again as thin as possible and then
chamfered. (Knife edges are not preferred
from machining viewpoint although they are
preferred aerodynamically.)

Unless the width of the tongue is defined at
each axial station this still does not uniquely
define the circular arcs. The consideration
for width-distribution of the tongue can be
made by looking at its top-view (or actually
radially towards the center from outside the
nozzle) which will also be reflected in its
ALF (aft-looking-forward) view.  Each
tongue can be made of constant width
throughout its length or tapered (convergent
or divergent). Here the principle that applies
is P2. Constant width is probably adequate,
however, it will lead to more blockage and
ram drag (clear in ALF view). Tapering will
reduce some of this blockage but the
minimum width at the tip should again be
governed by Principle P2. Again with
simplicity in mind, we decided on the width
distribution that follows from selecting
radial lines for the tongue edges when seen
in ALF view. The final selection gives a



convergently tapered bottom tongue and a
slightly divergent top tongue.

This still leaves a wide variety of shapes for
both the arcs of the transverse cross-section.
Approached sequentially the arcs can be
constructed as follows:

e known values are center-line thickness,
tongue-width and edge thickness

o the arbitrariness is then in only one of
the arcs

e select some “appropriate” circular radius
for the external arc which will pass
through the external surface point

o the tongue-width then automatically
defines the edges for that external arc

e with prescribed tongue edge thickness
and the internal point (due to the center-
line tongue thickness) the internal arc is
now uniquely prescribed by the three
points

e determination of the arbitrary external
curve radius should also consider that
the internal arc needs to be concave for
following Principles P1 and P2 except
perhaps for some transition region near
the root of the tongue, in addition to the
previous aerodynamic discussion.

e another aerodynamic consideration,
which would be apparent from the side
view, is that any sharp corners should be
avoided, lest they introduce secondary
corner vortices which may increase
losses.

It is possible that there are other machining
issues that can make the cross-section shape
simpler and should be incorporated after
keeping all the above principles in mind.
This procedure basically defines all the flow
lines for the tongues and should be a good
place to start for CFD iterations.

The tongue mixer penetration, as defined in
Table 2.2 and Figure 2.1, was set at 0.56,
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which is between the corresponding values
for the lobed mixer configurations 12CL and
12UH. This was selected to provide an
improvement in mixing effectiveness
compared to 12CL. As previously
mentioned the root width of both the inward
and outward projecting tongues were set
equal. This results in a considerable
reduction in the area ratio (A¢A,), projected
on the transverse plane, compared to either
the 12 or 20 lobe mixer designs (see Table
2.2). This selection was expected to result
in a considerable bypass ratio reduction
compared to the 12 or 20 lobe mixers, but
was made purposely to satisfy the vortex
dynamics arguments discussed earlier

Figure A.21(a) through A.21(c) show the
geometrical details of the final tongue mixer
as fabricated. It’s non-dimensional
geometric properties are included in Table
2.2 Figure 2.15 shows the relative locations
and shapes of the tongue mixer and the 20
lobe deeply scalloped mixer (20DH) for
comparison. Note that attaching the tongue
mixer to the upstream cylinder required an
extra adapter ring. In order to maintain the
relative location of the tongue mixer inside
the nozzle, we have had to fabricate
additional adapter rings for the outer nozzle

and the center-cone, as shown in Figure
2.15.

Figures 2.16(a) and (b) are photos of all
eight mixers included in the test program.

24  CFD Analysis of New Mixers

Computational  fluid dynamics (CFD)
analysis was done on three of the new
mixers as part of this task, namely the 20
lobe unscalloped (20UH), 20 lobe deeply
scalloped (20DH) and the tongue mixer
(12TH). The mixers were analyzed with the
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purpose of qualitatively validating our fluid-
dynamic concepts and to help explain some
of the aerodynamic and acoustic data. We
only briefly touch upon some of the results
from the analysis for the traditional
unscalloped 20UH mixer but expand more
on the CFD results for the other two non-
traditional mixers.

and __ Boundary

24.1 Code, Grids

Conditions

Numerical Modeling

A 3D, viscous CFD analysis was conducted
using the NPARC analysis code. The
NPARC code, Version 3.0, (Ref. 12) solves
the full three-dimensional  Reynolds-
averaged Navier-Stokes equations in strong
conversation form using the Beam and
Warming approximate factorization scheme
to obtain a block tri-diagonal system of
equations. Pulliam’s scalar penta-diagonal
transformation provides for an efficient
solver. The code has several turbulence
models available including: the Baldwin-
Lomax, RNG, Baldwin-Barth, Spalart-
Almaras, and k-¢ turbulence models. The
calculations presented in this study use the
Chien low Reynolds number k-¢ turbulence
model. The implicit scheme uses central-
differencing with artificial dissipation to
eliminate oscillations associated with the use
of central differences. The code allows the
use of structured, multiple grid blocks. Tri-
linear interpolation is wused to ftransfer
information at the grid block interfaces. The
NPARC code has been used previously to
predict the internal and external flows
related to other mixer/nozzle exhaust
systems.

Grid Generation

The mixers are composed of identical pairs
of lobes which are spaced at equal angular
intervals.  This symmetric geometry is
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exploited to reduce the computational
requirements resulting in a grid which
extends circumferentially between the
centerline of one lobe pair. The GRIDGEN
code, Version 11.2 (Reference 13), was used
to generate the computational grid. The
distance of the first grid point off a viscous
surface is 0.001. The blocks are made with
contiguous interfaces and extend from a
station far upstream of the mixer exit plane
to the nozzle exit plane. In order to save
time, simulation outside the nozzle (for the
jet plume) was not done but the downstream
boundary  conditions  were  adjusted
appropriately, as discussed later.

The computational grid for the 20 lobe
unscalloped mixer (20UH) is shown in
Figure 2.17. The grid consists of 6 blocks
and approximately 500,000 points. The
highlighted grid contains the mixer region of
the grid. The grid for the 20 lobe deep-
scallop mixer (20DH) is shown in Figure
2.18. The grid consists of 5 blocks and
approximately 1,000,000 points. The
additional points were needed to resolve the
scalloped region of the mixer.  The
computational grid for the 12 pair internal
tongue mixer is shown in Figure 2.19 and
consists of 6 blocks and approximately
1,000,000 points.

Boundary Conditions
Inside the nozzle, the fan and core upstream

total pressures and temperatures are
specified. The walls are modeled as no-slip
adiabatic surfaces. The downstream

boundary at the nozzle exit plane has an
“extrapolated static pressure gradient.” The
centerline is modeled as an axis of
symmetry. The flow variables are mass-
averaged along this axis. Symmetry
conditions were used along the sides of the
computational domain which are the
meridional planes in the center of each lobe.
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Figure 2.18 Partial grid for the 20-lobe deeply scalloped mixer (20DH) inside the nozzle.
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Figure 2.19 Partial grid for the tongue mixer (12TH) inside the nozzle.
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The extrapolated static pressure gradient is
implemented by extrapolating all primitive
variables (density, velocities, energy). The
static pressure gradient which is determined
from the total energy distribution is scaled
by a user provided pressure which controls
the mass-flow rate. This boundary condition
allowed a vortex to exist through the exit of
the computational domain and improved
convergence of the solution as compared to
using a constant exit static pressure field
boundary condition. The converged solution
produces global mass conservation within
the nozzle to within 1% of the inlet value. A
slight radial static pressure gradient
remained at the exit plane in the converged
solution. This is not unusual and similar
behavior was observed in the plume
experimental survey.

24.2 Results
() 20 Lobe Unscalloped Mixer (20UH)

CFD runs on the first version of the 20-
lobed mixer, which was simply an angularly
compressed version of the previous 12-lobed
high penetration (12UH) mixer, were made.
It was found that in the upper half region of
the underside of the lobe crest a strong
adverse pressure gradient existed which led
to separation of the core flow. A refined
analysis of 12-lobed unscalloped mixer
(12UH) (designed some six years ago) also
revealed an adverse pressure gradient and
some separation in the same region which
was not resolved by the grid used during the
original effort. Although a comparison of
the measured pressure on this mixer (12UH)
at the core crest centerline showed this
feature, the location of the beginning of the
adverse pressure gradient was further
downstream, thus confining the separation to
a small region at the core crest tip. This is
possibly due to a very aggressive core flow
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line deflection angle at the inflection point
of the lobe crest line - which was done to
maintain a high penetration (0.68) in a small
length of the mixer. Hence, to alleviate
separation in the 20-lobed mixer the core
crest line maximum angle was decreased
while maintaining the lobe penetration by
slightly increasing the lobe length and thus
introducing a slightly larger cant angle of the
mixer exit plane.

As an example, Figure 2.20 shows the flow
velocity vectors just outside the boundary
layers on two sides of the lobe wall. First,
observe that there is now no separation of
the core flow at the crest, or of the fan flow
at the keel. Secondly, note that the core
flow close to the crest and the fan flow close
to the keel on the lobe sidewall are “almost
parallel” to the crest and keel lines
respectively, as assumed in Section 2.3.2.2
(see Figure 2.10). Moreover, slightly away
from the crest and the keel lines, the core
and the fan flow direction on the lobe
sidewall are such that the rules of thumb
given in Section 2.3.2.2 for satisfying the t.e.
rule become even more conservative. This
puts the previous design rules for scalloping
on a firmer ground.

(b) 20 Lobe Deeply-Scalloped Mixer
(20DH)

Typical cross-sectional results for the 20
lobe deep scalloped mixer (20DH) are given
in Figures 2.21 to 2.23 for the total
temperature (Tt), axial vorticity (€2) and the
turbulent kinetic energy (k) in terms of non-
dimensionalized  quantities for  axial
locations both inside the scallop and outside
the mixer up to the nozzle exit plane. In
these figures, X is measured positive
downstream of the mixer exit plane, Lg 1s
the axial length of the scallop and L is the
mixing length (from the mixer exit plane to
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Figure 2.20 Flow velocity vectors just outside the boundary layers on two sides of the lobe-wall of 20UH mixer.
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the nozzle exit plane). The operating
condition is NPR; = 1.457, NPR; = 1.375,
Tw/Te = 2.296 with free-jet Mach number,
My = 0. The data presented in the plots is
non-dimensionalized in the following
manner:

Tnon =T/ (Yl‘ef/ Tref)»
Qpon = E2Xref/a refy
knon = k/a ref2

where Yree= 1.4, Tier = 533 °R, Xper = 1/12 ft,
8 et = WeetR Teet and R = 1716 ft-Ib/(slug-°R).

From these figures, we observe that strong
nascent vortices begin to form immediately
inside the scallop, as expected, and continue
to form a tighter vortex downstream of the
mixer which quickly migrates to the nozzle
wall (within the first one-third distance of
the mixing-length), and finally interacts and
merges with the neighboring similar vortex
by the end of the nozzle exit plane. By the
time the flow has reached the mixer exit
plane the interface between the core flow
and the fan flow has already been increased
tremendously as compared to the
unscalloped case, which leads to better
mixing.  The turbulent kinetic energy
magnitude does not appear to be significant
and is fairly uniform in the cross-sectional
plane close to the nozzle exit. All these
features appear to be in the direction
expected earlier and validates the rules of
thumb used in designing the scallops, at
least from the point of view of flow physics.
It should also be observed that no
indications of separation were noted on the
inside of the lobes with the introduction of
the deep scallop.

© The Tongue Mixer

Similar results from the CFD analysis for the
tongue mixer (12TH) with baseline nozzle-

NASA/CR—2002-210823/VOLI1

46

length are given in Figures 2.24-2.26. This
particular solution corresponds to the same
conditions for which results were presented
for the 20-lobe deeply-scalloped mixer
(20DH) so that comparison with it can be
done.

From these figures it can be seen that:

(i) Mixing does indeed begin vigorously
right from the beginning at the first station
shown (X/L; = -0.66) where the tongues
have already diverged from each other
(Figure 2.25(a)). This is as expected and is
similar to the behavior in 20DH mixer at the
start of the scallop.

(i1) By the time the core and fan streams
have reached the tongue-tip exit plane (x/L;
= X/L = 0) considerable axial vorticity is
already formed, similar in intensity to that
form 20DH but a with larger area of
coverage due to the broader tongue widths.

(iii) Downstream of the tongues, an isolated
vortex is immediately formed similar to that
in 20DH. However, unlike 20DH, it lingers
at the same radial height for a longer axial
distance and does not immediately convect
to the outer duct wall. The radial convection
velocity of this vortex is governed by the
average radial velocity components of the
core and the fan streams in the tongues. This
is probably much smaller than in 20DH due
to smaller angles of divergence of the
tongues as compared to the aggressive lobe
crown- and keel-angles of 20DH.

(iv) At the nozzle exit plane, (x/L = 1), the
total temperature (Figure 2.24(b))is fairly
uniform except for the annular hot ring near
the central axis. This shows that the core
flow over the center-cone is not as well
mixed as in mixer 20DH. The vortex
(Figure 2.25(b))is less intense and further



1 asncuny amyndin Iy {vipr 7 amEn

i G S B A
i K
% ) |

£

L

47

DIZLET

NASA/CR—2002-210823/VOL1



1.0

KL

A=

%

g
e
PR w;
e
=
oy
DA
g
o
4
Ry
e
i
£,
&3
i3
e

“

1378006
B.750000

1113

3
%

ir

%

omixer i th

o

A1.=0.33

= o
T @

Fiour

KL

NASA/CR—2002-210823/VOL1 48



LR
i

4 AR

#.s=0.0

grs for 12705

AN e=-0,33

&

SO

¥

o

oty

Axia

43,66

150000
e

bR

NASA/CR—2002-210823/VOL1 49



NASA/CR—2002-210823/VOL1

50

(.66

s
o

"%lf %{ﬂ

HiL=0.33

g
sk

PR ey in the

2,

v i

o

contonrs |

ity

VLI

iat

A




G

fEronn)

BTG

99°0-=8VYYK

51

NASA/CR—2002-210823/VOL1



]
s

A

m:
&

i
el

- bned

fey

Fyrrbyy

NASA/CR—2002-210823/VOL1 52



away from the nozzle wall than in 20DH but
the turbulence intensity (Figure 2.26(b))
suddenly seems to have grown inside this
vortex. It appears that in 12TH the
boundary layer on the nozzle wall is growing
much faster than in 20DH (compare
turbulence intensity contours at x/L. = 0.66
in Figures 2.26(b) and 2.23(b)) and the axial
vortex has sucked into itself a large part of
this wall boundary layer by induction by the
time it reaches the nozzle exit plane.
Whether this is an artifice of the turbulence
modeling used in the CFD code or a real
physical effect is not known. One acoustic
effect that such higher turbulence intensity
can have is an increase in amplitude of the
higher frequency portion of the sound
spectrum due to the small length scales of
these axial vortices. The relative amplitude
of the hot spots and the hotter central core
should also be observable in the plume
survey. This verification will be done later.
One of the important items verified by the
CFD analysis was the absence of flow
separation on the inside surface of both the
tongues as required by the design principles
in Section 2.3.2.2. We will keep these CFD
observations in mind when we compare the
acoustic results for the tongue mixer later.

Finally, Figure 2.27 shows a comparison of
the non-dimensional axial velocity contours
at the nozzle exit plan for all the three
mixers analyzed in this CFD study: 20UH,
20DH and 12TH (normalization is with
respect to the reference speed of sound, arf,
mentioned earlier). This figure shows that,
overall, the unscalloped mixer, 20UH, has a
much higher axial velocity throughout,
whereas, both the deeply scalloped 20DH
mixer and the tongue mixer (12TH) have
lower overall velocity but are not as
uniformly mixed as the unscalloped mixer.
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Chapter 3

Experimental Program

A comprehensive experimental program was
carried out which included measurement of
far-field acoustic levels, nozzle aerodynamic
performance, and jet plume aerodynamic
surveys. Due to the specialized
requirements for obtaining some of this data,
two separate facilities were used. A
description of these facilities and the
experimental apparatus employed are
provided in the following sections. In
addition, the test matrix for each phase of
the program is presented along with a
description of the experimental procedure
and data reduction methods employed.

3.1 Acoustic Tests

Test Facility
All acoustic tests were carried out in

NASA’s Aerocoustic Propulsion Laboratory
(APL) at Lewis Research Center. This
facility is a 65 ft. radius, acoustically treated,
hemispherical geodesic dome (see Figure
3.1). The walls of the dome are treated with
acoustic wedges as is approximately half of
the floor area. Within the confines of the
dome is the Nozzle Acoustic Test Rig
(NATR). The schematic floor plan of APL
with NATR is shown in Figure 3.2. The
NATR duct work is acoustically lined
(inside and outside) and extends from an
annular air ejector system to a plenum and
bellmouth transition section which is an
ASME long-radius nozzle followed by a
free-jet nozzle duct having an exit internal
diameter of 53 in. and a nozzle centerline
approximately 10 ft. above the floor. This
arrangement provides a free-jet Mach
number capability up to 0.3 to simulate
forward flight effects on the noise source.
An acoustically treated wall installed in the

NASA/CR—2002-210823/VOLI1
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APL near the NATR exit plane and
extending aftward along the length of the jet
exit rig and test article shields the test
vehicle noise source from the untreated floor
region to prevent reflections from unrelated
test rig equipment residing in this vicinity.

Downstream of the NATR is the Jet Exit Rig
(JER). Test models are installed on the aft
end of the JER, and the movable JER is
positioned axially relative to the NATR exit
plane at the desired location (generally a
distance which aligns the test model nozzle
exit approximately 24 in. downstream of the
NATR exit plane) to appropriately utilize
the 48 ft. arc microphone array of the APL.
The JER is the structure through which
airflow is delivered to the test article via
connections to facility compressed air
supplies. Exhaust gases from the
JER/NATR are expelled through the 43 ft.
high by 55 ft. wide APL exhaust door.
More detailed information relative to the
APL facility, its test rigs and support system
is available in Reference 14.

The jet rig provides twa stream flows whose
flow rates are measured by choked Venturi-
meters.  The total pressure and total
temperature are monitored in the model
nozzle at a charging station just upstream of
the mixer exit plane (see Figure A.1). In the
first phase of this program, in November
1995, it was found that the desired high
nozzle pressure ratios in the secondary (fan)
stream could not be achieved. Hence, a year
later, the jet rig was modified to provide
supplementary air and the desired nozzle
pressure ratios acquired in the second phase
of this task.
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Figures 3.3 and 3.4 show the mixer-nozzle
models installed in the jet exit rig. With a
nozzle exit diameter of 7.25 in., the ratio of
the diameter of the free-jet nozzle to the
model nozzle is 7.31 and is deemed
appropriate for the range of frequencies of

interest. ~ The merging of the  free-
jet/ambient shear layer with the model-
jet/free-jet shear layer occurs several
diameters downstream of the noise

producing region of interest in the modecl
and is not a concern in this test. Narrow
band acoustic data was acquired using % in.
Bruel & Kjaer microphones positioned on a
48 ft. radius from the nozzle exit center in a
horizontal plane through the nozzle axis.
Twenty-five microphones were positioned in
the upstream and downstream quadrants of
the jet ranging from an angle of 6 = 45° with
respect to the inlet axis to 6 = 165°. [Note
that the angle 6 used in this report is with
respect to the jet inlet axis, rather than the jet
exit axis.] This is deemed to be the range of
observable angles away from the
diffraction/shadow lip effect of the free-jet
nozzle in the upstream quadrant and outside
the free-jet in the downstream quadrant.

Test Procedure and Data Processing

Acoustic  testing was conducted by
establishing the initial desired free-jet Mach
number in the NATR. An acoustic test for
the background noise with free-jet flow was
done. Following this, generally, the test
point conditions for the lowest pressure ratio
and temperature were fixed. When
conditions stabilized, acoustic data was
acquired. Fan and core flows were then
adjusted to the pressure and temperature
conditions corresponding to the power
setting for the next highest pressure ratio test
point. After conditions stabilized, acoustic
data was again acquired. This procedure
was repeated in the order of increasing
pressure ratio until acoustic data was

NASA/CR—2002-210823/VOLI1
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acquired for all power setting simulations at
the first free-jet Mach number. Once this
was accomplished, the free-jet Mach number
was changed and the procedures described
above repeated in reverse order (decreasing
pressure ratio) until acoustic data was
acquired at all desired power settings
associated with the second Mach number.
This cycle was repeated for all free-jet Mach
numbers of interest.

The acoustic and aerodynamic performance
data for the test program was provided by
NASA LeRC to Allison Engine Company in
electronic data base format for further
analysis.  The acoustic data processing
scheme used at NASA LeRC is outlined in
Figure 3.5. Its final goal is to produce noise
data on the ground below the flight path for
a flyover at an altitude of 1500 ft. This
method takes into account, broadly
speaking, microphone calibrations, free-jet
shear Jlayer refraction, atmospheric and
spherical spreading attenuation, data scaling,
Doppler shifting for flyover data and
standard day meteorological corrections.
The free-jet background noise was
subtracted from the measured acoustic data
for test points simulating flight conditions.

Some details regarding the specific method
used for free-jet shear layer refraction are
given in Appendix B. It is essentially an
adaptation of Amiet’s method described in
Ahuja et al™ and extended to narrow-band
spectra. With no prior knowledge of the
location of sources in the different frequency
band, they are all assumed to be at the
nozzle exit plane center. This assumption is
valid at higher frequencies but may
introduce some error at relatively low
frequencies, which are hopefully below the
full-scale low frequency range.
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[ Digitize sound signals

Convert to units of pressure using calibration
coefficients obtained via pistonphone

+

Compute averaged narrowband spectra.
convert to narrowband SPL

1

Correct for microphone actuator frequency
response

1

Correct for microphone free-ficld and grid
cap response

3

Correct for analog filter roll-off

!

Correct for freejet shear layer refraction

+

Remove atmospheric attenuation at test day
‘conditions over test distance

{

Remove spherical spreading attenuation from
test distance to a | foot arc

1

Impose spherical §preading attenuation from
1 foot arc to 150 foot arc

v

Change scaling of data to full-scale

(frequency & amplitude)
v

Apply Doppier shift for sideline flyover by
adjusting frequency

+

[nstate atmospheric aftenuation at FAA
Standard Day conditions over distance to
1500 foot sideline

-

[nstate spherical spreading attenuation from |
foot arc to 1500 foot sideline

v

IEEE compliant 1/3 octave

®

> i Digital tape archives

Test and model conditions {rom

- facility computer
L, B&K certified electrostatic
- calibration
< B&K provided grid response
» | IEEE compliant 1/3 Data output status: as measured
octave
———3 | IEEE compliant 1/3 » | Data output status: corrected
. octave
> Archive narrowband spectra for
customer-specific processing
IEEE compliant 1/3 Data output status: | foot. loseless
oclave
Noy weighting, Data output: PNLT vs angle
—> | summation, and tone —
correction
+
Summation of PNLT Data output: EPNLT
plus duration correction

®

Figure 3.5 NASA LeRC acoustic data processing scheme.
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The final acoustic data provided by NASA
LeRC to Rolls-Royce Allison was in the
following form, scaled to a nozzle with
660.5 in” throat, at standard day conditions
(77°F and 70% relative humidity):

(1) 150 ft. polar data: 1/3 ™ octave-band
sound pressure level (SPL re. 2#107
N/m?) spectra (80 hz to 10,000 hz) and
overall SPL. (OASPL) at angles ranging
from 55° to 165° in increments of 5° in
the reference frame of the nozzle; 1/3™
octave-band sound power spectrum
(PWL re. 10712 W) and overall power
(OAPWL) were also provided. All of
this data was found for ambient static
pressure of 14.3 psi.

(2) 1500 ft. flyover data: Doppler shifted
1/3™ octave-band SPL spectra, OASPL
directivity, PWL spectra, OAPWL, Tone
Corrected Perceived Noise Level
(PNLT) and the Effective Perceived
Noise Level (EPNL). The flyover data
was found for an ambient static pressure
of 14.7 psi.

In particular, note that the 150 ft. polar data
in the reference frame of the nozzle is not
Doppler-shifted, whereas, the 1500 ft.
flyover data is, indeed, Doppler-shifted
using the free-jet Mach no. as the flyover
Mach number and both are in the free-field.
There are no corrections for extra ground
attenuation, multiple jet shielding or
airframe shielding/reflections.

The aerodynamic data provided by NASA
LeRC to Rolls-Royce Allison for these
acoustic tests included the actual operating
conditions (that is, fan and core nozzle
pressure ratios and total temperature ratio),
the free-jet Mach number, the test-cell
ambient conditions and measured mass-flow
rates in the two streams.
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Test Matrix

The test conditions at which data were
obtained are listed in Table 3.1. Data was
obtained over a range of fan and core
pressure ratios typical of those observed in
current engines at approach and take-off.
Initial acoustic testing, carried out in 1995,
revealed that fan pressure ratios above 1.44
could not be reached due to JER air-supply
limitations. During the 1995 test program,
data was acquired at four values of free-jet
Mach numbers (0, 0.1, 0.2, and 0.3).
Following modification of the rig air
delivery system, a second test program was
carried out in 1996. During this test, data
was acquired at all intended nozzle
operating conditions but measurements at
the free-jet Mach number of 0.1 were
deleted from the test matrix, as shown in
Table 3.1. Thus, there is significant overlap
of operating conditions between the two
tests done a year apart and, generally
speaking, the results of the second test were
considered to have superceded those of the
first test. It is the results of the 1996 test
that are reported and analyzed here. Table
3.2 lists the mixer-nozzle configurations
tested in 1995 and 1996. Note that only the
four original mixers were tested in 1995;
whereas, in 1996, all the eight mixers were
tested but no data was obtained for the
nozzle with 25% increased length.

3.2  Aerodynamic Tests

Test Facility
Static thrust and nozzle performance

measurements were obtained in the
blowdown facilities at ASE FluiDyne Test
Group’s St. Paul, Minnesota Laboratory.
Tests were carried out in 1995 on the four
original mixers in FluiDyne’s Channel 14.
Selected results from this sequence are
presented in this report. A second series of
tests were carried out in 1997 in Channel 11.



Condition My NPR; NPRc TTR Operating
Code (Free-Jet Mach P/Pon) PdPams) (T/Ty) Condition
No.) (fan) (core)
A 0.0 121 1.17 221 Approach
B 0.0 144 1.39 2.34 T.O. #1
C 0.0 1.61 1.54 2.62 T.0. #2
5] 0.0 1.82 1.74 2.79 T.0.#3
E 0.2 121 1.17 2.21 Approach
F 0.2 1.44 1.39 234 T.O. #1
G 02 1.61 1.54 2.62 T.O.#2
H 02 1.82 1.74 2.79 T.O0.#3
| 0.3 1.21 1.17 2.21 Approach
J 03 1.44 1.39 2.34 T.O. #1
K 0.3 1.61 1.54 2.62 T.O. #2
L 0.3 1.82 1.74 2.79 T.O0. #3
Table 3.1 Acoustic Test Matrix
Mixing-Length Change (AL/L)
Mixer Code 0% -25% -50% +25%

CONF 10):4 o @) 0

12CL 6.4 o) 104 e}

12UH 0X 10)4

12TH X X X

16UH 0X 0 0X O

20UH X X X

20MH X X

20DH X X X

NASA/CR—2002-210823/VOLI1
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Table 3.2 Mixer Nozzle Configurations for Acoustic Tests




Hardware in the second test program
included the 4 new mixer designs and
selected repeat runs for some of the original
mixers. Both these channels are two-
temperature flow static thrust stands in
which the nozzle thrust is determined from
force measurement with a strain-gage force
balance. The general arrangement of
Channel 14 and Channel 11, as well as, the
station notations are shown in Figure 3.6,
3.7 and 3.8 respectively.

The airflows for both the cold and hot
passages of a test nozzle are obtained from
the facility 500 psi dry air storage system.
Air for the cold passage is throttled, metered
through a long-radius ASME nozzle, ducted
to the cold passage of the test nozzle, and
finally exhausted to atmosphere. Air for the
hot passage is throttled, passed through a
regenerative storage heater, mixed with
unheated bypass flow to achieve a desired
temperature, metered through a long-radius
ASME nozzle, ducted to the hot passage of
the test nozzle, and finally exhausted to
atmosphere.

The model assembly is supported by a 3-
component strain-gage force balance and is
isolated from the facility piping by two
elastic seals (see schematic in Figure 3.8)
The ASME meter at Station 1 is water-
cooled to protect the elastic seal from
thermal effects. Since the cooling water is
confined to the upstream (i.e. non-metric)
hardware only, no tare forces are introduced
by the water supply lines. Facility
implementation was provided to calculate
mass flow rates at Stations 1 and 4 (Figure
3.8) and to calculate the exit thrust produced
by the test nozzle. The data were recorded
with the laboratory digital data acquisition
system. For the 1997 test in Channel 11,
charging station instrumentation in the core
duct consisted of four 5-probe total pressure

NASA/CR—2002-210823/VOLI1 64

rakes (Pis), two 4-probe and two 2-probe
total temperature rakes (Ty). Also
associated with each total pressure rake was
on outer wall static pressure tap (Pss).
Charging station instrumentation for the fan
passage consisted of four 12-probe area-
weighted rakes (Py) and three 5-probe
thermocouple rakes (Ty;). An inner and
outer wall static pressure tap (Pg7) was also
associated with each total pressure rake in
the fan duct.

Test Procedures

Two types of tests were done: “hot” when
the core flow is heated up to approximately
860°F and “cold” when the core flow was
nominally at 70°F, same as the fan flow
temperature for all tests. For all hot nozzle
tests, Ty and Ty were calculated as an
average from thermocouples at each
charging station (12 for the core, 15 for the
fan). For all cold nozzle tests Ty7 and Ty
were calculated form Ty and Ty,
respectively, by subtracting the temperature
drop due to adiabatic throttling of flow
between the meter station and the nozzle
charging station. The charging station total
pressures were defined as the area-weighted
average from all the available probes in each
duct (20 in core and 48 in fan).

The fan and core mass flow rates through the
test nozzle were determined using choked
ASME long-radius metering nozzles. These
values were used to determine the effective
thrust areas (discharge coefficient « reference
duct-area) for each duct and the whole
nozzle.

To evaluate the axial and vertical thrust
components, the force balance was first
calibrated. The force balance calibration
determined the output characteristics of the
three force balance flexures and the two
elastic seals between the metric model
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assembly and the non-metric facility
structure. The elastic seals produce a small
tare force, largely due to radial seal
deflections necessary to support the static
pressure differential across the seal. The
seal and balance assembly were calibrated
under simulated operating conditions of load

and seal differential pressures. This
procedure  yields the thrust vector
(magnitude, angle and location), thrust

coefficient, fan and core effective throat
areas, fan and core mass flow rates, and
overall nozzle discharge coefficient.
Standard ASME long-radius flow nozzles
were tested betore and after each test
program to demonstrate facility accuracy in
determining the discharge coefficient and
the thrust coefficient of test nozzles. The
test results were compared with predicted
(target) values which arc based on semi-
empirical equations and were found to be
very accurate in general.

Test Matrices

The purpose of these tests was to compare
the aerodynamic performance of the mixers
at cruise and take-off conditions. Since the
facility had a limit on the maximum
allowable temperature in the core flow of
860°, the desired “cruise” total temperature
ratio of 2.79 could not be achieved, but a
maximum of 2.50 was used instead. Also,
in order to assist the evaluation of thrust
mixing efficiency, which effectively
captures the effect of temperature on thrust,
additional “cold” tests were performed
where the core flow was kept at the same
temperature as the fan-flow. Aerodynamic
tests were done only on selective mixers in
1997 after results from the acoustic tests
were known. Tables 3.3 and 3.4 give the
nominal test matrices for which data was
obtained in the 1995 and 1997 tests
respectively for the various mixer
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configurations with baseline nozzle-length
and no free-jet. '
3.3  Plume Surveys

Limited jet plume aerodynamic surveys were
carried out in 1995 and 1996 in the NASA
APL/NATR facility following the acoustic

tests, with the data used to correlate noise
with flow properties.

A unique multi-sensor rake assembly, shown
schematically in Figure 3.9, was used to
measure total pressure (Py), static pressure
(Py), and total temperature (T;). The rake
assembly was mounted in a frame which
allowed horizontal traversing of the plume
in the axial and the transverse directions.
This assembly was positioned at a series of
axial locations downstream of the nozzle
plane, providing a cross sectional survey of
the aerodynamic properties in the plume at
each location.

The axial distance X (downstream of the
nozzle exit plane), for which good data
could be taken varied from 0.2D to 10D (D
= nozzle exit diameter) A “full” axial
survey consisted of X/D = 0.2, 0.5, 1.0, 3.0,
5.0, 7.5 and 10. At each X/D location a
lateral sweep of the rectangular array across
the plume was made in % in. steps in the Y
direction (see Figure 3.9 for definition of X,
Y, Z). The data was acquired in an over-
lapping manner such that a corresponding
measured P, T; and P, value was obtained for
each data point location in the transverse XY
measurement plane. A “full” transverse
survey typically swept from Y = -4.75 in. to
Y = +4.75 in., whereas a “center’” transverse
survey, done to conserve testing time,
typically varied from Y = -0.75 in. to Y =
+0.75 in.. The extent of the vertical, “Z”,
sweep was constant from Z =-5.0in. to Z =
+5.0 in. with Y4 in. spacing between adjacent



Table 3.3 1995 Nominal Aerodynamic Test Matrix

Mixer NPR, NPR, TTR
CONF 1.44 1.40 1.0/2.34
1.80 1.76 1.0/2.50
2.38 2.30 1.0/2.50
12CL 1.44 1.40 1.0/2.34
238 2.30 1.0/2.50
16UH 1.44 1.40 1.0/2.34
238 2.30 1.0/2.50

Table 3.4 1997 Nominal Aerodynamic Test Matrix

Mixer NPR; NPR, TTR
12CL 1.44 1.39 234
1.62 1.54 2.50
1.82 1.74 2.50
2.40 232 2.50
12UH 144 1.39 1.0/2.50
1.62 1.54 1.0/2.50
2.40 232 1.0/2.50
12TH 1.44 1.39 2.34
1.62 1.54 2.50
20UH 1.44 1.39 2.50
1.62 1.54 2.50
2.40 2.32 1.0/2.50
20DH 1.44 1.39 2.50
1.62 1.54 2.50
2.40 2.32 1.0/2.50
NASA/CR—2002-210823/VOL1 69
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Figure 3.9 NASA plume traversing rake sketch and axis definition.



probes. The total and static pressures and
the total temperature at a given point were
used to calculate the local plume velocity by
using the isentropic relations. This data
could then be used to examinc the
distribution of the various aerodynamic
quantities within a slice of the plume or
track the axial evolution of a parameter at
various locations relative to the centerline.
Table 3.5 shows the test matrix for which
plume survey data was obtained. The test
sequence employed four of the available
mixers, the baseline length nozzle, fan
pressure ratios of 1.44 and 1.6, and free-jet
Mach number of 0.2. A few selected
additional points were also considered as
time permitted.

During the 1995 aerodynamic performance
tests at FluiDyne Laboratories, exit rake
surveys for total pressure (P;) obtained at the
mixing plane and T at the nozzle exit plane
were obtained using a rotating (gear-driven)
survey rtake assembly (see Figure A.2).
Figure 3.10 and 3.11 show the details of the
15 probe Pyrake and T,-rake respectively.
Typically, data was taken radially at angles
ranging from 0° to 25° in increments of 2.5°
after the blow-down facility had stabilized
for each angle. This test employed the four
original mixer configurations (CONF, 12CL,
12UH, 16UH) and the baseline length
nozzle.

The test-matrix covered the reference point
of NPR¢ = 1.44, NPRc = 1.39, TTR = 2.35
and the “hot” cruise point of NPR; = 2.4,
NPR, = 232, TTR = 250. These
correspond to the operating points for which
full plume data was also obtained (see Table
3.5).
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Mixer Nozzle- Operating Condition*
Length M;=0 Mg =0.1 Mg=10.2
Change B C D BEF** F G
CONF 0% (0]
12CL 0%, -50% (6] X X
12UH 0% 0
12TH 0% X X X X X
16UH 0% 0]
20UH 0% X)
20MH 0%
20DH 0% X X

* See Table 3.1 for definition of operating condition codes B, C, etc.
** BF is same NPR, TTR as B or F but with Mg = 0.1
0 =1995, X =1997, (X) = Partial Survey

Table 3.5 NASA Plume Survey Test Matrix
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Chapter 4

Aerodynamic Results and Analysis

In this chapter, we present the aerodynamic
performance data and plume survey results
for some of the mixer-nozzle configurations
tested. Aerodynamic performance is
presented in terms of mass-flow rates,
bypass ratio, nozzle-discharge coefficients,
and the thrust coefficient at various
operating conditions. The plume survey
data is presented in terms of total
temperature and local velocity distribution
across transverse cross-sections of the jet
from the nozzle exit plane to ten diameters
downstream and also along the center-line of
the jet. The plume surveys help bridge the
gap later between the plume flow physics
and the acoustic properties of the jet. The
aerodynamic performance data, on the other
hand, provides the metric for thrust
efficiency, both at take-off and cruise, to
compare against the noise suppression
ability of the mixers.

4.1 Aerodynamic Performance

Table 4.1 summarizes the aerodynamic
performance data collected for the various
mixer-nozzle configurations from the static
thrust-stand tests at FluiDyne. We will first
define the various terms appearing in this
table and then discuss the results.

