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FOREWORD

The First Annual High-Speed Research (HSR) Workshop was hosted by NASA
Langley Research Center and was held May 14-16, 1991, in Williamsburg, Virginia.
The purpose of the workshop was to provide a national forum for the government,
industry and university participants in the program to present and discuss important
technology issues related to the development of a commercially viable,
environmentally compatible U.S. High-Speed Civil Transport. The workshop sessions
and this publication are organized around the major task elements in NASA’s Phase
I- High-Speed Research Program which basically addresses the environmental issues
of atmospheric emissions, community noise and sonic boom.

The opening Plenary Session provided program overviews and summaries by senior
management from NASA and industry. The remaining twelve technical sessions were
organized to preview the content of each program element, to discuss planned
activities and to highlight recent accomplishments.

Attendance at the workshop was by invitation only and included only industry,
academic and government participants who were actively involved in the High-Speed
Research Program. The technology presented at the meeting is considered

commercially sensitive, and as such, the his publication are
protected by the NASA designatio ]
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SUPERSONIC CRUISE

Significant advances in propulsion performance are required if supersonic
transport vehicles are to become an important part of the 2ist century
international air transportation system. The objective of the NASA Supersonic
Cruise propulsion research is to provide the critical propulsion technologies to
the industry in a timely fashion to contribute to the design of economically
viable and environmentally acceptable high-speed civil transport (HSCT).

510 Figure 1



HIGH-SPEED RESEARCH PROGRAM

The NASA Phase I High-Speed Research Program (HSRP) emphasizes solutions to
the critical environmental barrier issues associated with any future HSCT
aircraft. Two of these barrier issues - atmospheric ozone depletion and
community noise - are primarily propulsion issues and are addressed in the Lewis
portion of HSRP. The critical economical viability issues will be the emphasis
of a proposed Phase II HSRP, which could be initiated as early as FY 1992.

Figure 2 511



HSCT SOURCE NOISE CHALLENGE

The HSCT source noise challenge is illustrated in this figure. The jet
exhaust noise levels at takeoff and landing conditions must be reduced by 15 to
20 db relative to reference conic nozzle levels before any future HSCT can hope
to have noise levels below FAA noise regulation limits. At the same time, the
nozzle aerodynamic performance levels must be kept high if vehicle overall
mission performance goals are to be met. This combined acoustic-aerodynamic
challenge is often expressed as a ratio of decibel noise reduction to resultant
percent thrust loss. For a viable HSCT design this ratio should be in the
neighborhood of 4:1. As this figure shows, current technology would yield a
nozzle design with a ratio of no better than 2:1.

HSCT SOURCE NOISE CHALLENGE

NOISE
SUPPRESSION
/\ PNdB 10 -
LATEST TECHNOLOGY
s I PROJECTED TO FLIGHT \
0 k\ A \\:isssst:\\ \\\\\;::\\\\\
1 2 3 4 5 - 10 20

GROSS THRUST LOSS (PERCENT)

512 Figure 3



LOW-NOISE NOZZLE TECHNOLOGY
ELEMENTS

The major elements of the source noise portion of HSRP are shown in this
figure. Heavy emphases are being placed in the first years of HSRP on computer
code development and validation and on subscale experiments to evaluate
potentially attractive nozzle concepts. The emphases regarding the codes is
again on applying available solvers for both nozzle aerodynamic flows and for the
acoustic signatures of the various configurations. The laboratory experiments
and computer code developments and the insights they provide as to the governing
fluid physics will be key inputs to the development of advanced nozzle
configurations that will meet the HSRP goals, both for aerodynamic performance
and acoustic suppression.

i

Propulsion Noise Reduction-High Speed Research Program
Elements

( Analysis & Prediction Codes | (" Aero/Acoustic Concept A

- 2D and 3D time dependent Experiments
aerodynamic codes

« Jet noise modeling

» Inlet & turbomachinery noise B
modeling QOO

» Source noise input codes for || Shock interaction MZX
\ system prediction and control

Enhanced mixing G)

e ] : i
Adv. Nozzle Configurations ) Noise vs Performance
f N (" Epector ™ ﬁ Component Evaluations
v, \ﬁg§§:f:h 30
D5V1 Noise, 20 |-
E: - 1/, APNLdB
N‘ L4 10 -
\_ )\ Subsonic cruise/takeoft ) , /Rjgj//gﬁ:
Inverted Ejector 0 LD
velocity Thrust
LA profile )
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HSR SOURCE NOISE REDUCTION PROGRAM

This figure represents the HSR Source Noise Reduction Program in a slightly
different or bar chart form. This represents basically the same information
identified in the elements figure but also includes the program major milestones.
The first darkened bar represents the whole program with major milestones shown
at the halfway point and then at the end. The next three bars represent the
previously identified activities including Aero/Acoustic Analyses, Aero/Acoustic
Concept Evaluations or Experiments, and then Subscale Nozzle Performance
Experiments with Advanced Configurations. Also included here is the activity
relative to engine cycle analyses to determine the cycle benefits to be gained
and overall aircraft system noise prediction (e.g., ANOPP). The HSR Phase I
program indicated here is a six year activity with major milestones again at the
halfway point at the end of FY92 and then overall at the end of FY95. The
milestones shown at the halfway point represent the completion of a series of
initial screening activities of either the advanced codes or the nozzle concepts.
The best of these concepts will then be researched in more detail through the
rest of program. Details of the activities occurring relative to each of the
program bars will be discussed in the various papers presented in this session of
the workshop including inputs from NASA, Industry, and an example of support from
the Academic Community.

HSR SOURCE NOISE REDUCTION PROGRAM
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NASA HIGH-SPEED RESEARCH PLAN
PROPULSION ELEMENTS

The roadmap for the propulsion elements of NASA’s overall High-Speed Research
Program is shown in this figure. HSRP Phase I efforts will result in
demonstrations of low-NO, combustor and low-noise nozzle concepts as well as
determination of preferred HSCT propulsion cycles. NASA’s HITEMP engine
materials program will provide the basis for the development of the advanced
composite materials required for the combustor and nozzle components of any
future HSCT engine.

The HSRP Phase I and HITEMP research results will be the inputs to the
proposed HSRP Phase II Program currently advocated by NASA. The propulsion
elements of HSRP II would demonstrate HSCT propulsion technology readiness
initially through large-scale testing of the critical components (inlet, fan,
combustor, and nozzle); then these components would be combined with an available
core engine in propulsion systems technology demonstrations at both Tow-speed
(takeoff) and high-speed (supersonic cruise) conditions.

The Enabling Propulsion Materials of HSRP II would demonstrate the materials
technology readiness through tests of an uncooled ceramic matrix composite (CMC)
combustor liner and a nozzle substructure element fabricated from an advanced
intermetallic matrix composite (IMC) developed in HSRP II.

NASA High-Speed Research Plan
Propulsion Elements

90 91 92 93 94 95 96 97 98
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HIGH SPEED JET NOISE RESEARCH AT NASA LEWIS
PROGRAM CONTENT

The source noise portion of the High Speed Research Program at
NASA Lewis is focused on jet noise reduction. A number of jet
noise reduction concepts are being investigated. These include
two concepts, the Pratt & Whitney ejector suppressor nozzle and
the General Electric 2D-CD mixer ejector nozzle, that rely on
ejectors to entrain significant amounts of ambient air to mix
with the engine exhaust to reduce the final exhaust velocity.
Another concept, the G.E. “Flade Nozzle" uses fan bypass air at
takeoff to reduce the mixed exhaust velocity and to create a
fluid shield around a mixer suppressor. Additional concepts are
being investigated at Georgia Tech Research Institute and at NASA
Lewis. These will be discussed in more detail in later figqures.

Analytical methods for jet noise prediction are also being
developed. Efforts in this area include upgrades to the GE MGB
jet mixing noise prediction procedure, evaluation of shock noise
prediction procedures, and efforts to predict jet neise directly
from the unsteady Navier Stokes equation.

High Speed Jet Noise Research
at NASA Lewis

Program Content
Noise reduction concept evaluation

- P & W ejector suppressor nozzle
GE 2D-CD mixer/ejector nozzle
GE flade nozzle

GTRI novel concepts evaluation
Shear layer modification

]

Analytical methods development
« MGB model upgrade |
« Shock noise prediction/evaluation
» Unsteady Navier stokes solutions
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2D P&W MIXER/EJECTOR AEROACOUSTIC NOZZLE TEST
IN THE NASA LEWIS 9x%x15 LSWT

Shown in this figure is an early version of the P&W developed
mixer/ejector nozzle. This nozzle was tested in the NASA lLewis
9x15 LSWT as a proof of concept test to evaluate ejector pumping
capability and noise reduction potential. Since this was the
first jet noise test conducted in the 9x15 wind tunnel, the test
also served as a means of evaluating the suitability of this
facility for jet noise testing. Results from this test will be
presented in the next two figures. Details regarding modification
to the design and follow-on testing will be presented in a later
paper.
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2D P&W MIXER/EJECTOR AEROACOUSTIC NOZZLE TEST
IN THE NASA LEWIS 9x15 LSWT

COMPARISON OF MIXER-EJECTOR, CONVERGENT MIXER
AND CONIC NOZZLE NOISE SPECTRA

Typical acoustic results from the test of the P&W. mixer/ejector
nozzle are shown in this figure. One/third octave spectra from
the mixer ejector nozzle are compared with those from the mixer
alone and a round conic nozzle at angles of 70 and 130 degrees
from the inlet axis. These data can be used to assess the noise
reduction achieved by the mixer alone and from the addition of
the hardwall ejector. The addition of acoustic treatment to the
ejector wall would result in additional noise reduction by
absorbing noise generated within the ejector.

2D P&W Mixer/ejector Aeroacoustic Nozzle Test in
NASA Lewis 9x15 LSWT

Comparison of Mixer-ejector, Convergent Mixer and
Conic Nozzle Noise Spectra

Nozzle pressure ratio = 3.5 Nominal jet temperature = 900 °R . Tunnel mach number = 0.2

o Conic
150 — __ O Convergent mixer
A Convergent mixer with ejector
o .
o o 0©
180~ © 0008, - ° o
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CFD/TRANSLATING PROBE COMPARISON AND MIXING

Shown in this figure are results from a temperature traverse at
the ejector exhaust. The results indicate that gcod mixing
between the primary and the induced flows was achieved. Also
shown is a corresponding predicted temperature field at the sane
location. Good agreement between measured and predicted tempera-
tures was achieved.
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GE NOISE REDUCTION CONCEPTS

The main characteristics of two noise reductions concepts devel-
oped by General Electric are given in this figure. Details
regarding these concepts will be given in a later paper. The
first concept, like that of Pratt & Whitney, is mixer ejector
nozzle. The mixer nozzle is designed with convergent-divergent
chutes to minimize shock noise. The ejector, designed to achieve
60% pumping, will be acoustically treated to absorb noise gener-
ated within the ejector.

The second GE concept, the Flade Nozzle, is designed for an
engine cycle with reduced mixed exhaust velocity. The fan flow
from this cycle will be used to produce a fluid shield around a
mixer nozzle.

GE Noise Reduction Concepts

2DCD mixer ejector nozzle

« Mixer nozzle with C-D chutes *
« Acoustically treated ejector - 60 percent pumping

Flade nozzle

* Increased py-pass ratio (lower core velocity)
- Mixer on primary nozzle (no ejector)
- By-pass flow used for fluid shield
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NOVEL JET NOISE REDUCTION CONCEPTS
CIRCULAR NOZZLE WITH TABS AND EJECTOR

In this figure, acoustic results from tests conducted by Georgia
Tech Research Institute of a circular nozzle with tabs and an
ejector are shown. Previous results with tabs and a circular
nozzle have shown that the tabs can significantly enhance the
mixing of the nozzle flow with ambient air. By combining the
rapid mixing of the tabbed nozzle with the noise suppression
potentlal of a treated ejector, it is hoped that significant jet
noise reduction can be achieved with simple nozzle geometrles and
a short ejectors.

Novel Jet Noise Reduction Concepts
Georgia Tech Research Institute

Circular nozzle with tabs and ejector
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NOVEL JET NOISE REDUCTION CONCEPTS
COAXTAL RECTANGULAR NOZZLE
Another concept being investigated at Georgia Tech Research
Institute is the coaxial rectangular nozzle. In this figure, test
results show the noise reduction, relative to a conic nozzle,
achieved by using a dual flow rectangular nozzle. The concept's

success at supersonic flow conditions may indicate that it is
most effective in reducing shock noise.

i

Novel Jet Noise Reduction Concepts
Georgia Tech Research Institute

Coaxial rectangular nozzle
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NOISE REDUCTION BY SHEAR LAYER MODIFICATION

At Lewis, jet screech is being investigated as a means of excit-

ing the jet shear layer and enhancing the mixing within an

ejector. Enhanced mixing can significantly shorten the ejector or
provide more treatment length to suppress internally generated
noise. The effect of excitation on the directivity of the inter-
nally generated noise is also being studied. The effectiveness of
wall treatment within an ejector could be enhanced if the inter-
nally generated noise can be made to propagate toward the side

walls.

Noise Reduction by Shear Layer Modification

_-— Acoustic
lining

Ejector flow g — /) Modified noise directivity
N =

\6\)\/ 292:3

——Hot jet flow ) - - -

= o )

Normal noise dlrectlwty %

¥
-------

« Apply aerodynamic excitation principles to enhance mixing
and minimize performance penaity.

« Apply aerodynamic excitation principles to alter directivity
of internal shear layer noise to maximize liner effectiveness.
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JET EXIT RIG WITH TRANSITION FOR
AXISYMMETRIC NOZZLES

Shown in this figure is a schematic of the NASA Lewis Research
Center jet exit rig. This rig is designed for testing of both
NASP and HSR nozzles and is compatible with the NASA Lewis 8x6
and 10x10 supersonic wind tunnels and the 9x15 low speed wind
tunnel, the NASA Ames 40x80 wind tunnel, and the new Lewis nozzle

acoustic test rig.

Jet Exit Rig With Transition for Axisymmetric Nozzles

. ———Test nozzles

“: 2 - —Flow conditioning
=4 module

- Core flow combustor

LFlow measurement section

L Force
balance
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NOZZLE ACOUSTIC TEST RIG (NATR)

A schematic of a new nozzle acoustic test rig is shown in this
figure. The rig will be located within a 65 foot radius geodesic
dome. The dome is designed to minimize community noise problens
from the nozzle acoustic test rig and the adjacent Powered Lift
Facility. Acoustic treatment will be installed on the inside of
the dome to provide an anechoic environment for acoustic testing.
Forward flight effects will be simulated by means of a free jet.

Heated air will be provided to test nozzles by the jet exit rig
discussed previously.

Nozzle Acoustic Test Rig (NATR)

Powered lift facility (PLF) g—Micrbphone
research complex

- Dome wall

. ~— 65-ft radius
Ejector

acoustic
assembly - Diff ] dome
T iffuser  — Flow straighteners
Y /
\ / 424 ft Free jet
; y Mach No. = 0.3
: e
‘_.. - f_'—__:‘_:}___
= 4 “—Jet
, \ _ exit
! \\ s
“ Motive nozzles Plenum- ng CDo1.54567
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JET NOISE PREDICTION EFFORTS

Efforts at Lewis to improve the state-of-the-art of jet noise
prediction include the evaluation and improvement of existing jet
mixing and shock noise prediction procedures and the development
of new prediction procedures. Planned improvements to the exist-
ing, GE developed, MGB procedure include replacing Reichardt's
mean flow prediction method with the Parc code and adding non-
axisymmetric effects to the acoustic/mean flow interaction
radiation model. Shock noise prediction methods are currently
being evaluated over a range of jet Mach numbers and temperatures
both with and without forward flight effects.

P

In House Jet Noise Prediction Efforts

Improve jet mixing noise prediction
— Improve 'MGB' procedure

Prediction Procedure Elements

Mean flow Acoustic/

& Acoustic mean flow Far-field
turbulence ™ scaling [~ interaction/ ™™ noise
modeling propagation

Planned improvements

Replace Reichardt's Include
method wi*" non-axisymmetric
Parc «-e code effects

Evaluate/improve shock noise prediction
— Evaluate current shock noise prediction procedures

-~ Incorporate CFD predicted shock characteristics into
current shock noise prediction procedures

530



MGB JET NOISE PREDICTION MODEL
WITH PARC AERO INPUT

Shown in this figure are typical results comparing predicted and
measured jet noise directivities for a convergent-divergent
nozzle at the nozzle design pressure ratio. The prediction was
made using the GE MGB method with aerodynamic inputs from the

Parc code.

MGB Jet Noise Prediction Model with
PARC-ke Aero Input

Comparison of Measured and Predicted Jet Noise Directivity

CD nozzle, ideally expanded

PR=313 T, =1736°R
Vo = 400 ft/sec

130 0 |
O MGB with PARC e b
[0 Data-NASA CR 168234

120 -

OASPL,
dB
110 k-
100 | | ] 1 1 ] | 1 ]

0 20 40 60 80 100 120 140 160
Angle from inlet, degrees

180
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HIGH SPEED JET NOISE RESEARCH
AT NASA LEWIS

SUMMARY
Significant progress has been made. High ejector pumping, neces-
sary for the success of ejector suppressor concepts, has been
demonstrated. Detailed designs have been completed for several
promising noise reduction concepts that are to be tested this

year. Other more novel concepts are being investigated. Initial
steps have been taken to upgrade jet noise prediction procedures.

High Speed Jet Noise Research
at NASA Lewis

Summary
« High ejector pumping demonstrated

« Two acoustically treated ejector/suppressor designs plus
fluid shield/mixer concept to be evaluated this year

« Other novel concepts being investigated

« Aeroacoustic prediction procedures being upgraded
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Session IV. Source Noise

HSCT Nozzle Source Noise Programs at Pratt & Whitney
Alfred M. Stern, Pratt & Whitney Aircraft
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PROGRAMS AT PRATT & WHITNEY
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20dB JET NOISE SUPPRESSION NEEDED

Jet noise from the high velocity exhaust flow will dominate takeoff noise spectra of igh speed aircraft. Although
available noise suppression technologies can be used to quiet other engine noise sources, jet noise requires new,
unique developments in noise reduction technology.

With the resurgent interest in the High Speed Civil Transport, successful control of the dominant jet noise (along
with emissions and materials) has again been identified as one of the two or three technologies critical to a succes-
sful HSCT. Without an economically viable approach to FAR36 Stage 3 noise requirements, there can be no
commercial transport. Alternate means of meeting this noise rule (such as engine oversizing) have been shown
{0 adversely impact the system’s economics.

Recent low noise nozzle accomplishments at P&W and future plans are discussed in the pages that follow:

‘Turbomachinery
Turbomachinery
Core nolse {turbine) noise
& Choked Inlet
e Acoustic treatment e Alrfoll counts ® Suppressor nozzle

@ Acoustic treatment ® Cycle

HSCT NOISE SOURCES (™ EPNdB)

I r
| | |
2008 | | [ | |
| |
Stage 3
! a B
TOTAL TURBO  CORE
Figure 1
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EJECTOR NOZZLE TECHNOLOGY PROGRAM
NOISE REDUCTION VS FLOW AUGMENTATION

Jet noise suppression of magnitude 20 EPNdB will be needed relative to a unsuppressed exhaust system opti-
mized for performance only. The major low noise exhaust nozzle effort at P&W has focused on high flowing,
mixer ejector nozzle systems with secondary airflow entrainment levels as high as 120-140%.

Sinee the early days of supersonic transports, both Pratt & Whitney and General Electric Aircraft Engines have
been key participants in studies and evaluations of candidate HSCT exhaust nozzle concepts. Teaming between
P&W and GEAE to develop a HSCT propulsion system is a major milestone in the United States effort toward
a successful program.

GEAE have been looking at similar ejector systems, trading reduced pumping levels for smaller diameter and
drag. The lower pumping alternative requires some modest engine resigning to meet Stage III. Having twolevels
of pumping under parallel investigation by GEAE and P&W provides us the opportunity to better understand
the range of ejector capabilities and assess them back-to-back in terms of overall installed performance. One
of our objectives is a down select decision to one common ejector type by the end of 1992.

-0

=124

delta dB

~-144
OUTSIDE
~16-
ENGINE
EXHAUST

~18- o
-204
_92] MIXER

EJECTOR

-24
. & T T T H T T T T T T T T T

20% 40% 60% 80% 100% 120% 140%
PERCENT PUMPING (Wg / Wp)

Figure 2
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MIXER EJECTOR NOZZLE
TECHNOLOGY CHALLENGES

One major noise challenge to a successful mixer ejector nozzle is good aerodynamic design. The major benefit
for the ejector comes from reducing overall jet velocity from over 3000 ft/sec to something near 1500 ft/sec, while
maintaining thrust. The process of mixing tertiary air with the high velocity primavy exhaust flow, however, pro-
duces its own noise. This mixing process must be optimized to 1) minimize the internal noise generated and
2) produce this noise in a form more easily attenuated by acoustic liners in the gjector shroud.

Acoustic liner technology capable of effectively attenuating the internally generated noise within the highly tur-
bulent and high velocity and temperature environment of the ejector must also be developed.

Internal expansion ratios can be quite high causing internal shocks with associated shock noise. This also needs
to be addressed in the mixer and ejector’s aerodynamic design.

Economic viability demands additional considerations such as nozzle performance over the full aircraft operating
range and advanced enabling materials.

NOISE
1. EFFECTIVE INTERNAL MIXING
» 2. EFFECTIVE TREATMENT
3. WMINIMIZE SHOCKS
PERFORMANCE
OUTSIDE 1. CRUISE PERFORMANCE (Cy > .982)
AIR
2 SUBSONIC / TRANSONIC
ENGINE o

EXHAUST 3. TAKEOFF

4 REVERSE
MIXER MATERIALS
EJECTOR 1. HIGH TEMPERATURE

Figure 3
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1989 HSCT 2D EJECTOR MODEL TEST
IN NASA’s 9 x 15 TUNNEL

Since 1988, Pratt & Whitney has conducted two HSCT model ejector test programs and will soon begin a third.
The original HSCT high-flowing ejector designs were based on related programs conducted at United Technolo-
gies Research Center (UTRC) during the 1980’s.

P&W’s first HSCT ejector model program was conducted in NASA Lewis’ 9x15 low speed acoustic wind tunnel
in mid-1989. The 2D ejector nozzle hardware was jointly provided by P&W, UTRC, and NASA LeRC. Test
facility was provided by NASA and the data analyses were shared among NASA and P&W. The 1/10 scale (ap-
proximate) model was tested with and without the ejector shroud and over a range of ejector area ratios and
nozzle expansion ratios. A reference, conic nozzle was also evaluated to provide a baseline. Facility limitations
at that time restricted testing to 450F jet flow. Ejector shroud static pressure taps and an exit pressure and tem-
perature traverse were used to evaluate pumping and mixing.

Figure 4
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TERTIARY AIRFLOW
1989 2D EJECTOR TEST

Wall static pressure taps in the ejector shroud were initially used to assess secondary airflow levels (pumping).
These measured levels were later corroborated and calibrated using exit rake temperature and pressure tra-
verses.

Ejector area ratios (Amix/Aprimary) in the range of 3.77 to 4.7 were tested and goal levels of pumping were shown
to be technically feasible. When corrected to the engine temperature conditions of a typical HSCT engine, the
goal 0.6 corrected pumping level translates toan absolute pumping level of order 120% at HSCT engine exhaust
conditions.
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SHOCK NOISE DOMINATES 2D EJECTOR TEST

With the 450F temperature limit, the 2D model noise data from the 1989 program was dominated by shock noise.
The measured levels for the reference conic nozzle were as predicted, verifying that the shock noise dominates.
Tunnel background noise was measured and did not directly prevent acquisition and credible data. Without the
higher nozzle temperatures needed to simulate realistic engine exhaust conditions (i.e.: jet velocity); the key,
jet mixing noise source was not directly observable. ,
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LESSONS LEARNED: 2D MIXER / EJECTOR IN 9’ x 15

Pressure and temperature traverses at the ejector exit indicated good mixing was achieved within the ejector.
Subsequent CFD analysis of the mixing region using P&W NASTAR Navier Stokes code showed excellent agree-
ment with the traverses. The predicted internal wall static pressure measurements made along the shroud also
showed excellent agreement with the NASTAR code.