4.1.1 Definition of Various Terms

For a given operating condition, the data is
divided into three broad categories:

(i) Mass-Flow Rates: These are the actual
values, as obtained at test-day
conditions, for the fan passage (my),

NASA/CR—2002-210823/VOLI1 75

(i)

(iii)

core passage (mg), the total mass-flow
rate (Mg = Mr + m) and the bypass
ratio (BPR, defined as m¢/m,).

Nozzle Discharge Coefficients: The
discharge coefficients for the fan and
the core nozzles (Cp), are defined as
the ratio of actual mass-flow rate to the
ideal isentropic  mass-flow rate
discharging to the ambient test-cell
conditions for the given nozzle
pressure ratio (NPR). These
coefficients are given in terms of the
“effective  throat area” for the
individual nozzles, CprAs and Cp.A,,
respectively. Individual  flow
discharge coefficients cannot be found
because the individual throat areas Ag
and A. are not known for all the
mixers, especially, mixers with
scalloped or cutout lobes (20MH,
20DH and 12CL) and the tongue mixer
(12TH). The ratio of these two terms
(CotArY(CpeAc), provides the
“effective area ratio” between the fan
and the core streams. In addition, an
“overall” nozzle discharge coefficient,
Cpuozae, defined as the ratio of [total
effective throat-area of fan and core-
nozzles] to [the nozzle-throat-area] or
(CpAs + CpeAc) /Anczate-throars 1S also
presented. The inspected cold nozzle
eXit area, Apozzie-thoats Of 41.2233 in’
was used.

Thrust Related Terms: The measured
model-scale value of net static axial
component of thrust, Hy, is presented
first. This thrust component is defined
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as the axial exit momentum of the exhaust
flow, plus the excess of exit pressure over
ambient pressure times the projected nozzle
exit area. Next, the corresponding “full-
scale” value (with scale-factor of 4) of this
axial thrust component, normalized to a
reference ambient pressure of Prs = 14.7 psi,
and defined as Hy* = 16H(Pief/Pamp) 1S
given. The effective mixed velocity, defined
as the ratio of measured axial thrust to
measure total mass-flow rate and given by
Vmix = Hy Mygy, and sometimes used for
comparisons between mixer acoustic results,
is presented next. Finally we present the
thrust coefficient, Cy, defined as the ratio of
measured total thrust to the ideal separate
flow or unmixed thrust. The latter is defined
as the sum of ideal thrusts obtained from the
fan and core streams when each stream, with
the measured mass-flow rate, is ideally
expanded to the ambient pressure from the
given total pressure and temperature without
mixing with the other stream. In addition, to
understand how the thrust-coefficient
changes with core-to-fan temperature ratio
we also present a measure of percentage
thrust-mixing efficiency, eta, defined by

ela = 1O()(Ct”hm‘ - Ctrcold )/ Ctrcold )

Here “hot” stands for hot core flow and
“cold” stands for cold core flow at the same
temperature as the fan stream. Recall that
there was a limit on the highest temperature
that the core-stream could achieve at
FluiDyne which prevented it from achieving
the core-to-fan associated with some of the
operating points. Hence, a knowledge of the
thrust-mixing efficiency allows us to
extrapolate, to the first order, the value of
the thrust-coefficient to higher core
temperatures than could be achieved in the
test facility.
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Some of the important terms used in Table
4.1 are also defined in the footnotes below it
for convenience. This table includes the
results of two tests done at FluiDyne. The
first, completed in 1995, included only the
original four mixers (CONF, 12CL, 12UH
and 16UH) marked with an asterisk in the
NPR; column. The second was completed in
1997 and used a mix of the original and the
new mixers. All results are for the baseline
or 100% nozzle-length, and under static
conditions (Mg = 0). Also note that the
“cruise” conditions differ slightly between
the 1995 and the 1997 tests.

4.1.2 Thrust Coefficients

Figure 4.1 shows a plot of the static thrust-
coefficient, Cy, as a function of NPR¢ for all
mixers tested at all operating conditions.
The margin of error in Cy, from repeatability
tests, is around 0.15%. In general, we
observe that C, increases with nozzle
pressure ratio, as expected. A better
perspective is obtained for comparison
between different mixers and between “hot”
and ‘“cold” results for a given mixer by
focusing individually on different operating
conditions. Figures 4.2(a) and (b) show Cy
in bar-chart form for the cruise condition
and the reference takeoff condition, TO #1
(see Table 3.1 for definition of TO
conditions).

We first note that at “hot cruise” (Figure
4.2(b)) all the lobed mixers produce a higher
thrust coefficient than the confluent mixer
(CONF), which has a C, = 1.0000. The
CONF-mixer also has the lowest thrust
mixing efficiency, as measured by eta in
Table 4.1. This increase in thrust coefficient
for lobed mixers at cruise is, of course, the
primary reason for using them rather than
the confluent mixer for internal exhaust
nozzles.
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At cruise, the 12-lobe mixer with cutouts
(12CL)) shows one of the highest thrust-
coefficients, 1.0055, in the 1995 tests.
However, note from Table 4.1 that when this
same mixer was tested in 1997, its C;
reduced to 1.0013. This apparent decrease
in Cy, which is above the margin of error, is
probably due to the “test-hardships” that
mixer 12CL went through during the two-
year period between the two FluiDyne tests.
Some nicks and dents on the thin walls of
12CL were, indeed, observed during the
1997 tests at FluiDyne.

The unscalloped, high-penetration 20-lobe
mixer (20UH) has the next highest cruise
thrust coefficient of 1.0048 which is
significantly higher than its deeply scalloped
counterpart (20DH) which has C, = 1.0010.
This shows that deep scalloping implies
thrust and total pressure losses at cruise as
compared to unscalloped lobe walls and
should be kept in mind when comparing its
noise benefits, if any, at take-off. Both the
20-lobe mixers (20UH, 20DH) have fairly
high thrust-mixing efficiencies as measured

by cta (last column in Table 4.1). This
means the increase in their thrust
coefficients with an increase in core
temperature, say, to the actual core

temperature demanded at cruise conditions,
will also be higher than other mixers with
lower eta values.

The 12-lobe unscalloped, high-penetration
mixer (12UH) produces a cruise Cy of
1.0042, which is comparable to 20UH. It
also has the highest thrust-mixing efficiency,
eta, which is comparable to that of 20DH.

The cruise thrust coefficient of the
remaining unscalloped mixer with 16 lobes,
16UH, is 1.0043 and is comparable to
12UH, but it has a much lower eta value.
Recall that 16UH has a very different
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(larger) fan-to-core area ratio than the rest of
the lobed mixers (see Tables 2.1 and 2.2), so
that its mass-flow rates would be very
different leading to a different (larger)
bypass ratio, actual thrusts etc, even though
it is operating at the same pressure and
temperature ratio as the other mixers. Thus,
when comparisons are made later for noise
characteristics at constant thrust, we need to
consider not only the thrust-coefficient of
the mixer-nozzle configuration but also its
different mass-flow rate characteristics.

Most of the observations made above for
cruise conditions also hold good at lower
pressure ratios, like TO #1, shown in Figure
4.2(a), with a few exceptions. At this
condition, the confluent mixer (CONF) has
one of the highest Cy, = 0.9951, bat still the
lowest thrust mixing efficiency. The tongue
mixer (12TH) has the lowest Cy = 0.9818
implying larger total pressure losses due to
the strong mixing produced by its
streamwise vortices found earlier in the CFD
simulations (see Figure 2.25). However,
like 16UH, the tongue mixer (12TH) also
has a very different projected fan-to-core
area ratio (see Table 2.2), much lower than
the other mixers. This would lead to
different mass-flow rates (lower bypass
ratio) and different thrust at the same
operating conditions. Comparing the lobed
mixers tested at TO #1, the relative values
of Cy remain similar to those at cruise:
12CL has the highest C;, 20UH has the next
highest, 20DH is lower than 20UH, and so
on. However, it should be noted that at TO
#1, a slight difference in the total
temperature ratio exists between the tests
done in 1995 and those done in 1997. For
configurations CONF, 12CL, 16UH, the
1995 tests set Ty /Ty at 2.34. For
configurations 12UH, 12TH, 20UH and
20DH, the 1995 tests were conducted at
T/Te = 2.51. Also note that the reduction



in C,; for mixer 12CL observed at cruise was
also observed at the lower NPR when
comparing the 1997 and 1995 results (Cy; =
0.9932 in 1997 as compared to C; = 0.9952
in 1995).

In summary, among the lobed mixers, 12CL
consistently has the highest static thrust
coefficient, with 20UH a close second. The
unscalloped lobe mixers with high
penetration (12UH, 16UH) have comparable
performance at cruise with reference to
20UH. The deep scalloping present in
20DH  introduces  significant  thrust
coefficient losses at both the cruise and
takeoff conditions.  The tongue mixer
(12TH) suffers the strongest losses at
pressure ratios typical at take-off.

4.1.3 Nozzle Discharge Coefficients

Figures 4.3(a) and (b) show that the static
nozzle discharge coefficients, Cppozte, fOr
the various mixers at TO #1 and cruise
conditions respectively.  The discharge
coefficient at “hot” conditions is lower than
“cold” conditions, as usual, for all the
mixers.

With no metal blockage, the confluent mixer
(CONF) predictably shows the highest
discharge coefficient. Mixer 12CL which
has the fewest number of lobes and lowest
penetration with cutout lobes, shows the
next highest discharge coefficient, as might
be expected from a metal blockage point of
view. Mixer 20UH, which has the highest
number of lobes, shows the lowest value of
discharge coefficient of all the unscalloped
configurations. However, mixer 16UH, with
large fan-to-core area ratio, shows the
highest value. Deep scalloping (20DH)
affects the discharge coefficient adversely
both at cruise and TO The tongue mixer
(12TH), with the lowest fan-to-core area
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ratio, also has one of the lowest discharge
coefficient for both TO #1 and TO #2 (see
Table 4.1).

An examination of the effective area ratios
for the different mixers (see Table 4.1) also
reveals a comrespondence with  their
geometric area ratios (see Tables 2.1, 2.2).
For example, all mixers with similar
geometric area ratios (12CL, 12UH, 20UH)
also show similar “effective area ratios”.
The effective area ratio does not change
much with nozzle pressure ratio.

On the other hand, deep scalloping (20DH)
definitely increases the effective area ratio.
This is in spite of the fact that the individual
fan and core flow areas, as axially projected
on a transverse plane at the mixer-exit, are
the same as its unscalloped counterpart,
20UH. A closer examination of the
individual effective arcas for 20DH and
20UH shows that the increase in effective
area ratio is due to a larger decrease in
effective core flow area compared to the
smaller increase in effective fan flow area.
For example, at cruise, with deep-scalloping,
the effective core flow area is reduce by
11.6%, whereas, the effective fan-flow area
increases by only 3.5%. Recall that although
the static pressure at the scalloped edge of a
lobe must be balanced between the fan and
the core flows, the ratio of their total
pressures, Pign/Piore 1S greater than 1 (about
1.036). The fan stream, with higher total
pressure head, appears to “pinch” or narrow
down the flow arca available for the core
stream, as is. also seen in the CFD-
simulations of the total temperature contours
in Figure 2.21(a). Although the absolute
changes in the effective areas of the core and
fan streams due to scalloping are of the same
order of magnitude, for a high bypass ratio
mixer-nozzle such as these, the change in
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Figure 4.3 Static nozzle discharge coefficient with 100% nozzle-length at (a) T.0. # 1 and (b) Cruise.



core area on a percentage basis is larger than
that in fan area.

4.1.4 Bypass Ratios

Static Case

Figure 4.4 shows the measured bypass ratio
(BPR) for all mixers tested at FluiDyne
under all operating conditions. For all
mixers, the change in BPR due to operating
condition is not large. However, for the
lobed mixers bypass ratio does peak at an
intermediate nozzle pressure ratio and then
decrease to a minimum at the cruise
condition. Comparing the various lobed
mixers, configurations 12UH and 20UH,
which have the same fan-to-core area ratio,
have comparable BPR’s at all pressure
ratios. Mixer 12CL, which has cutouts in
the lobes but the same fan-to-core area ratio
as 12UH, has a slightly higher BPR than
12UH. By comparison, mixer 16UH, with
the highest fan-to-core area ratio, has the
highest BPR. Similarly, mixer 12TH, with
the smallest fan-to-core area ratio, has the
smallest BPR. Deep scalloping (20DH)
increases the BPR compared to 20UH at all
operating conditions, as expected from
previous discussions.

All the tests at FluiDyne were performed
under static conditions, that is with a free-jet
Mach number of 0.0 and with the baseline
(100%L) nozzle-length. Hence, the effect of
Mj or nozzle-length on the aerodynamic
performance  parameters  cannot  be
determined from the FluiDyne test data.

However, the acoustic tests done at NASA’s
APL did vary My and nozzle-length, but
were restricted to the measurement of the
mass-flow rate and not the thrust or the
discharge coefficients. Since both My and
nozzle-length turn out to have significant
effects on the noise characteristics of mixers,
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a brief look at least at their bypass ratios is
useful.

Effect of Free-Jet Mach No.

Figure 4.5 shows the effect of free-jet Mach
number, Mg, on BPR at performance
condition TO #3 for mixers with 100%
nozzle-length using data obtained during
acoustic tests done at NASA. The overall
trends in terms of bypass ratio at static
conditions, amongst the different mixers is
the same as found in the FluiDyne tests
(Figure 4.4) That is, the static BPR’s of
12UH, 20UH are comparable to each other
while 12CL is slightly higher than both. As
before, 16UH has the highest BPR while
12TH has the lowest. The addition of
scalloping increases the BPR, with the
additional information from the 20MH
mixer that BPR is in some sense also
proportional to the scalloped area.
(Compare BPR’s of 20UH, 20MH and
20DH.) However, the absolute values of
BPR are slightly different between the
NASA and FluiDyne tests at the same
operating conditions, and with the NASA
tests consistently showing a slightly larger
BPR value than the corresponding FluiDyne
data. The difference is most likely
attributable to the differences in the
measuring  instruments and the data
processing methods at the two facilities.
Since we are interested in studying the effect
of Mg on BPR from tests done at one
facility, the difference in BPR-values are of
primary importance rather than their
absolute values. From Figure 4.5 we can see
that the effect of changing My from 0.0 to
0.3 on the bypass ratio is generally not
much. Two exceptions are noted: a
significant incrcase in bypass ratio 1is
observed in the confluent configuration as
the free jet Mach number increases;
however, mixer 12CL experiences a
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Figure 4.5 Flight-effect on bypass ratio at 100% nozzle-length.

Figure 4 4 Effect of operating condition on static bypass ratio

with 100% nozzle-length.



reduction in bypass ratio between free jet
Mach numbers of 0.2 and 0.3.

Effect of Nozzle Length

Figures 4.6(a) and (b) show the effect of
decreasing nozzle length (100%L to 50%L)
on BPR for the mixers at My = 0.2 and
performance conditions TO #1 and #3,
respectively. Three of the lobed mixers
(12TH, 20UH and 20DH) also had data
taken with the 75%L nozzle. In general, it is
observed that bypass ratio decreases with
decreasing nozzle length, for both
performance conditions.  This trend is
monotonic over the range of nozzle lengths
tested.

In order to understand the reasons for this
monotonic decrease in BPR with decreasing
nozzle length, the changes in the individual
fan and core flow-rates and total flow rates
need to be scrutinized. These comparisons
will be made at standard day conditions to
remove the effects of changes in ambient
conditions through the use of “corrected”
flow rates. The corrected mass flow rates
are defined, as in the turbomachinery
literature:

Mmeasured T, / Tref

*
Pt/Pref

Meoorr =

where
Trer =S187°R

Pl =147 psi.

Figure 4.7 first shows the bypass ratio
defined in terms of individual corrected
flow. The previously observed trend does
not change when corrected flow is used to
determine bypass ratio: the corrected bypass
ratio also decreases as the nozzle-length is
decreased for all mixers. Figure 4.8 shows
the individual corrected mass-flow rates for
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fan and core streams in a comparative bar-
chart form for several mixers. A general
trend for all the mixers is that the fan flow
rate _decreases when the nozzle-length
decreases and, with the exception of 12UH,
the core flow rate increases simultaneously
S0 _as to_approximately maintain the same
total flow rate.

We will attempt to list the possible
ingredients of the mechanism to explain the
above mass-flow rate data, however, the
complete aerodynamic mechanism is not
fully understood at this point. Recall that the
reduction in mixing length was achieved by
preserving both the nozzle throat area (or the
nozzle exit diameter) and the mixing plane
diameter. This reduction in mixing-length
has the effect of “squeezing” the nozzle duct
flow in a shorter axial distance and
“releasing” it to ambient pressure at the

" nozzle lip “earlier” than a longer nozzle.

This reduction in mixing-length would
imply less mixed flow at the nozzle exit
plane. “Squeezing and early releasing”
would imply faster axial expansion rate and
higher acceleration of the subsonic mixed
flow inside the shorter nozzle than that in
the longer nozzle. For the shorter nozzle, the
aft half of the flow outside the nozzle
dominated by axial vorticity, is now in an
“unbounded’ region rather than in the
“bounded” duct environment. All of these
processes downstream of the nozzle must
affect the axial evolution of fan/core flow
mixing upstream at the mixer exit plane.
However, both the subsonic streams must
have the same static pressure at the trailing
edge of the mixer (Kutta condition). This
common static pressure can be different for
the two nozzles and can change the effective
throat areas for the fan flow and the core
flow while keeping the sum of their areas
the same due to the same duct cross-
sectional arca near the mixer exit plane. This
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Mg =0.2 for (a) T.0. # 1 and (b) T.O. #3.
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Figure 4.6 Effect of nozzle-length on bypass rat



Effect of Nozzle Length on Corrected Bypass
Ratio at T.O. # 3 and M(fj) = 0.2

5.0

W100% L |}
_|@50% L

4.5 £

40§

3514
30 §

(w(fan)lw(core))corrected

2.5 1

Figure 4.7 Effect of nozzle length on
corrected bypass ratio

can explain the simultancous rise in one
mass-flow rate (core flow) and decrease in
the other (fan flow) with the total mass-flow
rate remaining the same. Also based on one
dimensional ideal-mixing arguments, which
is independent of the mixing length, the total
flow rate of two streams should not change
with nozzle length when their pressure ratios
and temperature ratio are not changed. This
is partly what is observed in Figure 4.8,
except for the 12UH mixer. However the
internal mixing is by no means ideal and
both streams suffer different total pressure
losses when the nozzle-length is decreased.

A possible mechanism for the decrease of
fan mass flow rate when the nozzle length is
decreased is that the axial vortices (which
migrate radially outward inside the nozzle as
seen in the CFD simulation in Figures 2.21,
222 or 224, 225) close to the aft
convergent part of the nozzle partly block
the fan flow near the duct wall. How far
radially these axial vortices move depends
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on the lobe penetration and their radial
convection velocity. As a result, the higher
the penetration the more the fan blockage
due to these axial vortices. This is partly
borme out in the observed differences in fan
flow changes between 12CL and 12UH or
20UH. In all mixers, it turns out that all
these mechanisms collude to decrease the
fan flow rate when the nozzle-length is
decreased. It appears then, that to maintain
approximately the same total mass flow rate,
as demanded form the 1-d ideal mixing
analysis, the core flow rate must increase.

Further deeper investigation is needed to
fully understand this aerodynamic effect of
shortening the nozzle length.

4.2 Typical Plume Survey Results

In this section, typical plume survey results
are presented as obtained in static tests at
FluiDyne and in tests done at the NASA
APL with a free jet flow. Several of these
plume surveys are collated in Volume 2 as
plots of total temperature or local velocity
distribution, and Table 4.2 gives overall
guidance to those figures for each mixer
tested. The purpose of this section is to
selectively discuss some of these plume
survey plots so that a better understanding
can be obtained regarding the plume flow
physics and its connection to the far field
noise which is presented in the next chapter.

42.1  Nozzle Exit Plane Survey

Figure 4.9(a) shows the total temperature
contours for a section at the nozzle exit
plane for the four original mixers (CONF,
12CL, 12UH 16UH) with the baseline
nozzle-length (100%L), at performance
condition TO #1 and My = 0 (static case).
Figure 4.9(b) shows the radial temperature
profiles for the same case and compares
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them to the ideally mixed temperatures
found from the known mass flow rates and
the enthalpy conservation equation for each
mixer. The total temperature is shown in a
non-dimensional ~ form  defined by

*
T, _—.<Tt—than)/(thore—than) so that

* . .
7, =1 implies core temperature and

Tt* = () corresponds to the fan temperature.

We make the following observations:

(i) The confluent mixer (CONF) shows
hardly any mixing between the core
and the fan flow, as expected. Viscous
mixing is the dominant mechanism
available in this configuration and it is
obviously not effective in the available
mixing-length. The Kelvin-Helmholtz
instability which occurs in vortex
sheets or thin shear-layers and which
increases the interface area between
the two streams, is apparently not a
strong mixing mechanism for the
confluent mixer which has a fairly high
fan-to-core velocity ratio (V¢ V= 0.7).

(i) The forced lobe mixers, on the other
hand, produce much better mixing than
the confluent, as can be seen from the
smaller deviation of the local
temperature from the ideally mixed
temperature (Figure 4.9(b)). One can
also qualitatively say from these
figures that 16UH is much better
mixed than 12UH, which in turn is
better mixed than 12CL. The
mechanism for enhanced mixing in
forced lobe mixers is by now well
known: It is largely attributable to the
streamwise or axial vorticity generated
by the difference in radial velocity
components of the core and the fan
flows near each lobe sidewall. This
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(iii)

(iv)

axial vorticity generated downstream
of the lobe sidewalls rotates the two
flows around each other in tight
spirals, increasing the interface area,
and producing better mixing though
the “engulfment’ process. The relative
strength of the vortices generated and
their convection in the radial direction
depends on the lobe geometry as given
by parameters such as the angle
between the two flows at the mixer
exit plane, lobe penetration, and
number of lobes.

The effect of lobe penetration on the
radial location of these vortices at the
nozzle exit plane is clearly captured in
these figures by the location of “hot
spots”. The local peaks in temperature
are created by the partially mixed hot
core stream and are typically found in
the central core region of an axial
vortex as seen in the previous CFD-
simulations (see Figures 2.21, 2.22 or
2.24, 2.25). Thus, we observe that
12CL, with low lobe penetration, has
its hot spots and, hence, axial vortices
closer to the central axis than 12UH
and 16UH mixers which have higher
lobe penetration. Since the nozzle exit
radius is also smaller than the radial
height of the lobe crests in 12UH or
16UH, it appears that these axial
vortices may even be interacting with
the nozzle duct wall at the very aft end.
This data also gives some credence to
the fan-flow blockage mechanism
discussed earlier in Section 4.1.4 for
the shorter nozzle.

Figure 4.9(b) shows that, even in the
lobed mixers, the region near the
central axis is not well mixed.
However, the mixing improves as we
go from 12CL to 12UH to 16UH.



Mixing in the central region is believed
to be controlled by the gap at the mixer
exit plane between the lowest part of
the lobe and the tail-cone surface, as
well as how closely the fan flow exit
angle matches with the tail-cone angle.
An improvement in mixing can be
obtained in this region by decreasing
the gap as much as practical and
aligning the fan parallel to the tail-cone
surface at the mixer exit plane. Further
confirmation of the relative mixing
efficiencies between these four mixers
is also obtained from Figures 8 through
11 in Volume 2, pt. 2 where the free-
jet Mach number is set to Mg = 0.1 for
the same TO #1 operating condition.
These plots tend to imply that higher
lobe number and higher penetration are
conducive to faster mixing. Both these
geometrical features increase the
interface area between the fan and the
core streams and enhances mixing.
However, we should also bear in mind
that 16UH has a larger fan-to-core area
ratio than the other mixers, and 12CL
has cutouts, so that there may be
secondary compound effects when
compared with 12UH.

422 The Tongue Mixer and Mixer with
Cutout Lobes

The effect of the tongue mixer (12TH) on
total temperature mixing near the nozzle exit
plane (X/D = 0.2 where X = axial distance
from nozzle exit plane and D = nozzle exit
diameter) is shown in Figure 4.10(a) where
it is also compared with 12CL (Figure
4.10(b)) at the higher NPR of TO #3 and My
= 0.2. The total temperature is given in
degrees Fahrenheit. Here again we observe
that the hot-spots for the tongue mixer,
which has high penetration, have migrated to
the outermost extremities of the nozzle
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circumference and even beyond, since at
X/D = 0.2 the hot spots can penetrate the
nozzle-lip shear layer. For the tongue mixer
the central region remains unmixed as in the
previous mixers and, at this higher
temperature ratio condition, the “stems” of
the mushroom-type axial vortices are still
visible, denoting less azimuthal mixing
there. However the temperature of the
peripheral hot-spots in the tongue-mixer are
less than half of that in the 12CL mixer
(compare Figures 4.10(a) and 4.10(b)). This
means that the tongue-mixer has much more
vigorous mixing and dissipation than 12CL.

We can also compare this data with the
CFD-simulation of the tongue-mixer at a
lower nozzle pressure and temperature ratio
in Figure 2.24(b) at the nozzle-exit (“X”/L =
1.0 where “X” is from the mixer exit plane
and L is the mixing length).  Some
similarities and some dissimilarities are
observed. For example, the size and
location of the outer hot-spot and its “stem”
are well-captured -- the hot-spot is expected
to radially migrate further when it reaches
X/D = 0.2, as in Figure 4.10(a). However,
the central hot-spot is not captured in the
CFD-simulation, where, instead, CFD-
results show a thin hot annular ring and a
cold spot at the center. This is probably due
to the problems in CFD simulation near the
central axis of the cylindrical domain of
computation.

Figure 4.10(b) for mixer 12CL can also be
compared to the static case for 12CL at
lower pressure ratios (Figure 4.9(a)). This
comparison shows that, even at higher
nozzle pressure and temperature ratios the
radial location of the axial vortices has not
changed much, implying that the vortex
position is strongly dictated by the lobe
penetration at all operating conditions. In
addition, the central hot-spot has not
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diffused at all at this axial station. Note that
in both mixers (12CL and 12TH), since a
“core” lobe is at the 12 o’clock position and
there are 12 hot-spots in Figure 4.10, the
axial vortices from the neighboring lobe
sidewalls of a ‘“core” lobe, although of
opposite signs, coalesce first rather than
those from a “fan” lobe. It is only further
downstrcam that all these 12 hot-spots
merge azimuthally to form an annular ring
of higher temperature implying that the jets
will quickly become axisymmetric. This
axisymmetry will be more evident in the
next section. The radial temperature
gradients, however, are also unsteady
entropy regions and, thus, generators of
extra noise beyond that created by radial
gradients in velocity. It should also be noted
that although a free jet flow is present (M =
0.2) the overall hot-spot structure has not
changed much from the static case (Figure
4.9(a)), presumably because with low lobe
penetration the axial vortices are still away
from the growing nozzle-lip shear layer.

42.3 Plume Downstream Evolution

The downstream evolution of the plume
velocity profile for mixer 12CL at operating
condition TO #3 and My = 0.2 is shown in
Figure 4.11 at Y = 0.0 and several
downstream  stations. [Note that the
measurements are obtained on a rectangular
Cartesian grid with Y in the horizontal
direction in the transverse plane and Z in the
vertical direction in this plane. Hence, plots
for constant Y-values are along vertical
“chords” lines and not radial lines. Y = 0
with  variable Z  values represents
measurements along a vertical diameter
which passes through the top and bottom
“core” lobes.] The plume velocity is
calculated from the measured P,, Py and T,
values and the isentropic relations.
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Some general observations follow from
Figure 4.11:

(i) The initial complicated structure of the
velocity profiles at lower X/D-values
quickly gives way to a simpler plume
further downstream. Although not
shown here but evident from the
detailed profiles shown at various Y-
values in Vol. 2, part 1, figures 40 - 46,
the  plume quickly  becomes
axisymmetric further downstream.

(ii) The radial gradients in axial velocity

govern part of the turbulence intensity
and, hence, are strong sources of noise.
Thus, the plume will generate noise
not only from the radial gradient in
velocity at the nozzle-lip shear-layer
but also from these axial vortex
structures, hot-spots and the central
velocity peak. These are “excess”
noise sources, in the sense, that they
will not occur in a jet with an
equivalent uniform velocity and
temperature profile at the nozzle-exit
plane.

(iii) The thickening of the lip shear-layer
downstream is evident from the
decreasing radial slope of the velocity
profiles near Z = + 3.625 in.

The center-line velocity decay will be
examined in a later section where it will be

compared with other mixers.

424 Effect of Scalloping

Figures 4.12(a) and (b) show the typical
effect of scalloping on the total temperature
profiles at X/D = 0.2 for the lower nozzle
pressure ratio condition of TO #1 with Mg =
0.2. The peripheral hot-spots in the
unscalloped mixer (20UH) diffuse out into
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two smaller humps for the deeply scalloped
mixer (20DH). Comparing the data of
Figure 4.12(b) with the CFD simulation for
the 20DH mixer configuration in Figure
2.21(b), it appears that the hot-spot of 20UH
at Z= + 3.0 in. has actually migrated radially
outward in the 20DH mixer and is reduced
in strength. At the same time, the second
inward hot-spot in 20DH at Z = +1.75 in.
with strength Era = 0.2 is from the “stem” of
the mushroom vortex seen in Figure 2.21(b).
In any case, although scalloping appears to
weaken the outer hot-spots, the central hot-
spot is not affected. The central hot-spot, as
mentioned earlier, is primarily a function of
the gap between the lowest portion of the
lobes and the tailcone surface and which is
the same in 20UH and 20DH.

Figure 4.13 shows the velocity profile for
the deeply scalloped mixer (20DH) at the
axial location X/D = 0.2. The peripheral
velocity is very well-mixed as compared to
that of mixer 12CL (Figure 4.11(a)). The
unscalloped mixer (20UH), with larger
peripheral humps in the temperature, is not
expected to be as uniform as 20DH. The
central region in Figure 4.13, on the other
hand, still shows a small hump in the
velocity profile of 20DH which would,
indeed, act as an “excess” noise source due
to shear.

425 Effect of Nozzle-Length

We compare the effect of halving the
mixing-length using data for the 12CL
mixer. Since reducing the nozzle-length
from 100%L to 50%L for 12CL also
surprisingly reduced noise (Section 5.6.2)
we will study the plume profiles for these
two nozzle lengths in more detail.

Figure 4.14 shows the total temperature
contours at X/D = 0.2 for the 12CL mixer
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with a 50% nozzle length at performance
condition TO #3 and My = 0.2. Compare
this with 100%L at same X/D = 0.2 (Figurc
4.10(b)). It appears that 50%L is not as
well-mixed as 100%L. as expected. In the
50%L case, the “stems” of the mushroom
axial vortices are still visible, the hot-spots
on the periphery are still well separated
azimuthally, and the central hot-spot is
slightly larger.  Further downstream at
X/D=0.5 the same differences between
100%L and 50%L are still observed (see
Figures 5, 6 in Volume 2, part 2). Thus,
with a shorter mixing-length we can safely
conclude that the flow is not as well mixed
as with the longer mixing-length at the same
distance from the nozzle exit-plane.

Comparison of velocity profiles for the two
nozzle lengths at X/D = 0.2 for operating
condition TO #3 is shown in Figures 4.15 (a)
and (b). The local velocity peaks at the
periphery for the 50% nozzle-length appears
higher than for 100%L (compare Z = -2.25
in.) implying less mixing with the shorter
nozzle-length.

The above comparisons were done at the
same distance from the nozzle exit plane.
Since mixing between the fan and the core
streams begins at the mixer exit plane as
opposed to the nozzle-exit plane, it is more
instructive to compare the flow profiles
between the two nozzle lengths at same
distance from the mixer exit plane. This
will also bring out the effect of removing the
nozzle-duct in the aft portion of the mixing-
length and exposing the partially mixed flow
to the ambient pressure sooner. In both
nozzle-length cases, since data was taken
only at discrete axial locations (X/D-values
of 0.2, 0.5, 1.0, 3.0, 5.0, 7.5 and 10.0) and
L/D = 1.555 for the baseline nozzle, it turns
out that there is only one axial location
where data exists at approximately the same
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distance from the mixer-exit plane for the
100%L and S0%L configurations. An axial
location of X/D = 0.2 for the 100%L nozzle
corresponds approximately to X/D = 1.0 for
the 50%L nozzle. Figures 4.16 (a) and (b)
show a comparison of the velocities at these
two axial locations at different values of Y
in the transverse plane for the two nozzle-
length configurations with mixer 12CL
installed. It is very interesting to see that the
mean velocity profiles, at all Y-locations
shown, match very well indeed - except for a
small shift in the Z-direction for local peaks.

Since the flow at X/D = 0.2 for the 100%L
nozzle is still adjusting to the ambient
pressure, having only been recently released
from the nozzle, there may be statistical
variations even in the measured mean flow.
Hence, it may be better to compare the flow
profiles for these two configurations with
different nozzle-lengths further downstream
when flows from both the nozzle-
configurations have had sufficient time to
adjust to the surrounding environment.
However, as mentioned earlier, we do not
have comparable data for both cases further
downstream at the same distance from the
mixer exit plane. Hence, we will compare
only the center-line velocities for these two
cases after appropriately shifting their axial
locations so that now they are referenced
from the mixer exit plane. Figure 4.17
shows this comparison for the center-line
velocities where simple linear interpolation
is used between data points. Apart from the
initial small variations, the center-line
velocities for 100%L and 50%L match
rather well for Xmixer exic plane/D 2 4.0.

Figures 4.16 and 4.17 imply the following:
(1) The appropriate axial distance when

comparing flows from mixer-nozzle
configurations of different mixing-
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(ii)

lengths is not relative to the nozzle-
exit plane, but is rather from the
mixer-exit plane.

Removing the aft-half of the duct
length in the internal mixing region for
mixer 12CL has little effect on the
mean velocity profiles at the same
distance from the mixer-exit plane
when compared downstream of the
longer mnozzle. Hence the noise
radiating from the far downstream
portion of the two nozzles ought to be
similar, whereas the difference in the
noise spectra between the two nozzles
should be attributed to stations
upstrcam of at least X/D = 0.2 (with
reference to baseline nozzle), that is, to
stations close to the nozzle exit plane
both inside and outside the nozzle
duct.

As will be seen in the next chapter, this is
borne out for the two nozzles, respectively,
in the similarity of the low frequency spectra
radiating mainly from the large eddies in the
far downstream region and the dissimilarity
of the high frequency spectra corresponding
to the small-scale eddies near the nozzle exit
plane

4.2.6 Center-line Velocity Comparisons

In these lobed mixers we have seen that the
initial non-axisymmetric flow profiles
become axisymmetric a short distance
downstream of the nozzle exit due to the
good azimuthal mixing produced by the
axial vortices. Hence, a center-line velocity
decay comparison can give a fair idea of the
overall relative noise levels produced by
these mixers, especially the plume decay far
downstream where larger eddies govern the
low frequencies. With this in mind, we
compare the “center-line” velocities for a
few mixer-nozzle configurations in Figure



W G0+ PUR UL QQ U G0 - =418 70 =" ¢ # QL 1B IexXI TOTT 10)
auejd 31X JOXIWI Y} WOIJ S0URISIP Swies Je S|IZus|-9[ZZ0u JUSIRPIP 107 sapjoId Ajvojea Jo uosuedwo) (B)91 ' 9InS1g

b= X 1%0§ —8-Z'0 = /X “1%00L ——

(sayou) z

9 § ¥ ¢ T + 0 ¥ T & ¥r &

‘b= Q/X “1%0§ —=—2°0 = G/X “1%001 ——

{sayout) z
9 § ¥ € T V 0 » T & v &

Lol 3 't L.

Fl 4 L
AR N AR SN E AR A s RS RES s ML ARRARASAAAARAREEE]

{smy) AyiooleA

uigLro=4A

n I s L n
AR AR N AN RNAAS AL ARS s A ARSEANR AR ASRS BEA]

‘uoo=4£

{sr/y) Qoojon

‘b = A/X “1%08 —=—2°0 = Q/X “1%001 ——

{seyouw) 2

9 ¢ ¥ ¢ Z + 0 b T €& ¢ &

I I 2 i [ -] J s
A A S AN A RAR AR RARAASSARSRAARLARRRMASRARE AASS

vy

urgLro-=4

(sny) Ayoojap

€ #°0'1 49X TOZ1

106

NASA/CR—2002-210823/VOLI1



W GO+ PUB UEST0 “UISO-=A18T0="N I8 € # Q'L ¥ JOXIW DT 10
ouw]d JIx0 JOXIUI Ol WO} SOURISIP SUIES 18 SYISUO[-0[ZZ0U JUSIPIp 103 sa[gord £1100]a4 Jo uostiedwo)) (@91 an3iyg

'} = Q/X “1%05 —8-Z°0 = A/X "1%00} ~o—

b= A/ “1%0§ —=~2Z°0 = G/X “1%004 ——

(sayow) z

9 ¢ ¥ ¢ T L 0 b T & +v ¢

{sayoul) z
& r §

P ' 1 j
<3¢-¢1qd¢-.4-.4<

9 § ¥ ¢ ¢ + 0 VvV T

3 5 A n L ¢
Ca R A EEEARANEEAR AL RS RAA]

1 ' i 'y ' b lonnd
M AN A LS AAESEEEE ALEE R s BA AN

M i
LAR AR AR BA LS B ES

(sn3) Kool

‘ugzo=A

(sny) Ayoolop

L= @/X "1%0§ —B—2°0 = G/X “1%00} ¢

(sayouy) z
8 § P € T V O VT & P &

L & Lol It 3 3

i 3 L
AN SR A RS SRR A RS RARE BAR]

\A AZRESESANE R LN LSS

a2 ad

ugo=A

(sny) Anoojoa

€ #°0'L 491 1OZL

107

NASA/CR—2002-210823/VOLI1



Velocity (ft/s)

1450

12CL Mixer with 100% and 50% Nozzle Length
T.0. # 3 and M(fj) = 0.2
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Figure 4.17 Comparison of center-line velocities at same distance from the mixer exit plane

NASA/CR—2002-210823/VOLI1

for nozzles with different lengths.

108

12



4.18 with semi-log axes for performance
condition TO #1 and Figure 4.19 for TO #2
and #3 at ij =0.2.

From Figure 4.18 we observe that for all
mixers there is only a very short-distance
(X/D £ 1.0), beyond the nozzle exit plane,
where the center-line velocity is constant,
downstream of this location it starts
decaying.  This does not represent a
“potential” core in the normal sense, as we
have seen in Figures 4.11, 4.13 or 4.15, but
simply a small portion of the hot core fluid
which flows over the tail-cone and which
quickly mixes with the surrounding fan flow
downstream.  The center-line velocities
between the 12-lobed mixers and the 20-
lobed mixers are distinctly different in the
beginning with a reduction in magnitude of
about 50 ft/s for the 20-lobed mixers.
However, further downstream, around X/D
of 8, all the mixers seem to have similar
center-line velocities. It should be noted
that if the 100%L and 50%]L. configurations
for 12CL are shifted to correspond to the
distance from the mixer-exit plane, they
overlap as before in Figure 4.17.

Figure 4.19 for the higher nozzle pressure
ratios shows similar trends, however with
larger differences in the initial magnitudes
which decay to the same levels at X/D = 8.

We have discussed in this section only some
of the most pertinent plume-survey data.
Volume 2 contains the rest of the data
collected and should be referred to as the
need arises in understanding the acoustic
data discussed in the next chapter.
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Chapter 5

Acoustics Results & Analysis

5.1 Overview

The acoustic results for the various mixers
are presented and analyzed in this chapter.
Due to the vast amount of data collected,
representing variations in a number of
different  parameters including both
operating conditions and mixer-nozzle
geometry, systematic presentation of results
to isolate parametric trends was a major
challenge.

In order to capture the effects of mixer
geometry between the two sets of lobed
mixers (the original four designs from 1995
and the new configurations from 1996),
results will be presented in terms of 3
general groupings (see Tables 2.1 and 2.2
for nomenclature and mixer properties):

Group 1. All 12 lobed configurations
(12CL, 12UH, 12TH).

Group 2. All unscalloped configurations
(12UH, 16UH, 20UH).

Group 3. All 20 lobed configurations
(20UH, 20MH, 20DH).

Group 1 examines the compound effects of
penetration and sidewall cutouts (with the
tongue  mixer configuration (12TH)
representing, in some sense, the limiting
case of deep scalloping). Group 2 examines
the importance of lobe number, while Group
3 isolates the effect of sidewall scalloping.
In addition, comparisons between members
of different groupings are also used to
illustrate particular points. In all cases, the
confluent or coaxial mixer (CONF) is taken
as the baseline configuration.
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Initially, comparisons between the mixer
configurations will be made with the
reference nozzle length (100%L) and free-
jet Mach number of 0.2. In the second
phase, the effects of free-jet speed on far-
field noise will be examined. In that section,
a new method for diagnosing the location of
high-frequency noise sources is presented
and its importance examined. Finally, the
effect of nozzle length on the noise
produced by each of the mixer
configurations is examined, with some new
and interesting findings presented. All
results presented are for a nozzle with an
exit cross sectional area of 660.5 in®> (or 29
inches diameter), representing a scale factor
of four.

While analyzing these acoustic results, two
questions arise: (a) How and why do the
“noise source characteristics” change with
the parameter being examined? (b) How
“important” is that parametric effect? The
first question is answered by examining the
far field noise characteristics in the
“reference frame of the nozzle”. By this, we
mean the sound pressure or sound power
spectra whose directivity characteristics
have been adjusted to remove the refraction
effects which occur across the shear layer at
the free-jet/ambient interface. This data is
presented on a circle of 150 ft radius whose
center is coincident with the center of the
nozzle exit plane. All such polar data has
been corrected to reference conditions of
14.3 psi, 77°F and 70% relative humidity.
The polar spectrum has no Doppler-shift
corrections applied. The second question,
relating to the “importance” of a particular
parameter, is examined using perceived



noise level (PNL) and effective perceived
noise level (EPNL) and the corresponding
sound pressure level as observed by a
ground based observer during a simulated
flyover of the test nozzle at a fixed altitude
of 1500 ft For this flyover simulation, the
SPL spectra is appropriately adjusted for
slant distance propagation effects, standard
day atmospheric attenuation, Doppler shift
due to aircraft motion relative to the
observer, and an ambient pressure at
standard day of 14.7 psia. For the Doppler
shift, the aircraft is assumed to fly at the
velocity of the free jet appropriate to the test
point considered. In addition, the ground
around the observer is assumed to be non-
reflecting.

As mentioned earlier, the second acoustic
test done at NASA in 1996 repeated most of
the data-points done in 1995 and added
many more operating points, and thus, in
many ways, superseded the previous test
data. We present and analyze in this report
only the 1996 acoustic test results. Some of
the 1995 acoustic test results have been
reported in Mengle et al"® and should be
consulted for the sake of completeness.

A few general things to be kept in mind
while considering these data are:

(i) 'When comparing acoustics of different
mixers at the same _ operating
conditions we may not necessarily
obtain the same mass-flow rates or
thrust. These aerodynamic quantities
are functions of the geometrical
parametric changes, as studied in the
previous chapter, and are themselves
independent objects of study. Hence,
the purpose of these inter-mixer
acoustic comparisons at the same
operating conditions is primarily to
establish the “relative shape” of their
acoustic/noise spectra, rather than
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some global integral acoustic metric.
At the end of the chapter, a
comparison is presented of their global
acoustic metrics, like flyover EPNL,
on a consistent basis such as constant
thrust, so that an objective measure can
be obtained for their acoustic
suppression benefits. But that can be
done only if data is available at several
operating conditions and interpolation
of data is assumed. On the other hand,
if the mixers differ widely in their
gecometric properties, for instance area
ratio (compare 12UH versus 12TH
versus 16UH in Tables 2.1, 2.2), then
their mass-flow rates and bypass-ratios
are widely different, and inter-mixer
comparisons, even though at the same
operating conditions, are not apt.

(1) Effects of other “non-mixer”
parameters on a given mixer, such as,
nozzle-length or free-jet speed or
operating condition can, however, be
legitimately studied from an acoustics
point of view, although these
parameters may change the mass-flow
rates, ctc.

5.2 Mixers with Reference Nozzle
Length at Baseline Take-off Condition

In this section we examine the noise
characteristics of the various mixer
configurations with the reference (100%)
nozzle-length (nominal mixing length L/Dpy,
= 1.10) at a baseline operating condition, TO
#1 (nominal NPR¢ = 1.44, NPR; = 1.39 and
T/ Tee = 2.34). Initially, we will concentrate
on the noise produced under static (no free
jet flow) conditions. At static conditions
there is no correction for free-jet/ambient
shear-layer refraction and the Doppler effect
is not present. Thus a “basic acoustic
datum” is created for later comparisons.



5.2.1 Static Free-Jet Data

5.2.1.1 12 Lobed Mixers

Figures 5.1 (a), (b), and (c) present,
respectively, (a) the 150 ft polar overall
sound pressure level directivity (OASPL)
and sound pressure level (SPL) spectra for
selected angles, (b) sound power spectra
(PWL) and sound pressure level directivity
for selected frequencies, and (c) PNL
directivity and flyover SPL spectra at
selected angles for mixer Group 1 (12 lobe
configurations).

The following characteristics stand out in

this group under static conditions:

(i) All lobed mixers are quieter for angles
between 125° and the jet axis than the
confluent (CONF) mixer, as seen in
the OASPL data (Figure 5.1(a)).

(i1) With the exception of 12CL, they do
this at the expense of increasing
OASPL in the upstream quadrant.

(iii) At shallow angles, like 150°, the low
frequencies (100-300 Hz) dominate for
all mixers as seen in the polar SPL
spectra in Figure 5.1(a). This familiar
result is produced by the refraction of
sound waves away from the jet exit
axis as they propagate through the
negative radial gradient of the axial
velocity in the plume. This effect is
much stronger for higher frequencies
than for lower frequencies. This is a
feature typical of all such jets in the
similarity region far downstream of the
nozzle-exit plane as seen in Chapter 4
plume data. As a result, at 150 ° even
though 12UH and 12TH are louder for
mid-to-high frequencies (higher than,
say, 700 Hz), it is the large decrease in
low frequency SPL observed with
these mixers that drives their OASPL
below that of the confluent or 12CL
configuration.

(iv) “Low” frequencies are associated with
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(v)

(vi)

(vii)

the strength of “large” eddies which
exist far downstream of the nozzle
exit. The observation that the SPL
spectra for 12UH and 12TH show a
reduction in low frequency amplitudes
for all angles (60°, 90°, 125° and 150°)
implies that these two mixers have the
weakest large eddies amongst the
Group 1 mixers. This is intimately
related to the thoroughness of the
mixing achieved between the fan and
the core flow, and how that flow
subsequently mixes with the ambient.
This will be explored in somewhat
more detail later.

The reduction in low frequency noise
achieved in 12UH and 12TH is also
captured in the PWL-spectrum of
Figure 5.1(b).

The distinguishing feature of the SPL
spectra of configurations 12UH and
12TH for angles away from the jet
axis, as shown in Figure 5.1(a), is the
dramatic increase in noise level for
mid-range frequencies (approximately
1500-2000 Hz), producing a “hump”
in the spectra. In fact, at all these
angles (60°, 90°, 125°) these humps
are also the “global” peaks or the most
dominant frequencies. Their peak SPL
frequencies shift slightly to higher
values as we go closer to the jet exit
axis. The high-frequency noise
contributions (5000 Hz and above) of
12UH and 12TH are also higher than
CONF or 12CL. Hence, it must be the
large mid-to-high frequency
contributions of 12UH and 12TH that
make their OASPL larger than CONF
or 12CL for angles upstream of 110°.
“Mid-to-high” range frequency noise
is attributable to “smaller” eddies
which predominates near the nozzle
exit plane or even inside the nozzle.
These small scale eddies are produced
in lobed or tongue mixers by the
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mixing of fan and core flows which
emerge from the lobes/tongues with
widths much “smaller” than the nozzle
diameter. This issue will also be
explored later in more depth.

(viii) The mid-frequency hump and larger

(ix)

()

(xi)

NASA/CR—2002-210823/VOLI1

high-frequency output of 12UH and
12TH are also captured in PWL-
spectrum of Figure 5.1(b).

It appears from the PWL-spectrum of
Figure 5.1(b) that the 12UH and 12TH
mixers suppress low frequency sound
far  better than a  confluent
configuration, but at the expense of
increasing the mid-to-high frequency
spectrum. It is interesting to note that
although both have relatively high lobe
penetration (12UH has 0.68 and 12TH
has 0.56 compared to 12CL’s 0.48),
12UH is unscalloped, whereas 12TH
represents the limit of deep scalloping.
The fact that they still appear to have
similar noise signatures may be related
to their widely differing area ratios
which have led to totally different
bypass ratios and thrusts, as seen in
Chapter 4.

As opposed to the 12UH and 12TH
mixers, the acoustic signature of the
12-lobe low penetration mixer with
cutouts (12CL) is quite different. Its
OASPL is lower than the confluent
design at all angles. Although its high-
frequency SPL is comparable to the
confluent mixer at all angles, the low-
frequency SPL is much lower than
CONF (although slightly higher than
12UH or 12TH). This is also reflected
in its power spectrum in Figure 5.1(b).
Thus, it appears that the compound
effect of cutouts and low lobe
penetration has  benefited 12CL
tremendously in terms of reducing low
frequency sound without increasing
the high-frequency sound compared to
CONF. This must be a result of how

119

(xii)

the fan/core flow mixing progressed
inside the nozzle and outside it while
mixing with the ambient. This is an
issue which will be taken up later. It
also hints that in this case at least the
noise benefits of cutouts overcome any
excess noise produced by the dipole-
type noise made by the leading edge of
the aft end of the cutouts mentioned in
Chapter 2.

Figure 5.1(b) also shows the directivity
of particular frequencies for all mixers:
160 Hz (corresponding to peak PWL
for configurations CONF and 12CL),
1600 Hz (where peak PWL of 12UH
and approximately of 12TH occurs)
and a relatively high frequency
component at 5000 Hz. For any of
these frequencies, the SPL directivity
for all mixers is similar in shape. The
low frequency SPL monotonically
increases as we approach the jet exit
axis (up to around 150°) and then
decrcases as has been observed in
single-stream nozzles. However, the
mid-to-high frequency SPL peak
occurs more upstream, at around 120°-
125°. This is due to the refraction
effect of the sheared jet flow described
earlier which leaves a “relative zone of
silence” near the jet exit axis. On the
other hand, for any given lobed mixer,
the peak moves upstream with
increasing frequency. As in single-
stream nozzles, we expect the different
frequency scales to originate at
different axial portions of the jet. The
higher frequencies, associated with
small-scale eddies, originate more
upstream; the lower frequencies,
associated with larger eddies, originate
further downstream in the plume. This
is, indeed, reflected in the coaxial jet
model of Fisher et al’” and Balsa &
Gliebe"®. Hence, returning to the
SPL-directivities of Figure 5.1(b), the



relative amplitudes of the SPL’s
between different mixers at a given
frequency tell us how the source
strengths, corresponding to these
frequencies and located at similar
relative axial positions in the jet, differ
between mixers. However, without
specific source-location data, such as
might be obtained with multi-
microphone phased arrays, we cannot
further pinpoint the source-locations
for a given frequency. In a later
section, however, we develop a
technique which indicates the location
of some high-frequency sources in an
approximate sense.

(xiii) The community noise impact of the
spectral and directivity differences
between the various mixers is clearly
shown by the 1500 ft PNL directivity
of Figure 5.1(c). The increase in
frequency of the SPL peak observed in
configurations 12UH and 12TH is seen
to produce a significant increase in the
peak value of PNL compared to either
the confluent baseline or 12CL. This
increase in peak PNL is totally the
result of the frequency weighting of
the NOY scale, since little or no
difference in the amplitude of the
maximum value of SPL is observed
between the configurations. The PNL
penalty incurred by configurations
12UH and 12TH persists for all angles
upstream of the peak. A different
trend is observed for mixer
configuration 12CL. This
configuration displays the lowest peak
PNL of any of the configurations and
this behavior is also observed for all
angles upstream of the peak. This
result again ties back to the spectral
characteristics of this mixer which
shows a reduction in the low
frequencies without a corresponding
increase in the higher frequencies. The
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spectral range between 1000 Hz and
approximately 4000 Hz controls the
observed PNL behavior. As alluded to
earlier, frequencies below 1000 Hz are
not so heavily weighted in the NOY
calculation.  Although  frequencies
above 4000 Hz are heavily weighted in
the NOY calculation, atmospheric
attenuation of these frequencies is very
high. The SPL spectra at 1500 ft show
a substantial fall off in the highest
frequencies and this trend becomes
stronger for angles away from 90° due
to the larger propagation distances
involved. For this static case (Mg = 0),
the propagation and atmospheric
attenuation effects display a symmetry
relative to the 90° directivity angle.
Since there is no Doppler shifting of
the frequency between the front and aft
quadrants due to relative motion
between the source and the observer,
any asymmetry observed in the PNL
directivity around 90° at static
conditions is solely due to the true
source asymmetry. When aircraft
motion is present, this result changes.
This effect will be examined later.

In conclusion, the 12 lobe mixer with
cutouts and low lobe penetration (12CL)
appears quieter than the other 12-lobed
mixers (12UH, 12TH) or the confluent
mixer because it reduces the low frequency
noise without raising the mid-to-high
frequencies which are heavily noy weighted.
The tongue mixer (12TH), although it
decreases the low frequency noise, is
heavily penalized due to the increase in mid-
to-high frequency noise it creates. The
tongue mixer’s low bypass ratio of 4.55
(compared to 4.95 of 12CL or 4.71 of
12UH) under static conditions and
consequent higher effective jet velocity
accentuates its noise too. Thus, the effects
of  scalloping/sidewall-cutouts, ~ which



produced a noise benefit for 12CL, were
overwhelmed by other effects in the tongue
mixer.

Mixer configuration 12UH produced the
second highest noise, as measured by PNL,
of all the configurations. This configuration
was designed to have an identical hot
stream/cold stream area ratio as compared to
12CL. However, configuration 12UH has a
higher penetration than 12CL and lacks the
sidewall cutouts. It 1s not possible to
determine the relative importance of these
two differences on the generation of jet
noise from the data presented in this section.

Although the 12-lobe unscalloped mixer
(12UH) proved to be noisier, the lack of
scalloping usually leads to a better thrust
coefficient at cruise. Hence, from the
viewpoint of keeping balance between
cruise thrust efficiency and takeoff noise
reduction, it is expedient to first study
unscalloped mixers but vary the number of
lobes with the hope of “improving” mixing
and noise characteristics. This is done next.

5.2.1.2 Lobe Number Effect

Figures 5.2(a), (b), (c) show, respectively,
the polar OASPL-directivity, PWL-spectra,
flyover PNL-directivity, and the
corresponding SPL-spectra or directivity for
12UH, 16UH and 20UH mixers, and the
baseline confluent (CONF) mixer. Since
12UH and 20UH have all lobe parameters
approximately equal, except for lobe
number, we will pay special attention to the
difference in noise signatures created by
these two mixers, The 16-lobe mixer,
16UH, is unique in that it has a much larger
fan to core area ratio than the other
configurations in the group. It has been
included in this group because of its
similarities in other  parameters (lobe
penetration,, non-scalloped, lobe length) of
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12UH and 20UH. General trends observed
within this group are:

(i) The 150 ft polar SPL spectra of the 20-
lobe mixer is lower in the mid-to-high
frequency range than the 12-lobe
mixer at all angles (Figure 5.2(a)).
This is also reflected in the power
spectrum (PWL of Figure 5.1(b) and
the flyover SPL’s in Figure 5.1(c)).
However, 20UH does not suppress the
lower frequency SPL’s as much as
12UH does; this can also be seen in
PWL and flyover SPL’s.

(ii) The decrease in high frequency and
increase in low frequency of 20UH as
compared to 12UH is reflected in the
OASPL directivities as a relative
decrease for angles upstream of peak
PNL which occurs at 120° and a
relative increase in the angles
downstream of the peak PNL angle.

(iii) Although the OASPL of 20UH at
shallower angles (closer to the jet axis)
is higher than 12UH, the flyover PNL
(Figure 5.2(c)) for both the mixers at
those angles is the same. This is the
result of the difference in weighting
between the two metrics. Since each
frequency band is equally weighted,
the value of OASPL at a particular
angle is determined by the band with
the highest amplitude. For both 12UH
and 20UH, the lower frequencies are
dominant at the shallow angles. Since
the peak of the SPL spectrum is larger
for 20UH than 12UH, the OASPL of
20UH will also be larger.  The
preferential NOY weighting of the
higher frequencies in computing PNL
changes this trend. Although 12UH
displays a larger peak SPL in the
important 1-4 kHz range in the 150 ft
polar than does 20UH, the atmospheric
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Figure 5.2 (a) Effect of lobe number on OASPL directivity and SPL spectra at T.O. # 1 and M({j) = 0.0.
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Figure 5.2 (b) Effect of lobe number on power spectrum and SPL directivity at T.O. # 1 and M(fj) = 0.0.
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(iv)

v)

attenuation that occurs during the
propagation to the 1500 ft sideline is
sufficient to result in nearly equal PNL
for the two configurations at the
shallow angles.

For all angles less than or equal to the
peak PNL angle of 120°, the 20 lobed
mixer is definitely quieter than the 12
lobed design. On an overall integral
basis this would make the mixer with
higher numbers of lobes (20UH)
quicter than one with fewer lobes
(12UH). However, this does not
necessarily make the 20 lobe mixer
quieter than the confluent mixer on an
overall basis and we will have to await
for the EPNL comparisons (with the
nozzle moving) in a later section.

Turning our attention to the 16-lobe
mixer (16UH) with the higher fan-to-
core area ratio, we find that it radiates
the least power at all frequencies,
produces the lowest OASPL at all
angles, the lowest peak PNL, and
generally the lowest PNL directivity of
all the mixers in this group. This
would, of course, make it the quietest
mixer in the group for a fixed
operating condition. As a result of the
difference in area ratio, the 16 lobe
mixer has a much larger bypass ratio
(7.64) than 12UH (4.95) or 20UH (4.8)
and consequently much lower effective
jet velocity. This change in bypass
ratio is accompanied by a change in
thrust for a fixed fan and core
operating conditions. Since a flight
application would require maintaining
a fixed thrust, the above comparisons
are not totally appropriate. On the
other hand, it also shows that a
decrease in noise can be made by
increasing the fan-to-core area ratio,
but a change in the cycle condition

NASA/CR—2002-210823/VOLI1 125

would be needed to maintain thrust.

(vi) It is noteworthy that for a given polar
angle, the frequency associated with
the maximum polar SPL value (Figure
5.2(a)) does not shift systematically
with lobe number for these
unscalloped mixer configurations,
although the use of one-third octave
bands may mask some of the details.
That is to say, the peak frequencies do
not appear to be correlated with the
widths of the mixer lobes which, in
turn, set the scale the diameter of the
axial  vortices. However, = the
maximum SPL amplitudes do decrease
with an increase in the number of
lobes.

(vii) The angle at which a particular
frequency band peaks is approximately
the same for the  confluent
configuration and all the lobed
configurations. For example, the peak
amplitude for 1300 Hz occurs at
approximately 120° for all the mixers
discussed in this section. Of course,
the relative strength of a particular
frequency band does vary between the
mixers.

In conclusion, we see that an increase in the
number of lobes produces a decrease in the
overall noise at static conditions. This is
primarily achieved by reducing the mid-to-
high frequency noise in the angular range
upstream of the peak PNL angle while
changing the flyover noise at the shallower
angles only minimally. Note that the low
frequency polar SPL for the higher lobe-
count mixer is, however, slightly higher than
a low lobe-count mixer. This observation,
combined with a similar observation for the
previous group of mixers, implies that
reducing the mid-to-high frequency spectra
may be more important to overall noise



reduction than large reductions in low
frequency mnoise alone. The paradigm in
mixer-design in the past has been to mix fan
and core flows as fast as possible so that a
nearly uniform flow forms by the nozzle exit
plane. It was reasoned that this would lead
to faster plume decay and reduce low
frequency noise. The current data shows
that this strategy may not be the optimum
because the mid-to-high frequency noise
generated by the faster fan/core mixing may
upset the overall balance.  Since the
presence of a moving free stream
surrounding the nozzle is known to suppress
the low frequency portions of the jet noise
spectra for a single round jet, these
observations may be modified when flight
effects are included. This will be examined
in detail in a later section. Prior to this, the
subtle effects of scalloping will be discussed
in the next section.

5.2.1.3 Effect of Scalloping

Figures 5.3(a), (b), (c) show the polar
OASPL directivity, the sound power spectra
(PWL), the flyover PNL-directivity, and the
associated SPL-spectrum or directivity for
the 20UH, 20MH and 20DH mixers. All
results - are again presented for stationary
surroundings (Mg = 0) and for a reference
operating point with a fan pressure ratio of
1.44, core pressure ratio of 1.39 and a core-
to-fan total temperature ratio of 2.34. Recall
that the moderately scalloped mixer (20MH)
has half the scalloped area of the 20DH (see
Table 2.2).

(i) The primary difference between the
deeply scalloped mixer (20DH) and
the unscalloped design (20UH) is a
reduction in amplitude of the mid-to-
high frequencies (approximately 1-4
kHz) as shown in the 150 ft polar SPL
spectra of Figure 5.3(a). This
improvement is observed over all
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(ii)

(iii)

directivity angles. At the same time,
the substantial low  frequency
suppression  produced by  the
aggressive mixing of the 20 lobe
unscalloped configuration is not
reduced. A small increase in the
highest frequencies (greater than 4 kHz
at 90°) is observed for 20DH
compared to 20UH, but the increase is
small enough to be of no practical
concern. The moderately scalloped
configuration  (20MH)  produces
similar trends, but the suppression of
the  mid-range  frequencies  is
significantly less than observed for
20DH. The OASPL directivity, PWL
spectrum, and PNL directivity, as
shown in Figures 5.3 (a), (b) and (c),
for configuration 20MH are all
bounded above and below by the
corresponding results for 20UH and
20DH, respectively. However, the
correlation between noise reduction
and  scalloped area, although
monotonic, is not simple.

All this is reflected in the lowest
OASPL directivity as well as the
lowest PNL directivity at all angles for
the deeply scalloped mixer, 20DH,
making it the quietest mixer in the
group.

As in the coaxial jet model of Fisher et
al"” there appear to be at least two
dominant regions of frequency in
Jobed mixers (Figure 5.3(a)). One is
the low-frequency peak governed by
the fully-mixed region far downstream
and the other is the mid-to-high
frequency peak governed by the shear-
layer between the ambient and the
partially mixed fan/core flow close to
nozzle exit. The geometry of the lobed
mixer and changes to the mixing
process can be used beneficially to
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Power Spectrum Comparison
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control one or the other of these peaks.
The unscalloped 20-lobe mixer
produces a substantial reduction in the
low frequency noise at the peak PNL
angle compared to the confluent
design, but a large increase in the mid-
frequencies is observed. Introducing
sidewall scallop improves the low
frequency suppression at the peak PNL
angle and significantly reduces the
higher frequency penalty.

(iv) It also appears that the SPL-directivity
at 1300 Hz, (Figure 5.3(b)) for the
unscalloped and the moderately
scalloped mixers has a more rapid
decay away from the peak than the
deeply scalloped mixer (“beaming”
characteristics); whereas, the very high
frequency (5000 Hz) SPL directivity
for 20DH shows a slight increase over
20UH or 20MH for all angles
upstream of the peak PNL angle.

In conclusion, deep scalloping helps overall
noise suppression by reducing the mid-to-
high range frequencies without any increase
in the low frequency spectra and only a
small inconsequential increase in the very
high frequencies compared to unscalloped
mixer. However, we also saw in Chapter 4
how deep scalloping can cause higher thrust
losses at both takeoff and cruise conditions.
We also note here that noise suppression
does not appear to follow a linear relation
with the scalloped areas. It is possible that
there is some “critical” scalloped area after
which one begins to reap noise benefits.
However, it is also possible that for a given
mixer there exists an “optimal” scalloped
area beyond which no additional noise
benefits occur. This second possibility can
not be proven, but is hinted at by the poor
acoustic performance of the tongue mixer in
§ 5.2.1.1, even after accounting for its area
ratio difference as compared to the other
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mixers.

Before moving on to the case of non-zero
free-jet speed, which represents the flight
effect, we digress briefly to the possible
causes of noise reduction observed in some
of these mixers even under static conditions.
The flight-effect will, of course, complicate
the matter further by changing some of the
sources discussed in the next section.

5.2.1.4 Probable
Reduction

Causes of  Noise

In the previous three sections we have seen
that noise can be reduced by the compound
effect of lobe cutouts and low penetration or
by increasing the number of lobes or by
deep scalloping, at least for static operation
and with the relatively low jet speed (830
ft/s) characteristic of the baseline operating
point. Out of these effects only the second
and third effects are parametrically captured
in our acoustic data base. Hence, we discuss
the scalloping effect first, which in a way
captures some of the “cutout” effects, and
then the lobe number effect.

Scalloping Effect

The probable mechanism for the scalloping
effect, from the fluid-dynamic point of view,
has already been discussed in Chapter 2
(Section 2.3.1) in fair amount of detail and
this understanding is embedded in our
scalloped lobe design philosophy. Briefly, it
was concluded in Section 2.3.1 that
“boomerang” type scalloping, as in 20DH,
will “introduce axial vorticity gradually”
into the flow beginning at an earlier axial
location so that the fan/core flow mixing
proceeds more “gently” than the unscalloped
mixer and the most intense turbulence spots
are acoustically shielded by the nozzle duct.
This may or may not lead to a more uniform
velocity/temperature profile by the time the
two flows reach the nozzle exit plane (that




depends on how long the mixing length is),
but it will tend to reduce the mid-to-high
frequency noise component generated by the
internal mixing and by the interaction of the
partially mixed flow with the ambient.
Some of the CFD results for 20DH mixer in
Figures 2.21-2.23 have captured the low
turbulent kinetic energy generated during
this internal mixing with axial vorticity. In a
later section, it is shown that the noise in this
frequency range for 20UH originates
primarily in the region close to the nozzle
exit plane.

It would have been useful to have
comparable plume survey data for 20UH
and 20DH at static baseline conditions but
from Table 3.5 we see that although data
exists for 20DH at Mfj = 0.2 only a partial
data set was collected for 20UH at the three
axial stations, X/D = 0.2, 0.5, 1.0. Although
a non-zero free-jet speed changes the shear-
layer properties between the nozzle-jet/free-
jet, the arguments given here are
independent of it. Comparison of total
temperatures for 20UH and 20DH (see
Figures 4.12 (a) and (b)) in the transverse
plane at X/D = 0.2 shows that deep
scalloping caused the outer hot-spot of
20UH (at Z = £ 3 in.) to reduce in intensity
and move outward, but at the same time
another less intense hot-plateau was formed
closer to the axis (at Z =~ + 1.75 in.).
Scalloping appears thus (o encourage
azimuthal mixing of axial vortices and to
reduce the radial gradient of total
temperature in the outer periphery which
itself leads to another source of noise. The
central hot-spot intensity and size has not
changed much and the center-line traverse of
total temperature (see Figure 61 in Vol. I,
pt. 1) looks similar for both unscalloped and
scalloped mixers. On the other hand, the
velocity profile for the scalloped mixer at.
X/D = 0.2 (see Figure 4.13) appears fairly
uniform with only a small local maximum at
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the center, corresponding to the hot-spot
from the core stream. The corresponding
velocity profile for 20UH is not available,
but it is expected that it will be less uniform
at the periphery due to the larger hot-spots.
This would imply an increased shear in this
region for the unscalloped mixer, making it
an additional source of noise. The center-
line velocity traverse out to one diameter
(see Figure 4.18) is similar for scalloped and
unscalloped mixers. Plume data is not
available for X/D greater than 10 for 20DH,
aregion which is expected to govern the low
frequency noise behavior. However, from
the polar SPL data (Figure 5.3(a)) which
shows similar low frequency behavior at all
angles for both unscalloped and scalloped
mixers (20UH and 20DH) we can inversely
deduce that the far-field plume decay must
be similar for both mixers. Beyond this we
cannot really pin-point the process that leads
to noise reduction due to scalloping with the
available data.

Packman & Eiler'” describes the differences
in flow-fields and noise of unscalloped and
scalloped mixers for a very low bypass ratio
nozzle for Pratt & Whitney’s JT8D engine.
Although some of their observations and
conclusions are applicable here, some are
not. For example, as in our case, they also
found scalloping to decrease noise in the
mid-to-high frequency range. However,
their scalloped mixer was concluded to have
less nozzle exit uniformity and there was no
central hump. Although the details may
differ with scale and operating conditions
the final outcome relative to noise was
similar: scalloping reduces noise. Another
recent paper by Yu et al’® attempts to
describe the tluid-dynamic effects of
scalloping but no connection to noise
production is made. All the processes
described in Yu et al’® may not be
applicable to the mixers used in our study
due to different lobe/nozzle geometry and




operating conditions.

In summary, scalloping appears to produce
less intense hot spots by encouraging
azimuthal and radial mixing between axial
vortices which reduces the mid-to-high
frequency noise without changing much of
the far-field plume decay produced by an
unscalloped design. A more detailed plume
flow study is needed to uncover more of the
physics connecting the scalloped mixer flow
to the noise that it generates.

All the arguments that apply to the noise
benefit of scallops can be extended to
cutouts as used on the 12CL mixer. Since it
was shown to be quieter than 12UH it is
likely that the “leading-edge dipole source”
from the lobe-wall strip downstream of the
cutouts on 12CL, mentioned earlier in
Chapter 2, is a less important noise source
than the mixing of the flows downstream.
However, 12CL also had a lower lobe
penetration than 12UH. Penetration plays
some role in the radial migration of the axial
vortices generated by the mixers (as also
seen in the CFD simulations, Figures
2.22(b), 2.25(b)). This change in radial
migration will determine whether the
vortices interact with the outer nozzle-duct
wall and, hence modify the ambient/jet
shear-layer, thus generating more or less
noise. We unfortunately cannot distinguish
the lobe-penetration effect on noise from
this data directly other than noting that for
high-penetration the high-speed core flow,
which is radially thrown outwards,
immediately interacts with the shear-layer
between the jet and the ambient flow close
to the nozzle-exit plane, possibly increasing
the shear, and hence, increasing the mid-to-
high frequency sound. A low-penetration
mixer, such as 12CL, keeps the axial
vortices closer to the jet-axis. This prevents
the high-speed core flow from immediately
interacting with the ambient shear layer,
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reducing shear there and, hence, also
reducing the mid-to-high frequency noise
from that region. However, these same low-
penetration axial vortices will continue to
modify the flow further downstream, what
Fisher et al'"” call the “interaction” region
for noise production, and modify the noise
characteristics.

Lobe Number Effect

Now, consider the effect of increasing the
number of lobes (20UH versus 12UH).
This obviously increases the interface area
between the fan and the core flows and
decreases the length-scale (diameter) of the
axial vortices which are now more
numerous. This should enhance mixing
between the two flows. A decrease in the
length-scale of the axial vortices would
seem to imply an increase in the dominant
frequency, but this is truc only if their
strengths remained the same. As the number
of lobes increases, the number of vortices
occupying the space within the nozzle must
also increase. This promotes earlier
azimuthal interaction between the vortices.
This can, indeed, reduce their strengths. It
will be shown later that the mid-to-high
frequency sound of mixers 12UH and 20UH
is associated with these axial vortices and
their interaction with the jet/ambient shear
layer. In Figure 5.2(a), the mid-frequency
content of the 20 lobe mixer, 20UH, is less
than that of the comparable 12 lobe mixer,
12UH. This seems to imply that an increase
in the lobe count produces a reduction in the
strength of the axial vortices and the
jet/ambient shear layer due to better
azimuthal mixing of the axial vortices. On
the other hand, the 20 lobe mixer, 20UH, is
less effective in reducing the low frequency
portion of the spectrum which is typically
associated with the far downstream plume
characteristics. It is inferred that the larger
diameter and stronger axial vortices
produced by the 12 lobe mixer, 12UH,
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probably promote more rapid decay of the
plume through viscous diffusion.

In summary, increasing the number of lobes
produces a decrease in mid-to-high
frequency sound. Greater lobe count
increases the interface area between the fan
and core streams and promotes a less intense
initial mixing region aided by more
numerous smaller and, perhaps, less intense
axial vortices. However, this type of initial
mixing does not appear to promote rapid far-
field plume decay. This results in a slight
increase in low-frequency sound over a
mixer with fewer lobes. More definitive
work is needed to understand the reasons for
the latter half of this story.

5.2.2 Flight-Effect: Free-Jet Mach No. 0.2

This section examines the comparative
acoustics results for the various mixers with
the reference 100% nozzle-length, at
baseline operating condition TO #1 when
the free-jet Mach number is set to 0.2. This
is representative of aircraft spceds at take-
off for today’s regional and business jet
applications. As before, the data
presentation will be in terms of different
groups of mixers in order to isolate specific
effects. Instead of analyzing all the details,
as in the previous section, the focus in this
section will be on the differences in noise
signatures between mixers caused by the
non-zero free-jet Mach number.

5.2.2.1 12-Lobed Mixers

Figures 5.4(a), (b), (c) show the polar
OASPL directivity, power spectrum and
flyover PNL-directivity with the
corresponding  SPL-spectra or  SPL-
directivity for 12CL, 12UH, 12TH and
CONF mixers for a free jet Mach No. of 0.2
at TO # 1. Compare these figures with
Figures 5.1(a), (b), (c) respectively where
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the free-jet Mach No. was zero.

@)

(i)

(iti)

The major difference observed in the
OASPL with a non zero free-jet speed
is that 12UH and 12TH appear much
louder that either the baseline CONF
or 12CL configurations for angles less
than or equal to 130°. For example, at
90° the difference in OASPL of 12UH
and CONF is almost 3.5 dB as
opposed to 1.5 dB at static conditions.