In summary, the first HSCT model nozzle test showed that very aggressive pumping levels exceeding 120% (at
HSCT engine conditions) can be achieved with good mixing. Also learned was the effectiveness of CFD analysis
in assessing the mixing region. More realistic temperatures would be needed in future programs, however, to
obtain the proper balance between shock and mixing noise in far field noise measurements.

i
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1996 HSCT AXISYMMETRIC EJECTOR MODEL TEST IN BOEING’s LSAF

Based on the encouraging results from the previous year’s 2D ejector program at NASA, two axisymmetric ejec-
tors were designed and procured, one with deep penetration and one with shallower lobes. An acoustically
treated ejector shroud was also provided to evaluate the ability to attenuate internally generated noise.

The models were tested in Boeing’s Low Speed Aeroacoustic Facility (LSAF) in mid 1990 in a joint NASA/Boe-
ing/P&W program with the model hardware provided under NASA LeRC contract and tunnel time provided
by Boeing. The models were mounted to Boeing’s high temperature jet rig providing primary nozzle flows at
temperatures up to 1500F.

Figure 8
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AXISYMMETRIC MIXER / EJECTOR MACH CONTOURS -~ PEAK AND VALLEY ~ NASTAR
PRE TEST PREDICTIONS

The ability to successfully use P&W’s CFD NASTAR code to match the previous year’s model data in both exit
profile and internal static instrumentation lent impetus to a pretest evaluation of the axisymmetric model. This
analysis indicated two potential problems with the existing axisymmetric mixer hardware. Higher than expected
local expansion ratios at the mixer exit indicated the presence of strong shocks. Ejector exit hot streaks were
also projected at the core coming off the plug and near the outer wall at each mixer lobe. These hot steaks were
subsequently confirmed during the test by Boeing with their IR camera.

If present, the noise associated with these hot streaks external to the ejector would not be attenuatable with ejec-
tor acoustic treatment. The test, subsequently did show this ejector acousticliner to be ineffective with the exter-
nal hot streak dominating the higher frequencies.

Figure 9
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TERTIARY AIRFLOW OBJECTIVES ACCOMPLISHED
1996 AXI MODEL

While indicating mixing levels below target, the pre test NASTAR CFD analysis indicated design pumping levels
would be achieved. Similar to the previous year’s 2D model in the 9x15, the internal modz! aero/performance
data confirmed excellent agreement with the analysis and with our goals.
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JET NOISE SUPPRESSOR TECHNOLOGY
SUPPRESSION VS. NOZZLE PERFORMANCE

Inaddition to higher temperature capability, the Boeing facility also provided the opportunity to measure nozzle
thrust. When compared to the reference conic nozzle, also tested by Boeing, the gjectors showed only minimal
thrust decrease at forward flight conditions simulating takeoff. Even with the known aeromixing deficiencies,
the ejectors provided significant noise reductions.

Compared to previous generations of jet suppressor nozzles, the ejector concept demonstrated a significant tech-
nology leap forward in terms of noise reduction per pound of thrust loss.
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1991 PW / NASA HSCT EJECTOR MODEL NOISE PROGRAM

P&W and NASA are currently preparing to test the next generation 2D HSCT ejector nozzle in Lewis’ 9x15
tunnel during the third quarter of 1991. In addition to a new mixer/ejector design based of CFD tools, the use

of the NASA jet exit rig will provide both the higher temperature capability (1500F) and thrust measurement
capability lacking in the first 9x15 test program.

The current program is a joint, cooperative effort with P&W providing the CFD analysis, hardware being pro-
cured under contract to NASA Lewis, and using the NASA 9x15 tunnel and jet exit rig. Further, windows in the
ejector sidewalls will also be procured enabling NASA Langley to measure the internal mixing using flow visual-
ization techniques. The program is also being coordinated with GE’s 1991 2DCD HSCT ejector model program
covering a complimentary range of ejector design parameters.
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An understanding of mixing length and ejector acoustic liner quantity are critical parameters in the design of
a effective low noise HSCT exhaust nozzle. The upcoming 2D ejector model program in NASA Lewis’ 9x15 Tun-
nel will specifically address both of these technology issues. A range of mixing lengths will be tested utilizing

EJECTOR LENGTH STUDIES

both hardwall and treated ejector shrouds and sidewalls.
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HSCT LOW NOISE EXHAUST TECHNOLOGY PROGRAMS (MAY 1991)

Pratt & Whitney has conducted two HSCT model ejector test programs and will soon begina third. These eurrent
model programs are focused on the issue of ejector acoustic viability and noise reduction potentlal Also being
studied are needed mixing length and acoustic liner quantity.

The HSR Phase 2 program will carry the results of the model testing into a large scale demo program to verify
exhaust nozzle technologies in the more realistic size. A parallel materials program will provide for critical mate-
rials enabling a viable commercial nozzle.

One outstanding issue is ejector nozzle acoustic liner technology which is projected to provide almost half the
overall noise reduction from the mixer/ejector concept. Locally high temperatures, Mach numbers, and turbu-
lence as well as large spatial gradients present a technology challenge for acoustic liner which will be required
in the HSCT ejector. The section of candidate HSCT liner concepts will also be a key HSR Phase 2 element
in directing the nozzle materials effort and in the design of a demo engine nozzle. P& W and GEAE are in process
off jointly develop;ing a liner program to address these issues of acoustic liners in the unique environment of
the ejector shroud.
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Session IV. Source Noise

HSCT Noise Reduction Technology Development at General Electric Aircraft Engines
Rudramuni K. Majjigi, GE Aircraft Engines
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COMMUNITY NOISE SOURCES AND NOISE
CONTROL ISSUES

e TURBINE BYPASS ENGINE (TBE) NOISE LEVELS FIGURE 1

¢ JET NOISE CONTROL
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>}k NOZZLE DEVELOPMENT SCHEDULE FIGURE 3
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-~ NACA NOZZLE ' FIGURES 4, 5
- NFM NOZZLE ‘ FIGURES 6 - 8
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NOISE COMPONENTS TBE TURBOIJET

Unsuppressed levels for the Turbine Bypass Turbojet Engine (TBE) at each of the
certification points indicates the suppression needed to achieve FAR 36 Stage 3.
At sideline 20 EPNdB jet noise suppression is needed, at cutback 16 EPNdB jet
noise and 2 EPNdB burner noise, at approach 6 EPNdB jet noise, 7 EPNdB
burner noise and 10 EPNdB suppression of turbine noise.
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ENGINE CYCLE SELECTION AND NOISE

The engine cycle selection will determine the jet noise suppression required
from 20 EPNdB for the turbojet to less than 10 EPNdB for some of the low
specific thrust variable cycle engines. Undestanding of nozzle tecbnology to
achieve 20 EPNAB suppression is needed to understand the engine cycle /
jet suppression trades.

Variable Cycle Engine Developments

Air ~

BEST PROPULSION PERFORC%ANCE
. BUT REQUIRES 4 20 EPN
Turbine-Bypass | jer noise supPRESSION

Turbojet Engine

. NEXT BEST PROPULSION
First bypass R PERFORMANCE REQUIRES
Second bypass s~ 18 EPNJB JET NOISE
SUPPRESSION

Double-Bypass’
Turbofan Engine

-
Secondary
LOWEST PROPULSION intake dogr\ - —Cor%ﬂggss low
PERFORMANCE BUT REQUIRES —By
THE LEAST JET NOISE SUPPRESSION

Tandem Fan Concept -
High-Bypass Mode

FIGURE 2
596




NOZZLE DEVELOPMENT SCHEDULE

Model scale nozzle development testing will continue through 1995 followed
by verification testing using a large scale demonstrator engine. Tests in 1991
include elements of the nearly fully mixed (NFM) nozzle, a variable
geometry version of the NFM nozzle and source diagnostics of the NFM
nozzle. Source diagnostics will include cross—correlation of far field noise
with internal velocity fluctuations.

NOZZLE DEVELOPMENT TESTING

TASKS 1990 H 1991 H 1992 s 1993 f 1994 : 1995

: MODEL SCALE TESTING ! :

NOISE TESTING o T Z i S T2 v

2 ; 3 14 5 61 1 8 9 : 10

a e P - T
: : : . LARGE SCALE
: H ' . . DEMO

VAR. GEOM. NFM LSAF o N '

SOURCE DIAGNOSTICS : C— : '

ENGINE CYCLE SELECTION . \V,

FIGURE 3

C-2..
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NACA NOZZLE DESIGN

A jet suppression test was completed on the Naturally Aspirated Co-Annular (NACA)
nozzle in 1989. The original design NACA nozzle aspirated 40% of the core flow. This
was increased to over 60% by using the turbine bypass air as a second ejector. The
core flow crosses over the aspirated flow into an annulus. This produces an inverted
velocity profile as a noise reduction feature. A large external plug was used in
addition.

FIGURE 4
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NACA NOZZLE TEST RESULTS

The mixing of the aspirated flow and the primary jet takes place outside of the
nozzle so that the primary stream is at full velocity in the initial mixing reglon.
This results in large noise reduction down stream but no reduction of high

frequency noise generated in the initial mixing region limiting the suppression

to 10 EPNdB.
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NFM NOZZLE DESIGN

One solution to the NACA nozzle limitation is to mix the aspirated flow inside
a treated ejector and Boeings version of this nozzle is called the Nearly Fully
Mixed (NFM) nozzle. This nozzle aspirates 100+ % of the core flow, fully
mixes the core and aspirated flows inside the ejector and minimizes internal
shock cell noise from the primary nozzle. The internally generated mixing and
shock cell noise is reduced with acoustic lining.

;i

Internally Mixed Ejector - Suppressor
Nozzle Concept

Secondary air

(100 + % aspiration)
Sound attenuation lining
(7-10 dB attenuation)

Engine
exhaust

. . LLow-noise
Mixing region mixed-velocity
(minimum shock cell stream

and mixing noise) (Vi = <1,500 ft/sec)

FIGURE 6
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NOISE VERSUS ASPIRATION RATE

Noise reduction of an aspirating nozzle has the potential of reducing noise to the
level of an equivalent nozzle with the fully mixed stream flow conditions. The
noise reduction potential of an aspirating nozzle versus aspiration rate is shown.
NACA nozzle and NFM nozzle data are also shown. Neither nozzle reaches its
full potential, the NACA nozzle because the streams are mixed outside the

nozzle and the NFM nozzle because some internally generated noise is still
radiated out.

24 BASELINE AIRPLANE

2l SIDELINE NOISE.

20 k-

Ok UNSUPPRESSED

18 L

16

14

12 ZLE NEM

NACA NOZ NOYZ
10 | 1
Initia
Felz)NL 81— Mixing ® No Lining ® DATA POINTS
STAGE 3 ¢ Noise
B ®
41 [CTION Increased
RED e
FOTIY MIXED e | Lining
2= SINGLE STREAM.
Ob— e e —— — —— e e e e — ———

)

4}

—6L_

‘ {
T l 200
0 5 100 150
ASPIRATION RATE % CORE FLOW.
FIGURE 7

601



PEAK NOISE TEST RESULTS

The reference RC nozzle noise spectrum is shown at its peak radiation angle
(140°) compared to the NACA and NFM nozzles at their peak angles (110°%).
The high frequency noise reduction of the NACA nozzle is limitec because
the mixing takes place outside the nozzle. The NFM nozzle, with the longest
treated ejector, shows large noise reductions at all frequencies.

NFM, NACA, and RC Nozzle Noise Comparison

R // ol \
A s 0N

sound pressure level (dB)
"\\
/j

3
/ !l NFM—Ezzle i
‘/.4—04»-.——0””\0—‘\,/0-0-4
& \
10 100 1000 10000

full-scale frequency

FIGURE 3
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TEST TECHNOLOGY

» NOISE SOURCE LOCATION TECHNIQUES

» FLOW PARAMETER MEASUREMENT TECHNIQUES

» TECHNIQUES FOR CROSS-CORRELATION OF NOISE
WITH FLOW PARAMETERS

» FLOW VISUALIZATION TECHNIQUES

FIGURE 9
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NOZZLE TEST IN LSAF

A nozzle test in progress in the Low Speed Aeroacoustic Facility (LSAF) wind tunnel
at Boeing. The 9” X 12’ free jet nozzle is shown as well as microphone locations.
The translating elliptic mirror microphone is used to determine the noise source
location. Far field noise measurements are made at 20 ft. sideline distance with fixed

microphones out of the tunnel flow and within the flow with translating microphones
at 4.7 ft.
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SCHLIEREN PICTURES OF NACA NOZZLE

Flow visualization pictures taken by Jack Seiner’s group from NASA Langley
are shown. These pictures of the NACA nozzle test show the effect of

translating the outer shroud length on shock cell strength. As the shroud was
" translated the expansion ratio (A/A*) was changing.

SCHLIEREN RECORDS FOR
CONFIGURATIONS 2.3 AND 2.1

(NPR=3.5, M =0.23, TTPA=1000°F, WBP ON)

CONFIG 2.3 CONFIG 2.1

LS

+0.5"

_O.SVI

-1.3"

-2.0"

FIGURE 11
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CONCLUSIONS

%k AN HSCT WILL REQUIRE NOISE CONTROL OF SEVERAL NOISE SOURCES, |N PARTICULAR JET

NOISE, TO GET AIRPORT COMMUNITY ACCEPTANCE

*k ENGINE EXHAUST NOZZLE TECHNOLOGY DEVELOPMENT IS NEEDED TO ESTABLISH THE
PENALTIES FOR 20 EPNDB SUPPRESSION SO THAT ENGINE CYCLE AND AIRPLANE TRADE

STUDIES CAN BE MADE

* IMPROVEMENTS IN JET NOISE TEST TECHNOLOGY AND PREDIC‘TION TECHNOLOGY WOULD

GREATLY ENHANCE THE NOZZLE DEVELOPMENT EFFORT
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SCOPE OF RESEARCH

The following provides a summary for research being conducted by
NASA/LaRC and its contractors and grantees to develop jet engine noise
suppression technology under the NASA High Speed Research (HSR) program
for the High Speed Civil Transport (HSCT). The objective of this effort
is to explore new innovative concepts for reducing noise to Federally
mandated guidelines with minimum compromise on engine performance both in
take-off and cruise. The research program is divided into four major
technical areas as outlined below,

OUTLINE
A - JET NOISE RESEARCH ON ADVANCED NOZZLES

1 - LANGLEY AXISYMMETRIC MIXED FLOW NOZZLE
2 - PRATT & WHITNEY 2-D HYPERMIX NOZZLE

3 - HIGH TEMPERATURE EJECTOR LINERS

4 - BOEING NACA NOZZLE

S - LANGLEY FORWARD FLIGHT SIMULATOR

6 - LDV AND WATER COOLED PROBE DEVELOPMENTS

B - PLUME PREDICTION AND VALIDATION

1 - EVALUATION OF RNS TO BASELINE AXISYMMETRIC JETS
2 - AXISYMMETRIC PLUG VALIDATION EXPERIMENT

3 - EVALUATION OF COMPRESSIBLE TURBULENCE MODELS
4 - SHOCK/VORTEX INTERACTION STUDY

C - PASSIVE AND ACTIVE CONTROL

1 - NOZZLE GEOMETRY EFFECTS

2 - MULTIPLE JET INTERACTIONS

3 - CURVED JET MIXING

4 - ACTIVE CONTROL OF INITIAL JET SHEAR LAYER

D - METHODOLOGY FOR NOISE PREDICTION

1 - SUPERSONIC INSTABILITY WAVES

2 - NON-LINEAR WAVE INTERACTIONS

3 - COMPRESSIBLE RAYLEIGH EQUATION DEVELOPMENT

4 - PREDICTION OF NOISE FOR NON-ROUND JET GEOMETRY
5§ - LOW REYNOLDS NUMBER RESEARCH
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Al - LANGLEY AXISYMMETRIC MIXED FLOW NOZZLE

A dual co-annular stream axisymmetric nozzle has been designed (figure
la) and fabricated (figure 1b) to support HSR. The model was designed
with removable contour parts at the nozzle exit to accommodate a wide
range of geometries for concept investigations, including conversion to
single stream configurations. These removable parts are fabricated from
Haynes 230 alloy, which along with water cooling of. the non-removable
stainless steel nozzle duct, permits testing the model to 2500°R.
Depending on the nozzle geometry selected, the mixed flow model scale size
to full was designed to be between eight and ten to one.

The Jet Noise Laboratory (JNL) at Langley can supply two independently
controlled air streams (25 lbm./sec. each) to power the mixed flow model.
The outer stream is supplied by a Marquart sudden expansion propane/air
fueled burner, which enables testing to the 2500°R temperature limit of
the model at a nozzle pressure ratio of 10.5. Air supplied to the propane
burner is pre-heated electrically to improve combustor stability. The
inner stream is electrically heated (500 KW), enabling testing to 1460°R
with 2 lbm./sec. air to a nozzle pressure ratio of 10.5. 'Both inner and
outer flow stream air, fuel, electrical heat, and water -system are
remotely controlled using a distributive process system controller.

The design of a two dimensional mixed flow nozzle system, like that
shown in figure la, is currently in progress.

SUPERSONIC JET NOISE LABQORATORY
AXISYMETRIC SXTERNAL MIXING
CLASS I1I

PRIMARY - FLOW
HOT Gas

\_ SENER

I1C NOZZLE
ADARTCR

SECCMNOARY FLOW 7
COLD 5AS

AREA RAT

AREA RATIO = & SEC/ A FRIN Abius §2¥§§ §Ss T s
a - schematic of dual stream b - photograph of high radius
nozzle design concept. ratio mixed flow nozzle.

Figure 1. Langley mixed flow axisymmetric nozzle with removable high
temperature alloy nozzle parts.
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A2 - PRATT & WHITNEY 2-D HYPERMIX NOZZLE

A sharp focus schlieren apparatus with imaging radiometer is being
developed at Langley to provide flow visualization for diagnostic
evaluation of individual mixer elements of the Pratt & Whitney 2-D mixer
ejector nozzle. This nozzle is scheduled for test later this year in the
NASA Lewis 9 X 1% foot wind tunnel.

As shown in figure 2, the model contains four mixer lobes. These lobes
were designed as convergent-divergent passages to minimize shock noise.
High temperature air (2000°R) is ducted from the NASA/lLewis hydrogen/air
fueled propulsion model through these mixer lobes. In addition to the
noise reduction produced by mass flow augmentation by the ejector, the
model additionally reduces noise through the creation of large scale axial
vorticity on the nozzle afterbody. The large scale vorticity accelerates
mixing of external air with hot flow from the lobes, thereby reducing flow
velocity and noise.

The flow visualization experiments will enable interpretation of noise
reduction to the flow physics inside the ejector. Figure 3 provides a
schematic for the sharp focus schlieren apparatus being assembled for the
NASA/Lewis tunnel. The designed of this apparatus is based on the methods

developed by Weinstein (1991). The optical axis is vertical. The
ejector’s flat sidewalls will be replaced with a set having optical
viewports. The optical glass is Infrasil 302, which transmits in the

infra-red to 3.2 microns. This glass can be ground to achieve schlieren
guality. A double pulsed ND-YAG laser with 35 mJ output in the green (532
nm) is the light source. This laser can be fired as a single shot laser
or synchronized externally at 30 Hz. to a video camera. The laser’s pulse
duration is 7 nsec, thus allowing instantaneous view of flow features.

Figure 2. Pratt & Whitney 2-D mixer ejector nozzle in NASA/Lewis 9 X 15
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A2 - APPLICATION OF SHARP FOCUSED SCHLIEREN

Flush mounted optical windows are being constructed for both the tunnel
floor and ceiling. The 20" X 24" crown glass floor window contains the
first schlieren grid and fresnel lens. The ceiling window is Infrasil
302. A f/3.6 lens with 6" clear aperture is mounted behind the ceiling
window. Based on the fixed distances of the model in the tunnel and the
optical aperture through the model, the £/3.6 lens was selected to produce
a sharp focus less than the 0.4 inch mixer lobe thickness. Flow features
beyond 1.25 inches cannot be distinguished with this apparatus. This
means that the schlieren apparatus will be able to isolate flow details
from a single mixer lobe. A rigid support mounted to the tunnel ceiling
is used to support the second schlieren grid, image plane viewfinder, 70
mm film and video camera.

Radiometric measurements with a dual 1imaging radiometer will be
conducted using the same optical access ports. The radiometer contains
a narrow band filter centered at 2.6 microns to enable imaging of water
produced as a by-product of combustion between hydrogen and air. Because
the radiometer’s depth of focus exceeds that of the model iwidth, it will
be necessary to seed a given mixer lobe with CO,. Since CO, emits at 4.2
microns, both the model and ceiling windows will be replaced with sapphire
to conduct these tests. The radiometer is equipped with a narrow band
filter around 4.2 microns. Using this method, the mixing of a single
mixer lobe can be traced.

NASA LEWIS 9 X 15 TEST SECTION

lmage Video

) camera
Folding mirror—_ 2nd grid planeﬁ
g ™ 70mm film camera
f/3.6 6" aperture lens—\

1——Optical bench

-
A

’ - infrasil 302

Propulsion ,/ Ceiling acoustic
model / |
i Infrasil 302 pane
L - 4 Jet
& et ‘ centerline =
i “~~—Infrasil 302
gl
Floor | 1.5" thick crown glass window
acousﬂcnanerx\ //— (20" x 24") with first grid
; I ) and fresnel lens
\ Y /

Nd-Yaq laser - Diffused
m\ foiding mirror

i~

lL 1]  breadboard

Figure 3. Schematic of sharp focus schlieren apparatus for NASA/Lewis test
of P & W nozzle.
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A3 - HIGH TEMPERATURE EJECTOR LINERS

Application of acoustic treatment to mixer ejector walls has been
proposed as a method to achieve additional noise reduction. Both P & W,
GEAE, and Boeing have used ejector liners in previous suppressor nozzle
studies, achieving varying degrees of success. These liners have
typically been fabricated using a bulk absorber with perforated face
sheet. Little is known about the effectiveness of such a concept in the
presence of distributed broadband sources, whose locations and frequencies
depend on the mixer suppressor geometry. Temperature gradients and high
speed grazing flow with shocks provide a formidable challenge to existing
liner technology.

NASA Langley has begun an investigation of acoustic liners for the HSCT.
The study will use the JNL to study candidate materials in the presence
of high speed and high temperature grazing flows. In parallel efforts to
this effort, T.L. Parrott, of the Langley Applied Acoustics Branch, will
develop candidate materials for these studies using a flow impedance tube,
and Gary Settles of Penn State Univ. will evaluate the aerodynamic
performance of these candidate materials. '

The JINL studies will initially begin by using a small 2-D C-D 1460°R Mach
2 rectangular nozzle with ejector, as shown in figure 4a. The sidewalls
of the ejector are adjustable. The construction of this model is
complete. The aspect ratio of the nozzle is 7.2 to simulate two
dimensional wave emission. The sidewalls of the ejector contain optical
viewports to permit flow visualization. For large plume/wall separations,
it is possible to identify the emitted Mach wave angle to the impedance
boundary, provided no acoustic interaction occurs between the plume and
duct modes. This is illustrated in figure 4b, which provides indication
that in-situ measurements of material impedance will also be determined.
For small plume/wall separations the aerodynamic boundary layer over the
liner face sheet can be visualized. Both aerodynamic flow measurements
and far field acoustic measurements (ejector treated on four walls) will
be conducted to support this research.

NOZZLE

~ n— EJECTOR

T S — Entrained Flow C
1 -_— 1 —-’:—:1:::; ) T Mach 2 Jet i

- j—J__ ) {(1000°F) —————

| L S ———

A e [/ P
MOVABLE VISUALIZATION

a - model hardware b - experimental setup

Figure 4. Initial JNL study of acoustic liners for HSCT ejectors.

614



A3 - HIGH TEMPERATURE EJECTOR LINERS

The upper and lower walls of the ejector will be lined with various
length and depth candidate materials being developed in the Flow Impedance
Tube Laboratory (FITL). Early concepts to be studied in the JNL include
investigation of ceramic honeycomb material with small diameter cells,
whose absorption is dominated by viscous dissipation. Such materials are
aerodynamically smooth and do not require a face sheet. Such smoothness
does, however, bring into guestion liner absorption capabilities at high
angles of grazing incidence. To achieve  broadband absorption
characteristics using ceramic honeycomb, both stepped and variable depth
liners will be investigated. A broadband liner material, Permabligue
(figure 5), will also be investigated. In addition to the ceramic
honeycomb, bulk liners using Kevlar with perforated face sheets will be
investigated to provide comparison to industry experience.