Over this angular range, the polar SPL
spectra of the lobed mixers in this
group are dominated by the mid-to-
high frequency range, as shown clearly
in Figure 5.4(a). Similar trends are
observed when comparing the PWL
spectra of Figure 5.4(b) and 5.1(b).
Using 2000 Hz as an example, the
difference in sound power between
configurations 12UH and CONF is 8.5
dB with a free jet Mach No. of 0.2 as
opposed to 4.5 dB at static conditions.
It is important to note that the presence
of the free jet flow produces a decrease
in the PWL spectra for both the lobed
mixers and the confluent configuration
but the confluent is more affected.
Similar trends hold for the tongue
mixer. Similar local trends are
observed in the SPL spectra for the
various directivity angles.

With the free jet operating, the
difference in sound power spectra
between the confluent configuration
and the forced mixers 12UH and 12TH
is larger in the mid-to-high frequency
bands than the difference in the low
frequency bands (less than 500 Hz).
Comparing the PWL of 12UH and
CONF at My = 0.2, the difference is
8.0 dB at 2000 Hz versus 6.0 dB at
100 Hz; whereas, in the static case the
corresponding differences are 4.5 dB
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@iv)

)

(vi)

(vii)

at 2000 Hz versus 7.5 dB at 100 Hz.

From the similarity of dB-difference at
low frequencies, whether the free jet
flow is on or off (compare SPL’s in
Figure 5.4(a) and 5.1(a)), it is
concluded that the low frequency
spectra of both the forced mixers and
the confluent mixer are generated in
similar locations within the jet plume
and respond similarly to an external
flow. This is not true for the higher
frequency portion of the spectrum.

Under static conditions, the 150 ft
polar SPL spectra for configuration
12UH and 12TH show very similar
trends. This similarity is not altered
when a free jet flow is present. This
implies a similarity in source
distribution  between the two
configuration which will be examined
in more detail in a subsequent section.

At 125° where lobed mixers have a
local OASPL peak, the relative
magnitudes of the peak SPL’s between
12UH (or 12TH) and CONF (or 12CL)
change drastically with external flows.
Under static conditions, CONF has a
larger peak SPL than 12UH peak SPL
at this angle. With a free jet flow
present, the magnitudes are reversed.
The reduction in peak SPL of CONF
or 12CL due to a free jet flow is
typically larger than that for 12UH or
12TH at all angles upstream of 125°.
That is, the free-jet appears to benefit
CONF and 12CL more than it does
12UH or 12TH.

The noise benefits of the free-jet Mach
No. for configurations CONF or 12CL
over 12UH or 12TH are most clearly
captured in the flyover PNL (Figure
5.(c). Note that both 12CL and CONF
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are now quieter than 12UH or 12TH at
all angles. In particular, the decrease
in noise at shallow angles for CONF or
12CL is significantly greater than that
for 12UH or 12TH. The reason for
this will be discussed later.

(viii) As a result of the spectral changes
produced by the free jet flow, the
confluent mixer, CONF, produces a
lower PNL than the 12 lobe
configuration with cutouts, 12CL, for
angles less than or equal to the peak
PNL angle of 120° or so. A very
different result was observed under
static conditions. In that situation,
configuration 12CL produced a lower
PNL for all angles than CONF.

In summary, forward flight-effect or non-
zero free-jet speed benefits the confluent
mixer and 12CL much more than it does
either 12UH or 12TH. As a result, CONF
and 12CL are now much quieter at all angles
than 12UH or 12TH. Mixer CONF now
even competes with 12CL for overall
quietness but the EPNL discussion will be
postponed to a later section. This appears
mainly due to larger relative reductions in
the mid-to-high range frequency sound for
CONF and 12CL than those for 12UH and
12TH; the low frequencies are affected
similarly for all the mixers.

5.2.2.2 Lobe Number Effect

Figures 5.5(a), (b), (c) show the polar
OASPL, PWL, flyover PNL and
corresponding SPL’s for 12UH, 16UH and
20UH for a free jet Mach number of 0.2 at
TO # 1. Primary attention will be paid to
the difference between the results for 12UH
and 20UH, recalling that 16UH has a much
higher fan to core area ratio. The
comparable plots for free jet flow are in
Figures 5.2 (a), (b) and (c).
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(i) For a free-jet Mach No. of 0.2, the
OASPL of 20UH is lower than that of
12UH at all angles rather than just
upstream of the local peak OASPL
angle of 125° as was true for the static
case. The spectral results of Figures
52(a) and 5.5(a) provide the
explanation for this change in
behavior. For the static case in Figure
5.2(a), the 12 lobe configuration,
12UH, was more effective in
suppressing low frequencies for angles
near the jet axis than was the 20 lobe
design, 20UH. In the presence of an
external flow, both designs produce
essentially equal low frequency sound
pressure levels; at higher frequencies,
the free jet flow affects both
configurations equally for all angles,
with the overall result that the 20 lobe
configuration remains quieter than the
12 lobe configuration.

(i) The improved low  frequency
suppression of mixer 20UH in the
presence of an external flow is also
observed in the PWL spectra of Figure
5.5(b). It is now seen that the PWL of
20UH and 12UH are very similar at
low frequencies as opposed to the
static case (Figure 5.2(b)) where 20UH
produced more power output.

(ii1) From the flyover noise point of view,
Figure 5.5(c) shows that now 20UH is
quieter than 12UH at all angles rather
than just upstream of the peak PNL
angle as occurred in the static case
(Figure 5.2(c)). The Doppler-shifted
SPL in Figure 5.5(c) also show how, at
even shallow angles, 20UH now
matches 12UH at low frequencies and
is, of course, always quieter at mid-to-
high frequencies as in the static case.

(iv) However, with a free jet flow, both
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12UH and 20UH produce higher PNL
than the confluent baseline for angles
less than or equal to 135°. As a result,
the confluent configuration will be
quieter than any of the unscalloped
mixers in flight as will be seen in the
EPNL values later.

In summary, when flight effects are
included, increasing the lobe count makes
the mixer-nozzle quieter at all angles,
especially due to larger relative decreases in
low frequencies as compared to smaller
relative decrease in mid-to-high frequency
spectra.

5.2.2.3 Effect of Scalloping

Figures 5.6 (a), (b), (c) show the polar
OASPL, PWL, flyover PNL with the
corresponding SPL-spectra or directivities
for 20UH, 20MH and 20DH mixers for a
free jet Mach number of 0.2 and at the
reference operating condition TO #1.
Comparable no free jet flow plots are shown
in Figures 5.3 (a), (b) and (c).

(i) The presence of a free jet flow
produces only a minor relative change
in the OASPL directivity for the
scalloped mixers compared to the
static results in Figure 5.3(a). Both the
polar SPL spectra (Figure 5.6(a)) and
sound power spectra (Figure 5.6 (b)) of
the scalloped mixers continue to show
that free jet flow primarily affects the
lowest frequencies. Little or no effect
on the differences between mixer
configurations is introduced by a free
jet flow at higher frequencies as
illustrated by comparison of Figure
5.3(a) and Figure 5.6(a) at an angle of
125° and a frequency of 2000 Hz for
mixers 20UH and 20DH.

(i) From a flyover noise viewpoint (see
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PNL directivity Figure 5.6(c)) the
scalloped mixer remains quieter than
the unscalloped mixer at all angles in
the presence of a free jet flow. At
shallow angles near the jet exit axis,
the difference between scalloped and
unscalloped designs increases slightly
when a free-jet flow is present.

(iii) In terms of peak PNL, the confluent
mixer is superior to even the quietest
scalloped, lobed mixer (20DH) with a
free jet flow present for the low power
operating condition under
consideration. This superiority is also
observed for angles less than the angle
for peak PNL. This difference in PNL
continues to be driven by the higher
levels observed in the mid-to-high
frequency sound for the lobed mixers.
The penalty incurred in this frequency
range by lobed mixers is reduced with
scalloping but not removed whether a
free jet flow is present or not.

In summary, the beneficial effects of
scalloping are not influenced by the
presence of an external flow-field. The
scalloped designs tested in this program
were equally effective under static
conditions and with a free jet flow present.

5.2.2.4 Confluent Mixer Benefits

In the above section, it was found that the
confluent configuration produced lower
PNL values than any of the scalloped
designs for angles less than or equal to the
peak PNL angle when an external flow is
present. Comparison of the spectral
characteristics of the confluent mixer with
the lobed designs showed that the lobed
designs produced excess energy in the 1-4
KHz frequency band. This spectral shift for
the lobed mixers has been related to the
presence of the turbulence generated by the
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strong axial vortices induced by these
devices. The confluent design produces no
axial vorticity, relying solely on the
formation of Kelvin-Helmholtz vortex sheet
instability and  consequent turbulent
transport between the primary and the
secondary flow streams to accomplish
mixing of the two streams. This type of
mixing does not produce intense turbulence
in the length scales associated with acoustic
radiation in the mid-frequency ranges. This
type of viscous mixing is also much less
effective than that induced by the strong
axial vortices of forced lobe mixers and the
plume does not decay as fast as a fully
mixed jet. As a result, the confluent mixer
becomes a strong source of low frequency
noise under static conditions. The presence
of the free jet produces a reduction in shear
downstream of the primary potential core, as
will be analyzed later. Since this area is the
primary source of low frequency noise in a
jet, the reduced shear will result in reduced
low frequency noise. This is particularly
important for the confluent mixer, since its
spectra is dominated by low frequencies.
The external flow has little or no impact on
the mid-spectral bands, which dominate the
radiated noise from the lobed mixer
configurations.

Directivity differences between the lobed
and confluent mixers also affect integrated
metrics like EPNL. The confluent mixer
produces it maximum polar levels at shallow
angles near the jet axis. During flyover type
calculations, increases in slant propagation
distance and source convective de-
amplification associated with shallow angle
radiation further benefit the confluent
design. Lobed designs tend to produce
maximum polar levels closer to 90° and as a
result do not see the same propagation
distance benefits. Based on comparison at
the fixed operating condition TO #1, only
mixer configuration 12CL provides a PNL
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benefit over a confluent mixer when flight
effects are included.  Consideration of
detailed EPNL trends will be deferred to a
later section. However it is possible to draw
some conclusion at this point related to
flyover noise suppression. It has been
shown that the noise levels in the low
frequency portions of the jet mixing
spectrum are significantly reduced as the
flight speed increases.  Lobed mixers
produce a dramatic decrease in the low
frequency spectrum at static conditions but
this is accompanied by an increase in higher
frequency bands. Forward flight does not
significantly influence this high frequency
hump. Removing portion of the mixer
sidewall through the use of cutouts or
scalloping, increasing the number of lobed
mixers and possibly reducing the lobe radial
penetration reduces the increase in the
higher frequency band sound produced by
lobed mixers, but not to the levels observed
on a confluent configuration. As a result,
with flight effect, lobe mixers produce only
a minimal reduction in jet noise when jet
velocities are low.

An important general lesson learned
regarding flyover noise suppression at low
jet speeds is the following: any mechanism
that produces less of the “annoying” mid-to-
high frequency noise is usually preferable
even if it does not significantly reduce the
less annoying low frequency noise; flight
effect helps reduce the low frequency noise
anyway.

In the next section, results at additional free
jet Mach numbers will be presented. This
data provides insight into the axial location
of the sources producing the mid-to-high
frequency range noise associated with lobed
mixers, prompted by the observations in this
section that free jet flow affects some
frequencies less than others.
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523 Flight-Effect: Other Free Jet Mach
Numbers

Data was acquired over a range of free-jet
Mach numbers, varying from 0.0 to 0.3.
The effect of varying this parameter on the
PWL spectrum, polar OASPL directivity,
and flyover PNL directivity is presented and
discussed for each mixer in this section.
Figures 5.7 to 5.14 show these acoustic
metrics for, respectively, CONF, 12CL,
12UH, 12TH, 16TH, 20UH, 20MH, and
20DH mixers. Note that the vertical-axis
scale for a given metric may vary between
mixers. This should be borne in mind when
comparing changes in a given metric from
one mixer to the other.

Increasing the free-jet Mach number
produces the following effects for every
mixer:

(i) All acoustic metrics (PWL, OASPL
and PNL) decrease.

(ii) The reduction in low frequency PWL
is much greater than that at mid or
high frequency.

(ili) The decrease in aft quadrant OASPL is
much greater than that in the front
quadrant.

(iv) Similarly the decrease in the aft
quadrant flyover PNL is much larger
than that in the front quadrant.

(v) The angle at which the peak PNL
occurs moves  upstream  with
increasing free-jet speed.

All these effects were noted in the previous
section when studying Mg = 0.2 and are now
seen to be extended also to Mg = 0.3. But
the additional decreases due to a change of
My from 0.2 to 0.3 are typically not as
drastic as those from Mg = 0.0 to Mg =0.2.

The fact that noise, in general, decreases
with increases in free-jet Mach numbers is
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well known experimentally for single-stream
nozzles and the same reason must apply to at
least fully-mixed nozzles with uniform exit
flow. A new and simple mathematical
explanation is given below using
Abramovich’s theory of turbulent jets®0

An increase in free-jet speed reduces the
shear-layer thickness, 9, and increases the
potential core length. The highest
turbulence intensity and the dominant noise
source is known to be just downstream of
this potential core where the shear-layers
surrounding it interact most vigorously. The
magnitude of the radial gradient of axial
velocity, |0U/0r|, governs the dominant
noise source intensity and the jet diameter
there governs the source volume and, hence,
its net contribution to noise. A first-order
estimate of these quantities can be obtained
by using

U _ Ufree—jet ~Ujezf
or S ’

The shear layer thickness at the end of the
potential core, 8¢, can be estimated by using,
for simplicity, Abramovich’s expression for
incompressible, axisymmetric cold turbulent
jets (which assumes self-similarity in the
velocity in the initial portion of the
jet/ambient mixing layer), namely,

8.=R/a+bm

where R is nozzle-exit radius,
M=U froo jer 1 U jer and a, b are universal

constants with values of 0.214 and 0.144
respectively.

The above two formulae for dU/dr and &¢
immediately show that the ratio of |ou/or]
at the end of the potential core with a free-
jet present to that with no free-jet is

n:]l—mHl+-z—m.
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This ratio can be easily shown to decrease
with increase in m for 0 < m < 1. For
observed self-similar velocity profiles(zo) it
can be shown that, 7, as given above, is also
the ratio of the maximum axial velocity
gradients in the flow at this location. Thus,
when the free-jet speed increases, the
potential core length increases and the shear
at its end decreases, leading to a decrease in
turbulence intensity. In addition the volume
of the noise sources at this location,
characterized by the radius §¢, is also
reduced.  This decrease in turbulence
intensity, as well as, the volume of turbulent
source, leads to a decrease in the peak far-
field noise. For hot jets, with jet-to-ambient
density ratio other than one, the above
argument can be extended by using more
complicated expressions for the shear-layer
growth given in Abramovich®., With some
modifications this argument can also be
extended to coaxial jets where the
ambient/jet shear layer increases the annular
fan potential core length with an increase in
free-jet speed but not the central primary
potential core length.

The above explanation is applicable only for
the “peak” noise producing regions outside
the nozzle for fully-mixed or single-stream
nozzles. It cannot explain, for example, the
observed differences in sensitivity of high
and low frequency noise to free-jet speed
changes, since these originate in different
portions of the jet. Abramovich’s theory®”
can be applied similarly to the upstream end
of the jet (jet/ambient shear layer or the
“Initial’ region of Fisher et al a7y to study
the high-frequency noise, as well as, to the
far downstream self-similar region of the jet
(“mixing” region of Fisher et al'”y to study
low-frequencies.  However, we do not
embark on that analysis here.

Returning back to Figures 5.7 to 5.14 we
note that, as discussed before, the smaller



changes in higher frequencies in the PWL
spectra with increasing My are related to
smaller changes in OASPL and PNL in the
upstream angles where these frequencies
dominate. Similarly, the larger changes in
the low frequency PWL spectra with
increasing My are related to larger changes
in the downstream angles for OASPL, PNL
where low frequencies dominate.

The flyover PNL directivity is influenced by
several additional effects due to aircraft
motion, which are not present in the polar
OASPL directivity and which are worth
emphasizing again.  First is the source
convective _ amplification effect which
amplifies sound in the upstream quadrant
and decreases it in the downstream quadrant
solely due to the motion of the source with
respect to the observer. This tends to rotate
the PNL-O curves clockwise around 90°.
Secondly, in a horizontal flyover above the
observer, the slant distances from the source
to the observer and the Doppler shift in
frequency change with angle. The
directionality of the Doppler frequency
effect produces an increase in the observed
frequency spectrum, as the source
approaches  the  observer and a
corresponding decrease in the observed
spectrum as the source moves away from the
observer. As a result, the atmospheric
absorption applied to a particular frequency
band in the front and rear quadrants will
relate to different portions of the original
source spectrum.  This creates further
asymmetry in PNL directivity around 90°
than the true source asymmetry captured in
the polar OASPL directivity in the reference
frame of the nozzle. These effects combined
with the overall decreasc in peak noise
source amplitude, discussed earlier, leads to
the observed downward shift in PNL-
directivity with clockwise rotation around
90° when the free-jet speed is increased.
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As noted before, the effects discussed above
produce a steep decrease in flyover PNL at
shallow angles. Since EPNL is a temporal
integration of PNL (corrected for tones), but
only extends over the interval when the PNL
is within 10 dB of the peak value, reductions
in noise at shallow angles may have little
effect on EPNL since the levels at these
angles are near or below the 10 dB down
points. For example, note that at Mfj = 0.2
this happens at 160° for CONF, 155° for
12CL, and about 145° for the rest of the
mixers. The spectra associated with these
angles are dominated by low frequencies
whose strengths are in turn governed by the
rate of plume decay. Thus, devices which
promote only rapid plume decay near the jet
axis for the purpose of reducing noise levels
will not significantly reduce EPNL unless
they also reduce the mid-to-high frequency
noise at other angles.

A far more effective strategy is to focus on
reducing the PNL for angles less than or
equal to the peak. There are several reasons
for this. First, the rate of decrease of PNL is
lower for angles upstream of the peak than
downstream. As a result, the majority of the
“duration” correction for EPNL is associated
with angles upstream of the peak PNL angle
for the forced mixers. In addition the spectra
at the upstream angles peak at frequencies
with a higher annoyance weighting.

Perhaps the most striking feature of Figures
5.7 to 5.14 is the difference in sensitivity of
the PWL, OASPL, or PNL to free-stream
Mach number changes when we compare
one mixer against the other. For example,
all the lobed mixers show smaller changes in
high frequency PWL or upstream OASPL or
PNL than the confluent mixer when free
stream Mach number is changed. However,
mixer 12CL shows remarkably similar
changes to CONF as free stream Mach
number changes, except for the OASPL



signature at shallow angles. The noise
signatures of all the “unscalloped” mixers
(12UH, 16UH and 20UH) are also
remarkably similar to each other and
markedly different than CONF. The deeply
scalloped mixer, 20DH, has distinctly
different noise signatures than the rest of the
lot. (Note that the high-frequencies
recorded by the 55° microphone for the
20DH mixer test were in error and are not
shown in Figure 5.14.) Its PWL appears
closest to that of 12CL but not its OASPL or
PNL. The tongue mixer, 12TH, also has its
own distinct noise signatures but is, perhaps,
most similar to 12UH, as noted before.

Before leaving this section, we make two
final notes.

(i) If mid-to-high frequency sound is
affected less by free-jet Mach number
changes then the sources that produce
them may be hidden or shielded away
from the effects of the free-jet/nozzle-
jet shear layer.

(ii)) Since changes in free-jet speed
produce changes in the direction of the
ray coming out from the jet (because

- acoustic group velocity (ray) in the
free-jet is the vector sum of phase
velocity and free-jet velocity), in order
to study the change in the noise source
due to free-jet effects one needs to
study polar SPL’s not at the same
angles in the far-field inside the free-
jet, but at angles obtained after
removing the additional refraction
changes in the transmitted rays.

The effect of a free jet flow on the
corresponding polar SPL’s will be examined
in depth in a later section.
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53 Mixers with Reference Nozzle-
Length at Higher Nozzle Pressure Ratio
Conditions

It is expedient to examine how the noise
signatures of different mixers compare at the
two higher growth TO conditions with
higher thrusts or jet speeds.

We first examine the acoustic results at Mg
= (.2 for the two higher pressure ratio TO
conditions for the various groups of mixers.
Although corresponding static results are
available, it is the case with a free jet flow
present (simulating aircraft motion), that is
the more realistic one from a flyover noise
point of view. Secondly, since we found in
the last section how important noise source
information can be obtained by studying the
effect of various free-jet Mach numbers, we
will examine that effect for the highest
pressure ratio condition (TO #3) in detail.

5.3.1 TO #2 and #3 with Free-Jet Mach
Number 0.2

The overall spectral information is captured
in the polar PWL-spectrum, whereas, the
flyover noise is best captured in the flyover
PNL directivity. For the sake of brevity, we
will present the PWL-spectra and flyover
PNL-directivity including the polar SPL-
directivity of the most energetic component
and flyover SPL-spectra at only the peak
PNL angle. These four plots, which
summarize the most important noise
signatures at any give free-jet Mach number,
will be presented in this section for each
group of mixers.

5.3.1.1 12-Lobed Mixers

Figures 5.15 and 5.16 show PWL, PNL and
SPL for the 12-lobed mixers and the
confluent baseline (Group 1) at TO #2 and
TO #3 respectively. Comparison of PWL
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shows how the CONF low frequency peak
rises above the high frequency peaks of
12UH and 12TH as nozzle pressure
increases. The lack of mixing in CONF
starts hurting it at these high pressure or
thrust conditions.  Although the relative
ranking of the mixers remains the same for a
given frequency, a secondary peak near
2000 Hz emerges for 12CL at TO #3 which
was not present in TO #1 or TO #2. The
decibel increase in this secondary peak
between TO #2 and TO #3 is considerably
larger than the increase in the low frequency
peak. The comparison of SPL directivity at
2000 Hz at TO #3 between different mixers
in Figures 5.16 clearly shows how 12CL
approaches the other two mixers near peak
PNL angle of 115°.

This implies that at very high nozzle
pressure ratios the axial vortices and their
interaction with the ambient, which was
seen to produce the mid-to-high frequency
peaks, become even more important. This is
especially true for 12CL where its low
frequency peak is already higher than either
the 12UH or 12TH mixers. The inability of
the CONF mixer to reduce low frequencies
due to inferior mixing is accentuated at
higher pressure, as seen at the shallow
angles of the PNL-directivity (compare
Figures 5.15 and 5.16 with Figure 5.4(c)).
At TO #3, the peak PNL is shifted
downstream for CONF to 140° from 125° at
TO #1. In addition, the PNL associated with
angles downstream of the peak are still
within 10 PNdB of the peak and, hence, still
important as opposed to the TO #1 case.
The mid-frequency spectral peak of 12CL
produces a prominent PNL peak at 115°
directivity which was not present at TO #1.
This is also, of course, captured in the
flyover SPL spectra at 115°.

In summary, 12UH and 12TH are still
noisier than 12CL or CONF at higher
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NPR’s, especially at angles upstream of
130°. The inferior mixing of the confluent
configuration starts hurting it significantly at
shallower angles although it is still quicter at
angles upstream of 125°, A previously
unseen strong mid-to-high frequency peak
emerges in the spectrum of 12CL at an angle
of 115°. This new peak is the result of an
increase in the strength of the axial vortices
produced by this mixer due to the higher
pressure ratio.

5.3.1.2 Lobe Number Effect

Figures 5.17 and 5.18 show PWL, PNL and
SPL for 12UH, 16UH and 20UH mixers at
TO #2 and TO #3 respectively. The overall
relative behavior in terms of PWL spectrum
appears to have remained similar for all the
three mixers with changes in operating
condition, with perhaps 20UH producing a
slight increase in the high frequencies,
similar to those of 12UH at TO #3. The
peak PWL of 20UH appears to have shifted
by a couple of frequency-bands at TO #3.
The relative PNL-directivities of these
mixers also have not changed much.

In summary, increasing the lobe count has
the same effect at higher NPR’s as at lower
NPR’s with a small relative increase in the
high frequency power output.

5.3.1.3 Effect of Scalloping

Figures 5.19 and 5.20 show PWL, PNL and
SPL for 20UH, 20MH and 20DH mixers at
TO #2 and TO #3 respectively. Again deep
scalloping (20DH) appears to suppress noise
in terms of PWL as efficiently as at low
NPR’s (Figure 5.6(b)) at all frequencies.
Even the  mid-to-high frequencies
attributable to turbulence in the axial
vortices, shows only a minor peak PWL at
3200 Hz for TO #3 for mixer 20DH.
Actually the competition between the low
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and the high frequency mechanisms of
20DH is made quite apparent in the double
humped nature of the PWL at TO #3 and the
plateau at TO #2 versus the single hump at
low frequencies for TO #1 (Figure 5.6(b)).
This also reflects in the flyover PNL of
20DH as a peak at 115° for TO #3, a plateau
from 90° to 115° for TO #2 and a peak at
100° for TO #1 (Figure 5.6(c)). From the
PNL comparison between 20DH and CONF
at TO #3, it appears that the PNL peak of
20DH is smaller than that of CONF, and due
to the steep reduction in noise for angles
higher than the peak angle the 20DH will be
much quieter than CONF on an EPNL basis
at these higher NPR-conditions. The same
can be said at TO #2. However, we will
defer the actual EPNL calculation for now.
On the other hand, the SPL-directivity at
3200 Hz for the moderately scalloped mixer
20MH now shows a larger reduction relative
to the unscalloped 20 lobe design than at
low NPR’s. That i1s, unlike at low NPR’s,
even moderate scalloping is now beneficial.
In addition the frequencies associated with
peak PWL increase with increasing NPR.

In summary, the effect of scalloping become
more pronounced as nozzle pressure ratio
increases. Even moderate scalloping
produces a noise benefit at the highest
pressure tested, a result not observed at the
lowest NPR. Deep scalloping produces a
considerable noise reduction relative to the
confluent baseline at the higher NPR’s
tested. This is the result of producing
significant low frequency reduction with
only a moderate increase in the mid spectral
bands. A cross-comparison between all eight
mixers will be done later on EPNL basis.
However, for now we will examine the
effect of different free-jet Mach numbers at
the highest NPR condition TO #3.
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532 Effect of Free-Jet Mach Number at
TO #3

The purpose of making a comparison at
different free-jet Mach numbers (0.0, 0.2
and 0.3) is to see the relative spectral
changes at high and low frequencies, and
also at upstream and downstream angles as
in Section 5.2.3, but for the highest NPR
tested for a given mixer so that we can
understand the source location
characteristics. Hence, we focus on only the
changes in the power spectrum (PWL) and
OASPL-directivity, in the reference frame of
the nozzle, as opposed to changes in flyover
PNL, due to Mg. For convenience of
comparison across mixers we will present
each group on one sheet for each group of
mixers. Figures 5.21, 5.22, 5.23 and 5.24
show the effect on PWL-spectrum and polar
OASPL-directivity for, respectively, CONF,
Group 1 (12CL, 12TH, 12UH), Group 2
(12UH, 16UH 20UH) and Group 3 (20UH,
20MH, 20DH) mixers. Compare this with
similar plots at TO #1 (Figures 5.7 to 5.14).

The confluent mixer (Figure 5.21) shows
similar behavior at all free jet conditions
with a more uniform decrease in PWL over
the whole frequency spectra and in OASPL
for all angles than observed for all the lobed
mixers. All lobed mixers at this high NPR
condition show a marked insensitivity in
certain regions to free jet conditions.

(i) PWL for the mid-to-high frequencies
changes very little with changes in
free-jet speed. However significant
changes in PWL are observed at the
lower frequencies with changes in the
free jet flow. This is more evident at
TO #3 than at TO #1.

(i) Similarly, the OASPL for upstream
angles does not change much with a
change in free-jet speed, especially
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compared to the larger changes at
downstream angles. This, too, is more
evident at TO #3 than at TO #1.

It is remarkable to note that local secondary
peaks in the mid-to-high frequency range for
mixers 12CL and 20DH start to become the
predominant features in the PWL-spectra as
the free-jet Mach number increases at this
high NPR condition. This was not evident
at the low NPR conditions of TO #1. So
whatever mechanism is causing that high
frequency peak now controls the noise
suppression ability of these two mixers. For
all other lobed mixers this mechanism was
dominant even at low NPR conditions. We
have remarked repeatedly in the past that
this peak at higher frequency must represent
the effect of turbulence intensity due to axial
vorticity and mixing of fan and core flows
both inside and outside the nozzle. We
examine this in more depth in the next
section by analyzing the SPL-spectra at
various angles.

5.4 Diagnosing High-Frequency
Source Locations with Changes in Free-Jet

Speed

This analysis was prompted by the
observations in the previous sections that the
sound power spectrum, PWL, does not
change much in the mid-to-high frequencies
for lobed mixers when the free-jet speed is
changed. This is also reflected in the
relative insensitivity to free-jet speed of the
polar OASPL and the {flyover PNL
directivities at angles upstream of peak
PNL. It is important to understand the
reason behind this trend because the PNL
associated with angles near 90° is within 2-3
PNdB of the peak PNL value, which would
imply a significant contribution to EPNL.
This observation was not found to hold good
for the CONF mixer, which re-enforces the
suspicion that the turbulence in the axial
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vortices of the forced lobed mixers may be
the cause of the high frequency noise. We
proceed to explore the polar SPL-spectra at
different free-jet Mach numbers in detail in
this section.

5.4.1 Ray Theory Application

Since our interest principally lies in
relatively “high” frequencies, we will use
ray theory or geometric acoustics. Consider
an acoustic ray radiating from a source
inside the jet at some angle to the jet axis
and coming out through the shear-layer
between the model-jet and the free-jet with
the observer inside the free-jet. When the
free-jet speed is changed, the outgoing ray in
the free-jet will change its direction due to a
change in the refraction of the wave-number
vector and also due to a change in the
convection speed of the wave-fronts at the
altered free-jet speed. Hence, if we want to
study the change in the source
characteristics due to a change in the free-jet
speed, then we should compare the rays
coming from the jet for different free-jet
speeds, not at the same angle in the free-jet,
but at different refracted ray angles
corresponding to the same incident ray from
the source. Also, in such a comparison we
are ultimately interested in the direction of
the rays, and not of the wave-number
vectors, because acoustic energy transmitted
to an observer inside the free-jet is carried at
the group velocity along the ray directions
@229 1n a moving media, ray direction is not
the same as the wave-number vector
direction or normal to the wave-fronts.

Further, in the geometric acoustics limit
there is no reflection of the incident ray from
the shear layer and the incident ray is fully
transmitted. However, it is known from
Candel’s planar wave analysis®' that the
amplitude of the wave that is transmitted
through a shear-layer discontinuity can be



different than the amplitude of the incident
wave (their ratio being characterized by the
“transmission coefficient”) and, importantly,
it varies with the incident wave-normal
angle. Hence, we also need to estimate the
changes in the transmission coefficient with
changes in free-jet speed for a given incident
wave amplitude so that we can account for
the differences if they are large enough.

The results for the angular relationships due
to refraction and convection, and the
amplitude changes due to transmission
coefficient changes are given in this section
from  two-dimensional  considerations
assuming planar waves. This is an extension
of Candel’s wave analysis® to moving flows
on both sides of a shear-layer. Consider the
geometry of the angles on either side of the
shear-layer between the free-jet and the
model-jet. This shear layer is modeled, for
convenience, as a thin planar vortex-sheet
on the nozzle lip-line, as shown in Figure
5.25. The model-jet flow, assumed to be
uniform, on one side of the lip-line is
labeled as region 1. The free jet flow on the
other side, also assumed to be a uniform
flow, i1s labeled region 2. The source S,
located inside the model jet and assumed
stationary, radiates a wave at local speed of
sound ¢y with wave-normal angle ¢, with the
jet inlet axis. This wave-front convects
downstream with the local flow speed U; =
M;c; to give the direction of the incident ray
from the source, as shown using the velocity
triangle. Such angular relationships between
the wave-front normals and the ray
directions in moving media through velocity
triangles are well-known and can be found,
for example, in Lighthillzz. This incident
wave-front is refracted through the thin
vortex-sheet. When the free-jet speed is
zero, the transmitted wave-front normal
subtends an angle of (o with the inlet axis
and the wave travels in region 2 at the local
speed of sound, ¢z, as shown in Figure 5.25.
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This is also the direction of the transmitted
ray when the free-jet speed is zero.
However, when the free-jet speed is non-
zero then the change in the propagation
angle of the transmitted ray can be
conveniently broken into two parts:

(i) refraction of the corresponding wave-
front normal, denoted by angular change of
A, ,

(ii) convection of the wave-fronts using
velocity triangle, denoted by angular change
of Ag, .

This leads to the final transmitted ray angle
of

‘Dz = ¢20 +A¢r +A¢c.

(Note: We will use lower-case Greek
symbols for wave-normal angles and upper-
case Greek symbols for corresponding ray
angles.) From the detailed analysis given in

Appendix C we obtain:
2
A cos ¢

1—cos¢1(M1—c%l My)
M2 sin ¢2
1- M2 COS(DZ

cos Py =

tan Ag, =

where

02 =020 + AP,

is the angle of the wave-normal in the free
jet. Hence, ¢y , which is ¢, at M, = 0, is

given by
C% cos Py

cos =
920 1- Mjcos¢;
By using the above formulae, we can
directly relate ¢, to ¢ without referring to
the model jet (or flow 1) properties:
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COS Py = c08 20
1+ M5 cos¢y

This relationship only requires knowledge of
the free-jet Mach number M, , without
involving the model-jet properties, M; and
c1. Thus given ¢y and M, we can find ®; =
M+A¢Q. from the above equations without
knowing M; and c;.

Since rays radiate from different portions of
the jet, it would be difficult to utilize these
results in the geometric near-field. However,
as the distance R from the jet to the observer
becomes sufficiently large (geometric far-
field), some simplifications occur. For these
simplifications to be valid, R must meet two
conditions: firstly, R must be large
compared to the distance from the nozzle-lip
to the point where the incident ray crosses
the shear layer, denoted by 1 in Figure 5.25;
secondly, R must be large compared to the
nozzle exit radius, re. It is clear from
Figure 5.26, which depicts this situation,
that in the geometric far-field inside the free
jet flow when 1 /R << 1 and rei/R << 1:

050 =0y
Al = A¢

where 0,4 is measured from the center of the
nozzle-exit plane, as usual, and A¢ is change
due to refraction or convection at the lip-
line. This can also be proven mathematically
very easily. Thus, instead of using ¢y and
(oo + Ad one can use Oy and Oy + AD at a
sufficiently long distance R inside the free-
jet. In other words, in the geometric far field
we can refer to observer distances and
angles from the center of the nozzle exit
rather than from the apparent source
locations.

At full-scale under study, re.it = 1.208 ft and
R = 150 ft, so that r,i/R = 0.008. For mid-
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to-high frequencies of interest in such
comparisons, the responsible sources are not
too far from the nozzle-exit plane making 1
of the order of rey. Even taking the worst
case of 1 = 10rq gives 1/R = 0.08 which
creates hardly any error by using 620 and A
instead of ¢no and A¢, respectively. Recall
from Chapter 3 that the polar SPL data at
150 ft with a free jet flow has been obtained
from a free jet of finite diameter after first
correcting for the refraction effect from the
shear layer between the free jet and the
ambient using Ahuja et al™ type of method
(see Appendix C). This polar 150 ft SPL
data corresponds to the angle of the wave-
normals, 0, (or the “emission” angle(ls))
inside the free-jet and in the reference frame
of the nozzle.

Table 5.1 lists the final refracted ray angle
0, (=P,) and the refracted wave-normal
angle, 0, (= ¢») for a range of input “static”
free-jet angles O (= ¢z0) at two different
free-jet Mach numbers of interest, Mg = 0.2
and 0.3. The intermediate angles which go
into this calculation are also given, namely,
the pure refraction angular change A.s (=
A¢,) and the pure convection angular change
Aconv (= AQ;). The blank spaces for the
shallow angular range (larger values of 029)
give complex values of ©

» and correspond to the “zone of silence,”
which begins at slightly different values of
02 for the two free-jet Mach numbers.
Figure 5.27 shows the two angular changes,
A¢; and A¢, as functions of ¢pp. Thus note
that at 90° there is no refraction effect on the
wave-normals and the bending of the rays is
purely due to convection of the wave-fronts.
This is also true approximately for angles
near 90°. For very small angles and angles
just before the zone of silence begins the
refraction effect is much larger than the
convection effect.



Figure 5.26 Angular simplifications in the geometric far-field
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Table 5.1

Refraction & Convection Effects with Free-Jet On

Mg=0 Mg =0.2 My=0.3
920 e2 Arefr Aconv 62 e2 Arefr Aconv ®2
0 33.56 33.56 7.56 41.11 39.72 39.72 13.99 53.71
5 33.83 28.83 7.61 41.44 3992 34.92 14.04 53.95
10 34.64 24.64 7.75 42.39 40.52 30.52 14.17 54.69
15 35.95 20.95 7.98 43.92 41.50 26.50 14.38 55.89
20 37.72 17.72 8.27 45.99 42.86 22.86 14.66 57.52
25 39.89 14.89 8.62 48.51 44.56 19.56 14.99 59.54
30 42.42 12.42 8.99 51.42 46.57 16.57 15.35 61.92
35 45.26 10.26 9.39 54.65 48.89 13.89 15.73 64.61
40 48.37 8.37 9.78 58.16 51.47 11.47 16.10 67.57
45 51.72 6.72 10.16 61.88 54.31 9.31 16.45 70.77
590 55.28 5.28 10.51 65.79 57.39 7.39 16.78 74.17
55 59.03 4.03 10.82 69.86 60.70 5.70 17.05 77.75
60 62.96 2.96 11.09 74.05 64.23 4.23 17.26 81.49
65 67.07 2.07 11.30 78.36 67.97 2.97 17.40 85.37
70 71.33 1.33 11.44 82.77 71.93 1.93 17.46 89.39
75 75.75 0.75 11.52 87.28 76.10 1.10 17.42 93.53
80 80.34 0.34 11.53 91.87 80.50 0.50 17.29 97.79
85 85.09 0.09 11.46 96.55 85.13 0.13 17.05 102.18
90 90.00 0.00 11.31 101.31 | 90.00 0.00 16.70 106.70
95 95.09 0.09 11.08 106.16 | 95.13 0.13 16.22 111.36
100 100.36 | 0.36 10.75 111.12 | 100.56 | 0.56 15.62 116.17
105 105.84 | 0.84 10.34 116.18 | 106.30 | 1.30 14.87 121.17
110 111.54 1.54 9.83 121.37 | 112.40 | 2.40 13.98 126.38
11§ 117.49 | 2.49 9.23 126.72 | 11895 | 3.95 12.91 131.86
120 123.75 | 3.75 8.51 132.26 |126.03 |6.03 11.65 137.68
125 130.38 | 5.38 7.68 138.06 |133.85 |8.85 10.15 144.01
130 137.53 | 7.53 6.71 14424 | 142,78 | 12.78 8.33 151.12
135 145.44 10.44 5.36 151.01 153.83 18.83 5.95 159.78
140 154.78 14.78 4.13 158.90 | 174.06 | 34.06 1.37 175.43
145 16842 | 2342 1.92 170.34 | * * * *
150 * * * * * % #* %
138 * * # # * * * *
160 * * * * * * * *
170 *® * * * * * * *
175 * * * * %* * * %
180 % * * * * * % *

020 = Angle of wave-front normal with inlet axis in the static free-jet (Mg=0)
0. = Angle of wave-front normal with inlet axis in the free-jet purely due to refraction

Avetr = 05 - O, Pure refraction effect without convection
Acony = Purely convection effect after accounting for refraction effect

Os = B¢ + Aretr + Aconv, Final angle of the ray in the free-jet

* = Gives complex values of 6, corresponding to "zone of silence”
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The relationships between the various angles
given above are not restricted by the
assumption of plug flow in the model jet or
the thin vortex-sheet model of the free-
jet/model-jet shear layer but are also
applicable when there is variation in the
flow properties in the vertical direction and
the shear-layer is thicker. This is true so
long as the static pressure in the vertical
direction remains fixed. In that case the
model-jet flow properties in the above
rclations, namely, M; and ¢; are to be
replaced by the local model-jet flow
properties at the source location. The final
relation between @, and ¢ or ¢2 and ¢y 1s,
however, independent of model-jet flow
properties, as mentioned earlier.

Further, these relationships between angles
are applicable not only to planar two-
dimensional flows but also to the cylindrical
case if the two flows are assumed uniform,
the thin vortex-sheet is a cylindrical surface
and the point source is on its axis. In this
case, any incident ray from the source is
always in the meridional plane, rx
(containing the radial direction r and the
axial streamwise direction x), whence, its
local interaction at the cylindrical vortex-
sheet can be considered as if both the
vortex-sheet and the incident wave-fronts
are locally planar. This results in the
transmitted ray being in the same meridional
plane as the incident ray. That is, Figure
5.25 can be interpreted as if it is drawn in
the meridional plane of the incident ray and
all the angular relationships remain the same
as derived before for the planar case.

Next we tackle the issue of “transmission
coefficient” changes at different free-jet
Mach numbers and the corresponding
observation angles. The detailed analysis
and results are again given in Appendix C.
These results show that for a range of
“static” free-jet angles 0,9 not too far from
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90° the changes in the SPL of the
transmitted ray-tube due to changes in the
free-jet Mach number up to 0.3 are at most
of the order of + 0.4 dB. The errors are less
in the aft quadrant than in the front quadrant
and for hot jets the errors are even smaller.
This is small enough for our purposes of
comparison and, hence, can be neglected if
we restrict ourselves to that angular range.
Recall that, in any case, in the geometric
acoustics limit the rays are not reflected and
our analysis will be consistent if we indeed
neglect the transmission coefficient changes.

5.4.2 The New Diagnostic Method for
“Excess” Sources

Let’s say that we know the 150 ft polar SPL
data inside the free jet at different
“emission” angles, 0, (= ¢», see Figure 5.25)
for different Mg, as in our data base. Then
in order to study the effect of free-jet Mach
number on the high-frequency source
characteristics we should compare the far-
field polar SPL of Mg = 0 at angle 050 with
that of Mg > 0 at angle 0; = 0,0+A0; as given
in Table 5.1. Thus, we will compare the far-
field polar SPL’s of different Mg's at
corresponding “shifted” angles, denoted by
the following pairs:

(Mg =0, 850) <> (Mgz>0, 62).

If the 150 ft polar SPL data inside the free
jet is referred to the ray angle, ©,, or
“reception” angle™ then comparison of
SPL’s at different Mg's should be made at
the corresponding shifted ray angles, also to
be found in Table 5.1, and this relationship
is denoted by:

(Mf] = 09 820) <~ (Mf:j>0, 82)
It is possible that the polar SPL data is

available at only certain angles, as in our
case, from 0, = 55° to 165° with 5° interval.



In that case, data may not be available
exactly at the angle 0, demanded by Table
5.1 for different Mg. As an approximation,
SPL data at the closet available angle will be
used. With data available at 5° intervals the
maximum error in angle will be 2.5°. ' When
we actually compare data we will select
angles which will minimize this error for the
available My of 0.2 and 0.3.

Since our whole analysis here was driven by
the observation that the sound power in the
mid-to-high frequencies does not change
much with free-jet speed, let us see from the
viewpoint of source location, what this may
mean. Figure 5.28 shows several source-
locations for a jet with internal mixing and a
table listing if those sources should change
in intensity due to free-jet speed changes.
Generally speaking a change in free-jet
speed changes the mixing characteristics
between the nozzle-jet and the free-jet at the
lip shear-layer and further downstream
where the two lip-shear layers from
diametrically opposite ends of the nozzle
interact as well as in the far downstream
plume flow-field. However, if there are any
other sources of noise away from the free-jet
related shear-layers then their turbulence
intensity will not be modified much due to
changes in the free-jet speed, if we neglect
“pack-reaction” on those sources due to an
impedance change at the lip shear-layer.

For example, source 1 in Figure 5.28 is
inside the nozzle and may arise due to
internal fan-core flow mixing and hence, not
change in strength due to changes in free-jet
speed with a fixed ambient pressure at the
lip. Similarly source 2 in that Figure, shown
away from the lip shear-layer, can arise due
to fan and core flows not being completely
mixed at the nozzle-exit plane and will not
change in strength due to changes in free-jet
speed. Back-reaction on both these sources
can be neglected. Both these sources, 1 and
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2, are in some sense “excess’”’ noise sources.
The first is an “internal” excess noise source
and the second an “external” excess noisc
source. These are “excess” noise sources in
the sense that they will not occur in a single
stream nozzle with “uniform” exit jet
velocity producing the same thrust. In the
case of forced lobed mixers these are driven
by axial vorticity, have small length-scales,
and hence, are candidates for mid-to-high
frequency noise sources.

On the other hand, sources in locations 3, 4
and 5 in Figure 5.28 are in direct interaction
regions with the free jet flow and will
change their strengths as My changes. For
example, earlier in Section 5.2.3 we had
shown how the radial gradient of velocity at
the end of the potential core near region 4
decreases with an increase in My thus
reducing noise in fully mixed jets.
However, this should not be taken to imply
that effects of axial vorticity are only
confined to source locations 1 and 2. For
example, in the case of high lobe penetration
the axial vortices may not completely
diffuse infernally, and will then interact with
the lip-shear layer at location 3. For low-
lobe penetration these vortices can continue
to convect all the way up to location 4.
From the table in Figure 5.28, we can
conclude that if we find that the far-field
high-frequency SPL’s for different free-jet
Mach numbers at the appropriately “shifted”
angles do not change, then they probably are
coming from “excess” sources either from
source location 1, inside the nozzle or from
source location 2, close to the nozzle exit
plane and away from the lip-shear layer.
Further, if we have flow data at the nozzle
exit plane which shows uniform flow
(velocity and temperature) then it would
mean that there are no “external” excess
sources at 2 and the burden of invariant
SPL-data will completely fall upon
“internal” excess noise sources. In the case
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of forced lobe mixers, these are nothing but
the turbulence generated by the dominant
axial vortex structures. On the other hand, if
the SPL’s at shifted angles do change then
this method fails to say anything definite
about the excess noise sources.

It should be noted that internal sources of
noise can also radiate to the far-field
upstream quadrant. This is illustrated in
Figure 5.29 for an internal source in a duct
with uniform flow and zero free-jet speed,
for simplicity. Consider a noise source
inside the nozzle with its wave-number
vector k having an upstream facing
component, ky, < 0, with phase velocity
vector of magnitude ¢ (local speed of sound
in the jet) and group-velocity vector or
acoustic ray velocity facing in the
downstream  direction  obtained by
vectorially adding ¢ (= ck/[k|) and the local
jet velocity vector V. We assume here that
k, is such that it does not correspond to total
internal reflection. This downstream going
ray in the jet finally interacts with the lip
shear-layer, represented as a vortex-sheet,
either directly or after reflecting from the
duct-walls. At the vortex-sheet between the
ambient and the nozzle-jet, the equality of
static pressure implies that the x-
components of the wave-number vectors in
the ambient and the jet must be equal, i.e.,
kx; = kx where subscript 1 stands for flow
outside the jet. Hence if ky has an upstream
facing component at the source ky < 0, then
kg < O too, and the far-field ray in the
quiescent ambient will propagate in the
upstream quadrant.  With a free jet flow
present and Vg > 0 this far-field ray will be
further deflected due to convection, as
already discussed using Figure 5.25. While
a vortex-sheet model was used here for
convenience, this whole argument is also
true for a thin lip shear-layer with constant
static pressure within its thickness because
the x-component of the wave-number
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vector, ky, remains constant throughout the
shear-layer thickness. :

In summary, only downstream going rays
from internal sources within the jet, which
do not correspond to total internal reflection
angles, can radiate outside the nozzle; all
upstream going rays from internal sources
within the jet are trapped inside the nozzle.
As a special and important subset of these
rays, only the downstream going rays from
the internal source within the jet which
correspond to upstream facing wave-number
vectors at the source will radiate into the
upstream far-field quadrant when no free jet
flow is present.

With this new diagnostic method in hand, let
us examine the high NPR condition TO #3
because it showed better invariance of PWL-
spectrum than TO #1 which corresponds to
low NPR.

543
TO#3

Application to Operating Condition

Figure 5.30 shows the comparison of polar
SPL at a 150 ft radius inside the free-jet for
mixer 12UH at free-jet Mach numbers of
0.0, 0.2, and 0.3 at the “shifted” emission
angles obtained from the equation of the
previous section or Table 5.1. Here, the
reference case is taken to be at 0,9 = 90° for
Mj = 0.0 (the “static” angle). Since we are
using emission angles we obtain, from Table
5.1, ©; = 90° also for both Mj; = 0.2 and 0.3
as the “shifted” angle. In this case data is
indeed available exactly at 90° for Mg = 0.2
and 0.3 and, hence, the error in the angle for
which data is plotted is zero. This error in
angle is shown in brackets after the
corresponding shifted angle in the legend of
Figure 5.30. We follow this nomenclature in
this section. We see that frequencies beyond
1000 Hz do not change significantly (they
arc all within the margin of error for SPL)
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with changing Mg. This implies that the
invariant high-frequency noise at angles at
90° is most likely associated with “excess”
noise sources lying either inside the nozzle
or close to the exit plane and is due to the
turbulence caused by the axial vortices
generated between the fan and core streams.
We unfortunately do not have the plume
data at the exit plane for this condition to
nail down the excess sources any further as
“internal” or “external.”

Let’s examine the “shifted” SPL’s at
different angles.. In Figure 5.31(a) the data
at “static” angles of 80° and 100° are
compared to appropriately shifted angles for
the various free-jet Mach numbers tested.
The shifted angles, 0., for both free-jet
Mach numbers are also 80° and 100°
respectively from Table 5.1. It appears that
at 80° the SPL’s for frequencies around
2000 Hz are quite invariant for the two free-
jet Mach numbers, implying that internal
and/or external excess sources are
responsible for these frequencies at this
angle. The downstream angle associated
with 100° does not show as much invariance
at higher frequencies. If we further compare
in the upstream quadrant at angles 85°, 75°
and 55°, as shown in Figure 5.31(b), then
the previous invariance of SPL appears to
hold good at intermediate frequencies near
2000 Hz. For angles less than 70° or more
than 95° this SPL invariance appears to
falter. Hence, it appears that at least for a
certain angular range near 90° the internal
and/or external excess sources are, indeed,
responsible for the noise at frequencies near
2000 Hz and higher. For the corresponding
range of angles near 90° for Mg = 0.2, the
resulting PNL is within 3 to 4 PNdB of the
peak PNL value for mixer 12UH (see Figure
5.18) and, hence, the excess noise source
should be a significant contributor to EPNL.

We have analyzed all the mixers at
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operating condition TO #3 using the
diagnostic technique of comparing SPL’s at
“shifted” angles for different Mg’s. Some of
these results are attached in Appendix D and
show comparisons at “static” angles of 75°,
90° and 100° and corresponding “shifted”
angles at higher My’s. (Note from table 5.1
that the corresponding shifted angles are
also approximately 75°, 90° and 100°
respectively.) Examination of all these
figures given in Appendix D shows the
following:

1. All lobed mixers show strong
invariance of SPL at mid-to-high
frequencies for “static” 75° when Mg
is varied from 0.0 to 0.2 to 0.3 similar
to the 12UH mixer discussed earlier.
Actually this was seen to hold good for
a small range of angles in the upstream
quadrant near 90°.

2. In the downstream quadrant away from
90° the SPL invariance breaks down.

3.  In the scalloped lobe mixers 12CL and
20DH although the SPL variation at
higher frequencies was less that at low
frequencies, clean SPL-invariance was
not observed even at 90°. That is,
compared to the SPL invariance in
unscalloped mixer 20UH, the SPL’s
for 12CL and 20DH mixers at shifted
angles varied more than 20UH for high
frequencies when Mg was varied.

4. The sound pressure levels of the
confluent mixer (CONF) do not show
invariance at  “shified” angles for
different free jet Mach numbers at any
frequency. This means that the
dominant noise sources are either not
the internal or the external excess
noise sources, or that if any excess
noise sources are present then they
have merged with the free jet outside
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the nozzle. This configuration does not
produce axial vorticity structures and
little mixing occurs inside the nozzle.
The fan/core flow mixing outside the
nozzle near the exit-plane, which is
away from the free-jet, is a region
which is not a dominant noise
producing region as explained in the
model of a coplanar coaxial jet for the

“initial” region contained in Fisher et
an
al ",

In summary, application of the new
diagnostic technique at operating condition
TO #3 shows that all unscalloped mixers
(12UH, 16UH, 20UH) appears to have
“excess” noise sources which emit noise at
upstream angles close to 90°. These excess
sources can be either inside the nozzle duct
or close to the nozzle exit plane near the jet
axis representing partial fan/core stream
mixing. The turbulence generated by the
strong axial vortices found in these forced
lobed mixer configurations is the probable
candidate for the excess  source.
Perturbation of streamwise vortices which
have convoluted vortex surfaces with
normals in the transverse plane will emit the
strongest sound in the radial direction or at 0
= 90° which is what has been observed.
However, the deeply scalloped mixer
(20DH) and the cutout mixer (12CL) do not
show this behavior clearly. Hence, their
excess sources, if any, are either weak or
they interact with the free-jet/model-jet
shear layer to change the far-field SPL’s at
“shifted” angles, as observed. 20DH mixer
also typically shows fairly uniform velocity
profiles at the nozzle exit plane, except for a
small hump at the center (see Figure 4.13).
Hence, its internal noise sources must be
weak radiators. Recall that 20DH and 12CL
are also the quietest mixers, especially in the
mid-to-high frequency range (see Figures
5.19, 5.16). Thus, this “shifted” angle SPL
comparison in a way complements the
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previous acoustic findings.

We have applied this technique also at the
lower NPR condition, TO #1, to all mixers,
and the results do not show much SPL
invariance with free jet Mach number,
implying that these “excess” sources
become less important at the lower jet
speeds (830 ft/s) associated with this
operating condition.

5.5 Effect of Nozzle-Length

In this section acoustic data is presented and
analyzed for mixers with different nozzle-
lengths. The nozzles tested varied the
mixing-length or the distance between the
mixer exit plane to the nozzle exit plane, L,
between 50%, 75% and 100% of the
baseline mixing length. These correspond,
respectively, to L/Dmp = 0.55, 0.83 and 1.10
where Dy, is the mixing-plane diameter.
The 75%L configuration was tested ‘in
conjunction with only three of the available
lobed mixers (12TH, 20UH, 20DH). In each
case the nozzle exit plane diameter was kept
the same, as shown in Figure A.5.

Since the recording microphones were at
fixed locations in the APL dome, the
distance between them and the nozzle exit
plane changed slightly as the nozzle-length
was varied. The changes in the nozzle-
length, AL, are at most 5.5” (distance
between the exit planes of 100%L and
50%L.) and the microphones are at R = 48 ft.
As a result, AR/L = 0.0095 and the changes
in the microphone angles and distances
which are measured from the center of the
baseline (100%L.) nozzle are negligible.

Initially we examine the effect of nozzle-
length on the overall acoustic metrics at all
performance conditions. In the second
section we examine the SPL-spectra at
various angles. Finally we examine the



probable mechanism that produces the
observed behavior.

5.5.1 Overall Acoustic Metrics

Earlier studies with the confluent nozzle
(CONF) showed that the nozzle-length or
mixing-length, L, did not make any
difference in far-field noise. (Some results
from 1995 tests for CONF mixer are
reported in Mengle et al'®) This is an
expected result because CONF does not
produce any appreciable internal mixing
and, therefore, changing mixing lengths
does not change the fan/core or jet/ambient
mixing behavior. Hence, we will not deal
with the length effects for CONF mixer.
The focus here will be on mixing-length
effects for the lobed mixers and the tongue
mixer.

Figures 5.32 to 5.38 show the power
spectrum, polar OASPL directivity and
flyover PNL-directivity for, respectively,
12CL, 12UH, 12TH, 16UH, 20UH, 20MH
and 20DH mixers at conditions TO #1, #2
and #3 with a free jet Mach number of Mg =
0.2 for all nozzle-lengths tested. These are
very comprehensive plots. Examination of
these plots reveals the following interesting
facts regarding mixing-length effects:

1. Reducing mixing length does not
necessarily produce an increase in
noise, as commonly believed. For
example, for mixers 12TH, 20UH and
20DH at TO # 3 (Figures 5.34, 5.36,
5.38) both PNL and OASPL decreases
at most angles as the mixing length is
decreased from 100% to 75%L and
then increases with further reduction to
50%L., showing a local minimum for
noigse. This is also true for mixer 12CL
(Figure 5.32) where a reduction from
100%L to 50%L produces a decrease
in noise for all the operating
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conditions. This noise decrease due to
the reduction in L looks substantial
and will be quantified in terms of
EPNL later.

The reduction in noise with a decrease
in L is not always observed for the
lower NPR conditions for these
mixers. For example, a noise increase
is observed for mixer 12TH as the
nozzle-length decreases for conditions
TO #1 and #2. The PNL directivity of
the 20 lobe mixer with deep scallops,
20DH, is essentially unchanged when
the mixing-length is reduced from
100%L. to 75%L at the lowest pressure
ratio, TO #1. However as the NPR is
increased, a PNL reduction is noted as
the mixing length is reduced from
100%L to 75%L for configuration
20DH at angles less than or equal to
125°. However, 20UH shows a local
minimum in noise at 75%L for all
take-off conditions TO #1, #2 and #3.

The three mixers 12UH, 16UH and
20MH (Figures 5.33, 5.35, 5.37), for
which no 75%L tests were done,
always show an increase in noise when
the mixing-length is reduced by half.
Since all the other noise characteristics
of these three high-penetration mixers
are very much like those of 20UH, it is
very likely that they too will show a
local noise minimum if data were
obtained at 75%L.

In terms of the PWL-spectra, changes
in mixing-length produces substantial
changes in the mid-to-high frequency
range, but the low frequency is
unchanged at all operating conditions
for all mixers. Since near the peak
PNL angle and upstream of it mid-to-
high frequencies dominate, this
spectral behavior is reflected as larger
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changes in PNL in the corresponding
angular regions and smaller changes at
the shallow angles. Similar changes
were noted in the OASPL directivity.
Thus, using 20UH as an example
(Figure 5.36), large changes in peak
PWL at 2000-3000 Hz are reflected as
large changes in peak PNL at 100°-
115°.  Consequently if there is a
reduction in the PWL-spectra at 2000
Hz going from 100% to 75%L then it
also appears as a reduction in the PNL
at the corresponding angles near the
peak PNL angle.

5. The striking independence of low
frequency PWL on mixing-length for
all mixers at all conditions implies that
the far downstream plume decay must
be independent of the mixing length.

Any reduction in noise with decrease in
nozzle length is always welcome from the
point of view of nozzle weight but its effect
on thrust should also be considered. We
will investigate the reasons for this
interesting acoustic behavior by scrutinizing
the polar SPL-spectra in the next section.

552 Polar SPL-Spectra

Figures 5.39 to 5.45 show the 150 ft polar
SPL-spectra for all nozzle lengths at 60°,
90° and 115° for the lobed mixers 12CL,
12UH, 12TH, 16UH, 20UH, 20MH and
20DH respectively for all operating
conditions and at Mg = 0.2. These Figures
correspond to those in the previous section
for each mixer and should be used for
reference.

Examination of these SPL-plots reveals the
following:

1. Changes in OASPL due to mixing-
length changes at a given angle arise

NASA/CR—2002-210823/VOL]1 195

mainly due to changes in SPL in the
mid-to-high frequency spectra. The
low frequency portion of the SPL is
almost invariant to nozzle-length
changes at all angles. The very high
frequency spectra also  appears
insensitive to nozzle-length,
particularly at the low nozzle pressure
ratio of TO #1. This spectral behavior
is reflected in the PWL spectra
discussed in the last section.

Using mixer 20UH at operating
condition TO #2 as an example
(Figures 5.43 and 5.36), the changes in
OASPL or PNL at 115° due to mixing-
length changes must be due to
frequencies larger than 800 Hz since
frequencies lower than 800 Hz do not
change. Hence changes in the flow
structures that cause the mid-to-high
frequency sources must also be the
dominant reason for changes in PNL
or OASPL due to mixing-length
changes. Earlier (Section 5.4.3 and
Figure D.5) we have found that
internal and external “excess” noise
sources contribute largely to this mid-
to-high frequency range at angles near
90° at Mg = 0.2, and that the
turbulence in the axial vortices are the
likely noise generators. Interaction of
these vortex structures with the free-jet
in the nozzle lip-shear layer or further
downstream near the end of the jet
“core” will also produce mid-to-high
frequency noise at other angles, e.g.,
where PNL peaks.

In order to understand why a local
minimum for sound exists when
mixing-length is decreased, we focus
on a fixed frequency, say, at or near
the spectral peak and see how its SPL
changes at all angles. Recall that the
polar SPL being examined is in the
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reference frame of the nozzle so that
we do not need to Doppler-shift the
frequency at different angles for
comparison. Again using 20UH as an
example (Figure 5.43), we see that the
2000 Hz component of SPL decreases
by similar amounts at all angles when
the mixing-length is reduced from
100% to 75%. This is also true for all
the neighboring frequencies in the
mid-to-high frequency bands. Since
the far-field radiated sound due to a
source can be thought to be made up of
the product of an amplitude factor
(intensity) and a directivity factor, this
observation at all angles implies that
the source producing these mid-to-high
frequencies is decreasing in intensity
as the length is decreased from 100%
to 75%. Since the turbulence in the
axial vortex structures is the cause for
this frequency range, this turbulence
intensity which is related to the
strength of the axial vortices must be
getting weaker. It was also noted
previously that the noise starts
increasing when the mixing-length is
reduced further to 50%L. This
suggests the presence of “competing”
mechanisms — one which decreases
noise and the other which increases it
when the mixing length is reduced.
We explore the competing
mechanisms in the next section.

From Figure 5.45A it is also observed
that as the mixing length is decreased
from 100%L to 75%L the peak SPL
frequency (in terms of 1/3™ octave-
band center frequency) generally
decreases, and when the mixing length
is further decreased to 50%L. the peak
SPL frequency always increases, thus
exhibiting a local minimum in the peak
SPL frequency at a given angle. This
curious fact is worthy of attention

203

because one would otherwise expect
that as the nozzle length is decreased
the peak SPL frequency ought to
monotonically increase due to more
and more exposure of the smaller
eddies produced by the mixing of fan
and core streams. Also the decrease in
peak SPL frequency for 75% L takes it
away from the most annoying spectral
region of 3000-4000 Hz. This
combined with its reduced intensity,
observed earlier, no doubt will reduce
the perceived noise levels for 75% L.
Such perceived noise levels will be
studied in Section 5.6.

With a free-jet Mach number of Mg =
0.2 in the above data, changing the
nozzle length by a few inches also
changes the boundary-layer thickness
on the outside of the nozzle wall at the
exit-plane by a small amount. It can
be argued that this change in boundary
layer thickness can affect the evolution
of the jet plume downstream of the
nozzle exit and, hence can affect this
peculiar phenomenon of “local
minimum of noise.” In order to check
if this unique phenomenon exists
without any external boundary layer,
we examine the static case, Mg = 0,
where there is no external boundary
layer. Figure 5.46 shows the static
polar SPL’s for 20UH at TO #3 with
different nozzle-lengths. We sec that
75% nozzle-length again shows a local
minimum in SPL at mid-to-high
frequencies, as well as a local
minimum for the frequency of peak
SPL as before. This implies that the
effect of the external boundary-layer is
not an important part of the
mechanism which produces the local
noise minimum.
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Figure 545A  Variation of peak SPL
frequency with mixing length at
TO #3, M(fj) = 0.2.
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5.5.3 Competing Mechanisms for Local
Minimum of Noise

We have observed from Figures 5.41, 5.43
and 5.45 that all the lobed mixers tested with
all three mixing lengths showed a local
minimum for noise at some of the operating
conditions. A local minimum exists when
there are at least two competing mechanisms
which are functions of the parameter being
varied -- one which increases noise and the
other which decreases it. We discuss the
probable reasons for this behavior.

It is not difficult to see why noise for
configurations with lobed mixers should
increase when the mixing length is
decreased. As we have shown earlier, these
flows are dominated by axial vorticity and
the consequent turbulent mixing between
fan and core flows inside the nozzle duct.
These turbulent vortices comprise the
internal noise generator. When the duct
length is decreased the sources in the aft
portion are acoustically exposed or
“acoustically unshielded” as shown in
Figure 5.47. For a “shielded” source inside
the duct, like A in Figure 5.47, all upstream
going rays from it are trapped and only
downstream going rays can be radiated
outside the nozzle, if their wave-number
vector angles do not correspond to total
internal reflection angles, as discussed
before. For an unshielded source, like B in
Figure 5.47, rays over a much Ilarger
propagation angle range can reach the far-
field. For the example of source B in Figure
5.47, the angle between the limiting rays is
greater than 180° and is limited by only total
internal reflection angles. Thus, a higher
percentage of the total acoustic power of the
source is radiated in the far field. Hence, if
this source is dominated by mid-to-high
range frequencies then there will be an
increase in noise in that spectral range in the
far-field. With many such sources being
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“unshielded” a higher percentage of their
total acoustic power will be radiated to the
far-field. However, the total far-field noise
will go up only if the strength of these
sources remains the same after reducing the
mixing-length. If their strengths can
decrease then a competing mechanism
which can lead to a local minimum in noise
has been identified. Let's explore that
possibility.

When the nozzle length is reduced, the
mixing length, L, is reduced but the nozzle
diameter D is kept the same. This leads to
“squeezing” of the flow in a shorter distance
which would increase the acceleration in a
subsonic flow more than before. But, more
importantly, the “pressure release” condition
to the ambient pressure applied at the nozzle
lip on this squeezed flow now occurs earlier.
This “squeeze and early release” mechanism
now exposes axial vortex flow structures to
the ambient pressure which would have been
otherwise in a bounded duct-flow
environment, as also explained earlier in
Section 4.1.4. What the previous SPL data
(§ 5.5.2) suggests is that when this happens
the noise source intensity and, hence, the
turbulent intensity of these “exposed” axial
vortex flow structures can decrease. These
same “exposed” weaker axial-vortex flow
structures convect downstream, so that now,
with reduced mixing length, there are
weaker noise sources further downstream at
the same axial distance from the mixer-exit
plane than when the nozzle length is longer.
This we will call as the ‘“aerodynamic
unshielding” effect. In order for the total
noise to decrease, as observed for the 75%L.
cases, the weakening of these noise
generators must exceed the increase in noise
due to the “acoustic unshielding”
mechanism discussed earlier by referring to
Figure 5.45. We emphasize that this
weakening of axial-vortex flow structures is
only implied by the SPL data; we do not
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have definite plume turbulence intensity
data or spectral data to prove this
hypothesis.

Recall that for 12CL mixer the jet “mean”
flow data in the transverse plane at X/D =
0.2 (ref. 100%L nozzle) and center-line
velocity beyond X/D = 4 (see Figures 4.16,
4.17) did not show much change between
100%L and 50%L cases when compared at
the same distance from the mixer exit plane.
This means that the changes in noise source
strengths speculated here must occur
upstream of X/D = 0.2 (referred to nozzle
exit plane of 100%L), that is, upstream of
X/D = 1 when referred to the nozzle exit
plane of 50%]L.. This calls for more scrutiny
of the full plume data in future experiments
near the nozzle exit plane and also inside the
nozzle.

The “optimal” length of the nozzle where
the local noise minimum occurs depends on
the turbulence intensity governed by the
strength of these axial vortex structures
which in turn depends on the geometry of
the lobed mixer. Hence, for example, the
optimal mixing-length may vary for the
20UH and 12CL mixers, which produce
streamwise vorticity of different strengths.
The optimal nozzle length can also vary
according to the operating condition, since
this also affects the strength of the axial
vortices, as seen in the noise of 20DH with
differing nozzle-lengths (Figure 5.38). For
lengths less than the optimal length, the
initial vortices which are the strongest (as
seen from the CFD simulations (see Figures
2.22, 2.25)) are no longer acoustically
shielded, allowing the first mechanism to
dominate the second quieting mechanism,
thus producing an increase in overall noise.
How this can produce the observed
minimum in peak SPL frequency with
changes in nozzle length needs to be
scrutinized in the future.
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In summary, to explain the existence of a
local noise minimum with decreasing
nozzle-length in lobed mixers two
competing mechanisms are proposed: (i)
“acoustic unshielding” of axial-vortex flow
structures which increases the far-field
radiated noise, and (ii) “aerodynamic
unshielding”  which decreases  the
turbulence intensity of the “exposed” axial-
vortex flow structures due to earlier pressure
release to the ambient conditions which
decreases the far-field noise. The second
mechanism especially needs to be verified.

5.6 Flyover EPNL

Effective perceived noise level or EPNL is
an integral measure of noise observed at a
stationary location over a finite time-interval
as an aircraft flies by. We obtain EPNL in
this section for a constant altitude flyover at
1500 ft flight-profile assuming a non-
reflecting ground. EPNL is found from the
PNL-data presented in the previous section
after correcting it for “tones” and “duration”
as is implied in the definition of EPNL?? .
With a single acoustic metric in hand, it
becomes easier to compare the acoustic
performance of one mixer to another over a
range of operating conditions.

We first examine the cffect of free-jet Mach
number (or flight effect) on EPNL for a
given mixer and see if it collapses with any
particular choice of the horizontal
coordinate in the EPNL plots. Having
observed such a collapse with a particular
coordinate, we then compare EPNL of one
mixer against the other at different operating
conditions. This comparison brings out the
“relative noise merit” of each mixer and tells
us the acoustic “winners” and “losers”
amongst the mixers tested at different thrust
levels or jet speeds.



5.6.1 Effect of Free-Jet Mach Number

EPNL can be plotted against a number of
variables  representing the  operating
condition.  For example, the operating
condition can be represented by the gross
thrust, net thrust (which removes the ram
drag), effective mixed velocity, effective
mixed Mach number, or some other
variable. (Here, effective mixed velocity is
defined as the ratio of gross thrust to total
mass-flow rate.) There is no agreement in
the literature on this and different variables
can be suitable for different purposes. For
example, it can be argued that the noise
from different mixers used in nozzles of the
same diameter should be compared at the
same thrust level for application to engines.
In single stream nozzles of different sizes
the jet velocity, which is specific thrust or
thrust per unit mass-flow rate, is often used
for noise comparison leading to Lighthill’s
well-known eighth-power law of noise in
subsonic jets, for example. Effective mixed
jet velocity, on the other hand, may not be
the right choice for the horizontal coordinate
for two-stream nozzles since at a fixed
mixed velocity, different mixers can have
different total mass-flow rates which would
imply that their thrust would be different.
Comparison of noise of two different mixer-
nozzle configurations of same size but
producing different thrusts does not seem
appropriate to us.

5.6.1.1 Effect of Observable Angular
Limits on EPNL

In this section, we try several horizontal
coordinates and look for a collapse of the
EPNL-data when the free-jet Mach number
is varied. = Before presenting such plots,
however, it is important to examine the
errors incurred in calculating EPNL from the
current data set. As an example of a
potential source of error, the limit on
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observation angles may not allow PNL to
reach a full 10 dB below the peak for some
of the mixer configurations as required in
the definition of EPNL??.

Figure 5.48 shows a typical plot of PNL
versus Receiver Time for all the mixers at
operating condition TO #3 and Mg = 0.2
based on the available emission angles of
55° to 165°. The stark contrast in the noise
signatures between confluent mixer (CONF)
and forced lobe mixers is brought out in this
Figure. The confluent mixer (CONF) has a
long duration correction because its noise
dies out very gradually and it has a relative
low peak PNLT. All the lobed mixers show
a sharp rise and a sharp fall with, typically, a
higher peak PNLT (with the exception of
20DH). EPNL calculations need PNLT data
10 PNdB below the peak PNLT. We see
that the data for the CONF mixer, with a
peak PNLT of 86.8 PNdB does not reach the
10 dB down points at either end of the
“event” (which translates back to upstream-
and downstream-angles). The PNLT time
history for the confluent mixer is much
flatter (lower rate of change) at the later
times after the aircraft has passed overhead
than in the initial interval before the aircraft
arrives at the observer location. As a result,
failure to reach the 10 dB down point during
the receding portion of the flyover will
produce a larger EPNL error than a similar
occurrence during the initial interval. On
the other hand, since the noise of lobed
mixers falls sharply on the downstream side
of the peak, sufficient data exists to reach 10
PNdB below peak PNLT. However, we
lack some data in the beginning or front
quadrant for these lobed mixers; but, since
the PNLT rises sharply the error incurred by
neglecting data below 55° will be small
compared to that for CONF.

An estimate of the “relative” error in EPNL
between two mixers due to the neglection of



Figure 5.48 1500' Flyover PNLT vs Receiver Time
T.O. # 3 and M(fj) = 0.2
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PNLT-data beyond the observed angles can
be made as follows. Using the definition of
EPNL® | we can show that the relative
error between two mixers (denoted by
subscripts 1 and 2 below) is:

AEPNL =10 1og[l+—A—A‘—/-ﬁ]

1+AA, /A,
where A = area under 10" versus
receiver time curve for available data, and

AA = additional area needed to reach 10
PNdB below peak PNLT.

Note that the y-coordinate of the curve
under which the arca is being found is
10PNET10 and not PNLT itself. Due to the
appearance of PNLT in the exponent, the
peak PNLT value contributes the most to A
and much lower values of PNLT than the
peak will have a much smaller effect on A.
In any case, if AA/A; = AAy/A; then there
is no relative EPNL error and AEPNL = 0.
However, as an example, if AA/A; = 5.0%
and AAy/A; = 2.5%, then AEPNL = 0.1 dB.
Due to the flatness of the PNLT curve for
CONF in the final stages of the flyover
event we expect its EPNL error to be higher
than for the lobed mixers. This error
analysis shows, however, that the “relative”
error in EPNL between two mixers due to
lack of acoustic data at extreme angles will
be very small indeed.