In the JNL, in-situ measurements of impedance will be conducted using
water cooled pressure transducers. This technology has been successfully
developed to enable measurement of dynamic pressure in high temperature
environments, as indicated in figure 6. To apply this technology to the
liner program will, however, require an investigation of the phase
characteristics of pilezorestive transducers. Similar measurements will
be performed in FITL, with eventual development of a theoretical model to
describe absorption behavior.

Fibesmetal Tacesheet
/— (low censtance)

\— Floermetai

"% diagonal
N (igh esistance)

‘- Tahd ‘aa:mmi Sheet
Figure 5. Permablique, a locally reacting acoustic liner with spatially
dependent frequency tuning.

Water-cooled dynamic
pressure transducer

nstrumented 7.39% aft-end model
(MIL pawer nozzies)

Water-cooled transducer
technelogy:

® Permits testing to jet total
temperatures ~ 1700° R

® Current tests to 1200° R

@ Applicabie to full-scale
testing

Figure 6. Water cooled piezorestive transducer for high temperature flow.
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A4 - BOEING NACA NOZZLE

In a joint effort with Boeing, a flow visualization investigation of the
Boeing NACA nozzle series was conducted in their LSAF by the Langley JNL
staff. The objective of the Langley effort was to assist Boeing with
analysis of the aerocacoustic data, primarily through acquisition of
flowfield data. For these tests both a conventional schlieren system and
imaging radiometer were used for flow visualization. Figure 7a shows the
NACA nozzle mounted in the Boeing LSAF. Both the imaging radiometer and
linear array are visible in this figure.

The naturally aspirated coannular (NACA) nozzle of Boeing is shown
schematically in figure 7b. Supersonic hot exhaust air from the turbine
is ducted to the outside duct of the nozzle. The outer stream shroud
could translate, thus providing an outer stream with adjustable area
ratio. Subsonic secondary air is entrained through the ejector and ducted
to the inner stream. The secondary air is augmented by air bypassed from
the turbine stage, since an HSCT engine should have margin at take-off.
The secondary air stream is unheated and subsonic. Acocustically, the
scaled NACA nozzle achieved between 9 and 10 EPNdB of suppression with
little performance penalty.

The conventional schlieren apparatus utilized a 100 nsec 10 kHz spark
source with capability of being fired externally to obtain conditionally
sampled data. A video camera was used to record data and post processed
using image analysis software. The most difficult part of the set-up
involved folding the optical axis with a mirror located in the upper left
hand corner of the forward flight nozzle. This requirement arises in LSAF
due to the proximity of the nozzle and forward flight nozzle to a wall.

a - schematic of NACA nozzle b - NACA nozzle mounted in LSAF

Figure 7. Boeing NACA nozzle flow visualization study.
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A4 - NACA NOZZLE SCHLIEREN DATA

With the schlieren data, it was possible to determine the optimum
location for shock free flow. This was determined to occur at the
translating shroud position L, = -0.5". The optimum shroud location was
found to be dependent on forward flight Mach number and turbine bypass
flow. Example schlieren results obtained with NACA 2.3 are shown in
figure 8. As can be observed, in addition to changes in shock structure,
the shear layer spread rate is very dependent on operational parameters
of the nozzle.

(M, = 0.23, TTPA = 1460°R, LS = -0.5")

NPR = 3.50 NPR = 4.35

(NPR = 3.5, TTPA = 1460°R, WBP OFF)
M, = 0.0 M, = 0.23

Figure 8. Schlieren data from NACA nozzle study.
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A4 - NACA NOZZILE RADIOMETRIC DATA

The imaging radiometer used in this study proved valuable in providing
information on the flow uniformity of the model and post merged regions
of the flow. The radiometer was capable of simultaneously imaging
radiation between 8 and 12 microns through one channel, and 4.2 microns
through a second channel with narrow band filter. The long wavelength
channel is used to image metallics associated with the nozzle, while the
short wavelength is used to image CO,, a by-product of the propane air
combustion. Figure 9 shows the degree of flow non-uniformity (later
traced to unsymmetric flow in combustor) and the enhanced mixing produced
by application of the turbine bypass flow. These results, which represent
an average of 100 consecutive frames, were obtained for NPR = 3.5, TTPA
= 1460°R, and LS = -0.5".

NACA 6 CONFIGURATION 23
8-12 MICRON, ¢ = 0.95

NACA 6 CONFIGURATION 2.1 (4.2 MICRONS)
WEBP OFF WBP ON

Figure 9. NACA nozzle dual wavelength band radiometric results.
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A5 - LANGLEY FORWARD FLIGHT SIMULATOR

A forward flight simulator with propulsion model is currently being
designed on a FY-92 CoF for installation in the NASA/LaRC Jet Noise
Laboratory. The simulator and propulsion model will complete all facility
requirements necessary for HSCT research in the take-off mode. Figure 10
provides a schematic of the proposed forward flight system and propulsion
model.

The tunnel is powered by a 10 ft. diameter two stage axial flow fan that
is driven by a variable speed drive with a 4000 HP motor. The fan is
capable of pulling 50" H,0 at 420,000 CFM. With a 4 X 5 foot nozzle exit,
this corresponds to a forward flight simulation velocity of 350 ft./sec.
The area contraction ratio of the nozzle is 11.25. The nozzle inlet duct
entrance is equipped with a honeycomb flow straighter and six continuously
woven wire mesh screens. The anechoic test section is 36 X 18 X 18 ft.,
wedge tip to wedge tip. The first diffuser utilizes a 2.5 degree half
angle with a 5 X 5 ft. throat. A collector is used to help recovery of
the free jet static pressure. A second diffuser, of 3° half angle, is
used to slow the flow for the final duct silencer. v

The propulsgsion model will have similar features to existing JNL nozzle
hardware, allowing existing nozzle parts to be utilized. The model will
house a burner capable of heating 10 lbm./sec of air to 2460°R. The
primary mode of combustion will be propane/air, with capability of
operating from a hydrogen/air supply. A single component balance will be
installed for rudimentary performance assessments.

/—rn.mzs e~ /—macumc TEST CHAMBER
: SILENCER Fan
o T ] AN
— NOTZLE DIFFUSER | [>T orrus
JAR—

PROPANE/AIR FUELED COMBUSTOR
T = 2500°R
Q = 420,000 CFM @ 50" WATER

V.. = 350 FTJ/SEC.

Figure 10. NASA/LaRC Jet Noise Laboratory Forward Flight Simulator.
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A6 - JNL LASER VELOCIMETER SYSTEM

The JNL laser Doppler velocimeter is capable of measuring 2 velocity
components. A schematic of the system is shown in figure 1la. The system
is based on a fiber optic LDV probe which allows the 15 watt argon-ion
laser to be located remotely (25 meters) from the test chamber so that
it 1s not subject to high intense noise fields. Figure 11b shows the now
obsolete single axis fiber optic system mounted in the test chamber. The
probe’s nominal dimensions of 3" diameter by 18" long. make the probe
easily mountable on the Laboratory’s 3 axis digital probe traverse
mechanism. At the laser end of the probe, there are four fiber ends for
laser beam transmission to the jet test cell. Two transmit 514.5 nm and
two transmit 488.0 nm. The optical components at the laser site allow for
color separation, beam splitting, and frequency shifting before
transmission through the optical fibers. In the test chamber, a lens is
mounted with a focal length of 600 mm., which will produce a minimum of
20 good fringes. The light scattered by seed particles entering the probe
volume are collected in the off-axis backscatter mode. Six inch diameter
collection optics are mounted on a movable platform that allows the
backscatter angle to be optimized for maximum signal strehgth. Off-axis
backscatter is generally superior for collecting light from small seed
particles. The seed particles used in the JNL for hot flows are alumina
powders with nominal particle size of 0.3 microns. Particles are injected
into the air supply line with a fluidized bed seeder operated from the
control room.

{BREEN)

a—— DICHNOIC MIRAOA .

OFF -AX1S COILECTION OPTICS
10 MAXIMIZE SIGNAL STRENGTH
AND MINIMIZE | ERGTH OF
MEASUNEME NT VO UME

PARTICLE DISPENSER
0 IMICAON SIZE A0,

ADJUSTABLE °*
BACKSCATER
ANGLE

FIBER OPTIC PNOBE FOR
TWE VELOTITY COMPONERTS
12entontovy

a - schematic of JNL 2-color LDV b - single component LDV in JNTC

Figure 11. Description of JNL laser velocimetry system.
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A6 - JNL WATER COOLED PROBE DEVELOPMENTS

Three types of water cooled supersonic probes were developed and tested
to study high temperature jet plumes. The probe types include total
temperature and total and static pressure. All probes were designed with
a diameter of 4.76 mm and a wall thickness of 0.38 mm. An annular coolant
system was utilized for all three designs, and proved satisfactory to
temperatures of 2460°R in Mach 2 flow. A three dimensional cut-away view
of the static pressure probe is shown in figure 12. A single center tube,
proceeding up to the backside of the tip, provides coolant water to the
probe. The water sprays the back of the tip, and symmetrically immerses
the region between the inlet water tube and inner wall of the probe as it
proceeds to the probe aft. Four tubes inside the probe serve to read the
average static pressure. The shape of the exterior probe geometry matches
that previously used with uncooled probes in the JINL. The total pressure
probe, not shown, is designed by similar methods. The total temperature
probe incorporated the annular cooling up to a region near the
thermocouple bead as shown in figure 13. The thermocouple bead is located
in a blackbody cavity and samples high temperature air, whose velocity is
controlled by the probe inlet and exit ports. The area ratio of inlet to
exit ports are selected to produce subsonic flow over the thermocouple
bead. A portion of the thermocouple sheath forms a liquid tight seal
between the test and coolant chambers.

Figure 12. Illustrated cut-away view of cooled static pressure probe.

Figure 13. Cut-away view of cooled total temperature probe tip.
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A6 - JNL WATER COOLED PROBE DEVELOPMENTS

The data obtained from the total and static pressure probes were found
satisfactory to temperatures of 2460°R in Mach 2 flow. The data from the
water cooled temperature probe, however, was affected by the water
coolant. This required the development of a phenomenological model for
heat transfer to the thermocouple bead to account for heat transferred to
the coolant. The rate of heat transfer to the TC junction was found, for
example, significantly higher with water coolant activated.

The heat transfer analysis developed a relationship between the
indicated probe bead temperature and freestream flow total temperature.
This analysis solves a heat balance equation involving radiative,
convective and conductive modes at the TC junction. The accuracy of this
relationship is shown in figure 14, which compares indicated and corrected
bead temperatures. The indicated bead temperature is represented by the
triangular and circular points. The circular points represent data
obtained at jet plume locations with known 1local total temperature,
whereas the triangular points represent data at unknown local jet total
temperatures. Comparison of the circular and triangular data points shows
the degree of departure from ideal response. The three known data points
were used to obtain coefficients for the heat transfer analysis.
Application of the model analysis, produces corrected temperatures that
appear to be in satisfactory agreement to the known jet total temperature.
This is indicated by the square data points.

-8~ Calibration points
1300~ —p— Bead
| -#— Calculated
12001 ... |deal

1100

Resultant
temperature, 1000
K
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800

700 800 900 1000 1100 1200 1300 1400
Jet total temperature, K

Figure 14. Calculated total temperature compared to indicated bead
temperature for variuos jet centerline temperatures.
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Bl - EVALUATION OF RNS TO BASELINE AXISYMMETRIC JETS

Numerical prediction of jet plume structure provides support for
theoretical and empirical based jet noise prediction methods. For
extremely complex nozzle geometry, like that of an HSCT suppressor nozzle,
CFD prediction of flow structure is essential. Prior application of the
PNS code SCIPVIS to a Mach 2 underexpanded axisymmetric jet provided
satisfactory agreement to measured data as shown in the plume static
pressure variations of figure 10. 1In this example, SCIPVIS is using the
kW two equation turbulence model. These results are encouraging, however,
several important deficiencies exist in applying PNS to more complex jet
flows.

The PNS cannot handle non-uniform subsonic external flow, large Mach
discs, multiple jets, or large scale 3D vortical behavior. All these are
important in application to HSCT. Even for the simple axisymmetric jet,
it is remarkable that the PNS could achieve such good success, since it
neglects all streamwise stress/diffusive terms. In a recent study, SAIC
finds that neglect of the streamwise terms actually produ¢e errors that
are compensated by those introduced by the gimplified treatment of the
subsonic portion of the shear layer. Their results show that pressure
variations in the subsonic layer, which are produced by shock/shear layer
interactions, influence the upstream development of the flow.

" MACK 2 JET

PRESSURE VARIATION
SCIPVIS — KW 20, ALON ey 50
p CONTOUR : v : ) SEINER DATA

- o= SCIPVIS, KW

[-1 N PP T U S SR U R VU P SR |
PRESSURE VARIATION

SCIPVIS - KW ALONG t/1; 5

¢ CONTOUR 20r )

y n |
0 0 - 20 30 40
0.0 10.0 20.0 30.0 40.0 L

Figure 15. PNS prediction of Mach 2 underexpanded jet with kW model.
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Bl - EVALUATION OF RNS TO BASELINE AXISYMMETRIC JETS

In the SAIC investigation of the Mach 2 underexpanded axisymmetric jet,
two RNS (Reynolds Averaged Navier-Stokes) codes, PARCH and CRAFT, were
studied using the ke turbulence model. The SCIPVIS code with ke was used
as a benchmark. The PARCH code uses an implicit central-differencing
Beam-Warming algorithm to solve the full Navier-Stokes equations. The
PARCH code contains blocking and complex griding schemes that make it
attractive for use with complex nozzle geometry. The CRAFT code is finite
volume with upwind numerics. Figure 11 shows a comparison between all
three codes in their prediction of the jet static pressure and total
enthalpy along the centerline of the Mach 2 underexpanded jet plume. As
can be observed, even though both RNS and PNS exhibit the same rate of
mixing, substantial differences exist between the codes with regard to
wave attenuation beyond the second shock cell. The CRAFT code produces

less wave attenuation than PARCH, but both RNS codes show significant wave
attenuation relative to PNS.

——— CRAFT
2.0 — = PARCH "
----- + SCIPVIS
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E—.——\,}ﬁ—-
\\\ -
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Figure 16. Comparison of PNS and RNS prediction of Mach 2 jet.
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Bl - EVALUATION OF RNS TO BASELINE AXISYMMETRIC JETS

In an attempt to understand the mechanism for wave damping, SAIC first
compared the performance of all three codes using laminar calculations
with thin shear layer. The results showed that all three codes predicted
the same overall shock structure, the CRAFT code showing the smallest
level of numerical dissipation. As a final step, numerical calculations
were made using the PARCH code with the full stress tensor retained and
with the streamwise viscous/diffusive terms dropped. #as can be observed
in figure 12, this has a profound influence on wave damping. Retention
of the full stress tensor leads to significant damping of the wave
structure beyond the third shock cell. This suggests that the turbulence
model used in the calculation is critical to achieving a satisfactory
prediction for plume shock structure. Thus at this point more research
is required on these 3D RNS codes before they can be reliably used to
assist in a shock noise calculation.
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Figure 17. Effect of streamwise viscous/diffusive terms on wave damping.
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B2 - AXISYMMETRIC PLUG VALIDATION EXPERIMENT

The axisymmetric plug nozzle represents a good candidate for validation
of CFD for HSCT applications. The internal boundary and large wall
curvature are all features that can be associated with a complex
suppressor nozzle configuration. The nozzle design  area ratio is
equivalent to Mach 1.5 at 2060°R. For the present numerical/experimental
program a plug half angle of 15° is initially being considered. . The plug
contains ventilation for boundary layver control to prevent separation and
for shock management. The geometry of the wall ports are selected to
minimize noise. The degree of ventilation can be controlled. Figure 11
illustrates the nozzle geometry. A removable hatch is used to enable
installation of various plug surface measuring devices. The plug is being
manufactured to include an non-instrumented and non-ventilated plugs. The
measurement methodologies to be utilized are as follows:

Plug Body PLUME ACOUSTICS
STATIC WALL PRESSURES TOTAL & STATIC PRESSURE FAR FIELD LINEAR ARRAY
DYNAMIC WALL PRESSURE MEAN VELOCITY (LDV) NEAR FIELD CONTOURS
SURFACE TEMPERATURE REYNOLDS STRESS (LDV) SOURCE LOCATION
HEAT TRANSFER MEAS. TOTAL TEMPERATURE CONTOURS
WALL SHEAR STRESS STATIC TEMPERATURE MEAS.

PLUG VENTILATION FLOW VISUALIZATION

AXISYMMETRIC NOZZLE WTH 18° PLUG

DESIGN POINT 2
MACH = 1.5
To = 2060° R
HAYNES ALLOY 7\
\ ;/ N OYMAMC PRESSURE.
/ \\\ /- UAL_ SHEAR STRESS.
/A

STETEETRN OR MEAT FLUX GAGES
N /
/ /
/ — REMOUABLE HA™CH
Z, T o ///
[ .
| ] = - y 2
1 - =
—— 7 2
- 7 \\
- e PLUG UENTALATION
4 - CONTROL VALUE
7% -
MOQDEL. CAPABILITY:
N Gy N = 4 i

To = 2460 R
e 2 ;
SR ACE TEMPERATORE M = 10 Ib/'sec

Figure 18. Single stream axisymmetric plug flow nozzle for validation
experiment .
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B2 - AXISYMMETRIC PLUG PARCH CODE RESULTS

Initial calculations have been performed at SAIC using PARCH for the
axisymmetric plug nozzle geometry described above. 1In a parallel effort,
Nick Georgiadis of NASA Lewis has applied the PARC code using the same
nozzle geometry. For the work at SAIC, a full Navier-Stokes analysis is

applied to determine slip wall wversus no slip wall behavior. The flow
calculation begins internal to the nozzle, where a 91 X 71 adaptive grid
is used to compute internal flow. The Chien low Reynolds number ke

turbulence model is used to enable calculation inte the wall region. The
PARCH code predicts transition to occur inside the nozzle duct. The plug
jet adaptive grid consisted of a 201 streamwise by 101 crossstream mesh.
The analysis assumes an adiabatic wall. In the experimental model, heat
flux measurements will be conducted using specially designed calorimeters
to aid the numerical analysis.

BLOW-UP - NOZZLE GRID (91 x 71)
|

SUPERSONIC JET NOISE { ABORATORY l
AXISYMETRIC CO-AM;L%LAIR SINGLE FLOW NOZZLE
A

Y/R

GENERIC MOZZLE
ADABTOR

Figure 19. Parch code adaptive grid for axisymmetric plug nozzle.

627



B2 - AXISYMMETRIC PLUG PARCH CODE RESULTS

Figure 15a compares static pressure results between the slip and non-
slip wall. As can be observed significant attenuation of shock/wave
structure occurs due to interaction with the turbulent plug boundary
layer. The numerical simulation involves operation of the nozzle at its
design pressure and temperature ratios. On exiting the nozzle, both the
slip and non-slip solutions accelerate the flow beyond the nozzle design
point. The nozzle exit is located at X = 5.8733". Both the inviscid and
viscous wall solutions achieve a maximum stream Mach number of 1.9 at the
nozzle exit. The inviscid wall solution indicates that in order to turn
the flow at the plug tip, a shock 1is generated. Figure 15b shows
corresponding Mach number contours associated with the viscous wall
solution. As can be seen supersonic flow extends to a region near X = 36.

CLASS 1 SINGLE FLOW JET

PRESSURE ALONG PLUG SURFACE

P / PREF

a - comparison of plug wall and centerline static pressures for slip and
non-slip solutions.

CLASS 1 VISCOUS SINGLE FLOW JET
MACH NUMBER CONTOURS

15.0

Y/R

5.0

T T T T T

0.0 PO S TS T WAON U TS TS WS SV R L =
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X/R

b - predicted Mach number contours.

Figure 20. PARCH code analysis of axisymmetric plug nozzle flow.
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B3 - EVALUATION OF COMPRESSIBLE TURBULENCE MODELS

As described in section Bl, accurate numerical prediction of supersonic
shock containing flows is dependent upon the turbulence model installed
in the code. Recently Sarkar (1990) has developed a new compressible
turbulence model that shows an increase in the compressible turbulent
‘dissipation, &, that would lead to a decreased growth rate with Mach
" number. From his results one sees that & only depends on Mach number,

€ o
ij=§ P85(1 + O‘1Mt2)5ij

"2
pes (Solenoidal Dissipation)=fi ((oi )

A preliminary experiment was conducted in the NASA/LaRC JNL to examine the
prediction. Using schlieren optical data, LDV and pitot tube
measurements, the spread rate in the initial shear layer was measured.
The results are shown in Figure 21. Except for the data at 305 K, the
results are consistent with the Sarkar model. Future studies will
investigate other Mach numbers.

Jet Stagnation Temp (Deg K) dd/dx
293 (Pitot) 0.22
305 0.08
810 0.17
925 0.17
1090 0.20
1090 (LDV) 0.19
1255 0.22
1255 (LDV) 0.21 -
1365 0.21
1430 0.1¢9
1480 0.20
1580 0.22

7 .05

®.5-b

Figure 21. Examination of new compressible turbulent model.
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C1 - NOZZLE GEOMETRY EFFECTS, CENTERLINE VELOCITY

For a shock-free supersonic jet, the amplitude of the emitted noise is
a high power of the jet exit velocity. Therefore, any technique which
rapidly reduces the plume speed without generating any additional noise
will exhibit an acoustic benefit. Although round nozzle designs typically
are used for turbine engines, a viable passive control of noise may be the
use of asymmetric nozzles which promote rapid mixing thus lowering plume
velocities and the associated noise. Possible geometries whould be those
which can be designed shock-free to eliminate the presence of shock-~
associated noise.

An elliptic nozzle design method which produces a shock-free flow was
developed by Seiner, Baty, and Kumar at the NASA-Langley Research Center.
Two nozzles were constructed: Mach 2 of aspect ratio 3 and Mach 1.5 of
aspect ratio 2. A comparison of the centerline velocity distribution is
presented in figure 22 between the elliptic and shock-free axisymmetric
nozzles. The axial dimension is normalized by the equivalent diameter of
the nozzle. As is evident in the figure, the centerline velocity of the
elliptic nozzles decays more rapidly than that of the round nozzles. One
may expect a noise reduction through the use of this type of geometry.
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Figure 22. The effect of elliptic geometry on the centerline velocity
distribution.
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Cl1 - NOZZLE GEOMETRY EFFECTS, MOMENTUM THICKNESS

The momentum thickness has been used as a length scale of the initial
turbulent shear layer (Ho, 1987). The initial azimuthal distribution of
the momentum thickness controls the initial roll-up of shed vorticity
while the axial distribution provides an indicator of the distortion of
the jet column with downstream distance (Baty, 1990). The observed
centerline velocity decay due to the elliptic geometry can be related to
the asymmetric distortion of the major and minor axes momentum thickness.
This distortion leads to enhanced mixing with the surrounding medium.

Figure 23a presents the axial momentum thickness distribution for the
Mach 1.5 elliptic nozzle along both major and minor axes. Within the
potential core (X/Deqg < 5), the momentum thickness is essentially
independent of major or minor axes and grows linearly, similar to a round
jet. This indicates little azimuthal variation in the scales of initially
shed vorticity. However, beginning approximately at the end of the
potential core, the jet undergoes a large three dimensional distortion.
The behavior of the Mach 2 elliptic nozzle is different as seen in figure
23b. The major axis momentum thickness increases at a greater rate with
axial distance than does the minor axis momentum thickness. This is in
contrast to the behavior of the Mach 1.5 elliptic nozzle. It is not known
if this is related to the increased nozzle design Mach number or its
increased aspect ratio. The minor axis momentum thickness of the round
and elliptic jets are equal in the potential core region. Beyond the core
region even the minor axis momentum thickness increases faster than the
round nozzle.
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Figure 23. The axial momentum thickness distributions
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CI - NOZZLE GEOMETRY EFFECTS, SPECTRAL COMPARISON

The differences in the major and minor axes momentum thickness
measurements for the Mach 1.5 elliptic nozzle would indicate the existence
of a complex three-dimensional flow structure. This type of flow should
have equally complex stability properties which would be manifest in the
acoustic emission.