Next let us consider the error made in one of
the possible candidates for the horizontal
coordinate, namely thrust, by using unmixed
thrust or separate flow thrust versus the
actual thrust. All the acoustic data was
collected in the NASA APL’s NATR but
simultaneous thrust measurements were not
done because the thrust balancc was not
working properly. However, accurate
individual mass-flow rates for the fan and
core flow allow unmixed thrust to be

NASA/CR—2002-210823/VOLI1 211

calculated. The gross thrust coefficient C; ,
defined as the ratio of actual thrust to the
unmixed thrust, gives a good measure of this
error. As we saw in the previous chapter
(see Table 4.1), for the lobed mixers tested
at the static thrust-stand in FluiDyne, the
deviation of actual thrust from the unmixed
thrust captured in ACy loss = (1-Cy) 1s
generally less than 1% at TO conditions. For
higher nozzle pressure ratios and hot total
temperature ratios the Cq loss decreases to
less than 0.5%. Moreover the “relative”
error in thrust between two mixers due to the
use of unmixed thrust instead of actual
thrust is even smaller than this because Cy’s
for all mixers are closer to each other than
they are to 1.0. This means that using
unmixed thrust for EPNL plots instead of
actual thrust values will not create
significant errors when examining a range of
thrusts.

In summary, our error analysis shows that
the “relative” error in EPNL due to limits on
observable angles is small and the “relative”
error in thrusts made by using unmixed
thrust values instead of actual values in the
EPNL plots is also very small.

5.6.1.2 Collapse of EPNL Plots

We examine the change in EPNL, across a
whole range of operating conditions, due to
changes in free-jet Mach number by plotting
it against four variables:

(i) Normalized Separate Flow Gross
Thrust - This is calculated from

h/lfvfidml + chcidealJPref /Pame

where my, m,. are the observed mass-
flow rates for the fan and core
passages at test-day ambient pressure,
Pamb; velocities Vr jdeat, Ve idea are



calculated for fan and core streams
when each expands isentropically/
ideally and separately (unmixed) to the
ambient pressure from the known total
pressure and total temperature. The
last factor is used to “normalize” the
thrust to remove day to day variation
in P,y (this formula can be ecasily
proved from the definition of the thrust
coefficient, Cy, which itself does not
vary with Pymp).

(i) Normalized Separate Flow Net Thrust
- This is defined as:

Normalized Separate Flow Gross
Thrust - ( mg+ m.) Vg [Prof/Poms]

where Vg = free-jet speed. That is, for
net thrust calculations we remove the
“ram drag” from the gross thrust.

(iii) Effective Mixed Velocity, Vi,
defined as the ratio of separate flow
gross thrust to the observed total mass
flow rate. This is the same as the
mass-averaged separate flow velocity:

cideal

(iV) Vmix/Camb, a non-dimensional variable
to remove day-to-day ambient
temperature effects.

Figures 5.49, 5.50 and 5.51 display EPNL as
a function of the above four variables across
the whole range of operating conditions
(including approach and all take-offs) with
Mg = 0.2 and 0.3 for, respectively, mixers
12CL, 12UH and 12TH with the baseline
nozzle length. Only when EPNL is
displaved as a function of net thrust, the
variation with free jet Mach number
collapses into a single curve. This behavior
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is not observed when any of the other
parameters are selected as the independent
variable. This is a significant new
discovery. It is expedient to examine this
behavior for all other mixers.

Figures 5.52(a) and (b) shows the EPNL
versus net thrust plots for all the mixers
studied with the baseline nozzle and Mg =
0.2 and 0.3. Excellent collapse is observed
for 12UH, 12TH, 16UH, 20UH and 20MH.
However, the collapse does not appear as
good for 20DH and at the low thrust
conditions for 12CL. In addition, the EPNL
curves for the CONF mixer are close to each
other for the two free-jet Mach numbers but
the collapse is not nearly as good as for the
lobed mixers.

A couple of remarks are in order here:

(i) In constructing the previous plots,
EPNL is assumed to vary smoothly
and uniquely with net thrust. This
implies that interpolation between
calculated points is acceptable.
However, the operating condition
which will produce the required thrust
at some intermediate interpolated point
is not well defined. That is to say,
although the thrust is known, the
operating  condition which  will
produce this thrust is not unique. One
way to minimize this problem is to
obtain noise data at closely spaced
points on the operating line of the
engine/nozzle.

(i) The normalized separate flow net
thrust can be  further  *non-
dimensionalized” by  (m/mcjcamp
which essentially gives the “relative”
mixed Mach number defined as

M ix retative = (Vinix ~ ij)/ Camb
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Figure 5.52(a) Collapse of EPNL vs Normalized Net Ideal Thrust data with free-jet Mach numbers.
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Figure 5.52(b) Collapse of EPNL vs Normalized Net Ideal Thrust data with free-jet Mach numbers.
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The EPNL variation with free jet Mach
numbers can also be expected to
collapse with thiS Myix retasive Similar to
the collapse of EPNL versus net thrust
plots. However, for nozzles of same
size the comparison between mixers
for their noise merit should still be
done on equal net thrust basis rather
than the relative mixed Mach number.

The collapse of EPNL with net thrust for
varying free-jet speeds can be used to
advantage. Let us assume that EPNL has
been obtained at various operating
conditions with known total mass-flow rates,
and one free-jet speed, V. Then we can
find the EPNL at a slightly different free-jet
speed Vg + AVyg, at the same operating
conditions as before, as shown in Figure
5.53 due to the invariance of the EPNL with
net thrust. The scaling of EPNL with net
thrust implies we only need to know the net
thrust at the new free-jet speed and the same
operating condition. Since the free-jet speed
does not significantly alter the total mass-
flow rate at a given operating condition (see
Figure 4.5 for BPR, for example), the
difference in net thrust at the reference Vy
condition and at the new free-jet speed, Vyew
= Vg + AVy , is approximately [ mymAVg .
Since we are using pressure normalized
quantities on the net thrust axis, we assume
that a factor of (P.¢/Pawp) 18 absorbed while
calculating myora1 above from the known total
mass-flow rate at Vg and Py, Once the net
thrust has been calculated at the new free-jet
speed then the corresponding EPNL can be
quickly read off the EPNL-axis as shown in
Figure 5.53. If AV§ = Vpew — Vit is positive
then the new net thrust is less than the
reference frec-jet casc and we move to the
left of the reference thrust; if AVy > 0 then
we move to the right. This shows that, at
least, for those mixers for which collapse
has been observed we do not need acoustic
data at multiple free-jet speeds; only one
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free-jet speed will suffice; noise at the other
free-jet speeds can be deduced. This will
reduce the test-matrix considerably for these
mixers, as well as for other similar mixers
which are expected to have same behavior.

As an example of application of this method
consider the case of 20UH mixer with
known results of 1500 ft flyover EPNL
versus net thrust for My = 0.2 (see Figure
5.52(b) for 20UH). At the four operating
conditions (see Table 3.1) for which noise
data has been collected the total mass-flow
rates at Mg = 0.2 are also known. Now let us
say we want to find the 1500 ft flyover
EPNL at a different free-jet Mach number at
TO #3 only by using this curve for Mg = 0.2.
First to verify this method let us find the
EPNL at Mg = 0.3 for which the actual
EPNL is known and then we find it for Mg =
0.25 for which there is no data.

At TO #3, Mg = 0.2 we have Tymp = 495.2
°R, Pamp = 14.48 psia and myy, = 21.69 1b/s
from the scaled nozzle data. This
corresponds to Vg = 2181 ft/s and
normalized unmixed net thrust of 9192 Ib.
Hence, at TO #3 but Mg = 0.3, we get Vg =
327.2 ft/s at same Tomp = 495.2 °R and the
normalized net thrust difference from that at
Mg = 0.2 at full scale (scale factor of 4) as
Myotal* AVE(Pref/Pamb)=(4%21.69/32.2)*(327.2
— 218.1)*(14.7/14.48) = 1193.7 1b. This
means a normalized net thrust of (9192 —
1194) = 7998 b at My = 0.3 and TO #3.
Reading the EPNL for this net thrust from
the EPNL plot in Figure 5.52(b), we get 86
EPNdB approximately. The actual data for
TO #3 at My = 0.3 gives EPNL of 86.02
EPNdB. Thus the method gives fairly
accurate results.

Now let us find EPNL at My = 0.25 for the
same TO #3 condition. Going through the
same process as above, we get for Mg= 0.25:
normalized net thrust difference = 597 1b for
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Figure 5.53 Use of collapsed EPNL plots.

which net thrust = 8595 1b and EPNL is read
off as 87.5 EPNdB. This process of reading
off from the EPNL versus net thrust curve
for a given net thrust can be automated by
using a curve-fit for the EPNL versus net
thrust plot at the reference free-jet Mach
number rather than the graphical method
used here for demonstration purposes.

Another concept that we introduce here due
to this scaling of EPNL with net thrust is the
idea of an equivalent “static” EPNL, as also
shown on Figure 5.53. This is simply the
value obtained from the EPNL versus net
thrust curve using gross thrust value at that
operating condition as opposed to net thrust.
The corresponding “static” EPNL is then
read off from the y-axis on this curve. Note
that calculation of EPNL always needs a
non-zero aircraft speed or non-zero free-jet
speed - that is, the aircraft needs to move
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relative to the observer for PNLT to fall by
10 PNdB, leading to a finite EPNL number.
If the aircraft did not move the usual
definition of EPNL will, of course, lead to
an infinite value of EPNL. So this new
concept of “static EPNL” is, at best, an
artifice and is to be considered as some sort
of datum for a given operating condition for
examining the flight effect and no more. It
would be difficult to give any physical
interpretation for EPNL values
corresponding to net thrust greater than the
gross thrust. This also implies that such
EPNL inferences by using this extrapolation
method must be limited to some small finite
interval of free-jet Mach numbers around the
reference M.

56.2 Effect of Nozzle-Length

Figures 5.54 to 5.58A show the effect of
nozzle length on EPNL for free-jet Mach
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Figure 5.58A. Flyover EPNL vs nozzle length at various net thrust levels

(shown in legend) for 20UH, 20DH and 12Th mixers at M(fj) = 0.2.
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numbers of My = 0.2 and 0.3 for mixer
configurations 12CL, 12UH, 12TH, 20UH
and 20DH for the three TO conditions.

e For configuration 12CL a noise benefit
of more than 1 EPNdB is observed at the
highest thrust conditions and Mg = 0.2
by reducing the mixing-length by half
(Figure 5.54); at My = 0.3 a benefit of
more than 1.5 EPNdB is obtained at
mid-thrust conditions by reducing the
mixing-length in half.

e 12UH (Figure 5.55), on the other hand,
becomes considerably noisier when its
mixing-length is reduced by half for both
M; = 0.2 and 0.3.

e For the tongue mixer, 12TH, reducing
the mixing length from 100% to 75%
produces little less than 1 EPNdB noise
reduction (see Figures 5.56 and 5.58A)
at the highest thrust conditions for free-
jet Mach numbers of Mg = 0.2 and 0.3.
At the lower thrust conditions reducing
the nozzle length from the baseline
(100%) length produced a noise increase
for all free-jet conditions. Since the
observed differences in EPNL are
significantly larger than the error
associated with the EPNL -calculation
method, the trends are deemed to be real.

o The data of Figures 5.57 and 5.58A for
configuration 20UH clearly captures a
local minimum in noise with a change in
the mixing length at all thrust conditions
and both Mg = 0.2 and 0.3. This was, of
course, suspected from the PNL-
dircctivities and SPL-spectra discussed
earlier where the competing mechanisms
which create this phenomenon were
provided. Note, for example, that 20UH
benefits anywhere from 1 to 2 EPNdB
by reducing its mixing-length by 25%
from the baseline length at Mg = 0.2. At
the higher My = 0.3, the benefit is even
higher - about 2.2 to 3 EPNdB. Thisis a
significant reduction in noise and it is
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obtained by a reduction in nozzle-length.
Due to the excellent static cruise thrust
performance of the unscalloped, high-
penetration mixer 20UH (see Figure
4.2(b)) this is a phenomenon worthy of
attention and future scrutiny.

e Figures 5.58 and 5.58A for mixer
configuration 20DH again clearly
illustrate the existence of a local noise
minimum with decreasing mixing-
length, especially at the higher thrust
end. At Mg = 0.2 the decrease in noise
is as much as 1 EPNdB and at Mg = 0.3
it is as much as 1.2 EPNdB when the
mixing-length is decreased by 25% from
the baseline length.

5.6.3 Comparison of EPNL Between
Mixers

To sort out the effect of individual lobe
mixer geometric parameters, the EPNL net
thrust variation is displayed for each group
of mixers, with the confluent configuration,
CONF, as the baseline. It is important to
recall that although the comparison is made
on an equal net thrust basis, some of the
mixers have very different area ratios (see
Tables 2.1, 2.2). As a result, there is a
significant bypass ratio variation between
the various mixers, even at constant net
thrusts as mentioned earlier (see Figures 4.6
and 4.7).

Figure 5.59 shows the EPNL plot for the 12-
lobed mixers at Mg = 0.2 and two different
nozzle-lengths, 100% and 50%. As
expected from the PNL-directivity curves
discussed earlier, the 12CL mixer is the
quietest, with 12UH second and 12TH being
the noisiest . Only slight relief is obtained
for the tongue mixer with the 50% L nozzle
at the highest thrust condition as compared
to 12UH. However, for both nozzle-lengths
12CL is the only configuration quieter than
the baseline CONF mixer; but even that
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effect appears to die out at high thrusts for
100% L. The maximum benefit of 12CL
compared to CONF is about 1.8 EPNdB at
TO #2 (at about 7000 1b net thrust) with the
short (50%) nozzle. It is important to
compare 12UH and 12CL on an equal net
thrust basis because of certain advantages of
no-scalloping in 12UH: With the 100%L
nozzle-length 12CL is nearly 3.75 EPNdB
quieter than 12UH near the reference TO #1
condition which corresponds to 5000 1b net
thrust. This difference jumps to 5.4 EPNdB
when the comparison is made with the 50%
nozzle-length at the same net thrust. The
noise benefit of 12CL compared to 12UH
decreases slightly as net thrust increases for
the baseline 100% nozzle-length. With a
higher cruise thrust coefficient for a
“cleaner” version of 12CL than 12UH (see
table 4.1) and such excellent noise
suppression, the 12-lobed low penetration
mixer with cutouts (12CL) is clearly
superior to the high-penetration unscalloped
mixer (12UH).

Figure 5.60 shows the effect of number of
lobes for the second group of mixers (12UH,
16UH, 20UH). Comparing 12UH versus
20UH, the mixer with the higher number of
lobes (20UH) is quieter than 12UH at 100%
nozzle-length but the noise benefit decreases
considerably as the thrust increases. It is
significant to note that 20UH has a slightly
higher cruise thrust coefficient than 12UH
and it is also quieter at the baseline TO #1
condition by 1.2 EPNdB. However, it is
equally significant to note that none of these
lobed mixers, all of them “unscalloped,”
were quieter than CONF mixer either at
100%L or 50%L.. Even 16UH, with its very
high bypass ratio is noisier than CONF at all
thrusts. Their unscalloped lobes with high
penetration are the controlling negative
factors from the viewpoint of noise
suppression.
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Figure 5.61 shows the effect of scalloping
on EPNL by comparing  mixer
configurations 20UH, 20MH and 20DH. At
100% nozzle-length, deep scalloping
produces a benefit that ranges from about
1.7 EPNdB at low thrust (5000 1b) to 2.8
EPNdB at high thrust (9200 1b) compared to
the unscalloped mixer. Howecver, the
considerable loss in cruise thrust coefficient
due to deep scalloping (20DH  versus
20UH) of about 0.38% (see Table 4.1)
should also be kept in mind for applications
to engines.

Figure 5.61A shows that compared to CONF
the noise benefit of the deeply scalloped
mixer (20DH) with 100% nozzle-length
increases with thrust, ranging from
negligible improvement at TO #1 to about
1.8 EPNdB at 9000 1b net thrust. At 100% L
the benefit of “moderate” scalloping
(20MH) over unscalloped mixer is also
negligible at low thrusts and improves to
only about 0.8 EPNdB at the highest thrust.
From Figure 5.61A we observe that with
half the nozzle length (50%L) none of the
20-lobed mixers are quieter than CONF, but
moderate scalloping is quieter than both
deeply scalloped and unscalloped mixers at
all thrust levels. This shows that there is an
“optimal depth of scalloping” for shorter
nozzles. But for longer nozzles the noise
benefits of scalloping appear monotonic.

Also note from Figure 5.61A that the
unscalloped mixer, 20UH, is quieter than
CONF by approximately 1 EPNdB only
with 75% L at the highest thrust level (9000
Ib); otherwise with either the shortest or the
longest nozzle 20UH is noisier than CONF
at all thrust levels. Since 20UH also has the
highest cruise thrust coefficient such a
minimization of its noise by fine tuning the
nozzle length can be used in engine
applications where cruise thrust efficiency
cannot be sacrificed.
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(a) 9000 Ib net thrust

B 75%L
O0100%L

EPNdB

(b) 7000 Ib net thrust

E150%L
B75%L.
0100%L-

EPNdB

(c) 5000 Ib net thrust

1E150%L

B75%L
0100%L

EPNdB

Figure 5.61A Effect of scalloping and nozzle length on flyover EPNL benefit
compared to CONF at different net thrust levels and M(fj) = 0.2.
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Figure 5.62 summarizes the EPNL
comparison of all the mixers with baseline
nozzle-length at Mg = 0.2 on one plot. It
clearly shows that out of all the mixers
tested only 12CL and 20DH are quieter than
CONF, with 12CL being more beneficial at
low thrust conditions (TO #1). Both are
equally beneficial at mid-thrust condition
(TO #2) and 20DH is the best noise
suppressor at the highest thrust conditions
(TO #3).

Figure 5.63 summarizes the EPNL for all
mixers at Mg = 0.2 with the shortest nozzle
length (50%L), except CONF which has
100%L but whose behavior is not expected
to change with nozzle length, as discussed
earlier. This Figure clearly shows that at
50%L. only the 12CL mixer remains quieter
than the CONF configuration throughout.

Figures 5.64 and 5.65 summarize the EPNL
for all mixers at an increased free-jet Mach
number of 0.3 for 100% and 50% nozzle
length respectively. At this high Mg none of
the lobed mixers is quieter than the simple
confluent nozzle. 12CL produces only a
marginal benefit at 50%L and low thrust
(Figure 5.65) but the differences observed
are within the margin of error for calculating
EPNL. Thus, the high free-jet speed of Mg =
0.3 produces so much noise reduction in the
confluent mixer that all the intricacies of
spectral changes and reductions in noise of
lobed mixers is of no use at this scale factor.

5.6.4 Quietest Mixer-Nozzle Combinations

Figures 5.66(a) and (b) show the quietest
mixer-nozzle combinations compared to the
baseline confluent nozzle in terms of EPNL
versus Net thrust and EPNL versus Vi,
respectively, at a free-jet Mach number of
0.2. Table 5.2 summarizes the noise
benefits in terms of AEPNdB on the basis of
equal net thrust, as well as, equal mixed jet
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velocity  compared to CONF at three
different thrusts and jet velocities. Note that
the noise benefit at the highest thrust level of
9500 1b for 20DH with 75% L is obtained by
linear extrapolation of EPNL data in Figure
5.66(a). Comparing AEPNdB at same jet
velocity increases it by about 1 EPNdB
(anywhere from 0.8 to 1.1 EPNdB) over
suppression obtained on the basis of same
net thrust. Although the values of AEPNdB
benefit depend on whether we compare the
mixer-nozzles on the basis of net thrust or
jet velocity, the following trends are
common to both:

(i) Only scalloped or cutout mixers (12CL
or 20DH) prove to be the quictest at all
thrust levels tested.

(ii) Noise suppression increases with
thrust or jet velocity. At low thrusts
the 12-lobe mixer with cutouts (12CL)
produces a 1 EPNdB reduction with
the 50%L nozzle. At high thrust, the
deeply scalloped 20 lobe mixer
(20DH) produces approximately 3.0
EPNdB noise reduction with the 75%L
nozzle. When compared on the basis
of equal jet velocity, these translate
into 1.8 EPNdB benefit at the lower jet
speeds and about 4.0 EPNdB at the
higher jet speeds. Since the EPNL
curves for the confluent nozzle and the
20DH-75%L.  configuration diverge
from each other at higher thrust levels
the noise benefits will be even more at
higher thrusts or jet-speeds.

@iii) In all cases, the maximum noise
reduction with a forced mixer was
obtained with a nozzle shorter than the
baseline length of L/Dy, = 1.10.

It is worth noting that only these two
quietest mixer configurations, namely, 12CL
and 20DH were also successful at reducing
the low freguencies without too much
increase in the annoving mid-to-high




Figure 5.62 1500 ft Flyover EPNL vs Ideal Net Thrust Comparison
100% Nozzle Length, M(fj) = 0.2
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Figure 5.63 1500 ft Flyover EPNL vs Ideal Net Thrust Comparison
50% Nozzle Length, M(fj) = 0.2
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Figure 5.64 1500 ft Flyover EPNL vs Ideal Net Thrust Comparison

100% Nozzle Length, M(fj) = 0.3
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Figure 5.65 1500 ft Flyover EPNL vs Net Ideal Thrust Comparison
50% Nozzle Length, M(fj) = 0.3
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Table 5.2 Quietest Mixer-Nozzle Combinations at M;; = 0.2

Normalized Net Mixer Nozzle AEPNdB
Thrust (1b) Length (L) Benefit*
5000 12CL 50% 1.0
7000 12CL 50% 1.8
9500* 20DH 15% 3.0
V mix Muix Mixer Nozzle AEPNdB
(ft/s) | (= Viix/Cumb) Length (L) Benefit*
830 0.76 12CL 50% 1.8
950 0.87 12CL 50% 29
1060 0.97 20DH 75% 4.0

"; AEPNdAB Benefit = EPNL(Confluent) — EPNL(Mixer)
After linear extrapolation of EPNL plot for 20UH+75%L

frequency noise compared

to CONF.

Hence, we conclude that at lower net thrusts
a forced mixer using scallops/cutouts
combined with low lobe penetration and
fewer numbers of lobes will produce a noise
reduction. At high net thrust, higher
numbers of lobes and lobe scalloping helps.
However, the noise benefits must be
balanced against thrust losses at cruise
conditions. In that regards, the fine tuning of
the nozzle length for the most thrust
efficient unscalloped lobe mixer 20UH to
reduce noise below CONF should also be
borne in mind although 20UH is noisier than
20DH or 12CL.

As a final note, it is appropriate to point out
that the results presented in the report are
somewhat scale sensitive. This is directly
related to the frequency-weighting noy
function applied to the SPL spectra in the
definition of PNL. As the scale factor is
increased or decreased from the value of 4
used throughout this report, key spectral
features will translate to new frequency
bands. Depending on the scale factor used,
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the resulting weighting factor applied to
these features may alter their importance at
the new scale. As a result, generalizations
of the conclusions contained in this report to
applications of different size should be
undertaken with caution.
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Chapter 6
Concluding Remarks

A comprehensive test database for the
acoustic, aerodynamic and plume flow
characteristics of model scale forced lobe
mixers has been created for nozzles with
bypass ratio of 5 to 6. The operating
conditions for acoustic tests ranged from
typical approach through take-off points
with effective jet speeds from 600 ft/s to
1080 ft/s. Forward flight effects were
simulated through the use of a separate free
jet flow, with data obtained at free jet Mach
numbers between 0.0 and 0.3. The static
thrust performance was measured at cruise,
as well as, at most of the take-off conditions.

The data was scaled to a nozzle exit
diameter of 29 inches (scale factor of 4),
representative of small-to-medium thrust
turbofan engines. The effect of several
mixer and nozzle parameters was analyzed:
scalloping/cutouts in lobe side-walls,
number of lobes, mixing length, and also
lobe penetration and fan-to-core area ratio.
Several new concepts, methods and
mechanisms were identified during the
conduct of this project which helped us
explain some of the observed results and
these ideas can be applied to the design of
jet noise suppressors.

We summarize below some of the new
concepts and important findings:

New Concepts/Methods

1.  Gradual introduction of vorticity and
the “trailing-edge” rule for scalloping
leading to “boomerang” scallops to
reduce internal fan/core mixing noise.

2.  “Tongue” mixer - a unique limiting

239

case of deep scalloping.

3.  Comparison of noise for different free-
jet Mach numbers at “shifted” angles
to examine “excess’ internal noise
from fan-core mixing.

4.  Extrapolation of flyover EPNL for
lobed mixers from data known at one
free-jet speed to another speed.

New Generic Findings

1.  Horizontal flyover EPNL for different
aircraft speeds was found to correlate
with “net” thrust and not gross thrust
or absolute jet speed. The collapse of
the EPNL versus net thrust curves for
different aircraft speeds was found to
be good for most lobed mixers but less
impressive  for the  confluent
configuration.

2. Using the “shifted” angle comparison
method for several free-jet speeds, it
was found that the annoying mid-to-
high frequencies upstream of the peak
PNL angle were the result of “excess”
noise sources which could be either
“internal” to the nozzle duct or
“external” to it but close to its exit
plane. This was particularly notable in
the unscalloped lobe mixers and the
tongue mixer, and was less important
in the two scalloped mixers which
were also the quietest. The annoying
excess noise spectra was deemed to be
produced by the turbulence in the
strong streamwise vortices from the
forced mixers.



Important Specific Findings

1.

Forced lobe mixers reduce noise in
comparison to a coaxial jet by
significantly = reducing the low
frequency contribution but, if not
designed properly, such mixers can
lead to an increase in the mid-to-high
frequency sound which is heavily
weighted for annoyance.

Sudden introduction of streamwise
vorticity inside the nozzle as with
unscalloped, high-penetration lobe-
mixers is not a desirable feature from
the point of view of noise suppression
because of increases in the annoying
spectral component which nullifies any
benefit accrued by decreasing the low
frequency spectra. On the other hand,
gradual introduction of axial vorticity,
as with “boomerang” scallops, is
preferable on an overall basis even
though it may not benefit the lower
frequencies as much.

The most prominent geometric feature
of the lobed mixers for reducing the
annoying portion of the spectral band
1s “scalloping” of the lobes, but lobe-
penetration and lobe count also have a
role. For the size of engine considered
(29 in. diameter), a scalloped lobe

- mixer with fewer lobes and lower

penetration is the most effective mixer
at low net thrusts (5000 1b), producing
a maximum benefit of 1 EPNdB. At
higher net thrusts (9500 1b) a deeply
scalloped lobe mixer with higher
number of lobes and higher lobe
penetration is the most effective mixer,
producing a maximum noise benefit of
about 3 EPNdB. In all cases, noise
reduction is measured against a coaxial
or confluent configuration.  These
noise benefits increase by about one
more EPNdB when compared on the
basis of equal mixed jet velocity rather
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than cqual net thrust.

For a given lobe mixer, an optimal
mixing length was found to exist from
the point of view of noise suppression.
That is, decreasing the mixing length
(or nozzle length) from the baseline
length of L/Dmp = 1.1 also decreased
the noise up to a local minimum value
and any further decrease in nozzle
length increased the noise. For
unscalloped mixers such a decrease in
mixing length gave a noise benefit of
as much as 3 EPNdB at high nozzle
pressure ratios. A working hypothesis
in terms of two competing mechanisms
is proposed, and a deeper look at this
new and interesting phenomenon is
required. It is obviously beneficial
from the viewpoint of weight but its
repercussions on the external boat-tail
angle and consequent cruise thrust
performance must also be considered.
At low to medium thrust levels,
unscalloped lobe mixers with high lobe
penetration do not reduce noise below
that of a coaxial jet regardless of the
number of lobes and nozzle-length.
However, at higher thrusts fine tuning
of nozzle length for a 20 lobe
unscalloped mixer produced a 1
EPNdB benefit. The cruise thrust
coefficient and the thrust-mixing
efficiency of such unscalloped mixers
are typically higher than scalloped lobe
mixers. Hence, in applications where
thrust efficiency is of more importance
than noise suppression minimizing
noise of unscalloped lobe mixers by
adjusting the nozzle length may be a
good alternative.

It should be noted, however, that the
12-lobe cutout mixer with low
penetration has a good noise benefit
throughout the jet-speeds tested, as
well as, one of the highest cruise thrust
performance. Scalloped lobe mixers, in



general, still have far better cruise
thrust coefficients and thrust mixing
efficiencies than a coaxial jet and are
the quietest mixers. For certain nozzle
lengths the moderate scalloping was
better than unscalloped or deeply
scalloped mixers. Thus the amount of
scalloping can be used as a trading
parameter between noise suppression
and cruise thrust loss.

The tongue mixer model, designed for
proof-of-concept in this task, provided
the maximum suppression of the low
frequency spectra amongst all the
mixers, but this was accompanied by
an unacceptable increase in the
annoying mid-to-high frequency noise
making it one of the noisiest mixers. It
also produced low thrust coefficients.
The primary reason for this behavior
is its smaller fan-to-core area ratio and,
hence, smaller bypass ratio. However,
its simplicity of manufacturing,
reduced weight and ease of reparability
demand a second look at this concept
after appropriately sizing it with a
larger fan-to-core area ratio.

This tongue mixer concept has also
been extended by Rolls-Royce Allison
for use in externally mixed or separate
flow nozzles under a separate NASA
Contract NAS3-27720 to General
Electric Company ®, and it has
shown noise benefits of about 2
EPNdB over coaxial jets when applied
to larger engines with higher jet speeds
(see figure 87, Ref. 25). In this regard,
it should be noted that in applications
to real engines the concepts that
produce large decrease in low
frequency noise but moderate increase
in mid-to-high frequency noise may
not be so bad if the latter frequency
range is dominated by other engine
noise sources, such as, fan tones. This
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shows that the tongue mixer is, indeed,
a viable concept from noise
suppression point of view and should
be further explored for application to
full-scale engines.






. Kuchar, A.

Chapter 7

References

. Packman, A. B. and FEiler, D. C. (1977):
Internal Mixer Investigation for JT8D
Engine Jet Noise Reduction, Vol. I -
Results. U. S. Dept. of Transportation,
Federal Aviation Administration Report
No. FAA RD-77-132.1, Dec. 1977.
. Shumpert, P. K. (1980): An
Experimental Model Investigation of
Turbofan Engine Internal Exhaust Gas
Mixer Configurations. ATAA Paper 80-
0288, AIAA 18th Aerospace Sciences
Mtg., Jan. 14-16, 1980.
(1980): Scale . Model
Performance Test Investigation of
Exhaust System Mixer for an Energy
Efficient Propulsion (E°) System. AIAA
Paper 80-0229, AJAA 18th Aerospace
Sciences Mtg., Jan. 14-16, 1980.
. Larkin, M. J. and Blatt, J. R. (1984):
Energy Efficient Engine Exhaust Mixer
Model Technology Report Addendum,
Phase 11l Test Program. NASA CR
174799, April 1984.
. Saiyed, N. H., Bridges, J. E. and Krejsa,
E. A. (1996). Core and Fan Stream’s
Mixing Noise outside the Nozzle for
Subsonic Jet Engines with Internal
Mixers. AIAA Paper 96-1667, AIAA
Aeroacoustics Conference, May 6-8,
1996.

. Booher, M. E., Kwon, O., Barta, A. B.,

Vittal, B. R. and Krishnan, M. R. (1993):
Development of an Advanced Exhaust
Mixer for a High Bypass Ratio Turbofan
Engine. AIAA Paper 93-2435, 29th

ATAA/ASME/SAE/ASEE Joint
Propulsion Conference, June 28-30,
1993.

. Barta, A. B., Vittal, B. R. and Dalton,

W. N. W (1997): Experimental

NASA/CR—2002-210823/VOLI1 243

10.

11.

12.

13.

14.

Verification of the Mixing Process in

Turbofan Engine Exhaust Systems.
AIAA Paper 97-2640,
ATAA/ASME/SAE/ASEE Joint

Propulsion Conference, July 6-9, 1997.
Meade, I. P. (1994): Acoustic Evaluation
of a Forced Mixer on a High Bypass
Ratio Engine. AIAA Paper AIAA-94-
2954, 30th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference, June 27-
29, 1994.

Elliott, J. K., Manning, T. A, Qiu, Y. J,,
Greitzer, E. M. and Tan, C. S. (1992):
Computational and  Experimental
Studies of Flow in Multi-Lobed Forced
Mixers. AIAA Paper 92-3568, 28th
AIAA/ASME/SAE/ASEE Joint
Propulsion Conference, July 6-8, 1992.
McCormick, D. C. and Bennett, J. C.
(1993): Vortical and Turbulent Structure
of a Lobed Mixer Free-Shear Layer.
AIAA Paper 93-0219, 31lst AIAA
Aerospace Sciences Mtg., Jan. 11-14,
1993.

Belovich, V. M., Samimy, M. and
Reeder, M. F. (1994): Dual Stream
Axisymmetric Mixing in the Presence of
Axial Vorticity. AIAA Paper 94-3084,
30th AIAA/ASME/SAE /ASEE Joint
Propulsion Conference, June 27-29,
1994.

The NPARC Alliance (1996): A User’s
Guide to NPARC Version 3.0. Amold
Engineering  Development  Center,
Tullahoma, Tennessee, Sept. 1996.
Pointwise, Inc.: GRIDGEN User’s
Guide., Bedford, Texas 76095.

Castner, R. S. (1994). The Nozzle
Acoustic Test Rig - An Acoustic and
Aerodynamic Free-Jet Facility. NASA



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

NASA/CR—2002-210823/VOLI1

TM 106495, 1994.

Ahuja, K. K., Tester, B. J. and Tanna, H.
K. (1978): The Free Jet as a Simulator
of Forward Velocity Effects on Jet
Noise. NASA-CR-3056, Oct. 1978, 324
p-

Mengle, V. G., Dalton, W. N., Bridges,
J. C. and Boyd, K. C. (1997): Noise
Reduction with Lobed Mixers: Nozzle-
Length and Free-Jet Speed Effects.
ATAA Paper 97-1682, 3rd AIAA/CEAS
Aeroacoustics Conference, May 12-14,
1997.

Fisher, M. J., Preston, G. A. and Bryce,
W. D. (1993): A Modelling of the Noise
from Simple Co-axial Jets. AIAA Paper
93-4413, 15th AIAA Aeroacoustics
Conference, Oct. 25-27, 1993.

Balsa, T. F. and Gliebe, P. R. (1977):
Aerodynamics and Noise of Coaxial Jets.
AIAA J., Vol. 15, No. 11, Nov. 1977,
pp. 1550-1558.

Yu, S. C. M,, Yip, T. H. and Liu, C. Y.
(1997):  Mixing Characteristics of
Forced Mixers with Scalloped Lobes. J.
Propulsion & Power, Vol. 13, No. 2,
March-April 1997, pp. 305-311.
Abramovich, G. N. (1963): The Theory
of Turbulent Jets. M.LT. Press,
Cambridge, MA, Chapter 5.

Candel, S. M. (1972): Acoustic
Transmission and Reflection by a Shear
Discontinuity Separating Hot and Cold
Regions. J. Sound and Vibration, Vol.
24(1), pp. 87-91, 1972.

Lighthill, James (1978): Waves in
Fluids. Cambridge University Press,
Cambridge, Great Britain.

Thompson, R. J. (1971): Ray Theory for
an Inhomogeneous Moving Medium. J.
of the Acoustical Society of America,
Vol. 51, No. 5 (part 2), 1971, pp. 1675-
1682.

Society of Automotive Engineers
(1973): Definitions and procedures for
Computing the Effective Perceived Noise

244

25.

Level for Flyover Aircraft Noise. ARP
1071.

Janardan, B. A., Hoff, G.E., Barter, J.
W., Martens, S., Gliebe, P. R., Mengle,
V.G. and Dalton, W.N. (1998): Separate
Flow Exhaust System Noise Reduction
Concept  Evaluation. Final Report,
NAS3-27720, Arca of Interest 14.3,
NASA CR (to be numbered), GEAEA
Report No. ROSAEB152, May 1998, 273

p.