Figure 24 is a spectral comparison between the acoustic radiation of two
azimuthal angles of the Mach 1.5 elliptic nozzle operating at a total
temperature of 1160 R. Also included is a spectrum of the Mach 1.5 round
nozzle corrected to the thrust of the elliptic nozzle. ¢ = 0 degrees is
in a plane which contains the minor axis and the jet axis; ¢ = 90 degrees
represents a plane containing the major axis and jet axis. The Yy angle
is referenced to the nozzle inlet axis and a value of 128 degrees is the
approximate direction of maximum overall acocustic emission. The data were
acquired at approximately 127 equivalent diameters from the nozzle exit.

As is evident in the figure, a strong dependency exists between the
spectral partitioning of acoustic energy and the nozzle geometry. Also,
the acoustic field of the elliptic nozzle is azimuthally varying similar
to the momentum thickness distribution. The overall sound pressure level
of the round nozzle is 1 dB greater than the elliptic at ¥ = 0 degrees and
4 dB greater than the elliptic at ¥y = 90 degrees. Thus, geometry alone
can yield acoustic amplitude benefits and possibly be used in the spectral
redistribution of energy.
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Figure 24. Spectral comparison of the acoustic emission from round and
elliptic nozzle geometries.
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C1 - NOZZLE GEOMETRY EFFECTS, PERCEIVED NOISE LEVEL

Due to the spectral differences created by nozzle geometry variations,
the frequency-weighted perceived noise level would provide an important
comparative metric for full scale applications. Acoustic data were
acquired via a linear array for not only the Mach 1.5 round and elliptic
geometries but also for an augmented deflecting exhaust nozzle (ADEN).
The ADEN is a rectangular nozzle with parallel sidewalls and convergent-
divergent flaps that differ in length in the nozzle exit plane. The data
were scaled to 50000 1b of thrust at a sideline distance of 1476 feet and
were propagated through a standard atmosphere using appropriate spectral
corrections. These full scale conditions are representative of the
requirements of the proposed high speed civil transport. ¢ is referenced

as previously for the elliptic nozzle and for the ADEN ¢ = 0 degrees
contains the nozzle’s convergent-divergent plane.

Figure 25a indicates that for ¢ = 0 degrees, the elliptic geometry
provides an acoustic reduction at the low Yy angles presented. The ADEN
is not a three-dimensional contoured nozzle design and thus should'contain
shock noise which would increase the lower ¥ angle amplitudes. Figure 25b
shows an acoustic reduction for the elliptic nozzle as well as the ADEN
when compared to the round geometry. Again note the presence of shock
noise for the ADEN. This indicates the importance of identifying a
passive noise control nozzle geometry which can produce a shock-free flow,
similar to the elliptic nozzle tested.
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Figure 25. Comparison of the perceived noise level for various nozzle
geometries scaled to a full scale application. '
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C1 - NOZZLE GEOMETRY EFFECTS, DESIGN MACH NUMBER

Figure 26 presents the azimuthal variation of the perceived noise level
for both elliptic nozzles tested. The data is scaled similar to figure
25. The Y angle corresponds to the approximate location of maximum
acoustic emission. For flows which are shock-free, the data indicates a
strong dependence of noise emitted on the velocity of the plume; i.e.,
greater exit velocities produce higher acoustic amplitudes. This
dependence is evident for all azimuthal angles as indicated by the Mach
1.5 nozzle data for the two temperatures presented and also the Mach 2
data compared to the Mach 1.5 nozzle data.

The data also shows {(similar to the previously presented spectra) that
the acoustic amplitude is dependent on the azimuthal angle ¢. In general,
the perceived noise level decreases as ¢ approaches 90 degrees. This
dependence represents another passive control method by which the nozzle
orientation on a full scale engine can be manipulated to radiate the
majority of the acoustic energy away from noise sensitive areas. It is
important to note that because all nozzles are scaled to constant thrust,
the lower temperature nozzle case should appear with smaller scaled noise
because it is a higher mass flow nozzle.
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Figure 26. Comparison of the perceived noise level for the two elliptic
nozzle geometries tested.
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C2 - MULTIPLE JET INTERACTIONS

The HSCT suppressor nozzle, as currently envisioned, utilizes multiple
hot high speed jets surrounded by afterbodies that promote rapid mixing
with these jets. To show the types of interactions possible with multiple
jet configurations, figure 27 presents a phased-averaged Schlieren
photograph of unheated twin choked-tube nozzles (the strobe light 1is

locked to the screech frequency for a given phase of the measured acoustic
wave) . ‘

These nozzles were operated at a fully expanded Mach number of 1.32
where the dominant instability wave in the jet shear layer is a flapping
structure {(double helix). Generally, this type of large scale structure
has no azimuthally preferred orientation. However, due to the mutual
excitation of the jets, the flapping motion of both jets is now oriented
in a plane containing the axes of both jets. This alters not only the
azimuthal directivity of the screech noise but also promotes a more rapid
mixing configuration as compared to a single nozzle. The potential thus

exists for using the passive control feature of multiple jet interaction
for acoustic benefits.

X

Figure 27. Phased-average Schlieren of twin choked-tube nozzles.
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C2 - MULTIPLE JET INTERACTIONS

The envelope geometry for multiple jets in an HSCT application is either
round or a low aspect ratio rectangular. The high speed jets emerge from
geometries that are complex, but often driven by the geometric constraint
of packaging in the envelope shape. The suppresor also makes use of an
acoustically treated ejector that provides augmentation to the engine mass
flow. :

The elliptic jet geometry discussed previously shows that passive
methods can be used to reduce noise. The properties of these non-round
geometries, as exhibited by the deformation of the jet column (momentum
thickness distribution), suggest that the orientation and location of the

high speed mixer 1lobes is not arbitrary. A study of multiple jet
interactions from a tri-axial configuration of nozzles (figure 28) is now
underway at NASA Langley. The initial system uses a set of elliptic

nozzles with varying aspect ratio combinations. The mechanism to support
the tri-axial nozzle system permits location of the three nozzles to be
arkbitrarily rotated and positioned about a central axis. . All elliptic
nozzles are designed to be shock-free, so that an assessment of 3-D
turbulent interaction can be studied without the influence of plume
shocks. One cannot differentiate non-symmetric pressure gradients
produced by shocks in the flow from that produced by turbulence.

THROAT AREA =
ACH NUVEER !
NQZZLE FPESCLFE AATIO TC 4.5:1

OTA TEMPERATJSE = MAX]
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PLLM'—‘ CPACING = 2 TG 3 SLLvE wiIJTHS

a - Simulated Suppressor Nozzle b - Interaction Mode
Figure 28. Example of tri-axial elliptic nozzle configuration.
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C4 - ACTIVE CONTROL OF INITIAL JET SHEAR LAYER

The primary noise generation mechanisms of supersonic jet flows have
been attributed to the presence of large scale structures in the shear
layer.. These dominant structures develop when small scale disturbances
in the initial region of the jet grow in amplitude as they convect
downstream. Therefore it may be reasonable to assume that by actively
" controlling initial shear layer instabilities, which have maximum growth
rates, one can also control the noise emission. ~

C.M. Ho at University of Southern California is investigating practical
methods for controlling the most unstable modes and their azimuthal energy
distribution. These methods involve the use of sound, temperature, tuned
‘cavities, and piezo-ceramic actuators to control the initial shear layer
disturbances of axisymmetric and asymmetric nozzles operating in both the
subsonic and supersonic regimes. Acoustic measurements have been made for
a circular jet tested from the low subsonic to the transonic range. These
measurements span the near field pressure fluctuations to the far field
noise. The far field spectra presented in figure 29 indicate that for
M=.2 to .35, the noisée generated by large scale coherent structures in the
thin shear layer dominates (high frequency peaks), while beginning at
M=.4, the noise of the preferred mode dominates {(broadband peak). The
data will be compared to that acquired when various control methodologies
are implemented.

10
100 1000 ¢ 10000

Figure 29. Far field spectra for an unheated circular jet operating
subsonically.
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DI - SUPERSONIC INSTABILITY WAVES

An experiment is being planned in the NASA/LaRC JNL to verify the
theoretical predictions of Tam (1990) on the occurrence of supersonic
instability waves in high temperature jets where T,/T, > 2.5. The
predictions of figure 30 show that with increasing jet temperature ratio,
the Kelvin-Helmholtz instability wave amplitude decreases, but there is
the appearance of a supersonic instability wave. These waves are produced
by turbulence structure in the shear layer that convect supersonically
relative to the local jet sound speed.

Prediction of mgst highly
amplified fixed frequency wave

Total wave ampilification
b/R e Experiment
A (o, n) =exp [[-ki (S, n, b/R) Rd(b/R) ] ol — Theory
Strouhal ®
b°/R, . number
Where, b =%5- h (jet half width) (o) ¢}
o = db/dx (jet spread rate)
0 o | 1 1 1
ki = o (neutral PT; max growth) 05 10 15 20 25
20 _Axisymmetric hot jet (Tj Ma=2.1) 16 _Axisymmetric hot jet (T} Ta=2.7)
Mj =14 c Mach 2
TO~1100°F 12 F Mode 1 TO ~2100°F

\ Mode 0
\ ’
/Mode 0 N -
/ .\lpsiablhty wave
L.t PR S Tt
8 9 0 1 23456 7 8
) Strouhal number (fD/u;)

Figure 30. Instability waves in high temperature supersonic jets.
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DI - HIGH TEMPERATURE WATER COOLED NOZZLE

As a preliminary investigation into properties of hot supersonic jets
and the questions regarding the directivity frequency and amplitude of the
supersonic instability wave, Schlieren records were acguired from the hot
Mach 2 axisymmetric nozzle shown in figure 31. This nozzle was designed
to be shock-free at Mach 2 and a temperature of 2460 R. The nozzle exit
diameter is 3.6 inches and is heated by the sudden expansion (SUE) burner
in the JNL facility. This nozzle is water cooled and capable of being
tested to 3000 R.

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Figure 31. Mach 2 high temperature water cooled axisymmetric nozzle
mounted in the JNL. ’
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DI - MEASURED AND PREDICTED MACH WAVE EMISSION ANGLE

Figure 32 illustrates a specific example between the measured and
predicted Mach wave emission angle for a hot supersonic jet. 1In this
example, the Mach 2 jet is being operated overexpanded at M; = 1.5 and a
temperature of 2466 R, Figure 32a shows the measured Schlieren data for
this example. The Mach waves, which emerge from the edge of the shear
layer, have wave normals that appear orientated 60 degrees to the jet
axis. Based on Tam’s (1990) large scale wave model, instability waves for
this example will convect at 61% of the jet exit velocity. Based on this,
the predicted wave angle is 59 degrees to the jet axis, as shown in figure
32b.

MACH WAVE EMISSION

Hot Jet Case

My =20 Mi = 1.5
Tl =1370°K Vi = 3120 miset

. -1 1 ) 3
= coS ~ } =59
6 ( Mc

6 (messured) =60°

Vv, =Y
M5 N = 5
Where oX= .61
(TAM, 1890)
Inner edg
a - Schlieren of Mach 2 Jet b - Predicted Mach Wave Angle

Figure 32. Measured and predicted Mach wave emission for a hot jet.
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D2 - NON-LINEAR WAVE INTERACTIONS

Under certain operating conditions, shock-containing supersonic free
jets have been shown to emit high amplitude narrowband acoustic signals
referred to as screech tones. It has been suggested that the generation
of this noise component is due to the interaction of the dominant large
scale coherent structure in the turbulent shear layver with the shock cell

system (Tam, 1986). Screech has been observed to be muiti-modal, i.e. the
jet exhibits different instability characteristics depending on the
operating condition of the nozzle (Ponton, 1989). To better understand

this noise mechanism, it is important to determine whether different
screech modes are independent or interact non-linearly.

Two particular screech modes can be identified in the acoustic spectrum
presented in figure 33a. These modes are the B and C modes, and are
labelled accordingly. Also identified are the second and third harmonics
of the C mode (2C and 3C) as well as narrowband processes occurring at the
frequencies B+C and 2C-B. These latter two spectral components provided
the impetus to perform a bispectral analysis on the data fo determine if
non-linear wave-wave interactions are occurring between the fundamental
screech modes. This higher-order spectral technique vreveals phase
coherences between three frequencies satisfying the selection criteria

W, = O, + ®, indicative of a non-linear quadratic interaction (Ritz, 1987).

The bispectral analysis produced the auto-bicoherence contour plot shown
in figure 33b. The diagonal lines are constant o, lines and the two
additional frequencies satisfying the selection criteria are obtained from
the abscissa and the ordinate. As labelled on the plot, phase coherences
are seen to exist between the C, B, and B+C fregquencies as well as between
the 2C-B, B, and 2C freqguencies. This indicates that non-linear
interactions are occurring and suggests that future acoustic models should
encompass the observed source non-linearity.
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110 7 i a
L , D=2
g . , | veow
100 :
Q 5 10 15 20 I ‘y
Frequency, kHZ
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a - Auto-Spectrum b - Auto-bicoherence Spectrum

Figure 33. Spectral analysis of the acoustic emission from an unheated
round conical nozzle operating at M; = 1.44.
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D4 - PREDICTION OF NOISE FOR NON-ROUND JET GEOMETRY

The dominant sources of supersonic jet noise may be associated with the
coherent structures in the jet mixing region, the jet’s shock cell
structure, and the interaction between these two phenomena. In this study
the changes to the noise radiation associated with a change in the nozzle
exit geometry is examined. An elliptic jet of aspect ratio 2 has been
considered. The large scale structures in the jet’ are modelled as
instability waves. These structures convect downstream with a velocity
on the order of the jet exit velocity. For high Mach number or heated
jets there is a direct coupling between the pressure fluctuations in the
jet flow field and the acoustic field. This results in intense noise
radiation. In the present study the characteristics of the large scale
structures or instability waves are obtained from a solution of the
compressible Rayleigh equation. In the region just outside the jet flow
the pressure fluctuations are described in terms of Mathieu functions and
modified Mathieu functions. These fluctuations are matched with the
acoustic field using the method of matched asymptotic¢ expansions. Figure
34 shows a typical far field calculation for the se, flapping mode. The
two sections through the directivity pattern shown in figure 34 show (a)
the variation with azimuthal angle ¢ for a polar angle of 30 degrees, and
(b) the variation with polar angle 8 for an azimuthal angle of 0 degrees.
The decibel levels are in arbitrary units. Experimental data acquired at
similar operating conditions, indicate the preference for axisymmetric
structure and a wave direction at a steeper angle to the jet axis. Future
calculations are being made to investigate stability properties of
axisymmetric structure.
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a - Polar Directivity b - Azimuthal Directivity

Figure 34. Far field directivity with azimuthal and polar angles.
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D5 - LOW REYNOLDS NUMBER RESEARCH

The most promising theoretical developments in the prediction of
supersonic jet noise involve the modeling of large scale turbulence
structure (that produces a dominant portion of the radiated noise) with
instability wave theory. Operation of model jets under low Reynolds
numbers are achieved by exhausting the jets at low density (pressure)
conditions in the low pressure anechoic chamber jet test facility (figure
35). Standard condenser microphones are used for the acoustic
measurements and miniature hot-wire probes measure the turbulence
structure in the jets. The unique feature of the latest measurements is
that jets with helium/air mixtures are used to simulate heated Jjet
conditions. This approach is a reliable way to evaluate the predictive
capability of the analytical model. The first and simplest check is of
the most unstable frequency of the primary jet instability (and radiated
noise). Initial experiments have been performed with a jet operating at
Mach 2, with a helium/air mixture that produces a velocity that 1is
approximately 50% greater than the pure air jet. ©Shown in figure 36 are
the acoustic spectra of air and an air/helium mixture Jet. The most
unstable frequency is shown to increase as the instability theory predicts
it should. Numerous additional measurements are underway to explore these
phenomena in more detail.

30 deg, Pc=5.5 torr, Re=8500, M=2.1
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3 B9 3
c Yy
—_— NS = = - 5 h
_/_ﬁjjule E 61 :
(1} exit Hot-wire or 8 "
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probe drive o R ,\_‘,"\f'\.r-‘f W,
= N . 0 T Y ; U S T T T T - T
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Figure 35.

Low pressure anechoic
jet test facility.

Frequency (kHz)

Figure 36. Acoustic spectra;
M=2.1 air and

helium/air jets.
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COMPONENTS OF SUPERSONIC JET NOISE

The noise of supersonic jets consists of three principal components.
They are the turbulent mixing noise, the screech tones and the broadband
shock associated noise. The turbulent mixing noise forms the low frequency
peak of a typical supersonic jet noise spectrum. The screech tones are sound
waves of discrete frequencies. Broadband shock associated noise is the high
frequency component of the jet noise spectrum. It is made up of a main peak
and sometimes a few secondary peaks at higher frequencies. Experimental
observations and theory indicate that the fundamental screech tone
frequency marks the low frequency limit of broadband shock associated
noise. Both the screech tones and broadband shock associated noise are
generated by the presence of a shock cell structure in the jet. For a perfectly
expanded jet the total radiated noise is less and comprises of only turbulent
mixing noise.
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Typical far field supersonic jet noise spectrum
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SHOCK CELL STRUCTURE OF IMPERFECTLY EXPANDED JETS

The static pressure at the nozzle exit of an imperfectly expanded jet is
not equal to the ambient pressure. To obtain pressure equilibrium at the
nozzle lip a shock wave or an expansion fan is formed. The shock or
expansion fan allows the gas of the jet to adjust quickly to the ambient
pressure. From the nozzle lip the shock or expansion fan propagate across the
jet to the mixing layer on the other side. Outside the jet the gas is stationary
or in low subsonic motion. Shock or expansion is not allowed. As a result the
shock or expansion fan is reflected back at the mixing layer. The reflected
expansion fan or shock will continue to propagate downstream bouncing back
and forth from one side of the jet to the other. In this way a quasi-periodic
shock cell structure is formed. The details of the shock cell structure can be
calculated analytically [1] or computationally [2]. Of importance to broadband
shock associated noise and screech tone predictions are the gross features of
the shock cell structure, namely, the shock cell spacing and pressure
amplitude.

QUASI-PERIODIC SHOCK CELL STRUCTURE

—0.4 2 : L L | 1 L L 1 | I SR L ] 1
0 5.0 10.0 15.0

x/D

Axial pressure distribution at /D = 0.38, M; = 1.82, Mg = 2.0
Measured -- dark line : Calculated -- light line

649



LARGE TURBULENCE STRUCTURES/INSTABILITY WAVES

One of the most important physical entities in the flow of a supersonic
jet which is responsible for noise generation is the large turbulence
structures/instability waves. Pictures (see sketch below) of these instability
waves are provided in ref. [3]. They are usually called the Kelvin-Helmholtz
instability waves. They generally appear in a form with either axisymmetric
or helical (flapping) geometry. These instability waves derive their energy

from the mean flow. They are also responsible for the mixing and
entrainment of ambient gas into the jet flow.

LARGE TURBULENCE STRUCTURES/INSTABILITY WAVES

instability wave

Large scale instability waves in the mixing layer of a
supersonic jet excited by upstream sound waves
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SUPERSONIC JET NOISE THEORY

There exists now a fairly good understanding of how the three principal
components of supersonic jet noise are generated. The crucial element is the
large turbulent structures/instability waves of the jet flow. These instability
waves extract energy from the mean flow as they propagate downstream
along the jet column. The turbulent mixing noise is generated directly by the
supersonic components (relative to the ambient speed of sound) of these
instability waves. The screech tones and the broadband shock associated
noise are generated by the weak interaction of these instability waves and
the shock cell structure as the former propagate through the latter.

SUPERSONIC JET NOISE THEORY

MEAN FLOW OF
SUPERSONIC JET
energy
TURBULENT
e
LARGE TURBULENT direct MIXING NOISE
STRUCTURES/ radiatioin
INSTABILITY WAVES

BROADBAND
wek ~ —————"""" | SHOCK NOISE

interaction

SHOCK CELL STRUCTURE TONES
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GENERATION OF TURBULENT MIXING NOISE

To understand how instability waves generate turbulent mixing noise
let us remind ourselves the problem of supersonic flow past a solid wavy
wall. The solution of this problem suggests that Mach waves are formed.
These Mach waves extend to infinity away from the wall indicating that
acoustic disturbances are radiated to the far field. Now an instability wave
travelling with supersonic velocity relative to the ambient speed of sound is
analogous to the problem of supersonic flow past a wavy wall [4]. Mach
waves are radiated. The principal direction of radiation is normal to the Mach
wave front. The frequency of the radiated sound is equal to the frequency of
the instability wave.

TURBULENT MIXING NOISE

Mach waves

/

Wavy wall analogy
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COMPARISONS BETWEEN PREDICTED PEAK NOISE
FREQUENCY AND DIRECTION OF RADIATION WITH MEASUREMENTS

If indeed the dominant part of turbulent mixing noise is generated by
Mach wave radiation associated with the instability waves then the dominant
noise frequency of a perfectly expanded supersonic jet must be nearly equal
to that of the most amplified instability waves. Further the direction of peak
noise radiation must be equal to the Mach wave radiation angle of the most
amplified instability wave. Extensive comparisons between the calculated
(theoretical) and measured peak frequencies and directions of radiation for
jets of different Mach number and total temperature have been carried out in
ref. [5]. Good agreements are found (see figure below).

4.0 i
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Frequency {(kHz)

30° 35 40
o (degrees)

Comparison of the frequency and direction of Mach wave
" radiation of the most amplified instability wave of a Mach 2 jet
at a total temperature of 855°F. Shown are contaurs of equal
sound-pressure-level in the 8 -frequency plane. e theoretical value.
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STROUHAL NUMBER OF MAXIMUM SPL OF HOT SUPERSONIC JETS

For slightly supersonic cold jets the instability waves would propagate
downstream with subsonic velocity relative to the ambient speed of sound.
In this case a direct wavy wall analogy would produce no sound. In order to
determine the noise generated by the large scale subsonic instability waves
their spatial growth and decay in the flow direction must be taken into
account. It can be easily shown that with wave amplitude variation even a
subsonic instability wave would have some supersonic wave components [4].
These components will radiate noise. However, the radiation efficiency is not
high and decreases rapidly with a decrease in wave propagation speed. a
comparison between the calculated frequency of the most amplified
instability wave and that of peak noise radiation (see figure below) shows
good agreement at high jet temperature or high jet velocity. The good
agreement deteriorates as the jet temperature and velocity decrease (the
wave speed becomes subsonic) consistent with the above reasoning.
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NEAR FIELD SOUND PRESSURE LEVEL CONTOURS

The instability wave theory for a single frequency wave is well
established [4]. The theory can calculate the near field pressure contour
(relative) distribution as well as the far field directivity at a given Strouhal
number. A typical calculated near field pressure contour distribution is given
below. It compares very favorably with measurements. A comprehensive
turbulent mixing noise theory capable of predicting the entire n01se spectrum
is still unavailable at the present time.
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GENERATION OF BROADBAND SHOCK ASSOCIATED NOISE

Broadband shock associated noise is generated by the weak interaction
between the large turbulence structuresfinstability waves and the quasi-
periodic shock cell structure as the former propagate through the latter. One
simple way to see this is to consider a single instability wave. As this
instability wave passes through the shock cells scattering takes place
resulting in acoustic radiation. A very comprehensive stochastic model
theory [6]. [7] has been developed which can predict the spectra and
directivities of this noise component. The theory can also predict the near
field noise pattern as well. Recently the theory has been extended to include
the effects of forward flight [8]. The predicted results compare very
favorably with measurements.

BROADBAND SHOCK ASSOCIATED NOISE

LARGE TURBULENCE
STRUCTURES/INSTABILITY WAVES

BROAD BAND
SHOCK NOISE

SHOCK CELL STRUCTURE
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CALCULATED AND MEASURED FAR FIELD SHOCK NOISE SPECTRA

Extensive comparisons between theoretical and measured far field
broadband shock associated noise have been carried out [7].
typical case. The peak frequency of broadband shock associated noise varies
radiation. The half-width of the spectral peak decreases
These features appear to be quite well predicted by

with the direction of

in the forward direction.

the theory.
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CALCULATED AND MEASURED NEAR FIELD SHOCK NOISE SPL CONTOURS

This is a comparison between the calculated and measured near field
noise pressure contours on a plane passing through the jet axis according to
the stochastic model theory [6] at a 1/3 octave band center frequency of 16
KHz. A 1.4 dB has been added to the calculated noise contour to give a better
comparison with measurements. (The error is of the order of 1.4 dB). The
broadband shock noise is represented by the lobe radiating to the left. The
dominant direction of noise radiation and the location of the contours appear
to be reasonably well predicted.
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GENERATION OF SCREECH TONES

Screech tones are generated by a feedback loop [9], [10]. Near the
nozzle lip the pressure and velocity fluctuations associated with acoustic
disturbances outside the jet can excite the Kelvin-Helmholtz instability of the
jet. The instability wave extracts energy from the mean flow and grows as it
propagates downstream. At about four or five shock cells downstream the
amplitude of the instability wave becomes sufficiently large to interact
strongly with the shock cell structure. This interaction produces very strong
acoustic radiation. A part of the acoustic waves created radiates upstream.
Upon reaching the nozzle lip the acoustic waves excite the shear layer of the
jet creating new instability waves. In this way the feedback loop is closed.

GENERATION MECHANISM OF SCREECH TONES
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CALCULATED AND MEASURED STROUHAL NUMBER OF SCREECH TONES

By using the feedback loop model it is possible to calculate the Strouhal
number of the fundamental screech tone. In this figure the solid curve
represents the calculated frequency [10] as a function of jet Mach number.
The dotted curve represents a simplified prediction using a simple empirical
formula for the propagation speed of the instability wave. Screech tone
amplitudes are very sensitive to the presence or absence of reflecting
surfaces in the near environment. Sometimes it is difficult to reproduce the
same screech amplitude even in the same experimental facility. Perhaps
because of this variability there is no screech tone intensity prediction
formula at the present time; even a totally empirical one.
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SUMMARY AND FURUTE WORK

At the present time the generation mechanisms of the three principal
noise components of supersonic jets, namely, the turbulent mixing noise, the
broadband shock associated noise and the screech tones are quite well
understood. A very comprehensive broadband shock associated noise
prediction theory for round jets is now available. The theory can predict the
far field noise spectra and directivity. A similar comprehensive turbulent
mixing noise theory applicable to hot as well as cold jets is still needed.
However, the noise directivity at a single frequency can be calculated within
the framework of current theory. Work on developing a noise prediction
theory for non-axisymmetric jets, such as jets from rectangular nozzles, is
under way. A shock noise prediction scheme for non-axisymmetric jets may
become available soon. The frequencies of screech tones can be predicted
with reasonable accuracy. Because of its sensitivity to the surrounding
environment, currently there is no theory capable of predicting the intensity
of screech tones.

SUMMARY AND FUTURE WORK

e NOISE GENERATION MECHANISMS UNDERSTOOD

e GENERAL FRAMEWORK OF NOISE PREDICTION THEORY

AVAILABLE

e COMPREHENSIVE TURBULENT MIXING NOISE THEORY

(HOT JETS) NEEDED
e NON-AXISYMMERTRIC JET NOISE THEORY NEEDED

e SCREECH TONE (INTENSITY ) THEORY NEEDED
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Sonic Boom Program

Overview

Christine M. Darden

Figure 1

NASA Langley Research Center

Sonic Boom Research Plan
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Sonic Boom Decision Criteria

+ A low-boom configuration design comparable to an unconstrained design in
terms of economic viability

- system studies to determine trade-off between performance
penalties and economic benefit of overland supersonic flight

» Low-boom design methddology validated by wind tunnel tests
- configuration designs and models by LaRC, ARC, Boeing and DAC

» Estimate of acceptable sonic boom exposure
- Dose-response relationship from laboratory and in-home studies

+ Estimate of sonic boom levels from a low-boom configuration in a realistic
atmosphere .

- Analytical modelling to include atmospheric turbulence
Figure 2

Sonic Boom Plan Beyond Decision

DEC 1992 1993 1994 1995
> SONIC BOOM PREDICTION METHODOLOGY
LOW-BOOM &PERFORMANCE .| WINDTUNNEL| | FLIGHT

" | DESIGN/SYSTEMS INTEGRATION " | VERIFICATION| ~ | TESTS

CHABA COMMITTEE FIELD ACCEPTABILITY
> ESTABLISHED > TESTS
YES
WIND TUNNEL TESTS FLIGHT TESTS
*1  WITH MODIFIED RPV's ™  WITHMODIFIED RPV's
DECISION ON
CONTINUATION
OF LOW BOOM
STUDIES SONIC BOOM PREDICTION METHODOLOGY
- FOR ENVIRONMENTAL ASSESSMENT
NO
IMPACT ASSESSMENT FOR LIMITED
> OVERLAND OPERATIONS
Figure 3




Sonic Boom Issues for Overwater Operations

» Supersonic operations near coastlines ,
- during acceleration and deceleration (focused and secondary booms)
- during cruise (primary boom carpet width, secondary booms)
- requires prediction of boom levels and location, and audibility criteria

« Incidental overland supersonic operations or restricted corridors
- environmental impact assessment
- requires prediction of boom levels and location
- estimated community reaction, damage probability, etc.

i

Figure 4
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Sonic Boom
Source Design / Prediction / Performance

Overview

Christine M. Darden
NASA Langley Research Center

Figure 1

Program Elements

Configuration Design
Sonic Boom Analysis - Modified Linear Theory

Performance Analysis

Wind Tunnel Evaluation
Sonic Boom Analysis - Higher Order Methods

Figure 2
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Program Participants

NASA LANGLEY

Vehicle Integration Branch

Computational Aerodynamics Branch
NASA AMES

Advanced Aerodynamics Concepts Branch

Applied Computational Fluids Branch
BOEING COMMERCIAL AIRPLANES
DOUGLAS AIRPLANE COMPANY
GRUMMAN CORPORATION
EAGLE ENGINEERING

Figure 3
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Outline of Presentation

The objective of the sonic boom research in the current High Speed Research Program is
to ultimately make possible overland supersonic flight by a high speed civil transport. To accom-
plish this objective, it is felt that results in four areas must demonstrate that such a vehicle would
be acceptable by the general public, by the airframers, and by the airlines. It should be demon-
strated: (1) that some waveform shape has the possibility of being acceptable by the general pub-
lic; (2) that the atmosphere would not totally destroy such a waveform during propagation; (3)
that a viable airplane could be built which produces such a waveform; and (4) that any perfor-
mance penalty suffered by a low boom aircraft would be counteracted by the economic benefit of
overland supersonic flight.

This paper addresses the work being done at Langley Research Center in support of the
third element listed above --the area of configuration design. The initial part of the paper will
give a review of the theory being used for configuration designs and discuss two theory validation
models which were built and tested within the past two years.Discussion of the wind tunnel and
theoretical results (linear theory and higher order methods) and their implications for future de-
signs will be included. P

DESIGN PROCEDURE

THEORY VALIDATION DESIGNS
WIND TUNNEL TESTS

FUTURE DESIGNS

L/D ESTIMATES

PLUME EFFECTS

SIGNATURES ON FLIGHT PROFILE

Figure 1
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Design Approach for Low Boom Aircraft Concept

Two design approaches, both based on the Seebass and Georgel’2 sonic boom minimiza-
tion theory, are being used in the design of low boom concepts at Langley. The first approach is
illustrated in Figure 1. The design parameters of aircraft weight, length, Mach number and flight
altitude, along with signature parameters which define the type of signature and the bluntness pa-
rameter of the signature are used to define a target equivalent area distribution and pressure signa-
ture as shown in the upper right corner of the figure. Working initially with an uncambered wing,
the designer describes a planform and fuselage shape and iterates on this design until the Mach-
sliced equivalent area is near but everwhere below the desired equivalent area. When the equiva-
lent area for the planform and flat plate lift are judged “near enough” to the target, a camber sur-
face is designed to increase the lift of the configuration. Again, the equivalent areas of the design
are continually compared to the target equivalent area distribution until the differences in the ar-
eas are very slight. Final adjustments to the design are made in the fuselage by use of an Inverse
Fuselage Design Procedure which prescribes the fuselage necessary for a given equivalent area
distribution.3 More information on this design procedure can be found in reference 4.

Once the sonic boom constraints have been met, the configuration is then analyzed for
performance. If it is judged to have serious performance deficiencies, then changes must be made

because of aerodynamic concerns and the configuration recycled through the sonic boom design
phase.

MISSION REQUIREMENTS: RANGE, PAYLOAD, AP H, W, Y, 1

! Y

[ MINIMIZATION ’4————
% % IDEAL EQUIVALENT AREAS AND

SIGNATURES

-3

K

Numerical Model

AE
CYCLE I CYCLE 1 l j op E%x
UNCAMBERED CAMBERED o

WING WING

A

- { NO ]
" | Performance & Mission Analysis ’

Figure 2
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DESIGN APPROACH FOR BLENDED WING-BODY
CONFIGURATION

A second approach for designing a blended wing-body configuration with low boom
constraints is shown below. In this approach, the designer initially defines the planform of the
desired wing-body and the geometry for the nacelles and fin. The camber surface is designed
using the procedure of reference S, and the thickness, twist and dihedral schedules are added. The
configuration is then evaluated to determine its equivalent area distribution and its sonic boom
signature is calculated using the method of reference 6.

Redesign for low boom is accomplished by a comparison between the F-function of the
configuration and the target F-function. The target F-function may be derived from the method of
references 1 and 2, or a related method. When the desired F-function and resulting signature have
been attained, the necessary equivalent area distribution is defined. The equivalent area due to
lift, pods, and fins of the original configuration is subtracted from the target equivalent area
distribution so that the only area remaining is the equivalent area due to the wing-body. Final
modifications to the design are made with thickness adjustments to the wing body using an
inverse design procedure.7 All of the codes in the above approach have been automated with
input and output files consistent with one another. Judgement and interface with the designer is
necessary at each step of the design and analysis process.

INITIAL-CUT DESIGN AND SONIC BOOM REDESIGN FOR LOW-BOOM
ANALYSIS FOR BLENDED WING-BODY .
CONFIGURATION frea aistibution)

(EAD=equivalent
area distribution)

PLANFORM

idealized
F-Function
y
TAMEER SURFACE

ARAP
DESIGN B
(CARLSON) ?lGNATUi?E CHECK
ok
NACELLEFIN i
GEOMETRY

{ Tota! EAD from
ONFIGURATION F-Function
GEOMETRY
(thickness, dibedral, eic.) ¥
; } Substract EAD's due to
1ift, p.ods. fins, fo get
wing analysis wave drag prog. required EAD due to

EAD for lift EAD for volume wing-body

Redesign wing-body

COMBINE to get required EAD
EAD'S *
Chetk new design with
initial design analysis
programs
ARAP
signature
Figure 3
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Sonic Boom Wind Tunnel Models

Two wind tunnel models were designed using the first approach shown in this papers. To
insure proper definition of the camber and twist disiribution of the configuration, these models
were designed to be 12 inches in length--the largest sonic boom models ever built at the Langley
Research Center. Design conditions for the models are shown in the insets. One configuration was
designed to cruise at viach 2 at an altitude of 55,000 feet. The assumed weight at beginning cruise
was 550,000 1bs and the full scale length was 323 feet. As shown, this configuration was designed
to give a flat-top signature at design cruise conditions, with a bow shock overpressure of slightly
less than 1 psf. The second model was designed for cruise at Mach 3 and an aliitude of 65,000
feet. The beginning cruise weight was assumed to be 600,000 lbs and the full scale length, 313
feet. This concept was designed to give the minimum shock, or “ramp” signature at cruise condi-
tions--again with a bow shock of slighily less than 1 psf. The models were fabricated in two piec-
es with an integrated sting. They both featured twist and camber and had four axisymmetric flow-
through nacelles and a vertical fin.

#Mach 2.0 modsl ifinimum boom -~
L.ow boom signature iach 3.0 model —

R 9
(x-BiYA {x-BhyL

Figure 4
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Wind Tunnel Tests

Existing sonic boom extrapolation methods are based on the assumption that disturbances
are axisymmetric and thus 3-dimensional effects would be ignored. Because of this limitation,
previous sonic boom wind tunnel signatures were measured at 3-5 body lengths away to insure
that all three dimensional effects had settled. For the Langley Unitary supersonic wind tunnel
which is 4X4 feet in cross section, the needed measuring distance has restricted the model size to
4 or § inches in length. Because an accurate representation of camber, twist and thicknesses of the
current low boom configurations was felt to be essential to the validation of the theory, the
decision was made to build the current wind tunnel models at 12 inches--more than twice the size
of any previous sonic boom model at Langley. This size helped to alleviate the problem of
fabricating an accurate representation of the concept, but aggravated the problem of accurate
extrapolation. At Mach 2, measurements in the Langley tunnel would be at most 2 body lengths
away with possible 3 dimensional changes still occurring. While CFD or other nonlinear 3-
dimensional extrapolation methods are being developed and validated, the need to also obtain
signatures at 5-6 body lengths was very important. Thus arrangements were made with the NASA
Ames Research Center to test the low boom configurations in their 9 X 7° and 8 X 7° supersonic
wind tunnels. These measurements would insure proper extrapolation with the larger, more
accurate model. Tests on the low boom models were held at Ames in October 1990, and at
Langley in December 1990 and January, 1991.

NASA AMES 9X7 UNITARY-- October, 1990
Mach 1.68, 2.00, 2.50

NASA LANGLEY 4X4 UNITARY
Test Section I-- December, 1990
Mach 2.5, 2.96

Test Section II - January, 1991
Mach 2.0, 2.5

Figure 5
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Sonic Boom Test Setup

Test setup for the Mach 3 low-boom concept in test section 2 of the Langley Unitary Plan
Wind Tunnel is shown in this figure. The model and a specially made angle-of-attack mechanism
are mounted to the permanent tunnel strut system using a specially made sting. The model was
capable of 33 inches of linear travel because of the strut mechanism, and up to 180 degrees of role
because of an additionally installed roll coupling. The model was tested at a roll angle of 90
degrees. The model and its support mechanism were also capable of lateral movement because of
the permanent strut system. Measuring probes were mounted to a solid tunnel door which had
replaced the usual windowed door for the sonic boom tests. The reference probe was mounted
such that it was not within the disturbance field of the model at any of its anticipated locations
within the tunnel. The measuring probe was located such that it would be within the field of the
complete signature of the model as the model moved forward. The measuring probe was mounted
to a motorized track which allowed 6 inches of linear movement and thus increased the flexibility
of the body lengths at which signatures could be taken without shutting down the tunnel and
manually moving the probe.

;3

Langley Unitary Plan Wind Tunnel
Test Section 2

L.ow Boom Mach 3 Concept

Figure 6
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Flow visvalizations taken during the sonic boom tests included this cil flow photograph of
the Mach 3 concept. Cil mized with fluorescent dye is painted on the model and the model
installed in the tunnel. When design test conditions are achieved, a vapor light is focussed on the
model. Flow paiterns on the surface of the model can be observed by the oil patterns which
develop.For this model, at a test Mach number of 2.96 and an angle of attack of 1.96 degrees, one
can see that the surface flow paitern is very complex. One would like to see very clean attached
flow which is indicated by smooth patierns in a linear direction from front to back with very little
puddling of the oil. Insiead, there are patierns of slanted flow moving in a defined region from
front to back which indicates 2 leading edge vortices on the surface. The puddling of the oil near
the trailing edge alsc indicates that some separation is occwiring.
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Wind Tunnel Results

Initial wind tunnel data indicated two unexpected results. Midway along the positive
portion of the signature a large shock occurred in an area where the signature was expected to be
relatively flat. Toward the end of the signature a second shock occurred before the complete
resolution of the tail shock. Upon further investigation, it was decided that the final shock was the
result of interference from the angle-of-attack mechanism which caused a stronger shock than
anticipated. It was not clear where the first unexpected shock was originating until the nacelles
were removed to provide signatures for the validation of Euler code computational calculations.
The disappearance of the shock for the configuration without nacelles indicated immediately that
flow was not being achieved in the small (.2 inch diameter) flow-through nacelles, and that there
was a standing shock in front of the nacelles. Attempts to open the nacelles more and sharpen the
front edges to try an achieve flow did not alleviate this shock. All tests at NASA Ames were done
with nacelles on. The nacelles were only removed during the tests at Langley.

MACH 3 LOW BOOM CONFIGURATION
Radial distance = 8 inches
N = 3.1 Ibs. PINF = 147.3 pst

NASA Langley Unitary Wind Tunnel
Test Section 2
Mach number = 2.96
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ind Tunnel Results

Pressure measurements at two radial distances for the Mach 2 configuration are shown in
figure 9. Signatures at several distances are desirable for two reasons. With the current emphasis
on sonic boom predictions using Computational Fluid Dynamics (CFD) methods, signatures at
several distances are needed to validate those codes in regions where grid density and/or grid
spreading could reduce accuracy. Signatures at several radial distances are also desired to observe
the manner in which the signature changes as it propagates cutward. The signatures shown were
measured at 6 inches and 12 inches or at 1/2 and one body lengths. Aitenuation of the pressure
levels at the forward part of the signature are very evident as the signature propagates outward.
There is damping of the compressions and expansions which occur just ahead of the major expan-
sion, but the most negative portion of the major expansion does not attenuate. The largest changes
in the character of the signature seem to be occurring in the region of the signature where 3-di-
mensional effects of the lifting surface would occur.

MACH 2 LOW BOOWM CONFIGURATION
Without Nacelles
N =5.11ibs. PINF =160.2 psi

NASA Langley Unitary Wind Tunnel
Test Section 1
Mach number = 2.0
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Comparison of Measured and Extrapolated
Wind Tunnel Data

&

To investigate the accuracy of extrapolating very near-field pressure signatures, the
signature measured at 1/2 body length was extrapolated9 to one body length and compared with
the signature as measured at one body length. The results of the comparison are shown on this
figure. Note that in the forward portions of the signature where volume is the major portion of the
equivalent area the agreement between the measured and extrapolated data is excellent. The latter
half of the signatures differ significantly, however. For the first two shocks and expansions, the
extrapolated signature is less than that measured; the slopes of the expansion regions differ
considerably and the measured signature has the larger expansion. These differences would
indicate that an axisymmetric propagation method does not account for all of the flow field
phenomena; i.e. the flow in that region is highly three-dimensional. Signatures at greater
distances are needed to ascertain just how far radially one must be before there are no 3-
dimensional effects. :

P

MACH 2 CONFIGURATION NO NACELLES M=20

0.040 ——
0.020 |—1-
Delta-P PR |
P B
R
0.000 :
o
-.020 L
o Data Extrapolated from 6 inches to 12 inches - | -3}
O Data Measured at 12 inches R
-.04 : . » . -
0 -%,20 0.00 0.20 0.40 0.60 0.80 1.00

x/1

Figure 10
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Comparison of Ground Signatures

An example of the differences in the ground signatures when wind tunnel data is
extrapolated from two different distances is seen in figure 11. The signature on the left was
extrapolated from data taken at 1/2 body length and the data on the right was exirapolated from
data taken at one body length. For this Mach 2 configuration which was designed to prevent shock
coalescence, the bow shock levels of the ground signatures are nearly the same. The most
significant differences in the two signatures are just before the expansion where three-dimension
effects are strongest in the near-field signature, and the length of the signature. Since current
indications are that loudness is a better indication of sonic boom disturbance than bow shock
levell0, these differences in the latter portion of the signatures could lead to significant
differences in their loudness.

Extrapolated Extrapolated
from 1/2 body length from one body length
(Thomas Code - Langley 1686#12) (Thomas Code - Langley 1686#15)

2_, =

“h »

i 1 1 ] ] 3 ] 1] 1 L] i [} ] i3

_ |
»%00 0 100 200 300 400 500 600 700 -100 O 7100 200 30% 400 500 600 700
X, ft X,

Figure 11

686



ow Field Cross Sections

Perhaps an explanation of the flow field phenomena around the shaped, low-boom
configurations can be explained with figure 12, which shows a flow field cross section for a low
boom configuration at three axial locations as predicted by an Euler computational method!!,
Note that at mid aircraft, the flow field is relatively clean, with only the bow shock being
prominent. At the aft end of the aircraft, very strong shocks emanating from the region of the
wing are evident. As one moves further downstream, the flow field immediately beneath the
configuration is still very clean, but the strong shocks generated by the wind are moving toward
the flight path, It is probably the strong effect of the wing that is being seen in the wind tunnel
data just ahead of the expansion region. These results would indicate that for low boom
configurations where the primary effort has been to reduce disturbances in the flight path, the
non-zero azimuth angles can not be ignored either for ground level signatures or for the influences
they have on the flight path signatures.

Low Boom Configurations

Mid- Aircraft Aft End

Body Length Downstream

Figure 12
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Comparison of Extrapolated Wind Tunnel Data
and Target Signature

A comparison of extrapolated wind tunnel data taken at one body length from the Mach 3
configuration with test conditions of Mach 2.96 and normal force 3.06 1bs is compared with the
target signature for the same flight conditions. As can be observed, the objective was to obtain a
bow shock of 0.94 psf followed by an isentropic increase in pressure to 1.45 psf. The extrapolated
data does not show this behavior. The bow shock level is 1.8 psf and a second shock increases the
pressure to 1.95 psf. There could be several reasons for the discrepancy in the expected signature
and the actual signature: (1) linear theory methods used in the design of the configuration become
less valid at Mach numbers as high as 2. 9612 (2) the isentropic rise in pressure is less stable and
is therefore more difficult to maintain during propagation; (3) boundary effects which cannot be
properly scaled on these 12-inch models may have an effect on the wind tunnel results.

LARC UPWT TESTS; MACH 3 MODEL; TEST MACH NUMBER = 2.96
Data Extrapolated from 12 Inches; Boundary Layer Effects Not Predicted.

3.00

I ENH RO AT
-..Target Signature
Extrapolated Data 3

2.00

Delta -p, psf 100

0.00

-1.00 |

-2.00
-200. 0. 200.

. 400. 600. 800. 1000,

Axial Distance

Figure 13
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Comparison of Extrapolated Wind Tunnel Data

and Target Signature

A comparison of the extrapolated wind tunnel data and the target signature for the Mach 2
configuration is seen in figure 14. Also shown on the signature is the signature predicted from the
geometry using linear theory methods. Test conditions were Mach 2 and normal force 5.1 Ibs. As
can be seen, the agreement between the forward part of the extrapolated wind tunnel signature and
the target signature is excellent. The largest discrepancies are in the region near the expansion
where uncertainty about 3-dimensional effects still exist and in the overall length of the
signatures. If significant changes do not occur in wind tunnel results taken at 3 to 4 body lengths,
then these results appear to validate the minimization theory for these twisted and cambered
configurations at Mach 2.

° Wind tunnel signature at 12" - extrapolated to ground
o ldeal pressure signature
© Signature predicted from geometry-linear theory

Mach 2 configuration
Conditions

Mach 2
Alt. 55,000 ft
Cruise weight 550,000 Ib
] | 1 ] 1 | 1 J

2
ne
Degtsaf-p, ol
-1
400

0 100 200 300 400 500 600 70
X, ft

Figure 14
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Theoretical Bow Shock Overpressures

Several factors have contributed to the decision for the range of Mach numbers to be con-
sidered in the next cycle of low boom designs. Included among those factors are: (1) initial indica-
tions that ozone considerations may lead to cruise altitudes of around 45,000 feet; (20 the wind
tunnel results which indicated that the linear theory design methods may be invalid at higher
Mach numbers; and (3) the decision in the High Speed Research (HSR) program that future de-
signs would center around Mach 2.4. An additional factor is shown on figure 15. Shown on this
figure are two carpet plots which include results of the minimization code for a minimum shock
type signature. The plot on the lefi shows for the condition Mach 1.6, the equivalent length neces-
sary for a given bow shock overpressure af a given altitude. This figure shows that to achieve the
lowest bow shock level at the shortest length, one would cruise at the lowest altitude. An increase
in altitude increases the length necessary. The second carpet plot shows that for an altitude of
44,000 feet one would cruise at the lowest Mach number to achieve the lowest bow shock level at
the lowest length. Using as guidance information from this plot as well as guidance from the other
factors, the choice was made to choose Mach number between 1.6 and 2 for the second cycle of
low boom designs in which the emphasis will be placed on integrating performance.