Appendix A

Geometrical Details of Mixers and Nozzles

NASA/CR—2002-210823/VOLI1 245



51593 2sN0oe S1 100 YLVN S, VSVN Ul 350 10§ A[qUISsse SpON 1V Sy

Y M 2 — RO WY o e T S 2 T & 2
- 3 j ESCLZ) -3 e ) T T ey e v i [ e
.| 910-€¥02 A EEEIS[ 4 NI S THOD ¥3L001  ®3A0D tulds vOy-£90% | 16 TI720h W3 | IS MOCNIM 13V} G10-Ev0Z
NOSIWY R siudond e e 0o - 18 303 NITUDS_OMJ €09-£v02 25 TACONIM_ LV FENCIEL] 225-£502
- - - o [EEES [y Gl_3403 IND VI 509-£802 | €5 SVIZCN Nvi|  MOONIM 15v ¥10-€v02 2|
o ATEW3SSY T3C0W T TQ 3809 FRTIOTERR) Soe-evoz | v 595 O 505 D v/ X Jw E-oLk TErRS - €}
S Fuw o [T we vor- <o [T A0 G 505 W 51 .b71 % ON 26-84 #3E0E - [ T3S £c0d ONE-0 e
S e e T et e a | Na30s Y C18-£v07 | 9% N3 | 1502dNS H3NIT €%
<N0¥S iS3lowdv  IMADNM oo T F2110-6vv39 RTESF] - is SN D1ISMOIY ATORISSY S17-€v07
YSR o LOCEC viOSHNeN nwd 15 'FWIAY 3T 15v3 650 [satvmoll VY §L NVS ABA3SSY £09-£902 86 YINIT NV NIy 1YOdNs viy-£v02
TONI_SNINIINIONT mmq c553.02] Faonaos NOISNILX3 3A337S 21 8-EPOZ 55 1S OINCHYH 91 v/t % .#/) Nid _13M0Q0 - 2t
SWILSAS O3V u-ovavg] hdalaiind 300} INvd 3d 30U 5 629-EV0R [ SN0DIIS 0824 T\ME - [ 11
i 3 15 SHvD 3J 3900 | _ 30¥d IS t2g-cvoz | 19 3800 ¥aNNI - H3NIT DIISNOOY ATGNISEY - m_v.nwww Mu IV
o o e = n 391 0-69¢89] ST - 75 3909 | 180ddnS HaN L10-€¥ .
¥314vaY, IYELTREDD 1:0-€v02. v Y5 OW 508 61 1 % ONN Ei-2/1 MG - €9 3905 U510 - 8INFTDUSAODY | AWMISsY | §iz-er0? | we | ¢ |
T 91 b71 ¥ OND 2E-9¢ PERRS - (3} 10NG Nvd | NOILYIS ONIDEVHO | 800-€v02 | #9 8-2010-6Vr89 V353 - ge i 1|
¥3L¥4av NVJ NIYS £60-£002 SNOD VL #3.3VGY Zov-€v0z | %8 P97 400 | ONIE SaNvidy Siv-tpo7_ {@al 1 |
3903 | SSNIT NOUVINGW | 909-£¥02 Gt 33 51 _5/E * OND ze-ed TR - 5 %D G D08 81 0/F ¥ A Ze-Dik LETEH v0-ge6EN | 16 | 2t |(3)
— TGOITS 6LE¥ | EXER) r SR EICRIKAT ] SNIY-0 - 18 T80ddNS GaNIT NSNS Ziv-cv0z_| @8 | 1 |
V3 N 508 01 .1 ¥ ONA b2l PR - [ TZZCK_Nv3 | SRV18 MOGNIM Qmil Tiv-€v02 | 88 57,0 X N0 62-p/1 e - CERECTI
T B0 _ 3L T80 AU IAVH_BRLYINR ERTRE TR SNINAS V5 i LB D1 _v/1 X OND 76-64 ) A3TS - [ 69 ] 3Y0 GH 008 91 .6/¢ ¥ ONA Ob-4f NFT5 - %1 2@
€-6016-6v¥89 W35-3 - Jv0 QR 109 .91/€ ¥ OND Z6-94 ETRE < 0L
130G N¥d INGNOTIA S00-£v02 3 On IfE 57 . 91/L1 ¥ NI ZE-5# 3808, - iz
Nv3 [ RIIOS QEVME0S | 905-5v02
Nvi| _ N9Swos Liv 409-EF02
G0 W3 SNIE NVI1D £18-€007
G NYS SR8 NI $0R-£502
INDIVL/3800 INSACITA 50v-Ep02 98) (48 se e 28 %
[NZ] NIS_QIF S09-£v0Z )
RS AOPG NY3 £30-EY02
35 GH 506 ©1 w71 ¥ ONn 7e-94 [ETRES - 27
[ INWOWSI Giveiq V4| Jgoma 21 £09-E¥0¢
38O0HS 31OMS NY3 Siva td 205-Eb02 € ] | ,
SAYTE B T-£0v-£v07 | 07| ¢ | 3
NOILYLS ONIDBvHO EELTE] 7i9-€562 | 12
3400 vy 0/1 Gig€vdz 122 | 1 |
- FRIE L) £-319-€v07 | €2
dv2 CH DO0S "©7 /1 % N Ov-5¢ PERS - TN ©)] vl
N0 20y SNI-0 - 57 [ 01 |
NOILVIS ONIDYYHD NVI DS 500-€v02 | 92 | |_| H
ToNa_ 5500 | NOILY1S SNOYvra | 200-Evo2 | Z2 | 1 |
8-1106-6vE09 TvEe-3 - (2R ot
INODITIS G128 ENE-C - 67 | 1)
Td 900 GH D08 ¥M_5) b/t ¥ ONA 2E-08 IS 135 - 2
SNOA NS _"Q.039 HiDT % vid 020 0 ONIEO -
ST7Z0N Nvd RS OIP €902 YIWCLSND A 0O31ddNS
[ -1 B%wn geoil & 2ov-£r07 ;
3809 F0HO0J EXEIREA POE-GGRL a 4 E(NWN&KH\%&FDZ_MMMW—M_HIM—Q
770N Nv3 | NOSN3IN3 0M3 210-£v02
SNOJITIS bidd ONRI-O - i
V70N N4 | 3v3d MOGNIM OMa[ _B3v-£b0Z \ 2
ITZION_NY. MOCNIM _di SL8-Ek0Z
3NOSTIE_oc08 | SN0 - € fol)
MOQN; ANIVL 38 Li9-£v0Z @ N mh 2 s
dv) Q4 50§ 37 .8/E X ONR 2E-9 MIUOS - Z SLj{9 S ) (sL){18){08 2
INOOTIS_L¥0 ONR-GC - 1#) {0z}
372Z20N Nv3 [ 98 OGN 13v|  710-€v0F ] 1z (o1 {2
VD ga_Ing 91 . p/i_* INR 2¢-01F e - @ O (o1
S0 G 08 BT SIJS X Se-ols e - ¥INOLISNO A8 C3N1ddNS (2t
L e T e i ~ 19} (mg (9 ASSV TVLIN WYO4 0s) (5v) (08) {68 NEYEnG
3 Gr 008 51 .lwm,_.:uuﬂ._nmmwﬂw nwwzu“ m»ﬁom_nmmmw M- w 7E) (£9) 28)(59) (e @ 89) (98) (s2)a L8)i88)(ss s '8 & ® EACEEELIE
AN L 17 ¥ ETC] - el QR (r2) (o2)1 < @
6o)2 (2 2
o2 27 ¢ iPnEe) L YINOLSNO A8 AINTddNS
(PNl ) / 3av INIOP ZH1 40
(e . - AYILSIN Sidved 1TV
Then
oL [ ¥ e Y g
2N,
2t \ iy : R
9t #
L |
72 f 300M MO13
3 P u—
&4
33
DN . N
v
4 £y / -
(& i
() i3] -
9€
a2 k23 g
e 62
lmn_ UAOIOI 3 232) Aznwa P D0
K o) (o1 & e’ (z2) )@ ‘ m
=11 on 158 / @ 6
3] o 8 (g (&
sl e ez 21 s ¥ 3 !
1 ) (of B - B D) C)
[ 18 (81 92)(1 2 ey A o L
i) 8 (8] (8

246

NASA/CR—2002-210823/VOLI1



"§159) 9ouruLIofIad OUBUAPOIR 10 AI[IoB] S QUAQIN] Ul 3SN JOJ A[QUISSSE [SPOJA 'V 9InSLy

T
R/ 338 ¥ e
P — THEAIW 2 B
o eee p—— —— - [ETE
| ohous WA Zoo-comy  |av] ¥
B ol AGANS 1G] IH0ddns Zovscer 61|
i S 275 X Hn 26-8 § 1 oN0| W05 158 D05 YoM - 02| 8
— w@re SNIH-0 = T2t
&= 57 507% ¥ oM EV-2/1 | DS &v3 0N 908 = EAN
ook Fp) = ¥ 3N0DTIVL]  HBLdvOY Sov-—soer {623
SAn BT-01/G] NN XoH = z — e BN Zov-5eey__{ve| ¥
SRGOTTISd.P38 HI9) X VIO ET- SNIE-0 = 3 — 00 30804] __ SNODIVL vov-coet |62l ¥
91087 X O 8%-9T/8| U35 a¥a W 508 - ~{omied Bov-coey  [921%
W03 WA|  eaidvoy voo-ger 16 S 7 Bov=coav__[£2] ¥
€008 SNIY-0 - 9 1vy NN 23-T 1NN WYP - g2l
WBLIVOV o 2068 ONTE~0 - e re
57 6/€ X o) 2E-60 - Blv 79— N0D 34| 3NOITIVE o¥v-goer_{08] ¢
oizé aNIH-0 = 5171 ]
1.7 X 3w BEs/s = [
91 62" X ONA 26-9% Ld Ao e - [Fetzr]
SROOTIIS 0,638 W97 X VIO 040° SNIN-G 5 Ed
[— 2v0d SRIED = &
INGTLINGG TXTA Eob-cot _[b¥] 1
TEWIH_LON 00| GNea IV Sov-5581 |Gt M @
- ErTRTEY £00-6681 {3v] % | £ 3 & 2l
[77] SNIE-0 - i3 _.
_ _ > et
. _ o=
Y ok shenniunits SR NS
l _ . !
_ NS _
[N <
1 __
- m -+ AN | y
il A ! !
[REN I -7 4 Y A N~/ ——-of N S | TR B s e ¥ 57 2 e it -
K 1!
lllllllllllll '
1 ~
1 }
h i
i painialalainininiainlyinishniaiainiain) = e | f
A = !
206-9v610 ,
T N
i L ) B e J
! A\ | i = S —J
— - - - - - - - £ - - - B - <t
YT I — oo i
1 e d L —d— ]
\ - 1 —_———rs Al —— 1
-
I - ~_- . €05-0v LY !
1 o~ i
!
{
IJMI.
hO9-8L/1 —_ 1
~-. | i L e . o - +
-
ETE 2 S5-3I Ll
I
100-5v60 !
} VA !
1 - (VLVE _
]
~ | = A 1~ l“,
i -
\ -
¢ ~ A ! ! !
3ATHO 39VH ABAHNS LIX3 BEV-0LD 4 N ! ! !
| oFv-gres
———— D DN ) MO 6 D) ®G6 9 @ ¢
AN ! @
~ P /
o] WRALITI (RIAGN V- Kail OOV |
o o /I..-El\
=

247

NASA/CR—2002-210823/VOLI1



"JONP-9[ZZOU Y} JO UONISS B JO AIPWOSD €'Y 2INS1

B e
S [RE:3 B e~ -1
= &es | F oI o EIETT) sowed wWpaw G
£2' YLvd IR s RP-EC . IF S 5 =
dTdrar == TS Y™ =N+ g I NP
T T VIS

s % = == = Z-4G11 HLIN 114 $S30d H04 i&l_ —v - T TR T o a

—_— —_ = =T P T 2 38

— T ! s 92 | Gzt |6t $ STV

TS 59w | Sed TTT : el 2
s 15 ST IR EEN] : T T .
S0 A5 IS WO W8T ¥ VI0 890 | Hish Tt : 500 S xgxm..c.ns
o o1 0 e | o | st
LESNT 30708 184S T Xvimlx el e i) @
0= 61V .
L013 FIVANG DI THION ) 2 o.«uj_u:.n JW*
|
L
"
v 8 TIv130 iy
V 335
vy 1338
[ I 3]

MOWS 5Y T30V 03 SN _[6) )s =
ML DN B1~83/)
5
&) r~. b~ QN‘N* y e

' Yo £2°38

! . =)
# - vioege- ot B e D -
w :n&.o« Yio W.nw @ m

= o
oBs o

Y10292°3%
(2" sT0)

ol ! . vio

r.g

-4

- -,
VA0,
+00°¢C:
e L8 I -5
on.-L . hn /l
9 1vale
[Coai ) : [CR'E-3 S A_ ) MO ST X £0°
L7194
Xew—yg

1] P
NaoHS SY (39veS 03 SIOH {8) .m_
Etl NG ¥i ve/52 -

tE'S

[Cc i
N/d 3 JO) YIS nr mis
e <.Mw *ﬂ.ﬂnumm
Yis LR 12 4
NI uLs
Eg.m Y,

EILYNIOW00D BNOANOD NNl
m

Ag
it

§
L3

| v
=¥

i ﬂ[ﬂ
M LIEtE

W E
8§”

OJONA4

[iefalata

|

248

NASA/CR—2002-210823/VOLI1



*Jonp-3[ZZ0U Y} JO UOTDS-PUs oY} JO Anpwosny 'y InSig

B e
R[9S _ e F 310N
5w (VT 260 #1CT] HAOLNGD 3NIHI I/
= wwe
= -
—
iy e
—— “O0E S 8-8 NOILJ3S
-t 012
713 023 e
ENE N T
€ | on avl | ®
BEE'L = X Y
SHOTLVI0T dvl 8d u
l_ _HE |
set
+0BT = © 1V JO1S SIHL NEHL [Goo” &} —
NOILVLNZWHISNT TV LIX3 = NMDHS SV 030VdS B3 SI0H (B) V-¥ NOILJ38
(=5 BIE) NEHL 180 YI0 v9/T2
NMOHS SY 030vdS 83 STOH (8] (YT 200" 7
40 ST/E X #2-0NN 0v-bé 17
02" 20 TT
i . dAL 9
- - — 05 F \.;om .%N -
g - \
-’ o N »> ﬁ\ V
\ % xvH § 20—
\
vy 4 _ o\ g
OE -
1 ¥10006°6 = ) nel TIIES 294
0 ey
vinSBL,
688
! (e[ z00 # Q]
1 vipese'e
1
*2°'8 V10[0557g) Hod
—_— % T - - - —— | vi0000'6 vioore s ——— . ——— — —g—— — H— vig 5%
=3
1 1 -
s30H (@) 28 E03 8
/ P02 -~ % ¥15708°5
\J'8 YICSZB DV
[T 200" 9TC] 2008
529’y TR ¥ Tz s 101
vio&e 682°6
et Y1065
# 7001 NIN
)
N
S30Vd (8) / T 1}
30
) Ea_ ~ . a3 A [Pt = AN |
- 43 . 1 /
] 856"+ K /l
z1ey .«i HIMYHD 5P X EO°
Sy (sor” 421 oreTi ) - lw - os°
{2) d0 52° X €2-ONn 02-4/3 logpg° T
_ N/d 8 dOL dHVIS see"2
v 000°8
xll%

S 52
vi8 V1S

249

NASA/CR—2002-210823/VOLI1




$3501 VSVN 10J SYISu|-0]ZZ0u JUSISPIP YiM A[qUosse [SPOIN 'V 2InSL]

~ A< ] ] ) ] Tk o 150
- - o 7C e ey ] = s S [ e
= 100-£90¢ K_ mmmwr El .o 3405 ¥3LN0 HIA0D LS ¥Ov-£007
NOSITTY - e - 380D} N3IEOS OM3 [FESATH
- IIZZON LSNVHX3 33¥343y - ald [ 1 o ey Q1 3400 | ONId N3 S08-E¥02
ATGAZESY 13Q0N o e GO 3407 ONE VI 958-€70Z
Pirgt ] T R N R | T v e [TgIND GF 008 YA O b7l X ONQ ge-at [LETRE) -
SR VioCe WO O DAY (G SR P ale Gl sova - ot - e 3609 N3JHOS 13V DI 5-Evoz
afous 15310u5Y wAQINY s TR | e ceom g brr ’ 9 9110-6vvad Tv3s-2 -
Vi e 015 V305N Twe LS “3WINY SwomIV3 133 95 | 584358 T wo| i San ] @ wen s Rty TGRISeT 109 -EV02
CONIONINISINIOND S6d35L NN vl v sIATOL NOISNI1x3 343318 219-£902
SW31SAS OB3Y ISU = S K T T @it 3907 | 39vH id 38084 § | 029-€502
T 101 S99y b3 :a) | 3098d TIONS €29-5%02
MR AT on drva 3 4T 8-9100-6v€65 Ty3s-3 hl
¥31dVY. ANINGTIM 110-EP02 i ¥ OH 20§ "97 .1 X OND £1-2/1 | MIUIS ol
GH 391 5/1 X OND 26298 #3935 = Z [ion TANA ~vd | NOUVLS ONO¥wR3 | 900-€¥02
Y3LYSOY NYd NDIS 600-£v 02 3NOD vl g H3LdVOY L0¥-£r02
302 | AN NOLLYINSNI r0S-£b02 CH_13_'91 .87 X ONO 2€-%F MI¥IS bl
INODITIS 6428 INIY-0 d INCIIUS 2v0F. SN-O el
avD _On D05 91 .1 ¥ ONN 02-571 3535 - v %62+ | FIZZON ISAVHX3 |  200-tsoZ
T TH080 4. 300 ALND MAYH 3MIVINKY HOLDINNOT AN- - XES %Ge- | A1ZZON_L5NYHX3 FO0-£50¢
6-8010-6vVy89 I¥SS-3 - %05~ | 31ZZON_LSNYHXI ¥00-£802
10010 NV ANSAOBM S00-Ev0e - F12Z0N_NY4 £10-£r02 .
Ny, N33HIS QuYMEOS 505-CrC2
[LZR! NIIYIT LAY hoolnl.wow
[N St NV310 €1§-th02
Q_NY. ONIY NV3TO $08-£002
SNCNVL/IHOD LNINGI3M 20¥-£¥02
L7 N%E O S09-Ev0E,
OGS 10Na Nvd4 ECO—£b02
Jvd OH D0S 91 #/1 X ONN _2C-G# MINOS hd o1
[NMOHS) 3NVY dd Nvd 38084 21 €09-£¥02
360%d 319NIS_NVZ v <d 209-5702 e
XNV 513 1-cov-£v02_| 02 | S |
NOILYLS ONI9YVHD 83507 vIg-Eb02__{ (7 |
EERE) Siva o/L sresvor [ e ] ]
- BNg SNV IR €-B19-cvoz | €z | © | .
J¥S G4 208 97 .p/L X NN Qp-Of MIHOE - vZ ] o1
SNODHIS v20¥ ONIZ-0 - [ sz o ]
NOILVIS ONIOBVHD N3 NS 800-tvoz | o7 [ L
D00 3900 | NOWVLS ONSYYHD | £00-€v02 | 22 | 1 |
§-1100-6vEED Was-3 - |2 s
3NQDITIS Si2¥. ONRI-O - 62 i
ld 400 QH 00S ¥H 91 v/1 % N 2E-5F ENENES - of 21
INDOSINE 0.0 HiDT % WO CL0°0 ONIY-0 - !
12208 _Nv3 NS 0i7-£¥02 {
- | _waxin 3807 51 207-C502 !
$HOD_33%02 VCr-5581 |
F1ZECN WY, 210-eb0e 3
3INQJITS Y4z - L
2801 wid .9/ $-00i -85 £y
4¥3 04 D08 91 pse K 4NN ZE-OL M3 J1-9SCESH Fl
INOITIS E67; ONRY= - ]
D1 .1 * NN 82-%/1 20340 - a1
GvD QR 905 93 .8/¢ X ONN 0¥~ | MU - H HINOLEND A8 Q3(1dens 2z o1y
z) (sv 19 ASSY W 13N 103 (e0) (E2)(iv) (ov
e |N LBiNYIEVINa
ve) (as) (¢s @ se) (vs e sz)i2) 9 - e X9NI83EHS
(a1(v2 6_: &
(7){€2 @ HINOLSND AG QITddNS
J¥v LNIOM 3HL 40
WYJELSdN SL¥vd 1V
%)
(09 ‘
=
e
e -
7 TN Mo
/7 ’
NN : il
= -
S e~ —
S - |
8
9t 62 9
g€ 92) Az
z s 2) i,
2 e & (= s?
(o1 102) o €l & Us
9 7 ~ s ez P @ 7t [ S v € z) U
(ot
5 & 7 02 (2 @ €1 L 2) (61}
2 e o 10212t s E o1 {02)
o | ive ot T
T

250

NASA/CR—2002-210823/VOLI1



"YIZUS[-9[ZZ0U %4,$T+ JO ATPWOD) 9’y SIS

[45 0 ENg

EREG - 229 € I
. -~ £229°¢C
- pT] TN =Em».uhm = 903°€ 2 LS 5 “Muwm mwwn....u“
S e g ) i
< nw_ 5201 u.m,.nw.n - €851 2 e = MNM ﬁ.w
= - BSL ¥ = =
@ 8@' viza | ox 151 TREr] "“ﬂu R N ] 3
SNOHLYODT $L ® SIIVRIGE000 H101N0D SINNI SILYNIGHQ0D dNCLINOD HILIND
¥-¥ NOLLOAS (" .oz
OL§ NI REND "
4 E3NNOILKAIML CEIEFS 0
Hilth PO VU5 FITCN 20 TVSHI3 400
# uvi3o 33 POUS JANYISIO MK 2170
j
™
§ 920 0} _
T
¥l - e’
160" 0
MO * [¥[eco’d[ 9
r‘ 008" H.B. 2'd via[00a°al] ¥ Ha
wio 935.9 daL's NWOHS S¥ Q30veS 03 STQH (81
433G §° 3 SN0 02-RAL
E 4
| -
SN (1 dML . LIMVPD SF X L9
hn\ﬁ FYIS 1x .
&g —efle— 5880 <210 N/d €N dDL HOLT 0V
. v
2901
MHL B~ PGL HIM
113 St3ud 202 wedw 1 8
O ~arp—
|
L1k ] W
wie vis
o octs

Ol T W2 eon Dl T 12

251

NASA/CR—2002-210823/VOLI1



"YISUS[-0[ZZ0U 94,GZ- JO A1BWON) £y 31nT1]

31 - $379°C | OO 1L ) [LTH Iz Y| 3100
s [—— §229°L | 068011 - 6oLy | o8Ke- SYATNID_ID NOILIZISHI
tixa°€ | vzt ol ] = I oriy $ | SEANIMN0Y IAIDd € T RASNING Q31T O
GIiwC | OV OL S Ceoa v | 06805 |
- 2621 " 16578 - [2XH oL r_|
- EvAl 8658 - 15660 | DerE"
- BrLR [T - L9147 TS
TCisc_| aave' o = oeE s | veAe % |
- Disey | ariv'e | Ty - 810~ B¥22C_|
= YESU Y | 95A0' D | = oS | il |
fd o0f2°y | araLl’t - ALE4 " it |
- ose” cavE’L . el [ERN LG’
< 99Crs_ | Grio'o | =ww_“n_.W = aGee | ey
- has'y o88C°9 - LTI 0000 O
B e s e e e S+ v e men
- [{{{-M & J1 M
v.ola = —Hori ] © SYNGEG0T SNOINOD BIRNI @ S3IIYNIGN00Y HROINOD BINNI
- ({78
N IS P S0E 0 |
Ry P TN | o9
O SIIVNIGE00T BNoIN0Y JIINO -
g
Q0o
1) et
¥-¥ NOILO3S
/.
¥ 020°0— V
M07d
|G E |
ig ODIO- .
EiECT-) 9 )0orge 0304
Lo n“.u” §hL
o 1274 : an““w-ﬁ_ 2
Tl 28 ¢ o 300" wsoit
1] L
¥R 2
A
_ L uzavio Jor % €0
200"0-
L rao-pe 57170
3 00! 2 _ 40" s
"e— CEENIE]
L
—— '2°8 va[EETT1)¥ Na
o ERR LM
EBL VIO $O/48
[ I3
£ 2%

252

NASA/CR—2002-210823/VOLI1



= IR WOl
a1 = Ge8 s ) 109 E
¥ Eqedf < Si0E 1 ) _S0Lo T
- SCoz 8 | GoLo-t
E sl - toe 9 | €ooo 0
15381 19355 <8 ox

@ $3[vMAGHO0T WI0INGD ¥31iNg

YISUS-9[ZZOU 240G~ JO A1IBWI0dN) ¢V NS

¥-% NOILDIS

(3200 2]

Q0o o~ N
via oo e SPEE

IO 1L

3 03

MO

1ve o
rls

[ X ~eng—

| #

3 az20'Q /

IS 410
10079~ .
w9 139:3" 062" o1
REET =2
v (8 o0~ .
173 555 Y10 Zo0-ge 950711
Yio lor zt

s

L1

ZAF.

l..l“_wrl

9076

r1m5$ﬁ_ .C¢ X g

1r|_ oan saio
214
ne

FICER T
il

M} ¥a3 vo L

!

14320 B [F7IR vigaa ) = Aoy | vl
ansf trsoc | ok s | < AL B
< R LR = REoL E999° T |
ERX =W = Bisey | eny v |
= <z 19" B fcen ¥ | 2002 ¥
< Toos | vac L] = yico r ) Lds6c |
b TE R [ = Fos v b railC |
- ces s | Ived - 1755y | et |
= ¥Io°y |_iore" . = @105 § 0972
= GeLLF | ook 9] g5 B Hioe | i< |
- Lz r_|_eesi 5 oGl DI0e 1]
= Sk ¥ | 600§ ¥ S76°C = 15 TEar ! |
= By Yy | e = 3 FEI
- 1Y | TRr S I EW T 3 DE00 O
103a5M ] X T334l 19380 1] X
@ SILYNIGHOGD BNDINOD 3NN @ SILYNIGHOO3 HI0INOD ¥2NH]

310N

THIEIWHD 43 MOII DEHI
SSHONON 1MO0d § © 7 EOISNIRO 931dMSHL [0]

253

NASA/CR—2002-210823/VOLI1



"$IOXIW PaqO[ JOJ SU0A-Jie] JO AIIJWO0dN) 'Y N1

ama] TV wed V' ree

W wwnac
v vov-cgey  J20Br0lg BUZE T e
e R
52’ HOi9Vd BIIS e T ) I
3800 3080 ~ 3NODTIYL ] ] o 2w e WES ] —— | ©
g A e = e
SIIVALY 40 (217 - JUSIDSEY
TS 15 gtp SNOJTLVL = T3 052" G =
us 15 ITESY 55-€/6-0409 | 2 [0F 828" v —
SNISNL S 15 0,028 HIS1 X VIO SEO AHLSN = £ |0% 120" et~ [ a0g” o
A 000" —
ot2" —
(5% = 6 IY.0€ = 6 LY
J——— ) X ovavi|lonav | ®@
¥-¥ NOILJ3S Hooo'y SNOILVO0T dvl &d
0's
== i
. MDHS SY (30VdS ° v
936°F YIO BSE° 0L 28 NIS,D H
fBHL TII80 VIO 08%° H
(43u) m%m.m . .
2rG" 02 2260 0 XYW 8 020"
o] | wo1L03u10 KOV
wore's v6S°T .
¥ vI0 0
02 g k 10 05z fum
— 4 | ez)
viaSEE
EET°Y YODO'E o}t X 0" e’ [y[zie e[ Q)
. . N - . B8L'€E
1602 SYO'F \ YeoLe we'd 35072 vIOg; e
\ XVH v1O8T2'Y
\
- i e (v} [BEE] N/d B £01 HOL 0IOV
- 59 fe
Py
e 220"
o e
R
e —2vz 2l NOLLYTIVASNT dAL
- £80°E §-8 NOILD3S
0s¥'S
€65
X—e
0
& 7ML 01 1E3SNI
NI ! .
T HI0T08 HIAILS for) o'z
. He—2- WALT HO4 174 SSIY HO4 KVIH
.o\,,
e T +0%3 30VUNS DL TYWHON ¥ :
RN

NASA/CR—2002-210823/VOLI1

254



*16XIUI JUSTJUOD 0] SUOD-[Ie} JO AIPwoen ('Y 2In3L]

el TRV ww] 17 el T e
y sov-csger _{20Br0|Q /T 335 o] 5w
R | B e
£2° HOAQVd 3IVIS mm AT e
H3XIN IN3NNENDD ~ 3NODTIVL Saevn | v T ol I o
UMD TN TUSE WEROU R - veive o t—
LMD SRENING LRVAPIVT] e wa] s sowas s o o fi5°€ [ — 8EY
SV 0 T = 000°€ It —
—— — — o 5292 oty —
15 15 9%y NGO 1IVL - A 052" c13 —
J15 18 1H3SNT S5-E/8-0/09 |2 | 8 Glg" p p—
SNIBNL 1S 1S 0,634 HLO1 X vId SEO MELSNI - |8 005" —
000" —
[FR 7T —
x| - IdOE =0y
ON d¥L | ON dVl
v-¥ NOILDJ3S SNOILVO0T d¥l Sd ®
S'E
fo—GL " T —d A
NMOHS SV 030YdS 93 S30H_ (V)
s VIO 65€° QL 428 WNIS,D v
- ﬁ. NiEHL IYC vIO 08%°
o |- (v} [0E2] XVH § 020
.02
-
yige'y e
_ €20
.I~.1|L C - |\\|.wl.fln<a 05'2
SLi't .
3
oLt h ammm
* -5t x 0%
' | \mw t
SINTOd ) lozv1° 1 N/d 8 dOL HI13 aTV
LNZINYL *\ 008"}
LAl
852"y
Xa—g
<mm NOLLYTWWISNI dAL
8-9 NOILJ33S
3
A
aNIenL 01 IM3SNI _T .
Y3008 BIAIS _ on 0%e
le— 2~ WILI 404 L1J §534d BHOJ WY3Y
e I Y] ,0F 3 30v4HNS OL VHHON 3
[ v LoD ﬂ_
WIRIAN

255

NASA/CR—2002-210823/VOLI1



"(ANOD) $91BUIPIO-03 JOXIW JUSN[JUO)D) 'Y 2InSL]

PlO'E 000°€ S0E'¢C 0¢c’b
EEL0'E ¥L0°E 186" 1 ve6 'L
EEL'E SEL'E SL° 000°E
(dSN1) ¥ s X ¥iS 9N3

SILVNIQH000 YNOLNOD HANNI

€46 °C 636 °¢ 9€g9°¢ S0l
vCl'E 8lL'E 8¢0°'¢2 cii’8
E€4C°E 83C '€ 8lv "1 c€L3°S
8lv'E Siv'E 0S’ 000°¢
(dSND) ¥ d X Y1S 9N3

S3LVNIQJ000 JdNOLNGI ¥31No

ShB3 ¢

10S°

256

NASA/CR—2002-210823/VOLI1



‘s[re1ep (ANQD) JOXIU Jsnpuo) 7'V IS

SHOTY

SSINOTHL VM 3W3HN 3601 3HL Adng
HIXIW 40 3803 ONITIVHEL 1Y
3VAHNS Y3100 NO (3AYY 38 01 9NISnL

|Lv Y
ﬁm: +0E.

SYIRLIM O §]
J—— - —— -l
1S 1S g9t H3XIN = [ .
915 18 JH3SNT $5-££8-0£08 | ¢ |27 | (B v
ONIBNL 1S LS 0.934 HI97 X VIJ SE0° HISNT - E |2t o zc~w<u%w%mMPm—“W WMMthmeZDzm
O =B LY 1/2 WIS
@ 1IVL30 Wobs 0 Iviadg
1/G WS *
qIV1i30 dvl 3sve . *
H. (43) VIOBEE'S (334}
K= VIO VIE'S [y
~ vIa 0885
f? )
Hapa 4

XIND o0 = § LV NOILVTIVLSNI
1/2 9WIS

J 71Ivi3ag

‘b{m\mh 0€° X Z—- WILI HLIM
113 S53Hd HOJ WyaH

6 LIX3

TIIHO SS0H0 2L#

S30v1d (FF) NOILVIIVISNI dAl

V/2 WIS
8-8 NOI133S
9NIENL 01

1HASNI H300S H3ATIS:

d0 0E° X 2~ W3LL HLIM
114 SS3Hd HOJ WYSH

dvl 35V8 H31N0

oo ppumImEy o
- -9
N v @]
INIOd IN39NYL _ INIOd IN3SINYL
N
- r 150°
VIO9ES'S
v +
(E0 80l go- = (Y] 250" 210
£16'S L i 12°9
Vi0gt6g | N VI0gse s
(ER)
<wanwv.w @
200" & = 18r°9
168°5 HO0SL gl st % oov
Vi0gges vi0E * 0 2[0)
[ ]
V1075575
Clo=Tatsi gt XVA
LT b
g JIv130 —
38 9
N/d ® d01 HOL3 01OV
+6F = 6 1V4SdVl Sd H3NNT
o L_3oe =2 1v130 R~
B0%" 335
INIOd IN3INVL 186°% _ v
e69°'e

GEE_| 528" EET
JOvE | oge 3ET
LJGE | Glo TET
LOGE_| 00S'V | OEY
GSE | 000°%F | 621

0 052 E
[WEE] X ON oVl

W0 = 0 LY
SNOILVI0T dvl Sd H3iN0

N 629 CE
.62 | 052 v2

.02 | 6o €2

o5 005" 2ct
<0t 000°7 143

v69'e X
8 1IX3 X ON d¥4 e
o TeENYI2 6~ 0 2- SALII 8.0 (FBIAM 3,04 VL @REV] 8
wy | 1esaver] €99°8 Sva €9¢°8] ¥ W53 = 0 1V
R U ] SNOIIVI07 dV1 Sd H3NNI
won

257

NASA/CR—2002-210823/VOLI1



iSov'c | Eov'c | So6'e ¢St | tiEc | S06¢
8LiS°c | ezsc | sss°e BBLbC | EBY e | S59°¢
Ebll2 | 9Ll | 552 9€elz | 9eie | sste
B220'E | @zot | S99°t Sva6°c | 066'¢ | 5951
. S €8YE'E | 2vE'E | 050 BBEIE | BELE | 05
SOYRUIPI0-00 (TTOTT) JOXIW AGO[ 7] 1Y S4NBL (dSNDY| X (ENDY| ¥ X

3807 .S4 YNOLNQOJ ¥41N0 3807 .SZ YNOLNOCD Y3NN]

3801 Y3NNI
. I6LL°E S8.°€E SSLE 0LBL°E | 00B'E SSL'E
1869 °E 859°E 0£5°2C BLEL'E | EEL'E QES 2
LOED '€ CEP '€ 08.°1 LLIP°E | LSP°E 08" |
EG8LE ESLE A4 BOEC’E | B2C'E 420"
1SELE SEL'E 0ES” EEBE’E | ZBE'E 0es”
- - - 00EV'E | OEV'E 551
(dSNID Y Y X (dSNDD ¥ d X
39071 .06 YNOLNCD Y3NNI 48077 .06 YNOLNOJ ¥3iNnoO
3801 d431N0
- 00S5°
OEVE'C EPE’C i £68L°E | BBL'E cl
SEYE'2 Epe2 A 148L°E | B8L'E il
SLyE'C EvE'C r 648L°E | B8L'E 0t
orveE"C EFE"C I SBBL'E | B8L°E 6
OEYE'C EFE’C H CBBLE | BBL'E 8
E\PE’Z | EVE'C 9 S948L°E | 6BL'E L
BEPE'C EPE’C E BSBL'E | BBLE 8
E€ChE'C EvE"Z 3 E9BL'E | BBL'E S
XL BZVE'T EvE'2 a EQBL'E | BBL'E v
LIVE'Z Eve’e ] 0BBL'E | BBL'E 13
LBEE'C EVE'C 8 CIBL°E | BBL'E 4
SCEE C EvE’C v BCE6LE | 68L'E 3
(dSNI) Y Y # 3807 (dSND Y Y * 38071

318vL JLITTIH 3807 Y3NNI 3718vl 3J1LI7IH 38071 431N0

258

NASA/CR—2002-210823/VOLI1




'S[resep - (TOT1) SIN0-IND YIiM JOXIUT 8qO[-Z] {17V dI05ig

‘310N
NOIAINI43Q H3WOISND WOWd O3I7ddNS SHNOLNOD N7

@ 50 v2
3~-3 NOILI3S
11 - i 3903 ONITIVHL dAL
1/v WIS
SR B 15 ]mmmu g 1Iv.iad
e am— — CRR-4
- =12] 5100103 ONpowY YV
- | JINVI8 H3XIH vov-5ser | v |V 1/2 338 eoa ‘
315 1S THISNT S5-£/8-0209 | 2 |€r] D 3 1Iv1iad i JIY4HNS ¥31N0
BNIEAL 145 1S 0,838 HI91 % Y10 GEO” HISNT - € |€v T0'
52’
ATND #0 = © 1Y NOLIVTIVASNI [ = V\
P/2 13Was - =7 33V4HNS HENNI
J "1IvV13d F ) ovo- \
¥ 88% — S (436) SE0° X
A (e
S3IVd (2F) NOLLVTIVISNI dAL
(e) 4 sev” mmwwm f m\m 3WIS
B d0 0E° X 2- W3LI HLIM 0~-0 NOI1O3S ®
114 SS3Yd Y04 Wv3d 4 IvLag 9NISAL 0L
e 1H3SNI B30T0S HIAIS
TIHQ SSOHO 2L# V-¥Y NOILJ3S e 4d 0E* X Z- WILT HLIN
¥ L™ 112 ssaud vos wvay
8 1Ivi3o
335
= j
! 9
1
3. HOTS (43H) 000°E VET
J— - - - - [ -~ ——fmn—+ -{|—  VI09I8'9 — FEER: EET
4 [EE 2ET
IR €T
mﬁ_wnvm_ g 005°% 0ET
L0572 N 000°Y 627 |
. 052" EARO)
! B Aix3 ] X ON VL
7 Y 0 =81
£ A SNOILVI0T dVl Sd H3L1NO
[ ! T O a
53801 (28) b i 3 = G00° 521
m_l/\ ® GF = O LY Sdvi Sd HINNT -2 o e
57 = -4 LG 062" ve
b 9 71v13ad —o0 .0 516" €2t |
0L ® 338 1 o5 005" 22
v +0F 000°% e ®
{drl) w06 | b (43) €52°E—e] 8 11x3 X ON ¥l
W [esvnes 4 vi0 oeev| 3 ° oG = 8 1V
| 2mive 33 NOL193S T3S JOLIVI0N b 634 oV | @ V1S SNOTILVO0T dVL Sd H3NNI
Wy |veaviz 8,08 ovi @ouY | 2
L1} \indd 2 smoes ] ¢
B TEAYES $0v~020% w0 WYIE 0L 9.M1Q 440 AND GRAM | ¥
Irluiln uw MELLATOR AN
WOTRIAR

259

NASA/CR—2002-210823/VOLI1




98EE'C| 008°C
C¢ESk 2| 008°¢C
8945°2] 00¥°¢
L1022} 00C°¢
92cg 2] 000°¢
9vE5°C] 00871
FECO'E} 0031
ES/JCE}] 00b " i
B3k "E] 002" 1
LB0C Ej 0001
EvZl'El 008°
dSNI ¥ X

"$o1RUIPI0-00 (H()1Z1) 19xmu padojjeosun 8qo[-z] S1'V 2InJig

681l F| 00B°C

lbEO"b| 008°C

6906 °€| 00F°C

BOS.Z'E] 00C°¢C

8219°€] 000°2

¢l6b €[ 008" 1

LSBEEf 00871

VEBOE'E| 00V "1

801L'El 00C |

¢6Z1°E| 000" 1

J9eL e[l 008°

dSNT ¥] X

YNOLNOJ HONOYL ¥Y3NNI
501l =

8 1v

dNOLNOD NMOYJ Y¥3NNI

06 = 6 1V

vSLZ'C

000°'E

9BEY 'C

00L°C

2es’c

00¥ ‘¢

S018°¢

00l'¢

8646°¢

008" 1

8cel e

00S5°1

IBEC'E

ooc' 1

LEEE'E

006°

ELOV '€

009°

S62Y €

00E"”

dSNI ¥

X

YNOLNOD HONOYL ¥31NO

T

SGINNOTHL

—H- o

.