Minimum shock signature
Weight = 700,000 Ibs; Nose length ratio = 0.1;
Isentropic slope = 0.5; Reflection factor = 2.0

X
Mach number=1.6 Vp mem Altitude = 44,000 ft

200 260 300 340 380 220 260 300 340 380
Equivalent length, fi Equivalent fength, ft

Figure 15
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Sonic Boom Design Efforts

Target conditions and a preliminary planform chosen as Mach 1.6 low boom design are
shown on figure 16. The target signature shown is one conceived at Boeing Airplane Company as
one method of improving the stability problems of the minimum shock signature but still
maintaining some of the weight advantage allowed by that signature, Target design flight
conditions include Mach 1.6, 45,000 ft altitude, a beginning cruise weight of 650,000 1bs and an
overall length of 323 Ibs. The theoretical equivalent area distribution and its resulting pressure
signature with a bow shock of approximately 0.85 psf are shown. Signature conditions listed are
input parameters which define some of the variable parameters in the minimization code. The

configuration planform shown is still in its developmental stage.

Second Generation

Target area

1000

800
Equivalent gggl.

area, fi2  4q0|

200

0 100 200 300
Axial distance, ft

Flight conditions

Mach number - - -=«-- 1.6
Altitude === <=~ -45, 000 ft
Cruise weight - 650,000 Ib
Length -=-=-euxx- 323 ft

Target signature

2% 3700 200 300 400
x-Br, f

Signature conditions

Equivalent length = 280 ft
Total Eq. weight - 777,500 Ib
Xlewaronann 30t
Reflectionfac-1.9
Percen=04

Figure 16
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Perforr

nance Comparisons

The ultimate goal of the configuration minimization portion of the sonic boom program, is
to develop a low-boom configuration which would be competitive with a baseline configuration
which has no low boom constraints but which would have to cruise subsonically overland. Shown
in figure 17 is an L/D comparison of a baseline Mach 2 concept with no low-boom constraints,
but which has been optimized aerodynamically and three low boom configurations. The Low
Boom I concept was designed as a theory validation model and very little effort was placed on the
performance. Low Boom II represents an intermediate design effort which was subsequently
dropped because of performance estimates and Low Boom III is the current 1.6 design being
worked. This figure does not separate Mach numbers effects from these results but does give an
indication of improved performance for the low boom designs. Also these results are for a
trimmed aerodynamic concept but for untrimmed low boom configurations. L/D estimates for
Low Boom I are quite poor when compared to the Aerodynamic baseline. Design efforts on the
Low Boom II concept improved the subsonic characteristics significantly but the supersonic
performance estimates were still quite low. Very preliminary estimates of L/D for the current
Mach 1.6 design show significant I/D improvements--subsonically better than the baseline and
nearly equal to the baseline at its design Mach number of 1.6. Recall that the results for the Mach
1.6 design are very preliminary and are subject to change. They are shown only to indicate that
with effort toward systems integration, the performance of the low boom designs should improve.

Maximum L/D at 40,000 fi

Aerodynamic configuration trimmed; Low boom configurations untrimmed

Aerodynamic
M @_ 16 Low Boom Hi Low Boom | ®
p="1. g % Mp=20
— [ -
Mp=20 Mp=20

Figure 17
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Effect of Engine Plume on Sonic Boom
Signatures

Concern has been expressed about the effect of the engine plume on the sonic boom
signature of shaped configurations. To get an estimate of its effects, an Euler code was used to
calculate the plume of the low boom Mach 3 concept based on the pressure ratios defined for the
in-house Mach 3 engineB. In normal sonic boom calculations, the plume is approximated by a
cylindrical extension. Shown on figure 18 are comparisons of the sonic boom signature for the
Mach 3 configuration cruising at Mach 3 at 60,000 ft initially with the cylindrical plume and
beside it with the calculated plume. It can be seen that for the nozzle defined, the plume at 60,000
feet completely obscures any benefit of shaping. The pressure signature for the same Mach 3
configuration cruising at Mach 2 and 55,000 feet is shown on the second line. Although some
effect of the plume is still evident, it is much less than the effect at 60,000 feet. Initially these
results were used to conclude that the effect at Mach 1.6 and 45,000 feet would be not be
noticeable. It was found however, that a different engine was necessary for those conditions and
when actual calculations were made, the effect of the plume at 45,000 feet was comparable to that
shown at 55,000 feet. Clearly plume effects cannot be ignored during the design process.

Cylindrical plume Calculated piume
4.0
2.0
P M=3
p-pe, pst O J H = 60K
2.0
4.0
2.0p
P-Pos ST o[ N M=2
. N H = 55K
2.0 s
[ S N S . [N . P S T | i
<10 0 1.0 20 40 0 1.0 20 3.0 40
He Xo X“Xo
Figure 18
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Sonic Boom Contours as a Function of Mach
Number and Altitude

The sonic boom prediction method using modified linearized theury methods has been au-
tomated and integrated into an in-house performance code!®. Results of sonic booms at various
altitudes for the Low Boom I configuration are shown as contours on figure 19, These boom lev-
els were calculated for steady state conditions but it was found that acceleration and climb rates
typical for a transport configuration did not significantly change the results. Climb profiles for op-
timum performance and with boom constraints are shown on this figure.

Mach 2 low boom configuration
Take off gross weight, 590,000 Ibs

x 103
70F

60 |-

50
Altitude, 40
ft 3

20
10

20

18

Reduced boom
- climb paths

1.0 psf
1.2 pst

Minimum fuel
climb path

i 4 §

0 L
10 12 14

16 18 20

Mach number
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Ground Pressure Signatures fo
Perfo

0 | ASE

ance Flight Pro 15 E@

Shown in figure 20 are the ground level signatures for the low boom Mach 2 configuration
as it climbed to cruise along the optimum performance flight path, Al signatures are plotted to the
same scale for comparison. Note that during the cruise portion of the flight the signature achieves
it flat top shape as predicted, but during climb, bow shock levels as high as 2.8 psf are generated

Mach i} fovw
¥

{end cruise}

(start cruise)

T ——

‘*“r'&“*'*c;g¢‘” o

Altitude,
ft

Higure 20
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Ground Sonic Boom Signatures for Restricted
Flight Profiles

Shown in figure 21 is the flight path necessary and sonic boom generated when the sonic
boom bow shock level is restricted to 1.2 psf. As can be seen, to limit the boom to 1.2 psf,
supersonic speeds must not be achieved until 35,000 feet. For this flight profile, there is a 2%
penalty in total range when compared to the performance profile.

De"a Pmax = 1.2 pSf
Mach 2 low boom configuration
Take off gross weight, 590,000 Ibs

i end crui
(i uise)

70 e _
60| 1 {start cruise)
50 |
" ..r::a;,q._
/—i: -

Altitude, 40
o 30F e
20

10F

0 j 1.
10 12 14 16 18 20
Mach number

Figure 21
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Ground Sonic Boom Signatures for Restricted

To limit the boom to 1.0 psf., figure 22 shows that the configuration must be at
approximately 43,000 feet before going supersonic. This profile results in a 5% range penalty
when compared to the optimum performance path. It is evident from these results that the entire
flight profile of the low boom configuration must be considered when evaluating its economic

performance.

Flight Profile

Delta Piax = 1.0 psf
Mach 2 low boom configuration
Take off gross weight, 590,000 Ibs
x 103 U ——— (end cruise)
70 ™ s~ o e
60 | (start cruise)
50 —_—
i 40 i "'é‘v:Av |
Altitude, S N—_—
ft 30}
20+
10}
0 1 1 i J

]
10 12 14 16 18 2.
Mach number

Figure 22
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Concluding Remarks

Wind Tunnel results indicate theory validation, especially at
Mach 2, but signatures at greater distances needed.

Next designs will target lower Mach numbers and will
stress integration of performance and low boom
characteristics.

Next designs will be tested for low boom and performance.

Plume effects and entire mission profile must be considered
in the design and evaluation of configurations.

Figure 23
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LOW-SONIC-BOOM DESIGN PERSPECTIVE
CURRENT GOAL: No perceptible boom over populated areas

ASSUMPTION IN HSCT VIABILITY STUDIES:
No supersonic flight over land
Optimized over water routing

HSCT ENVIRONMENTAL IMPACT STUDIES WITH "ACCEPTABLE" BOOM

OBJECTIVES:

Evaluate the impact of applying innovative sonic boom technology to
practical HSCT configurations, for possible overland supersonic
cruise.

Identify design issues, performance and noise characteristics, and
economic benefits relative to a baseline configuration.
5

RESULTS:

Three low-boom configurations developed, one in each HSCT Phase
III, ITA, and ITIB.

Propagating
shock wave

Flightpath

Figure 1. Sonic boom pressure field.
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DESIGN APPROACH FOR REDUCED SONIC BOOM

Unfortunately, the sonic boom design goal is not yet firmly established, because we
do not know enough to precisely define sonic boom waveforms that are psycho-acoustically
acceptable to humans. However, for this study, the sonic boom design goal was to obtain a
sonic boom waveform at the ground with loudness of 72 dBA or less. The 72 dBA loudness
criterion was developed from an analysis of available human response test data acquired
during the 1970s (ref. 2). This reduced loudness is obtained by reducing the magnitude of
the pre’ssxé‘re jump across each shock wave in the sonic boom waveform to a value of about
0.75 Ib/ft4.

The sonic boom constraint defined above has a profound effect on the airplane design.
In particular, the airplane lifting surfaces must be highly swept, lightly loaded, and spread
along the horizontal length of the airplane. In addition, the distribution of volume must be
closely dove-tailed to the lift distribution. An appropriate flight condition (Mach, altitude,
and gross weight) must also be selected to achieve a realistic configuration.

Conventional configuration Low-boom configuration -
Mach 0.9 over {and Mach 1.7 over land
Mach 2.4 over water Mach 2.4 over water

114

I/\Sharped” boom

ANE N

Sonic boom
loudness,
~ decibels

Possible range
of acceptability

Figure 2. Conventional and low-boom concepts compared.
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TARGET SONIC BOOM WAVEFORMS , PHASE X

In HSCT Phase 111, configuration III was designed with the objective of meeting the
72 dBA target with 1.0 1b/ft2 shocks at Mach 1.5 cruise with a "ramp" waveform, shown
below (refs. 2 through 5). The design loudness of 72 dBA was not met, however, due to the
stronger-than-desired tail shock and intermediate shocks. In Phase IIIA, the target waveform
for Mach 1.7 cruise was revised to be a "delayed ramp" waveform with 0.90 1b/ft2 shocks,
resulting in configuration [IIB. Again, however, the calculated loudness of 77 dBA did not
meet the loudness goal, primarily because of an update to the shock-wave rise-time effect.

In Phase TIIB, the target shock strengths were reduced to 0.75 Ib/fi? to achieve the 72
dBA target loudness. In addition, the target waveform was revised slightly, as shown below.

Predicted Sonic-Boom Waveform at the Ground (Sea Level),
Kr = 1.9, standard day temperature, no wind

2
‘Ramp” waveform Config. Ill (Phase II)
Ap, 1 Mach 1.5, 48,000 ft, 650,000 Ib
Ib/ft2 0 | | 0}3
N

0 . 0.1 0.2
A = Time, sec
2 —

“Delayed ramp” waveform Config. IllA
(Phase I1A) Mach 1.7, 44,000 #, 650,000 Ib

l i i

0 .

0 . 0.1 0.2 0.3
A= Time, sec '
2

Modified delayed ramp waveform

AP 1 = Config. B (Phase HliB) Mach 1.7,
44,000 ft, 62(?,000 b

0 . 0.1 0.2 —— 0.3
q Time, sec

Figure 3. Target sonic boom waveforms.
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AIRPLANE DESIGN FOR REDUCED SONIC BOOM LOUDNESS

The sonic boom design constraint was imposed in the form of an overall target
distribution of the Whitham F-function, which is directly related to the target sonic boom
waveform at the ground. The target F-function fundamentally defines the airplane lift and
volume aerodynamic characteristics close to the airplane (Ref. 6). The sonic boom
disturbance at the ground includes the effects of atmospheric propagation (Refs. 6 and 7).
Figure 4 shows the overall target F-function and the associated sonic boom waveform at the

ground.
Configuration HlIB A
02 —
_ ; ; Mach 1.7
F-function at the airplane 44000 1t attitude
0.1 p— 620,000 Ib gw
F-function,
ft 0.5 0 I I
0 1 300
00 X ft 200
-0.1 —
20 —
Waveform at the ground Sea level
1.0 Standard day temperature
Loudness = 70 dBA  No wind
AP, |
Ib/ft2 0
0 1 o
00 X ft 200 300
-1.0 —
For 0.75 Ib/ft2 bow shock,
20 rise time is about 6 msec

Figure 4. Target F-function and waveform.
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DESIGN PROCEDURE FOR LOW SONIC BOOM

Figure 5 outlines the design process that was used in Phase HIB to define
configuration IIIB. Many iterations in geometry were required to approach the desired
overall airplane F-function. The lift and volume contributions of each airplane component
(wing, body, nacelles, horizontal tail, and vertical tail) must be located and shaped
appropriately, while considering any mutual interference effects. Each design iteration led to
a correction in the actual airplane F-function and a directly-related correction to the
geometry.

Lift

4

lterate
until “smooth”

Total

Total - lift

2

lterate to AF = 0

v

Figure 5. Design procedure for low sonic boom.
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WING DESIGN AND NACELLE LIFT EFFECTS

Because the sonic boom from large, heavy cruise vehicles is lift-dominated, the most
important airplane component is the wing planform and the lift distribution that it produces.
Accordingly, previous Phase III studies have focused on arrow-wing planforms, wing
leading-edge strakelets, and appropriate wing camber and twist designs. However, another
aspect of the lift distribution is the lift produced by the nacelles, mounted aft on the wing
lower surface. The positive pressures from the nacelle forebodies pressurize the wing lower
surface, producing a beneficial lift force of up to 10% of the total lift. Because the effect is
strong and localized, it should be considered eary in the design phase. The Phase ITIA
configuration required a rather severe fuselage area-ruling to counteract the non-smooth lift
distribution in the vicinity of the nacelles.

Therefore, one of the major goals of Phase ITIB was to achieve a smooth overall lift
distribution, considering the nacelle lift-interference effects. This was accomplished as
follows: 1), use of new baseline nacelles, having a smaller area growth, and 2) revised wing
camber and twist design, with a reflex in the camber surface near the nacelles.

Figure 6 shows the improvement in the F-function due to lift, by comparing the F-
functions of the IIIA configuration and the new IIIB design. These F-functions were
calculated by converting the lift distributions into the equivalent bodies of revolution for the
start-of-cruise condition, according to the standard sonic boom methods (Refs. 7 and 8).

0.2 — /—HIB V= X-pr
Configuration [lIA _—lIA, Nonsmoothness
Y due to nacelle lift effect.
0.1 -
F-function,
F(Y),/t%° . _fm/
0 400
0.1 |~
02 - Tail lift

Figure 6. Calculated F-functions due to lift.
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AREA DISTRIBUTIONS AND F-FUNCTION DUE TO VOLUME

The details of the volumetric components were defined next, beginning with the
fuselage forebody. The forebody shape is important because it produces the initial 0.75 1b/ft2
shock wave and the constant-pressure region of the target sonic boom waveform. It was
defined by the method of Reference 9, with a slight reduction of forebody cross-sectional
area to account for forebody lift. Figure 7 shows the area distribution and F-function
produced by all of the volumetric components.

0.1

F(Y), #t05
0.1

200
Area,
A(X), ft2
100
0
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Configuration [lIB
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Y, ft

100 200 300

Wing

~— Nacelles
Exhaust plume

Fuselage _ _
Horizontal tail
Vertical tail
| i
100 X, ft 200 300

Figure 7. Area distributions and F-functions due to volume.



FUSELAGE AREA DISTRIBUTIONS

The fuselage area distribution shown in Figure 8 is quite different from previous low-
boom configurations, because of the 0.75 1b/ft2 constraint and the smoother lift distribution.
The aft-body shape in particular is impacted by the more severe sonic boom constraint,
resulting in reduced seating capacity ( only 237 mixed-class or 252 all-tourist passengers).
This fuselage shape could be improved, in terms of seating capacity and also wave drag, by
modifying the wing planform and lift distribution. In addition, the aft-body design needs
more investigation.

Figure 8 shows the severe area-ruling of the IIIA configuration in the vicinity of the
nacelles, due to the non-smooth lift distribution. This effect was reduced considerably for
configuration IIIB.

200 — i

Configuration Il
J—‘ {HA
. F 1B

Area ruling resulting from
nonsmooth lift distribution

Fuselage configuration 1A

Cross-
sectional
area, ft2

100 —

0 100 200 300 400
i

Figure 8. Fuselage area distributions.
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LOW SONIC BOOM DESIGN, CONFIGURATION HIIB

The drawing of the uncycled configuration, the Model ITIB, is shown in Figure 9.
This drawing was used as the basis for developing the sonic boom characteristics, as well as
the inputs and scalars for the performance sizing program.

$ | | (11

Figure 9. Model IIB, General Arrangement.
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SONIC BOOM CHARACTERISTICS

The Mach 1.7 overland cruise sonic boom waveform at the ground was calculated for
the start-of-cruise condition and is shown in Figure 10. The bow and tail shocks meet the
0.75 1b/fi2 design goal. Although the waveform exhibits smaller pressure jumps and
isentropic pressure increases, the calculated sonic boom loudness is 71 dBA, which is less
than the design goal of 72 dBA. The small pressure jumps are not significant for sonic boom
loudness.

The calculated loudness is sensitive to the shock-wave rise time. For this study, rise-
time values were determined from an empirical analysis of N-wave sonic booms produced by
Air Force fighter and SR-71 aircraft. The rise time of the 0.75 Ib/ft2 bow shock is about 6
msec; the smaller shocks have an appropriately longer rise time.

02 — F-function at the airplane -
Configuration 1B
Mach 1.7
0.1 44,000 ft altitude
F-function, 620,000 Ib gw
0 100 X, ft 200 300
-0.1 —
Waveform at the ground
1.0 Sea level
Loudness = 71 dBA Standard day temperature
| No wind
ap, O l l
; 0 100 200
Ib/it? K, 1t -
-1.0
20

Figure 10. Actual F-function and waveform.
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SIZING, PERFORMANCE, AND NOISE CHARACTERISTICS

The airplane is sized for a 5000 n. mi. mission by fuel volume (wing area) and
minimum takeoff weight (engine size). Figure 11 compares Model IIIB to its baseline
airplane. Despite the large 15% loss in payload from 279 to 237 passengers required to
achieve the target 0.75 1b/fi2 waveform, the takeoff gross weight increased 2%, OEW
increased 8%, engine size increased 6%, while block fuel was essentiatly unchanged. On the
other hand, takeoff and landing performance of Model ITIB was substantially improved

_relative to the baseline due to the low wing loading dictated by the fuel volume requirement.
This in turn lead to lower takeoff noise levels for the Model IIIB, -2.7 EPNdB and -1.3
EPNAB at the sideline and community points, respectively.

The performance assessment of the Model IIIB relative to the baseline was done at
the average fleet mission of about 3450 n.m., of which about 25% is flown over land. The
baseline flies the overland portion of the flight at Mach 0.9, while Model IIIB flies it at Mach
1.7, which reduces the block time by about 0.5 hour.

Model lIB and lts Baseline

20 —
Payload MTOW OEW Engine Block
airflow fuel
10 —
Percent
change
relativeto O
baseline

-10

M = 2.4 design mission

20 “—

Figure 11. Performance comparison, Model IIIB and its baseline.
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these formidable design problems.

SUMMARY OF PHASE III CONFIGURATIONS

During the Phase III low sonic boom studies, several configurations have been
designed, with different sonic boom and conﬁgurauon constraints. Figure 12 gives a
comparison of their respective design conditions and constraints. The early studies illustrated
the advantages of lower altitude and reduced supersonic Mach number. Higher Mach
number, as well as higher altitude, make the low-boom design problem inherently more
difficult because far-field propagation pushes the waveform toward the form of the far-field
N-wave, rather than the "shaped" low-boom waveforms. Therefore, at higher Mach or
altitude, severe configuration changes are required to achieve the shaped near-field
waveforms with reduced shock strength. For example, the Mach 2.4 low-boom configuration
2B had significant drag and weight penalties, and a balance problem due to a wing location
far back on the fuselage. The Mach 2.4 configuration was not pursued further, because of

In Phase IIIA, a new sonic boom target waveform was developed, the "dalayed ramp"
waveform, and the cruise Mach number was increased from Mach 1.5 to 1.7. The delayed
ramp waveform has several desirable features from the standpoints of conﬁguratmn design,
sonic boom propagation, and loudness.

Overwater Cruise is at Mach 2.4 in all Cases

Overland start-of-cruise

Phase [Configuration Sonic boom design condition
constraint (target)
Mach lAltitude, fti GW, ib
m Ramp waveform, Special forebody shape,
1B APgy = 1.0 b/f2] 15 48,000 | 650,000 | arrow-wing planform with strake,
72 dBA loudness staggered nacelles, etc.
Much longer forebody, bigger strake,
2B Same as 1B 2.4 | 53,000 |650,000 | aft wing location, drag penalty,
20% increase in TOGW.
Two-post landing gear, 268 PAX.
i Same as 1B 15 48,000 650,000 Actual boom loudness 78 dBA.
Delayed ramp Vi ; ‘ o f "
waveform inor configuration changes from i,
HiA A APgp = 0.9 Ib/2| 7 | 44000 | 850.000 | 553 pax, 77 dBA loudness.
72 dBA loudness
Modified delayed Smoother lift distribution, new nacelles,
B ne ramp 1.7 | 44000 |620000 | Mmodified fuselage with aft-body

APgy = 0.75 Ib/ft?
72 dBA loudness

extension, four-post landing gear,
237 PAX, 71 dBA loudness.

Figure 12. Summary of low-sonic-boom design constraints.

715



IMPACT OF SONIC BOOM DESIGN CONSTRAINT

For the 5000 n.m. mission, relative to a baseline configuration, the low-boom designs
typically have the following characteristics: heavier TOGW, higher L/D, and similar block
fuel. These characteristics are compared in Figure 13 for the three low-boom configurations
and their respective baseline configurations. The 0.75 1b/ft2 design (IIIB), however, suffers .
from reduced L/D and passenger count, as a direct result of the severe sonic boom design
constraint. Accordingly, its block fuel per passenger is 17% greater than the baseline.

Sized Airplanes for 5,000 nm Mission

279
100,000 — ) -
A (MTOW) Adst |
or __-® 268
b PAX
50,000 — count 253 MM l
237 @&~ —————e 268
0 247
279 Baseline PAX 253
A Block —
fuel 0 Baseline
Ib -10,000
’ Low boom
M2.4 1=
cruise
A (L/D) 0 | Baseline (ref.)
i Phase " }lI
- | (Configuration) @~
0.7 0.8 0.9 1.0

Design sonic-boom-shock strength, APg,,, Ib/ft?

Figure 13. Effect of the level of the sonic boom constraint.
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WING LOADING CONSIDERATIONS

In designing for reduced sonic boom, the wing loading, W/SREF, is a particularly
important design variable. For conventional configurations, the lift is concentrated over only
about 50% of the total airplane length. Such wings have obvious advantages in terms of
weight and skin friction drag. For the low-boom configurations, however, the 1ift must be
distributed over a larger fraction of the airplane length and over a larger wing area. For
example, the design wing loading of the low-boom configuration IIIB is about 63 Ib/ft2,
whereas the wing loading of the baseline configuration is close to 100 1b/£t2,

The effect of airplane sizing for optimum cruise performance is illustrated for
configuration IIIB when it is sized for the 5000n.m. mission. As shown in the table below,
the wing area was reduced from 9870 to 8632 ft2, which increased the wing loading from 63
to 73 Ib/ft2; optimum cruise performance is obtained with the higher wing loading. The
increase in wing loading, however, means that the wing lift may then be too concentrated and
the low-boom design requirement may no longer be satisfied. This result indicates that there
may be an inherent penalty for low-boom configurations because of the sonic boom
requirement for a relatively large, lightly-loaded wing. Obviously, another cycle in the
design procedure is needed, to develop the best compromise between the low-boom
requirements and optimum cruise performance. In all of the Phase III studies, only a single
pass was made through the sizing exercise.