BNOLNOD HONOYL ¥3Lno

GOl =

6 1V

: YEYZ 2| oSPE 2082 b| LOEE
} S8bZ 2| .SIE 082 | .OOE
{eeez v[ 2eez ¥] 000 € S8bz 2| .582 1642 V| .02
avzl v| 2ezl ¥] 002°2 Z6v2 2] .5S2 8642 V| .ObZ
i[ s056 €| €056 €] 00V 2 S8ve 2| .52 €082 V| .0lz
z22. €| 2822°E| 001°2 SEVZ 2| .561 86.2°¥| .08l
./ 8€9s €| 9E9S €] 008" 1 5052 2| .59l S08Z°t| .05l
8Ly €| 924b 'E| 005" 1 8662 | JGEl /8.2 ¥ | .0zt
S0Zb €| Sleh "] 00Z- 1 69vZ 2| .501 622°v| .06
SBE 'E | L9BE ‘€| 006" 29v2°2| .SL 68.Z°v| .09
ZEOY €] L20V ‘€| 009 £8YZ°Z| .S S08Z°'b| .OE
62y "€| LOEY 'E| OOE" BBYZ 2| .Sl Z08Z°v| .0
dSNT 4] ¥ X Y 8 4 9
YNOINOD NMO¥D ¥31N0 HoNoY¥ D INMOZD)
- W0B = g LV ITX3 3807 1v oniavy LIX3 38071 LY sniavy

260

NASA/CR—2002-210823/VOLI1



‘spesep - (HNZ1) Joxiw padof[eosun 9qoj-g1 91V InSh]

. wena

B eecer 310N
. e NOILINIS30 H3WOLISND WOH4 0311ddNS SHNOLNOD
3 o -
- — AING 40 = € AY NOLLVVWASNI 3903 ONITIVHL dAL
H— 1/2 :3W3s ¥/p 338
E— P J IvV.130 8 1Ivi3d
P ~—r— — == A
-1 ANYYE H3XIH T3b-G5EY A3 .
S 1S 1H3SNT S5-E28-0209 | 2 |ET Y 4HNS
ONiGnNL 11§ 1S 0,930 H191 X vId GEO HISNT -~ € [EY 4 30v.0S BRLNO

$30v7d {21} NOILVIIVISNI dAl

d0 0" X 2- W3LX HLIM
ln*l 3

114 5S34d HOJ WY3H
30V4ENS H3NNT

/2 3was 5 (3 mmo..l/\x
G-0 NOILJ3S TIHO SSOMD 2¢# \ 00
ONIEN) 0L
LH3SNI H300S H3AIS
-L% 08" X 2- W3LI Hil
X e- HiIn
" 114 ssatid sos Wvan
V-V NOILO3S ﬂ‘<
53807 (2¥) g 1IVi30 \ /
338 ln/ \ ] \
Nl 3
q \ P
\ |
/ _
~
_ y
v |
K04 (334) +OE| 000 E VE
- - |- —  vI0Q38°9 - ﬁ - - - - \ - 56 R €F
~ob 052" 26
! “ove | 5i8” e
‘278 VIOQI8 g a ! O 008" OEY
4GS 000°F | 6ev
\ A\ AN 0 052" [
\ e 1143 X ON_gvl
Z S 2 0 =81V
SNOILVJ01 dvl Sd H3LnO
N
ARas=s v g
{ 3 000" g2y
J0E [N St
ST = § IV SdVL Sd UINNI e o 537
9 IIVi30 &8 .02 78" 2t
dlL J0E- 335 | v 5 05 T
he—t——(d3t) voE"E—! o.maxm oom 3 nz m«« .
0 WS = 0 LY
V1S SNOILVO0T dVL Sd H3NNI
R A LD At
WSTRLAN

261

NASA/CR—2002-210823/VOLI1



‘spresap - (HN91) Joxmur padofjeosun 3q0}-91

L1V 20511

ﬁ O

_ﬂ 1o

SR K 18}

po— —imo ey AL

SNYI8 HAXIN 10y-€¥02 ]

us is 1H3SNI SS-£48-0409 | 2 {E)

DNIGNL 11§ 1S 0038 61 % VIO 6£0°| _NOILYINIANYLENI - A

$3607 {&1}

1/2 13W0S

dAL .57 22 |

TUHG SSOHO

AW |58E3%1 | Nid 13400 W04 2704 0300V V19 §20°) 2ué

&<l

el 1 ws s

[

TTIION

NOILINIZZ0 ¥INOLSND NOY3 G3NdINE SNOINOY AW

NOILYJ0Y d¥L 40 NOILYNYINDGD
TvnSIA O3NIBAAN SO 1 aDO3HI v O

=SE

20€

©20° o7

Nt

202

.S

- 20

00"

M _JdSNI_{e 1Ix3

X ON dv¥i

o527 11 = 01 SNOIIV30 T avl 5d 83NN

[foo 2] o]
4230 €1 X 1amoa vid o7t @
HO4 L13 diIS HO4 ued

T o)
E W P
et SOEE Q00 (13
- .GEC | 69 EEl |
- , OVE 05Z’ 2
- SPE SL8”
e « OGE 005’
- .SSE 000"
- 0 052°0 2
o gsn e 1x3] X ON_dvi
1.0 = 8] SNOILVJ0T avl sd g3Ino
Y-V NOILOTS
£9
133
vid £95°8
MO
L2 | . .
{43R) —
vig 998°9
9 ,-\N )
. O Uvi3a 338
fe— (430 88 € —— \/2 39S
Xll

0

d0 0f° ¥ Z W3LI HLIM
113 $$34d HO4 NV3d

ONIgnNL O LY3SNL
H30708 ¥3IATS

dd 0€° ¥ Z WAL HIM
1id §§34d HOJ WY

262

NASA/CR—2002-210823/VOLI1



-~ ] 71 T T Se0io cg0T- 6T e ] - =] . - y — B
ol oaceor s Tme g 1 = spre3ap - (HN0Z) Joxiw padojessun 10X 9qo[-07 81V 2InSig

oavy I ifund B o] ST MO a5
G2'C HOLDV4 3OS I o i | GOVEO0Z ol LT wmoss s
" N 7 o “SIION
i YN FEON O e T T P RIER AR 81 e e
VRN S73Gs viGew Wi Dh DT AW e 1 e BT . NOILINIAIQ ¥INOLSND WO¥J 03i1ddNS SHNCLINOD
4nOND LSILOUTV AMAQINY [t i s 30 | 20 i - i v
VSO » L0VSS VIOSTWIN Mva ‘15 ‘BTEAY 3e0ri 1Sv3 ST | 9643591 W o | e Poma | e vasaweo mww.w Www www,w M w 3 m m
TONI TONTEISNIDNS V" n g T T
SWILSAS Ou3V I35y sy R o ey winane Py A b0 0 050 €50 0 250 0 02
.E8L .08t .B .0 X
vigHL
398v1 NOILDAJSNI SSINMOIHL TIVM
8ZVZ b 2ivZ'Yy 2ivZ ¥ G8EZ ¥
LE91°h 0€8i b 231 vi9l v
VELE YLLE oviE 2 | 8%8L 2 20€0° ¥ £0° ¥ PLED ¥ 82 14
1206 1SPS° 1395 2 _ 006 2 6098 98" 188" 2098°
£G2L" 282L° 1624 2 * 0222 EEEERDS) re89° 6699" 8
LEIE" PLIE 0116 2 \_ LEE |} [FiN 15 P02% S
C060°E 6£60° 9960°€ _ opbg L 8Ley” £ i Q9Et
V127 € ig£22° GEZZ € . QEZE’ L £00F " 866€ " oY £26€
RIS BRIE 9BIE € _ 0566 Q 830% " 180v° OV~ 0LOP €
€19C° € 0€BE "€ SEBE '€ ﬁowcm Q0 ClED LIEP” Qiftw C2ey €
.6 3 1 X VEZ 921 .0 F]
v. ¥A3HL
398V1 NOILO3JSNI AJTIVA 37gv1 NOIIJJSNI NMO¥D
V-V NOTIO3S
100 &l &]
v 4330 €17 TEAMOC VIQ 8/1
¥04 L4 4TS ¥O4 208
lag
] /
{43}
(3439) ¥1Q 998 9
¥ig g.¢° ¢
i
$380~ {02}
\l/r;; ! _llllumg 655§ ——o=
.81 X ——-——
0
- W 9610091 $3NTyA QZ123¢N1 03Qav | 9 | - QFW
~ T 19810034 S3YEVL NOIIT34SNI J30QY | ¥ § -
eI Yo ]z
e

263

NASA/CR—2002-210823/VOLI1



D) T ] A [Seoisicaveon ot o]
PRY )
Vel €0V-€802 =[€E825] 0 Eo—
Aavy T mwwsar - el
= §2 0 ¥012vd 3OS ~ o siva S0¥~E60Z
d0T1¥DS J1VHZAON i i
38 HIXIW 3807 92 suasmol T e o e
TN o 917%% YIUTIGR RiOmu CF D1 10Reon S7801 52 QLS 034 839 sUYISL
dNCYS LSAL0N3Y INAQINYY [ ) g | ¥
VSN - Lo1S5 VioSBMM ¥wd 1S XNAAY DvomTs 15v3 GSE | - T ol twe S | wer wesn e
"ONI "ONIM33NIONT 961 200¢] W g Jv SN
SNILSAS OwaV 28y Prrearon Ry QS e o dag
cBE [ €ag Shit 2 <
Svs [ 155" 19v6" 005" 2
®ZL ve T62L 077 2
516 El] 01
| 160€ ¢ €80¢€ | 996 0
fez £ | Iie ) GE2L
S1e 21e o8l 0566° 0
get 9Ic (9 ¢_ | ccw 0598 O
LEVZ LGEL .6 d X
V13HL
379vL NOILD3JSNI A3TIVA

$3807 (¢2)

T s [seaonsi] S3NTVA O3L03GSNI

cxaov [ v] -1

o] e |_aiva [ s

SrOS NS

[ e [oedt
1

YIg 91578

3N IHOIHLS
¥ 5217010

0£0° 0 10°0 0£0°Q L10°0 Q

0£0°0 20°0 i20°0 €20°0 S

670'0D [ Ly0°0 ib0'0 0

L8801 081 .8 .0 X
VAL

3A78YL NOILD:

3ISNI SSINMOIHL Tivm

— "S[re1ep - (HIN0T) 3ox1ur padojess A[21e1opowl 8qo[-07 61V 2In51g

9090°
680"
0986 -
¥240°
L910°¢
2196
160
265
EEL
SIZL°
LEL
€L
604
6uLL
BhSL
i€
L
L8

v5p0

PIEL

661"

o0k e

800%

DEEY

Lity

Gegs € |
L85 €

SIS EIEs

J4E

X
¥NOLNOD d0TV3S

"SIION

NOILINIA3Q ¥3IWOLSND WOY¥d GI11ddNS S¥NOLNGD Mﬂ.

4333 £l X 13m0Q VIO 8/1
03 112 dI78 ¥05 mmOmJ

Wz b | v | vz T
09l ¥ 85l b 290 v v_| 8666z |
Zeg s 1 00w | teow v ] 62597 |
58" 06e°c | 69 T eoeez |
KR 19%° B §200°2
i Li§° ££99°1
Cy’ tEp” [ £662° 1
B 6t v 56760
o Vvor v 61550
v w2y 7 198170
K] KT ~0 3 X
YiHL s 52100
379VL NOILOIJSNI NMO¥D
L LHOIBLE
Y-V 1
L _
(334}
¥Ia 998°9

F-—— (33} 6FC € —=

X —_———p

0
V1S

264

NASA/CR—2002-210823/VOLI1



‘spre1ep - (HQ0T) Jox1u padojjeas A[deop 3q0[-07 0TV 9In8i]

— k] 1 3w | T m 680191 (602-967 N 5 E 5]
V| 20V-£802 =] t£5F5] J N —
2avv - musm ) remg] ST ve et - e
- $2°'0 ¥OLOvd 31wdS - o sava SOP-£302 100 .
d0TWaS ¢330 e doavn] o Y O% T
it AIXIN 3807 02w e T e [ oy IS 030avN | 100 g g - 1T
VI WrFSs YLOTEA Hioraw 0w Y] 20we0s Sawl 928 OLS 332 w30 SOvIRL W0 g2 - e
dNOND 18310u3V ANAQINY  [5onont preegeey (LN s B
o - 0155 YIGRRNW e 13 ‘waAY Jeoei 43 66 | - ~ o] Saelm Honin L waemice mmo,o 2€0°0 0£0°0 00 C M
. . o Sy STMVATIOL BED O ye0 0 BeEQ ¢ GEC 0
e 38Y _‘wmwump“ e e ) o Gt 190°0 |_0900 | 8500 | 08070 o
+68L ,081 K3 .0 X
Y13HL
318¥1 NOILOIJSNI SSINHIHL 1IVM
L6EZ b 2002 P LoyZ ¥ SBEZ' ¥ 2898 '€
eI 2€01 P yi9Lp pLOL ¥ 86667
YEL G8IE " BO8E "2 9viE'2 868L°2 LIEC ¥ LI€0°y CLEQ P 9820 ¢ 0269°¢
[*Eld EQYS (2R 9vS° 2 160G 2 .Ilwwlull 6298 OE9S” 2088 € 802€°¢ |
S0€. 1824 02EL 62L 2 022 2 049 PLLI" 00L3°E | BGSG'E | 8200°Z
0! 0026 ° S616° 16°2 LE6 L 026° 126" 025~ SGLG £€99° ¢
276 SS60° 1pB0° 50" P9 | L | _8LEY" 2a¢y” 0QEY € | E662 |
£EZ 9Ed. w22 22’ QgZe "t | 066E’ 007 100¥% " 686€ 9826 °C
68 €02E ggle € | 1 & 0666 C orQr € viQy” £50% " Loy " 54330
EEQE'€ Gegt’ 228t GEBE 069970 p620 € L1287 E LOEV E C2ey '€ 19810
L€v2 = .6 y 3 L¥EZ ] .0 [ X
Vi3HL L7ER
378v1 NOILO3JSNI A3TIVA 3781 NOILDIJEN! NMO¥D
V-V NOIL
)
(439
(43 vid §98°¢
VIO 916°8

TIION
31 Eo_mumhm LR s NOILINIAZQ ¥3NOLSNO WO¥4 CAIdINS SUNCINOD N/
¥ g2a0 0~dal 15882° $62Q° u
r riE 490
258€° 2bCE6
ZESY yEES
6995 " 1822
3759 £018°
00opL’ yBER
5628 06€
vy926" See e |
Q0€0 " 681 z |
PEVI 211
8982° 06C
| osev 20
| oBSS” 5182
£88% allp”
S 7556 4|
5856 €632 |
91v6” eve |
ELd%eN 200"
BLLO b 6
[ 112€°¢
0S¢ 6.8
¥ 62907 0-dl | 492 08¢
L21 6RES "
I LOLS TL¢ Ti0 ]

-]
UNQLNOD JOTIVIS

(o0 g[¢]

d33d 10 X I3MCa vig 8/t
Y04 114 dINS 304 mmomJ

/

$3807 (02]
_l||| {434} 6pG € ——e
v
X~ ]
o}
_ V1§
- — st _wm;oz; SNOIGHNIMG O3103¢SN Q3CAV } v
ol Gocsear|_ava | it IEET
oA 1

265

NASA/CR—2002-210823/VOLI1



peie):2

- mmzm_ L/1 3vag - MOLSY 160L91 -¥80Z-967  ON 8or - Toug v m Q A v
- onaw - ms ] 'S93RUIpIO-09 - ; JoXiw onguo} ied-71 (B)ITV ohsm_nﬁ
ON -
V.l G09-780¢ -l 50851 4 — — Ip (HLZT) 1%t !
. - 31H/3dAL - Lo Mvmw” vIC 000°L - 162
= 300N ¥3IXIW GNONOL -~ 2avy - on 1ava § g TINI LY 40 L1SIT 33S - ) -
— wiscen | gog. Y10 05t - 1o m._noz
ON LHS mmx :\4 m,\dOZO.—l \m/N_ SSINHONCY 3DVIUNS CINIHOVIN 19¢ - VIO 005 - 1€2°
ALY ERITRR: N - - IS Lu¥d NO ON ONIMYHT XYYN 300"+ ~ T R
Yo+ Srves vEDSRA HTGAATS 08 SV LGS STect RS BTSN QIDVAINS Q31TddNS ¥INOLSND ¥3d SLyva NIHOYA |
. * 07X . =
dno¥o 131043 Nz>ﬂ—=-.-& 9BAONEY Wi uwen3 mw»,i QINHIYN m,o..;x S0
SI/13 GO S XXX 190 - vig s - ¢
¥SM » LC1SS YIOSINNIW "Irvd LS "HINIAY NONTNS .Sv3d @SE - - AHD SNOILOVES SIVIRIQIT voh .
TONI ONIHZINIOND mmﬁ 96A0NG! W o SN o
SWILESAS QO¥3V YA-OW-AVa SRNLYNODIS Q313034S SIMMTHLD SSI NN
STVIYZIYA 40 ISIT
NCILYDISID IS — NOQILJINOS3] ON L¥vd LEIN] ALO
- ONIY_¥31dvav 209- 7802 | | @
- 13807 NOISNVAX3 0D £09-r802 2 | 2
~ 3807 NOISNYdX3 \VZ | »09-78027 c | 2 \
ONOT 8/E€ X Nid 133LS SSIMNIVLIS & g/1 N'd 13mod - v | 8F /
16070 2.0°0 160°0 £40°0 0'¢€ /
601 "0 5010 0il 0 olt’o s 2
201°0 2C1°0 09t 'O 25t 0 Q2
+561 081 .Gl .0 X
Yi3HL
777
3781 NOILOIJSNI SSINMOIHL 119M Naadffrrer
00CE" 2 £96E°2 2€6E° 2 ¥0l18°€
[T aF 088p "2 08P 2 4806°¢€
oLt9 2 04182 0809 2 pLC2E
08£L 2 L2902 SyeL' 2 6.L06 2
1598 7 | c6os 2 | 198 2 | 8909 ¢
0766 2 bi66 2 9688 ¢ SyCE ¢
Q021 ¢ orZL € 2914 °¢€ SEC0 2
98FZ' € 06vZ € 9Er2 € 9€CL 1
866 € 009E "€ LLCE°€ 2G6E
Ot2y € BOZp € [olsrd 0% 212071
i28%' € 0iEP '€ G2er € 006L°0
.Q081 .0 y X
[ZER
318vL NOILOIdSNI AITIVA _ _ - _ _ |
¥950° % 5670 ¢ 1960 7 CpR2 ¥
iPpod 08€0 v gsrd v 2226 €
GOEH € SOEE € GLEB € 191G E
0cz8°¢ | Coze € | og9ea € | elel €
0Gl1i'¢ ool € 9gLL € 8988 2
0209°€ CBBE € 8rog- ¢ L2v5°2
OEQS "¢ alos € GCOS '€ IPBl 2
PSyy € vERY € ELvp € 12£8°1 2 z \\ L
Q2ev '€ Q0EP '€ 0gEr € il ' 2177
olgP'g 082v € QLEY € pSiv L
£827°¢ 867ZF £ E2E0 € 03G.L°0
561 .Sl Y X
YLI3HL

37gvL NOILO34SNI NMO¥D

- [ Wy [esaoned]

S3MTvA O3L03JSNI 0300V | v | -

35| aarosaev| auva _

NOILJINOE3T _ AZY thDN

SNOISIAZY

266

NASA/CR—2002-210823/VOLI1



- s | 1/l 3wos - oL L L6091 ~¥802-961  on eor - s
© N ava T s
- €09-7802 .« LECHS| 2 — — .
. — s - ol 2 e s - ‘spre3op onSuoy dog, (9)17V 2Inslg
= JMOOE YIXIN M_DOZOH - 0avy - ON f¥vd | 733LS SSATNIVIS Olt . . .
) , o wivaiw| oo Y10 05T - 108 310N
ON IHS mmOI_ zofwzq&xm mmou b- SSINHONOY 30¥ARNS QANHIVA 100° - w0 oS - 162
ALIOVA 34t omd - - /W 1d¥d NO ON ON'MYHQ N¥wW 800"+ = ~
TSN + Gv7e% YLOSININ TRLNGWAId QY W JAWHOS G208t 92H QLS @34 234 anJE. 100" o osz - 97 SIOVIHNS AT IddNS ¥3N0LSND ¥3d SLldvd INIHOVA L
dNO¥O 153103V ﬂz>==.-n—h 961201 € WY dena Eone aanam e i soor
9/l SOG IXNX " —DOHI vig sz - 0
¥S + LOISS YIOSINMW Tive ‘1S IINIAV FWOWTNS 16V3 85¢ - - 0| snodves S0 | k00" +
“ONI "ONIY33NIONI 96,2087 WY wvaa Y SIMVEITOL 3ONV¥3I0L
SWILSAS Od3V wmq ¥A-0M-AYQ S3UNLYNOIS SR D Seam FI0H 4ITIH0 I_
8-8 NOIL23S [2) Nid 13m00 @ 91/€
\| HiM L1d SS3ud 304 J¥0d
L —{2Z) 881 °0
[ AR
+ _ _ —_—
06L'¢
| (2) ¥ v0'0 5 98897 mm_.mw\ o y §000 0= cpq g
\ 0000 0+
Y-v¥ NOILJO3S
(2] "3NVHD

]

s
e

4 1007 0=
000" G+
GBE 0 /
., 0000 0-
2 9858 5: ssee e
100" 0-
100" 0+

T

[ﬁ,

mm.,z_’nm>ommm(_ v _ NOLLINDS3a

_ 23y _ anozZ|

SNOVSIATR

267

NASA/CR—2002-210823/VOLI1



- a3 | 171 _3wos T Y um \60L91-¥802-967  On BOf - o
lad - ON Qvd - WIS
-] ¥09-¥802 ] 5075 | 4 e — A <
: i T sjrejap enSuo) wonog (9)17'y 2InsL]
=) 1_M_DO\4 N_M_X_E MDOZOH - OQ<< - “CN Ldvd 13318 SSEINIVLIS 91w 100 g 0sit - 105" JH%
IvI¥ILYR 2007+ Lo
3907 NOISNYIXT NV N | von0s 90w e comiort | . =
Pt T S one N - e O e G | 199 v gos” - ez’ .
YO+ SY73E VIGTANI HINONA1S Oy v Lowaos 2as) i T : S20vHINS G HENS ¥INOLSNO ¥3d SL¥Vd INIHOVAAN |
dNO¥D 1SILOUIV “=>n—=-h 961201 € W wena mwﬁuq QaNHO Y m,nw wmx soore " e
VS« LOLGS VIOSINNW TOvd T1S TINNIAV SROWTNY 15VE 86E - - o | Snooved Sowiazn oo, vasz-o
TONI TONIYZIINIONID 3612087 WY wwved 3¢ SITNVEI0L 3DNYHITOL
SWILSAS O¥3V mmq go?»é S3UNLYNIIS 03 A3 S INEARD SeIN 7oK QaTTIHa
g-8 NOILD3S
=— (2) 8810
(Z) Nid 13mod ¢ ot/g
Rlimo Lid 8S34d €02 3v0d
ﬁ
{
|
I
| 0522
V-V NOILO3S 0000 v
| {2 400 ¥ 750 o« SEHE | — 000 0= -
= - N 4 5000 0. S¥ELE
(2) YIINVYHO
0G° 1 J/\quxmo,o
! : J ! ey
! 100" 0- .
_!JlnL L _ T - 3 630 6. EE¥ ,
; GBE'Q \
. \__y 0000 0-
| £e0 ¢ (2) 5L ¥ 500070+ SSLE €
10070~ .
G2 | —== ¢z ¢ 100" O+ 00674
100 0- .
100" 0- . 000" G

o I |

mw#_— Dw>om&m(_,\ 3Lva \ﬁ NOILJI¥DS30

A3 [ INOZ

SNOISIAZY

268

NASA/CR—2002-210823/VOLI1



Appendix B

Refraction Correction Procedure for Free-Jet/Ambient Shear-Layer

and Angular Interpolation Scheme

When we have a free-jet facility of finite
diameter surrounding the model jet to
simulate aircraft forward speed effects, a
shear-layer is created between the free-jet
and the ambient quiescent atmosphere in the
test cell. Sound from the model jet then
refracts through this shear-layer before
being recorded by the microphones which
are outside the free-jet in the test cell. This
shear layer is not present in the actual
flyover case. In order to retrieve the original
directivity of sound from the model jet we
then need to account or correct for this
refraction. This correction procedure is
summarized below, as given to Rolls-Royce
Allison by Dr. James Bridges of NASA
Lewis Research Center. NASA has
processed all the acoustic data using this
procedure which forms part of the overall
data processing scheme shown in Figure 3.5.

The free-jet shear-layer refraction correction
is taken from Ahuja et al’®. 1t is similar to
the “Amiect” method with the main
difference being that NASA has generalized
the algorithm to work for narrow-band data
instead of third octave spectra. In this
method, one starts by considering the SPL of
each frequency band (narrow-band) and
each microphone individually. One assumes
a location for the source of this sound and
the location of the shear-layer based on the
geometry and flow-conditions of the free-jet
and the model. One also assumes that the
shear-layer is infinitely thin, and use is made
of acoustic ray theory, an assumption that
was verified in Ahuja et al’® for frequencies
generated with a relatively small speaker.
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From this geometry the refraction that the
sound underwent to reach the microphone is
calculated and the original direction of the
sound during propagation between model and
free-jet/ambient shear-layer is found. This
will not, in general, correspond to a location
where a microphone exists. In fact, when a
source location model is used, each frequency
for a given microphone will have been
directed to a unique angle because it
originates from a different place. In addition,
the difference between the geometric distance
from the source to the microphone and the
actual path-length that the sound traveled due
to the refraction is calculated. This procedure
of finding the original angle and the refracted
path-length as a function of refracted angle is
done for each frequency. Now if the
attenuation due to spherical spreading over
the refracted path-length is factored out, then
one retrieves the original directivity of the jet
as it would appear inside the free-jet. This is
the same as the directivity in the reference
frame of the nozzle.

As mentioned above, since we can assume
that the effective source location is different
for each frequency band, the directivity is
known at different locations for each
frequency band. To take this back to a
common set of observer locations, the
directivity of each frequency band is
interpolated (in SPL) onto a convenient
regular array, corresponding to an arc with 5
degrees intervals for this test. There are
situations where sound at some frequencies
are refracted strongly enough that none of the
measured sound covers the interpolated array.



In this case, the data is set to “unknown” and
is not used in the processing. In addition,
for bands in which the data was not
sufficiently above the background level or
for which the microphone was found to be
suspect in post-test analysis, the data was set
to “unknown”. This is generally a problem
for high free-jet Mach numbers, low
frequencies, and shallow angles, which have
little impact on overall evaluation of noise.

Interpolation gives values only for those
angles where sufficient information is
known; data is never extrapolated outside
the measured information. If insufficient
data is available over a region because of
background noise, then the whole region is
taken as “unknown” in the interpolation
scheme rather than filling in values based on
very limited information. Specifically the
algorithm calls for at least as many good
points as unknown points in a region before
the interpolating spline is evaluated for
output. For example, if at the end of the
array of N microphones a measured value
exists at angle N but the two measurements
at N-1 and N-2 were suspect while the
measurement at N-3 was good, SPL values
will be recorded as “unknown” for any
locations which lie at angles greater than
that of microphone N-3.

Interpolation of SPL between angles for a
given frequency band is a required step and
is not used for smoothing. The interpolation
is done by strict cubic spline with zero
derivative knots at the ends. Tests have
shown this choice of interpolating
polynomial to capture, but not overshoot,
peaks very well, as opposed to linear
interpolation ~ which ~ showed  some
smoothing. Interpolation can be performed
on either SPL (in dB) or sound pressure (in
Pascals squared). The final result will be
affected by the choice, but again tests found
that for representative spectra, sound power
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differences due to interpolation were less than
0.05 dB. Using the log scale makes it easier
for the interpolating function to fit without
spurious excursions, although it biases the
error to the high side.

Because the source distribution is actually
unknown and probably different for each jet,
NASA has adopted as standard procedure the
assumption that the sound sources for all
frequencies is at the center of the nozzle exit
plane. This is highly incorrect for low
frequencies but without better information we
prefer this simple model over an arbitrary
one. This was mostly driven by the need to
compare results with other facilities which
have other shear-layer correction schemes.
Data being compared came from G.E.’s Cell
41, Boeing’s LSAF, NASA Ames’ 40 x 80
wind-tunnel, NASA Langley’s JNL Quiet
Flow Facility, and NASA Lewis’ APL. This
source location assumption has been made for
all NASA/Industry programs. However, until
a better model comes up, this will remain an
open issue.




Appendix C

Refraction Angle, Convection Angle and Transmission Coefficient Changes

Due to Free-Jet Speed Changes

We extend Candel’s analysis®' to moving
flows on both sides of a thin shear-layer
represented by a thin straight vortex sheet at
y = 0, x > 0 as shown in figure 5.25. In
region 1, y > 0, the speed of sound is ¢; and
the flow Mach number is M;. In region 2, y
< 0, the speed of sound is ¢, and the Mach
number is M. The pressure fluctuations are
piexp(-iwt), Rpexp(-iot) and Tpexp(-iot)
for the incident, reflected and transmitted
waves, respectively, and v(X)exp(-imt) is the
y-displacement of the vortex-sheet where ®
is frequency, t = time and i = \-1. The
incident wave has a normal direction ¢y; the
reflected wave propagates in the direction -
01 , and the transmitted wave in the direction
&, (see figure 5.25):

p, =exgl —i kixcosg, . kysing,
1-M,cos¢, 1-M, cos¢,

p, =expl —i k,xcos¢, k,ysing,
1-M,cos¢, 1-M, cosg,

p, = expl — k,xcos¢, 3 k,ysing,
1-M,cos¢p, 1-M,cos¢,

kl =%l,k2 =%2

0<¢ <.

All waves have the same wave-number
vector components in the x-direction:

kjcos¢y  kpcosg,
I-Mjcosp; 1-M;,cos¢,

This leads to the first useful relation
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between angles which denotes pure refraction
effects:

(c%l)COS ¢
1= cos gy (M; — (%[ )My)

cos @, = €1

We obtain ¢y9, which is ¢, for M, = 0, from
above as:

(%) cos¢,

Cosf,, =
P2 1-M,cos¢,

(C2)

Hence, ¢, can be written directly in terms of
020 without involving M; or ¢ as:

- COS Py,
1+ M, cosp,,

cosg, (C3)

And, from eqn (C.2), ¢; can be found in terms
of ¢y as:

cOs ¢20

c2
o + Ml coSs ¢20

Cos@y = (C4)

To find the effect of convection of the
refracted wave-fronts on the convected angle
A¢. (see figure 5.25) we apply the sine-rule to
the velocity triangle in region 2 which
includes the transmitted ray and the refracted
wave-front normal direction:

U2 _ Cy
sinAg,  sin(7 — (¢, + AD,.))




This gives, after some manipulation, the
second desired angular relation:

Mz sin ¢2

tan Ap, = —=——TE
Pe 1— M, cos

(C.5)

The numerical results for these angles have
been given in Table 5.1, plotted in figure
5.27 and discussed in the main text. As a
further independent check on these
calculations, we spot-checked it with values
obtained from Thompson’s ray equations
(eqn. (12), Ref. 23) where the “generalized
Snell’s law of refraction” for moving media
is derived by a wholly different method
using ray-paths obtained from the
characteristic eikonal equations. The values
for the refracted ray angle, ®,, for given
“static” ray-angles, @0 , matched exactly
with the ones given in Table 5.1.

To obtain the transmission coefficient T and
reflection coefficient R, the conditions of
continuity of pressure and particle
displacement at the interface (vortex-sheet)
must be applied:

(Pi + Rpr)y=oJr = (Tpt)y=0_

_ AV =L d,

(iw+U Z) v = o (it Ry,

~(-iw+U; g’;)z V() =~ 2 (Tp,) .
py ¥ :

where p is density. Manipulation of these
three equations with the previous result from
the equality of x-component of the wave-
number vector leads finally to the following
relations between T and R:

1+R=T

_ piep sin2¢, . (C.6)

1-R —
P20y sm2¢1
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This yields:

T = 2 (C.7)

1+ p1cr” sin 29,
pacy? sin2¢;

The static pressures on both sides of the

interface are equal and consequently the ratio
2

P14

2
%1 %)

where v is the ratio of specific heats. The final
relation of the transmission coefficient T in
terms of ¢, and ¢, is the same as in Candel”';
however, the difference is in the relation

between ¢, and M,, M; as derived in eqn
(C.1).

reduces, for perfect gases, to yi/y,

In order to examine the effect of M, on the
transmission coefficient T for a given incident
wave angle ¢; we can use equations (C.7) and
(C.1) for some assumed values of flow in
region 1. However, since ¢; and ¢, have a
one-to-one relation from eqn (C.2) and ¢y is
the observable angle when no free-jet flow
exists we will discuss the changes in T due to
free-jet Mach numbers as function of @.
Thus for a given value of ¢y we first find ¢y
and ¢, from eqns. (C.4) and (C.3) respectively
and substitute that in eqn (C.7) to find T. We
will also assume for simplicity that y/y, = 1.
Figure C.1 shows a sample of plots of T Vs
820 (= 0 ) for two typical cases (M; = 0.8,
cofci = 1.0) and (M; = 0.8, cofcy = 0.8), fora
range of M, values from 0.0 to 0.3. This is
shown for a range of 0, values from 0 to 180
degrees. A note on interpreting figure C.1:
For a given ¢y the value for T for some
parameter M; means the (ransmission
coefficient for the corresponding refracted
wave in region 2 whose angle is ¢, .

Figure C.1 shows that the variation in the
transmission coefficient T for a given 0, (or
incident wave) due to free-jet variations from



0.0 to 0.3 is fairly small in the angular range
above 40° or so; below 40° the difference
between the no free-jet flow case (M, = 0),
and the M; > 0 case can be large. The values
of 0y above approximately 125° in Figure
C.1(a) correspond to the “zone of silence.”
Our acoustic test data range varies from 55°
to 165°, So it is of some interest to examine
what the small differences in T from the no
free-jet flow case in that range mean in
terms of SPL differences in dB which is
given by 20*1og(T(M)/T(M,=0)).

Figures C.2(a) and (b) show this SPL
difference as a function of M, with 0,y (or
20 ) held fixed for a wide range of region 1
flow parameters. From these figures we can
make the following general observations:

1. The SPL difference is no more than
about 0.4 dB for the angular range
investigated (60° to 110°) and is smaller
for angles closer to 90°.

2. At 90° there is no SPL difference at
different M, , and any M,, ¢, c; value.
This can be proven mathematically from
the above formulae. That is, T = 1 for ¢z
= 90° and the corresponding refracted
wave-normal angle at any M, value,
regardless of region 1 values.

3. Hotter the region 1 flow (lower the cu/c;
value) the smaller is the SPL difference.

4. The SPL difference is almost linear with
M; in this range for a given value of ¢y .
Thus, the smaller the M, value the
smaller is the SPL difference from the
static case M, = 0.
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Appendix D
Comparison of SPL’s at Different Free-Jet Mach Numbers
and “Shifted” Angles for T.O. # 3
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