Gross Weight, W, 1b Effective Wing Wing Loading,
- AtStart-of-Cruise  Area, SREF, ft2  W/SREF, Ib/ft?
Design Pt., 620,000 9870 63
Config. IIIB
Sized Apl., 628,000 - 8632 73
(5000n.m.),
Config. IIB
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CONCLUSIONS

Configuration ITIB was designed for reduced sonic boom loudness at the ground and
was compared to a baseline configuration in terms of size, performance, and noise. The
following statements summarize the major conclusions:

1) In designing for reduced sonic boom loudness, many design variables must be
considered, including flight condition variables and configuration design constraints that
conflict with the sonic boom constraints.

2) In the "shaped boom" concept, shock coalescence and waveform aging must be
retarded to avoid the N-wave form. Minimum aging occurs at the lower altitudes and lower
supersonic Mach numbers.

3) The sonic boom loudness goal of 72 dBA was achieved by keeping the shock
waves to less than 0.75 1b/fi2, based on an empiricaly-derived rise time of six msec.

4) Compared to previous Phase III sonic boom constraints of 1.0 and 0.9 1b/ft2, the
0.75 Ib/ft2 constraint produced additional penalties in gross weight, drag, passenger count,
and performance.

5) A long, slender aft body was required for the 0.75 1b/ft2 constraint, which resulted
in a 15% reduction in seating capacity to only 237 mixed-class passengers (or 252 all-
tourist), and a 2% increase in maximum takeoff gross weight relative to the baseline airplane.

6) Takeoff noise was decreased by about 2 EPNdB, due to the low wing loading
dictated by the fuel volume requirement.

7) A performance benefit for operating at Mach 1.7 over land, rather than at Mach
0.9, did not materialize because of the large decrease in the ratio of payload to.takeoff gross
weight.

8) The deficiencies of configuration IIIB in terms of drag, weight, and passenger
count can be improved somewhat by additional design work and a better compromise
between the low-boom requirements and optimum cruise performance; the more severe
design constraint of 0.75 1b/ft2 makes the design process more difficult.
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This paper describes the NASA Ames Research Center program in sonic boom prediction
methodologies. This activity supports NASA's High Speed Research Program (HSRP). An
overview of the program, recent results, conclusions, and current effort will be given. This
effort complements research in sonic boom acceptability and vahdatlon being conducted at

INTRODUCTION

Langley and Ames Research Centers.

The goals of the sonic boom element are: to establish a predictive capability for sonic booms

generated by High-Speed Civil Transport (HSCT) concepts; to establish guidelines of

acceptability for supersonic overland flight; and to validate these findings with wind tunnel
and flight tests. The cumulative result of these efforts will be an assessment of economic

viability for supersonic transportation. This determination will ultimately be made by the
aerospace industry.
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CFD SONIC BOOM PROGRAM

Established approaches to sonic boom prediction and minimization utilize linear supersonic
aerodynamics and quasi-linear acoustic propagation theory. However, the accuracy of these
methods deteriorates as the Mach number or angle of attack increases, and they have
difficulty modeling complex geometries and propulsion system effects. The new generation
of proposed HSCTs will be highly optimized in all respects, and hence will require improved
accuracy in optimizing the sonic boom.

It has been proposed to utilize computational fluid dynamics (CFD) to provide the near-field
pressure distribution. This approach has several advantages: nonlinear effects and
geometric complexities can be fully accounted for, including propulsion system effects; the
pressure field can be propagated to a distance sufficiently far from the vehicle that linear
propagation theory is valid; a complete aerodynamic description of the vehicle is generated,
facilitating simultaneous analysis of the complete system; and a common database can be
used for low speed analysis and off-design performance.

The first element of this project was to validate CFD codes for sonic boom prediction. Three
test cases of increasing complexity were selected for this purpose, and results of this study
will be given later. Other aspects of the CFD activity include predictions of sonic boom for
proposed configurations, pre-test analysis of wind tunnel models and post-test diagnostics,
and numerical minimization of sonic boom loudness using CFD and optimizer technology.

' AMES SONIC BOOM PROGRAM
(COMPUTATIONAL)

- Code validation
« CFD near-field prediction
- Experiment support

« Loudness reduction
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EXPERIMENTAL SONIC BOOM PROGRAM

Wind tunnel testing is another important aspect of the sonic boom effort. The 9x7-foot tunnel
at Ames accesses the Mach 1.5 to 2.5 range and allows large models to be tested with
measurements at sufficiently large altitudes for code validation and linear extrapolation. This
facility was used extensively in the 1970's to test SST concepts. However, "tailored"
waveforms are a relatively new concept and a sonic boom database needs to be developed
for these configurations. Thus, as low-boom models are produced, the 9x7 will be used to
measure sonic boom performance, providing code validation data and benchmarking
progress of low-boom designs.

AMES SONIC BOOM PROGRAM
(EXPERIMENTAL)

Update data base

Verify design methods

Demonstrate performance
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AMES COOPERATIVE RESEARCH

At NASA Ames, the Applied Computational Fluids Branch (RFA) and the Advanced
Aerodynamic Concepts Branch (RAC) are contributing to the sonic boom prediction
methodology. The Applied Computational Fluids Branch is emphasizing code validation and
coupled aerodynamic optimization/sonic boom minimization, while the Advanced
Aerodynamic Concepts Branch is performing aerodynamic optimization and complex
configuration analysis, and conducting wind tunnel tests with CFD correlation.

Care has been taken to integrate the effort in sonic boom prediction described here with the
other elements of sonic boom analysis. Langley-developed low-boom models have been
tested in the Ames 9x7 tunnel, and CFD correlation with these tests is in progress.
Preliminary results will be presented later. Future models developed by Langley, Ames, and
industry will be tested as well.

The acceptability criteria and atmospheric effects will play heavily into the determination of a
successful supersonic overland design. Results from this research will be factored into the
analysis as they become available. Complementary efforts in sonic boom minimization are
also integrated between the centers. Validated CFD codes will be used as numerical wind
tunnels to assess sonic-boom-minimized designs. Comprehensive systems analysis using
linear methods will, in turn, provide a baseline for subsequent nonlinear analysis using CFD.

AMES SONIC BOOM RESEARCH
ORGANIZATIONS

- Applied Computational Fluids (RFA)

CFD validation, sonic boom prediction and
minimization, aerodynamic optimization

- Advanced Aerodynamic Cconcepts (RAC)

CFD validation, sonic boom prediction,
aerodynamic optimization, wind tunnel tests
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CFD VALIDATION STUDIES

As mentioned earlier, three test cases were chosen to validate CFD codes for sonic boom
prediction and to gain experience in the modeling requirements. These configurations were
tested in the Ames 9x7-foot tunnel in the 1970's and have experimental data available at a
variety of operating conditions and altitudes (see Ref. 1). These geomefries represent a
progression of geometrical and physical complexity, from a cone-cylinder to a low aspect-
ratio wing to a delta-wing body.

In addition, a succession of CFD codes was applied to these test cases. These include
TRANAIR, a full-potential code with local mesh refinement capability; TEAM, an Euler/Navier-
Stokes code with versatile zonal grid capability; AIRPLANE, an unstructured-grid Euler
solver; and UPS, a parabolized Euler/Navier-Stokes code.

Initially, the CFD codes were used to generate a solution in the near-field, about one-quarter
to one body length vertically below the vehicle. The pressure on the centerline was then
extracted from the solution and used to initialize a quasi-linear extrapolation code to
propagate the signal to the desired altitude. Other methods of incorporating CFD into the
sonic boom analysis were subsequently investigated have been reported in Ref. 2.

CFD VALIDATION MODELS

Cdne Cylinder

Low—Aspoct—Ratio Wing
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CONE-CYLINDER VALIDATION

A cone-cylinder geometry was the first test case, where the cone angle is 6.48 deg. and the
test Mach number was 1.68. The overpressure signature for this model was measured at
altitudes of 10 and 20 cone lengths. Because of the large altitude and very weak shock
generated by the geometry, this case was a good test of dissipative errors present in the
computations. ‘

Results for this case using the UPS code have been reported previously in Ref. 2, and
further results will be reported in Refs. 3 and 4. The figure below shows the results for the
AIRPLANE, TEAM, and TRANAIR codes at an altitude of ten cone lengths. All three codes
show very good correlation with the data. Previous studies with the UPS code indicated that
grid resolution at the expansion was critical to capture the weak disturbance generated by
this shape. Note that the correlation with the data improves as the altitude at which the linear
extrapolation commences is increased, as indicated in the legend.

Cone-Cylinder, M=1.68, a=0.0, h/1=10.
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0.0050% ___ TRAM hyi=1.1 ,
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x/1
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LOW ASPECT-RATIO WING VALIDATION

The second test case was a low aspect-ratio (AR=0.5) rectangular-planform wing. The airfoil
was a 12.5%-thick biconvex section. The test Mach number was 2.01 and overpressure data
were taken at altitudes of 1 and 8 chord-lengths. This geometry generated a non-
axisymmetric flow field near the body, requiring a 3-D calculation for the near-field. Also, the
sting was large relative to the body, and contributed significantly to the strength and location
of the tail shock.

Again, the computational results show good correlation with the data taken at one body
length. The error in tail shock location arises mainly from sting interference not modeled in
the computations.

Rectangular Wing, M=2.01, a=0.0, h/1=1.0

0.50
.| e Experiment
) : :{ - --- AIRPLANE h/l=4
g )| —— TEAM h/1=1.0
o o ] [ETPP TRANAIR h/1=.75
S :
)
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DELTA-WING BODY VALIDATION

The final test case was a delta wing mounted on an ogive-cylinder fuselage. The airfoil
section was a 5%-thick double-wedge; the wing leading edge sweep was 69 deg. and the
trailing edge was swept forward 10 deg. This model was tested at Mach numbers of 1.68 and
2.7, and at lift coefficients of 0, 0.08, and 0.15. The higher Mach number swept the Mach
lines further back and substantially increased the size of the domain required to propagate
the shock structure to a given altitude from the body. Furthermore, the higher angles of attack
generated strong shocks that necessitated good grid resolution in the far field. Also, the sting
on this model ramped down from the fuselage diameter to about half its thickness, and this
effect required accurate modeling in the computations to match the expansion and tail shock
correctly.

The figure shows correlations at an altitude of 3.1 body lengths. The extrapolation interface
was varied to determine if near-field effects were still present, and it is clear that at one body
length, the flow is sufficiently linear and axisymmetric for sonic boom extrapolation purposes.
Subsequent studies have shown this to be valid as close as one-half body length altitude.
The wing span may be a better metric for sensitivity to non-axisymmetric features, and so it is
worth noting that for this case, the altitude of one-half body length corresponds to one full
wing span.

SENSITIVITY TO EXTRAPOLATION ALTITUDE

Pressure signal at H/L = 3.1

0
AP
P.
® Experiment
== CFD (viscous)
-02 Extrapolation (from H/L = 1)

- e Ex{rapolation (from H/L = 1.5)
e e Extrapolation (fromH/L = 2)

| | |
0 5 1.0 1.5
AX/L
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CONCLUSIONS FROM PRIOR RESEARCH

The code calibration studies to date have provided great insight into the applicability of CFD
to sonic boom prediction. At this point, it can be said without reservation that CFD can be
used in conjunction with quasi-linear extrapolation methods to predict sonic booms in the
near and far flow field accurately. In many ways, CFD paves the way to much more rapid
progress in sonic boom minimization. Errors in wind tunnel data may arise from flow quality,
intrusive probes, and model geometry, none of which are present in a good computational
discretization. Furthermore, CFD offers fast turnaround and low cost, so high-risk concepts
and perturbations to existing geometries can be investigated quickly. It is clear that at this
time, the role of the wind tunnel in low-boom model design is to benchmark progress at
significant intermediate stages and at the final design point of numerical model development.

Our studies have demonstrated that for HSCT concepts, Euler (inviscid) flow analysis is
sufficient for accurate sonic boom predictions. The most critical aspect is resolving the
geometry and flow field. This requires fine surface grids and solution-adaptive grid
procedures to keep the computational expense down. The computational domain needs to
extend beyond the range of nonlinearities and non-axisymmetric (at least in‘a local sense)
flow; as rules of thumb, an overpressure ratio (dp/p) of less than one-half and an altitude of at
least on wing span are required to employ linear methods to propagate the pressure to the
far-field.

f )

CONCLUSIONS FROM PRIOR
RESEARCH

« Euler equations simplest sufficient flow model
« Geometry and grid resolution are critical
« Solution domain must extend beyond nonlinear

and nonaxisymmetric range of flow
(dp/p<.5, z>L/2,b)
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LOW-BOOM MODEL INVESTIGATION

The next phase of developing sonic boom prediction methodologies focuses on low-boom
vehicle concepts. NASA Langley-developed low-boom models for cruise Mach numbers of 2
and 3 were tested in the 9x7-foot tunnel. The geometry of the Mach 2 model included flow-
through nacelles, which increased the complexity of the computational model significantly. A
multi-block grid, shown below, was generated for this body and solutions are being run to
correlate with the wind tunnel data.

.'f{tjimﬁ'mv,'_" : ' : _
GEVVHIGH 2 MO 7 - . el .
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LOW-BOOM MODEL INVESTIGATION

A preliminary result has been obtained for the Mach 2 cruise condition on a geometry that
included only the wing and fuselage. The front half of the signature is seen to correlate fairly
well with the data, but significant discrepancies are apparent on the rear half. The large
expansion and trailing shocks in the data are thought to be due to the sting and strain gauge
disturbances, which were not modeled computationally. Further investigations are in

progress to understand this result fully. Solutions will be obtained with blocked, flow-through,
and power-on nacelles also.

MACH 2 LOW-BOOM MODEL

Sonic BoomatH/L =1
M=2 o =0.69
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CURRENT RESEARCH OBJECTIVES

As mentioned earlier, attention is now being turned to higher-order effects on sonic boom.
This research includes the effect of the propulsion system, which impacts the sonic boom
through flow blockage from the pylons and nacelles, inlet spillage, and the exhaust plume.
The SA-1150 model will be used to investigate the effect of nacelle placement, while
computational studies are underway at NASA Langley to assess the plume effects.

Economic viability is another major thrust now being addressed. This is being pursued
through simultaneous aerodynamic optimization and sonic boom minimization. Recognizing
that supersonic flight over land is useful only if the resulting vehicle is efficient, these two
disciplines need to be linked during the design. The flow chart below demonstrates
conceptually how to proceed toward a design that derives the highest aerodynamic efficiency
from a vehicle that also achieves desired sonic boom levels. The CFD solution is used both
to predict the aerodynamics and sonic boom. Then, a gradient-type optimizer perturbs a
parameter space defining the vehicle geometry to reduce the objective function (for example,
a combination of sonic boom loudness and drag-to-lift ratio). The new geometry is generated
and the iteration loop continues. A good baseline configuration is desirable because of the
computational expense involved in this procedure. -

The successful conclusion of this effort will yield several valuable products. First, a proof-of-
concept configuration will be obtained which demonstrates good aerodynamic efficiency and
achieves target sonic boom levels. Also, a base of knowledge about propulsion system
effects and integration will be developed. Finally, validated codes will be produced that will
be available to impact the HSCT design.

& 3

SONIC BOOM MINIMIZATION LOOP

INITIAL
CONFIGURATION
GEOMETRY EDITOR
SURFACE GRID FLOW SOLVER
GENERATOR
OBJECTIVE
OPTIMIZER FUNCTION EXTRAPOLATION

EVALUATION
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SUMMARY

To summarize the sonic boom prediction effort thus far, we can state that code validation
studies are complete and the numerical/physical modeling requirements are well
understood. Currently, efforts are being focused on low-boom model development and
verification, along with an investigation of propulsion system effects on optimized models. A
major milestone in the upcoming year will review progress toward a low-boom design that
has good aerodynamic efficiency.

It should also be noted that both NASA Ames and NASA Langley Research Centers will be
using the HSCT as a demonstration problem for multidisciplinary numerical analysis on
massively parallel computers under the High Performance Computing and Communications
Program (HPCCP). The advances in design methodology sought in this program will be of
significant and direct benefit to the HSRP effon.

SUMMARY

CFD validation complete

Follow-on research In progress:
Complex geometry
Propulsion effects
Optimization

Major milestone to meet in early CY92

HPCCP to contribute
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FUTURE RESEARCH

Several avenues merit further exploration. Regardless of low-boom designs, many
operational issues for supersonic aircraft must be addressed. Some of these are the
prediction of off-track booms, which generally receive little attention but may be significant.
Also, superbooms generated during acceleration and climbout may endanger structures in
their path, and atmospheric focusing and refraction may affect the availability of supersonic
corridors. Nonlinear analysis can be brought to bear upon these phenomena.

Looking beyond the current HSCT development cycle opens up the possibility of advanced
concepts in supersonic vehicles that are best investigated computationally until a promising
design emerges. The use of oblique wings, canards, and unconventional nacelle

installations may offer improved sonic boom performance with superior aerodynamics as
well. '

POTENTIAL FUTURE RESEARCH
- Off-track boom prediction
« Maneuvering booms
» Caustics
- Advanced concepts
\. y
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The pressure pulse on the ground accompanying supersonic overflights is
popularly known as a “sonic boom.” It differs significantly from the pressure
pulse accompanying subsonic overflights in that it typically contains two
shocks (front and rear). These shocks are audible, and, due to their impulsive
nature and rapid onset, can often times be startling and annoying. To a first
approximation, the annoyance caused by these shocks constitutes the current
sonic boom “problem” for supersonic commercial transports.

Theoretically, it is not necessary to have shocks reach the ground for
supersonic overflight. Techniques that carefully control the growth of aircraft
volume and lift can be employed to eliminate the shocks. The primary
drawback to these techniques is the fact that they typically require long,
slender bodies outside the range of feasible structures for todays technology.
The audible sonic boom, then, is a fallout of current technology, and not a
necessity of supersonic flight.

Technology will eventually advance to the point where shockless booms are
feasible for commercial supersonic aircraft, opening up large portions of the
commercial air transport market that are currently landlocked to supersonic
aircraft, and creating a significant business opportunity for those who are
poised to exploit the new technology. For this reason it is important to
continue sonic boom minimization research, even in the face of considerable
skepticism.

THE SONIC BOOM
“BIG PICTURE”

» AUDIBLE SONIC BOOM IS A FALLOUT OF CURRENT TECHNOLOGY - NOT A
NECESSITY OF SUPERSONIC FLIGHT

» TECHNOLOGY WILL EVENTUALLY ENABLE SHOCKLESS BOOMS

« INCORPORATION OF LOW-BOOM TECHNOLOGY INTO 2ND GENERATION SST:
- DESIRABLE....YES '
- FEASIBLE.......22?

+ LOW-BOOM TECHNOLOGY EVENTUALLY = $3$$
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The current low-boom technology is focussed on shaping the pressure pulse
so as to minimize those aspects that most contribute to the loudness of the
boom, primarily the shock strengths. Pioneering work by Seebass and George
in the early 1970’s! showed that a body of revolution could be defined to
generate a specified sonic boom shape that minimized the shock strength,
maximum overpressure, or the impulse of the waveform. This body of
revolution can then be approximated with wing/body configurations by
matching the equivalent area distribution with the proper control of aircraft
volume and lift. This process has been formalized into a computer program
by Darden called SEEB.2

The SEEB code is the most widely used tool for sonic boom minimization
today. It has proven to be a powerful tool for designing low-boom
configurations and has led to the design of several sonic boom wind tunnel
models. Some of the limitations of the SEEB code include a restriction to two
basic waveform types (front shock and overpressure minimized), and a lack
of adequate treatment of off-track waveforms (SEEB only addresses the
undertrack waveform).

CURRENT LOW-BOOM
TECHNOLOGY

WAVEFORM SHAPING
* CURRENT ACTIVITY CENTERS ON AREA DISTRIBUTIONS FROM
SEEB COMPUTER CODE (SEEBASS/GEORGE SCHEME)
- GOOD STARTING POINT (IT WORKS)

- LIMITED IN PARAMETER SPACE
- LIMITED TO UNDERTRACK WAVEFORM
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The choice of Mach number for a low-boom aircraft is crucial to the success of
the resultant design. The physics of waveform shaping require vastly
different combinations of shapes and weights to achieve similar loudness
levels on the ground. The figure below shows the theoretical beginning of
cruise weight allowable for low-boom configurations vs. design Mach
number for the two classes of waveforms to achieve equal loudness levels.
Two things are immediately evident; higher Mach numbers severely limit
the weight of low-boom aircraft, and the flat-top (overpressure minimized)
waveform is much more restrictive than the front shock minimized
waveform, particularly at lower Mach numbers.

MACH NUMBER IMPACT ON GROSS WEIGHT

EQUAL LOUDNESS CURVES
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i
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N
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The choice of Mach number strongly impacts the shape of the low-boom
aircraft as well as the weight. Shown below are equivalent areas of equal
loudness for three Mach numbers; 1.6, 2.2, and 3.2. Whereas the previous
figure showed a clear advantage to designing for lower Mach numbers, in this
figure it can be seen that the equivalent area distribution required at Mach 1.6
is much more slender than that required at Mach 2.2 or 3.2. This can cause
problems in several areas including structures, payload capability, and
balance. This figure, coupled with the previous one, illustrates some of the
trade-offs involved in choosing a design Mach number for low-boom aircraft.
The best low-boom design is one that represents the optimum compromise
between all of the various parameters.
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Based on some of the data shown previously, Douglas Aircraft conducted
low-boom configuration studies under the 1990 NASA contract with a mixed
Mach number configuration flying at Mach 1.6 overland and Mach 3.2
overwater. Mach 1.6 was chosen overland based on sonic boom criteria
(primarily weight considerations) for a front shock minimized waveform,
and Mach 3.2 was chosen overwater to maintain the maximum level of
productivity possible. The initial cruise weight and altitude were set at 669,000
1b. and 42,000 ft. respectively. Internal SEEB parameters include a nose
bluntness ratio of 0.1, secondary pressure rise ratio of 0.7, and front/rear shock
ratio of 1.0.

The sonic boom goal for 1990 is to achieve a Stevens' MkVII perceived
loudness3 level of 90 PLdB undertrack at the beginning of cruise. The MkVII
loudness metric is appropriate for high-energy, impulsive sounds and has
been proven accurate for estimating and tracking human subjective response
to sonic booms, including shaped booms.4

"DAC 1990 CRAD DESIGN

+ MACH 1.6 OVERLAND / MACH 3.2 OVERWATER (30 % OVERLAND MISSION)
» 669,000 Ib. BEGINNING OF CRUISE WEIGHT
+ 42,000 ft. BEGINNING OF CRUISE ALTITUDE
- SEEB PARAMETERS:
- NOSE BLUNTNESS (Yf/L) = 0.1
- SECONDARY PRESSURE RISE = 0.7
- FRONT/REAR SHOCK RATIO = 1.0

+ SONIC BOOM DESIGN GOAL - STEVENS MkVIl LOUDNESS < 90 PLdB
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By the end of the contract work period a low-boom configuration was defined
to meet the desired sonic boom goals. The configuration, shown below, is 355
ft. long, and carries 286 passengers mixed class. The beginning of cruise,
undertrack sonic boom (also shown) has a perceived loudness of 89 PLdB, 1
dB under the design goal. The desired front shock minimized shape was
achieved in the front portion of the waveform with a 0.6 psf. front shock.
Some weak shocks persisted in the middle of the waveform. These shocks
slightly increase the loudness of the boom.

Salient characteristics of the low-boom aircraft, named the SB14, include a
high sweep wing to generate the desired lift distribution, two aft mounted
engines to smooth the volume distribution, and wing tips extending beyond
the aft fuselage to smooth the transition back to free stream flow. It is also
worthy to note that the SB14 has no horizontal tail.

SONIC BOOM STATUS
SEPT. 1990

MACH 3.2 OVERWATER/ MACH 1.6 OVERLAND

286 PASSENGERS
355 FT. LENGTH

BEG. OF CRUISE SONIC BOOM
» PERCEIVED LOUDNESS = 89 PLdB

1.0 1

- SHOCK STRENGTH = 0.6 psf.

- MAX. OVERPRESSURE = 1.5 psf. 05
2 0.0
Q.
<

time
-0.5 -
~1.0 4

NG
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The overall performance of the SB14 suffers from poor low-speed
aerodynamic characteristics. poor wing structural qualities , and balance (high
speed trim) problems. The figure below shows that the mission range is 3150
n.mi. for a beginning of cruise weight of 669,000 lb., roughly half of the 6500
n.mi. baseline design goal. Unlike most aircraft, the SB14 cannot be sized up
to increase the range because the sonic boom design point mvst be strictly
adhered to.

PERFORMANCE AND SIZING
RESULTS
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Several configuration modifications have been identified for the 5B14 to
improve its overall performance. These modifications focus on bringing
down the weight of the wing and improving the low speed aerodynamics and
high speed trim characteristics. Two of the potential modifications are shown
below. Alternate A represents a minimum planform change approach where
the inner wing box is modified and the inboard trailing edge is extended in
conjunction with mounting the two aft engines on a vee-tail. Alternate B
represents a more drastic modification where the outer wing panel is
unswept, the outboard wing chord is increased, and a large chord inboard
wing box is incorporated along with the modifications of Alternate A. It is
believed that these modifications can bring the performance of the low-boom
aircraft back up to par with the baseline standard.

POTENTIAL CONFIGURATION
MODS

ALTERNATE A (minimum change)
- INBOARD TRAILING EDGE EXTENSION
- REVISED INNER WING BOX
« INBOARD AFT ENGINES ELEVATED ON
AFT VEE TAIL

ALTERNATE B
- OUTER WING PANEL HAVING LESS TAPER,
LESS SWEEP
- INBOARD TRAILING EDGE EXTENSION
- LARGE CHORD INBOARD WING BOX
- INBOARD AFT ENGINES ELEVATED ON
AFT VEE TAIL
WCDOMNELL DOUGLAS CORPORATION PROPIIETARY RICHTS ARE INCLUDED 1M THE INFORMATION DISCLOSED HEREIK REC/MENT BY ACCEPTING
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The configuration modifications shown in the previous figure can be
incorporated with little to no impact on the sonic boom if they are
implemented carefully. In the figure below two equivalent area distributions
are shown. Both represent ground waveforms less than or equal to the 90
PLdB goal. One of the area distributions was generated for a nose bluntness
factor of 0.10 corresponding to the 1990 design point. The other area
distribution was generated with a nose bluntness factor of 0.0. The shaded
area between the two curves represents the estimated area increase from the
modifications shown previously for Alternate A. By increasing the nose
bluntness (decreasing the factor) it is possible to incorporate the desired
configuration modifications with little to no sonic boom penalty.
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The previous figure showed that it is possible to incorporate the desired
modifications to the SB14 wing by increasing the nose bluntness of the
configuration. The corresponding increase in wave drag from such an
increase is shown in the table below. By changing the nose bluntness
parameter (Yf) from 0.10 to 0.0 the wave drag is increased by 13.7% which in
turn decreases the L/Dmax from 8.576 to 8.446 (1.52%). This represents a
minimal aerodynamic impact and is not significant compared to the potential
weight savings that can be achieved through implementing the planform
changes mentioned previously. These studies indicate that the performance
of the SB14 can be brought up to the baseline standard with minimal changes
to the sonic boom levels and the aerodynamic drag.

IMPACT OF NOSE BLUNTNESS
ON AERODYNAMIC
CHARACTERISTICS

Yf Cdwave | A Cdwve |Cdmin(tot)| L/Dmax | AL/Dmax
(%) (%)
0.10 .001373 0.0 .00707 8.576 0.0
0.05 .001430 4.2 .00712 8.555 -0.24
0.00 .001561 13.7 .00723 8.446 -1.52
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It was mentioned earlier that the SEEB code is limited to undertrack
waveforms. This is not usually considered to be a serious limitation because
for most aircraft the sonic boom levels decrease off-track, primarily because of
the increased attenuation realized over greater propagation distances. The
plot shown below of loudness level vs. off-track distance at the beginning of
cruise indicates that this is not the case for the SB14. The off-track boom
reaches a peak level of 92.7 PLdB before attenuating out to the cutoff value of
86.5 PLdB on the edge of the carpet. This atypical increase in off-track levels is
the result of a lack of attention to off-track area growth during the initial
design stage for the SB14. Currently no methodology exists for minimizing
off-track booms, though it is clearly prescribed by results such as these.

Loudness Level vs. Off-Track Distance
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SUMMARY

- CURRENT EFFORTS LIMITED TO SEEB CODE, EXTENSIONS OF
PARAMETER SPACE MAY BE USEFUL |

- SEEB F-FUNCTION AND DESIGN PARAMETERS EXERT
CONSIDERABLE INFLUENCE ON AIRCRAFT GEOMETRY

. 1990 STUDY AIRCRAFT MEETS LOW BOOM CRITERIA
UNDERTRACK BUT HAS UNACCEPTABLE PERFORMANCE

« PLANFORM AND STRUCTURAL MODS APPEAR FEASIBLE TO
ENHANCE PERFORMANCE

- OFF-TRACK LEVELS MUST BE MONITORED AND CONTROLLED
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FINAL THOUGHT

QUESTION IS NOT |IF LOW-BOOM AIRCRAFT CAN BE DESIGNED,
BUT RATHER WHEN 1T wWILL BE DESIGNED,

AND WHEN wiLL THE TECHNOLOGY BE AVAILABLE.
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TRUE FINAL THOUGHT
(I PROMISE)

" IF YOU THINK ABOUT ANYTHING LONG ENOUGH
SOMETHING IS BOUND TO POP INSIDE YOUR HEAD
BESIDES A COLD"

- VIN SCULLY
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Session V. Sonic Boom (Aerodynamic Performance)

Sonic Boom Predictions Using a Modified Euler Code
Dr. Michael J. Siclari, Grumman Corporate Research Center
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INTRODUCTION

The environmental impact of a next generation fleet of high-speed civil transports (HSCT) is a
great concern in the evaluation of the commercial development of such a transport. One of the potential
environmental impacts of a high speed civilian transport is the sonic boom generated by the aircraft and its
effects on the population, wildlife, and structures in the vicinity of its flight path. If an HSCT aircraft is
restricted from flying overland routes due to excessive booms, the commercial feasibility of such a venture
may be questionable.

NASA has taken the lead in evaluating and resolving the issues surrounding the development of a
high speed civilian transport through it High-Speed Research Program (HSRP).

The present paper discusses the usage of a Computational Fluid Dynamics (CFD) nonlinear code 1n
predicting the pressure signature and ultimately the sonic boom generated by a high speed civilian
transport.

NASA has designed, built, and wind tunnel tested two low boom configurations for flight at Mach
2 and Mach 3 (see Ref. 1). Experimental data was taken at several distances from these models up to a
body length from the axis of the aircraft. The near field experimental data serves as 4 test bed for
computational fluid dynamic codes in evaluating their accuracy and reliability for predicting the behavior of
future HSCT designs.

Sonic boom prediction methodology exists which is based on modified linear theory. These
methods can be used reliably if near field signatures are available at distances from the aircraft where
nonlinear and three dimensional effects have diminished in importance. Up to the present time, the only
reliable method to obtain this data was via the wind tunnel with costly model construction and testing.

It is the intent of the present paper to apply a modified three dimensional Euler code to predict the
near field signatures of the two low boom configurations recently tested by NASA.
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APPROACH

In order to compute the supersonic flow field about a configuration, a three dimensional Euler code
called MIM3D (Multigrid-Implicit-Marching) was modified to accommodate the unique prediction of sonic
boom signatures below and aft of an aircraft configuration. The numerical scheme is based on a Jameson
type finite volume vertex Runge-Kutta scheme (Ref.2). Further documentation of the present method as
applied to high speed flows can be found in Refs. 3 and 4.

The three dimensional unsteady Euler equations are solved using an implicit marching technique.
Stability and smooth shocks are maintained with the addition of second and fourth order dissipation. The
steady state solution at each marching plane is obtained using an explicit multi-stage Runge-Kutta time
integration scheme with local time stepping and implicit residual smoothing to accelerate convergence. To
further accelerate convergence to a steady state solution in each marching plane, a multigrid scheme can
also be applied in the crossflow plane.

The solution is started at the apex of the configuration by assuming a small conical nose cap based
on the geometry of the configuration at the first step. The unique aspects of this technique is that it is very
fast and requires very little memory for large grids.

The sonic boom version of this code called MIM3DSB has been modified to retain accuracy for
sonic boom computations. Unlike aerodynamic computations, where only accurate surface data needs to
be predicted, sonic boom computations require accuracy in the field below and aft of the aircraft. For
example, to predict a pressure signature just one body length below an HSCT flying at Mach 3, the
computation must be carried out with sufficient accuracy to 3 body lengths aft of the end of the
configuration. Since the same number of grid points normal to the body are available, a loss in resolution
occurs as the computation proceeds aft of the end of the vehicle.

Some of the key modifications incorporated into the present method to retain accuracy are as
follows:

- adaptive outer grid boundary that automatically senses the bow shock wave and adapts the
grid

- downstream boundary that corresponds to the freestream Mach cone

- multiblock grid that allows for a switch from a wing-body type grid with a slit for wake
matching to a simple polar grid aft of the configuration

- sonic boom pressure signature output at user specified distances below the aircraft. These
signatures can then be extrapolated to the ground using sonic boom extrapolation methods.

The present sonic boom Euler code has been applied to axisymmetric projectiles and wing-body
configurations in Ref. 5.
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Figure 1 shows a side view of a typical grid topology used in the present Euler code for the Mach 3
low boom configuration. The aircraft is extended with a sting. In this case, the sting represents the actual
sting used to support the model in the wind tunnel. The sting then terminates in a Mach cone surface
where freestream boundary conditions are applied. The grid is then restricted to lie between the outer
boundary just outside the bow wave and a downstream Mach surface. The outer boundary is
progressively adapted to the shape of the bow wave by the computation. Essentially, the outer boundary
is part of the solution. To compute a pressure signature at just one body length normal to the axis of the
Mach 3 aircraft, the computation must be carried out 3 to 4 body lengths aft of the aircraft. As illustrated
by Figure 1, if the grid topology was extended to the axis of the aircraft, a loss of accuracy of the solution
would occur due to the increase in distance from the aircraft axis to the outer grid boundary as the
computation proceeded downstream.

Figure 1  Side View of Grid Topology Used For Sonic Boom Computations

762



Figure 2 shows the overall grid topology for the Mach 3 low bow configuration. A typical stacked
crossflow plane grid topology is used over the aircraft. At the end of the wing, the grid is switched to a
new block with a polar grid containing the sting. Hence, the computation is performed using two grid
blocks. One contains the aircraft, and the second block, the sting and Mach surface. The furthest distance
downstream at which the computation remains valid is determined by the length of the sting extension.
This occurs because the sting effects the strength of the tail shock. If the sting is too short, the Mach
surface, where artificial freestream boundary conditions are imposed, will effect the formation of the tail
shock. Typically, the length of the sting varied by a half to one aircraft length. This allowed for
computations of pressure signatures from one to three body lengths normal to the aircraft axis. The length
of the sting also effects accuracy for a given grid resolution. As the sting is made longer, and distance
between outer boundary and Mach surface increases causing a loss in accuracy given the same number of
mesh points.

Figure 2 Three Dimensional View of Sonic Boom Grid Topology
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Figure 3 shows the geometry and computed aft pressure contours at M., = 3.0, o = 1.97° for
NASA's Mach 3 low boom configuration. The Mach 3 model has a needle nose and a highly swept wing
which cranks to a supersonic leading edge. The cranked wing generates a strong shock as indicated by the
isobars. The fuselage is also fitted to a sting where a shock at the attachment point to the sting is also
indicated by the isobars. As mentioned earlier, the solution is carried out on two mesh blocks. The
resolution of the mesh block containing the aircraft was (89 x 91) in the crossflow plane with 106
marching steps. The resolution of the second block was (95 x 95) by 127 marching steps for a
computation carried out to three body lengths normal to the aircraft axis or 12 body lengths downstream of
the aircraft. The second block does not use a fixed axial step size but a stretching function that gradually
increases the step size. The axial step size far downstream can be as much as one-half the aircraft body
length. Hence, approximately 850,000 points were used to compute the flow in the vicinity of the aircraft

and approximately 1.1 million points were used to compute the flow to 15 body lengths downstream of the
aircraft.

Figure 3 NASA's Mach 3 Low Boom Configuration
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Figure 4 shows the near field computed pressure contours for the Mach 3 configuration at Mo, =

3.0, o= 1.97°. The symmetry plane and back plane contours are both illustrated. The bow shock is
clearly evident. The contours are relatively clean in the symmetry plane up to the aft end of the aircraft. In
this region, several shocks begin to appear. The sting attachment shock and a strong shock around the
leading edge of the wing due to the wing crank.

Figure 4 Near Field Pressure Contours for the Mach 3 Configuration
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Figure 5 shows the computed symmetry plane pressure contours for the Mach 3 configuration at

M, = 3.0, o = 1.97°. In this figure, the sting is shown which is almost an aircraft length in size.
Towards the aft end of the aircraft, the contour of the fuselage produces a large expansion terminated in a
shock at the sting attachment point. A wing trailing edge shock may also occur but is not evident in the
isobars.

Figure 5 Symmetry Plane Pressure Contours for the Mach 3 Configuration
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Figure 6 dramatically displays the sonic boom computation and the complexity of the flow field
downstream of the aircraft. The computed isobars are shown in a plane at the end of the sting. In the
leeward part of this plane, a strong shock is shown. This is probably the coalescence of the wing trailing
edge shock and sting attachment shock. On the windward side, the situation is less clear and clearly more
complex. A strong shock occurs due to the wing crank and expansion due to the wing tip. It is interesting
to note that the circular isobars just to the right and left of the sting are vortices generated by the wing tips.

Figure 6 Near-Field Downstream Pressure Pattern of the Mach 3 Configuration
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Figure 7 further illustrates the sonic boom computation for the Mach 3 configuration flying at M.

= 3.0, o0 = 1.97°. In this figure, three downstream planes are shown with their computed isobar pressure
patterns.

Figure 7 Propagation of Midfield Downstream Pressure Patterns for the Mach 3 Configuration
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Figure 8 shows the geometry and computed back plane isobars at M., = 2.0, oo = 0.67° for the
NASA Mach 2 low boom configuration. This configuration has a flat platypus nose which is blunt in
planeform. Several shocks are illustrated in the back plane isobar pattern including wing trailing edge and
wing crank shocks. The computation was performed on a 89 x 91 crossflow plane grid by 104 steps for
the aircraft. The resolution of the second grid block was 95 x 95 with 116 marching steps to carry the
computation out to 10 body lengths downstream of the aircraft. Hence, both the Mach 2 and Mach 3

configurations required about 2 million points to achieve signatures three body lengths normal to the
aircraft axis.

Figure 8 NASA's Mach 2 Low Boom Configuration
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Figure 9 shows the computed isobars for the Mach 2 configuration at Mo = 2.0, ot = 0.67°. The
symmetry plane and back crossflow plane pressure patterns are illustrated. The strong attached shock
generated by the supersonic leading edge crank of the wing is clearly shown. The leeward isobars in the
back plane clearly shows the trailing edge shock of the wing.

Figure 9  Near Field Pressure Contours for the Mach 2 Configuration
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Figure 10 shows the symmetry plane contours for the Mach 2 configuration extending about one
aircraft length behind. A strong trailing edge shock is shown in the leeward plane. There are possibly two
shocks shown in the windward plane, neither of which extend very far into the field below the aircraft in-
comparison to the leeward plane.

Figure 10~ Symmetry Plane Pressure Contours for the Mach 2 Configuration
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Figure 11 shows the computed isobars in two planes aft of the Mach 2 configuration indicating the
complex flow pattern generated by the aircraft. The leeward trailing edge shock is shown and the wing
crank leading edge shock. The wing crank shock does not appear to extend to the windward symmetry
plane.

Figure 11  Propagation of Downstream Pressure Pattern of Mach 2 Configuration
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. Two sets of computations for each configuration were carried out with the same grid density except
with different length stings. One set of computations had a sting one half of the aircraft length and the
other with .8 of an aircraft length. The longer sting reduced the resolution somewhat because it increases
the spatial distance between the outer boundary and downstream Mach cone boundary given a fixed
number of grid points. The longer sting allowed for obtaining solutions for pressure signatures up to three
body lengths normal to the aircraft axis. The shorter sting gave valid solutions for one body length.

Figure 12a shows the computed pressure signatures very close to the body at b/£ = 0.17 and 0.50 where
the nondimensionalizing length £ was taken to be 300 feet for both Mach 2 and Mach 3 configurations. At

h/¢ =0.17, a strong bow shock overpressure occurs followed by a relatively flat signature until the back
end of the aircraft. An expansion occurs due to the shape of the fuselage followed by a single shock due

to the sting attachment or wing trailing edge or both. The signature decays very rapidly to h/¢ = 0.50.
Figure 12b shows the effect of the sting length on the computed pressure signatures below the two
configurations at one body length. The pressures are plotted versus full scale coordinates in feet. In both
cases the first half of the signature agrees well. The strength of the shock just prior to the rear expansion
is slightly stronger in both cases for the shorter sting with effectively higher resolution. It is interesting to
note that the length of the signature up to the expansion is about one body length. The overall length of the
signatures is about 1.5 to 2 aircraft lengths. The expansion and recompression occurs aft of the
configuration. In the Mach 3 signature, the Mach cone boundary is beginning to interfere with the solution
as indicated by the very rapid recompression of the tail shock.
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Figure 12  Computed Near Field Pressure Signatures for the Mach 2 and Mach 3 Configurations
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Figure 13 shows the computed pressure signatures compared to recent wind tunnel model data (see
Ref. 1) for both the Mach 2 and Mach 3 configurations. Both models were 1/300 scale or about 12 inches
in length. The wind tunnel model data was converted to full scale in feet to compare to the computations.
The wind tunnel data was taken at two different distances below the aircraft for each configuration. For
both configurations, good correlation with the data is shown for both distances for the forward half of the

signature. At h/£ = 0.5, the Mach 2 data shows a series of shocks and expansions in the last half of the
signature. The computation shows a single shock and expansion. Ath/¢ = 1.0, slightly better correlation
is achieved. The data stills show a series of shocks and expansions with a final very large expansion twice

that of the computation. Virtually the same type of correlation is shown for the Mach 3 configuration. At
the present time, the origin of these multiple shocks and large expansion shown on the latter half of the

signature is unknown.
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Figure 13  Comparison of Computed Near Field Pressure Signatures to Wind Tunnel Data
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To obtain information on the ground signature of these two configurations, the method and
computer code of Thomas (Ref. 6) was used to extrapolate both near field wind tunnel model data and
computations. The computer code of Thomas uses the waveform parameter method for sonic boom
extrapolation which is shown to be equivalent to the F-function method and is based on the same
fundamental concepts from geometric acoustics and isentropic wave theory. It is ideal for this application
because it accepts as input any height pressure signature data below or to the side of the aircraft and
accounts for atmospheric effects. Figure 14 shows the extrapolated ground signatures for both the
computed and wind tunnel data for the Mach 2 configuration flying at 55,000 feet. A reflection factor of
1.9 was used at the ground in the Thomas code. The wind tunnel data measured-at distances of one half

and one body length and computed results at h/¢ =0.50, 1.0 and 3.0 were extrapolated to see the effect of
nonlinearities and three-dimensional effects on the ground signatures. The initial overpressure from the
extrapolated wind tunnel data (Fig. 14b) varies between 1.1 and 1.2 Ibs/ft2. The extrapolated computed
signatures shown in Fig. 14a show a variation in the initial overpressure of 1.15 to 1.25 in good
agreement with the wind tunnel data. The computed signatures extrapolated from h/£ = 0.50 and 1.0
correspond to the shorter sting and slightly higher resolution. These signatures show a secondary shock at
about 300 feet aft of the initial overpressure. The extrapolated signature from h/¢ = 3 does not have this
secondary shock but shows a steeper compression prior to 200 feet. Figure 14c shows two extrapolated
computations from h/¢ = 1.0 and 3.0 compared to the wind tunnel data extrapolated from h/¢ = 1.0.

Overall good agreement with the wind tunnel data is achieved. The secondary shocks and the strengths of
the tail shock is not predicted well.

f

Figure 15 shows both the wind tunnel data and computed results extrapolated to the ground using
the method of Thomas for the Mach 3 configuration flying at 65,000 feet. The wind tunnel data at both
measured distances below the aircraft are extrapolated and are shown in Fig. 15b. Ath/{ =.7, the data
extrapolation indicates an initial bow shock rise of about 1.8 lbs/ft? and a secondary shock rise t0 2.4
Ibs/ft2. The extrapolated ground signature from data at h/¢ = 1.0 indicates some coalescence with an initial
shock rise to about 1.6 and a secondary shock rise to about 1.8 Ibs/ft2. Hence, for the Mach 3
configuration, the extrapolated ground signature is sensitive to the distance below the aircraft where data
has been taken. Figure 15a shows the ground signatures extrapolated from the computed results at several
locations below the aircraft corresponding to h/£ = 0.5, 1.0 and 3.0. The computed results at h/Z = 0.5

and 1.0 come from the model with the shorter sting and slightly higher resolution. The h/£ = 3.0
extrapolation was for the model with the long sting. The initial shock rise is in agreement for all these
extrapolated signatures. A small secondary shock occurs near the end of the aircraft or at about 300 feet
in the signature. This shock is only predicted for the highly resolution signatures. The tail shock occurs
further aft and grows in strength as the distance for extrapolation increases. Figure 15¢ also shows a
comparison of the extrapolated signatures from wind tunnel data and computations at h/¢ = 1.0. The
comparison is in good agreement except that the wind tunnel data shows a stronger secondary shock in a
different location than the computation. Both indicate an initial shock rise of about 1.6 Ibs/ft2. The wind
tunnel data shows a secondary rise to about 1.8 Ibs/ft2.
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Figure 14  Comparison of Extrapolated Ground Signatures to Extrapolated Wind Tunnel Data
for the Mach 2 Configuration
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Figure 15  Comparison of Extrapolated Ground Signatures to Extrapolated Wind Tunnel Data
for the Mach 3 Configuration
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Figure 16 shows the three-dimensional computed pressure footprint generated by the Mach 2
configuration at h/£ = 1.0 below the aircraft. The computed results are from the model using the slightly
longer sting. The pressure footprint is ploited laterally out to two aircraft lengths. Plotted to the left of the
three dimensional footprint are pressure signatures at constant lateral distances or azimuthal angles from
the centerline of the aircraft. At the first signature off the axis (¢ = 14°), the effect of the strong wing
crank shock begins to become prominent in the form of a second shock. In the third (¢ = 26.6°) and

fourth (¢ = 36.9°) signatures, the first overpressure begins to diminish and the second overpressure due to
the wing crank shock increases to an overpressure value greater than the value of the bow shock
overpressure at the centerline. In addition, the large expansion due to the wmg tips also becomes
prominent on the off centerline signatures.
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Figure 16  Three-Dimensional Pressure Footprint of the Mach 2 Aircraftath/Z = 1.0
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Figure 17 shows the same type of plot for the Mach 2 configuration except that the three-
dimensional footprint corresponds to an h/¢ = 3.0 below the aircraft. In this figure, the footprint is plotted
out to a lateral distance of three aircraft lengths. A similar behavior of the off axis pressure signatures is
indicated. The signature at @ = 26.6° are plotted in both Figure 16 and 17 and occur along the same
azimuthal ray and look very similar. Hence, the three-dimensional or off centerline behavior of the sonic
boom footprint does not seem to vary significantly frot an h/¢ = 1.0 to an h/£ = 3.0 below the aircraft.

y=0
Mach 2 ;
¢=0° Pressure Footprint (H=900 feet)
y =225
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0
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450
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900

Figure 17  Three-Dimensional Pressure Footprint of the Mach 2 Aircraft at WL =30
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To determine the three-dimensional behavior of the ground sonic boom for the Mach 2
configuration footprint, the signatures of Figures 16 and 17 were input to the Thomas sonic boom
extrapolation code. Figure 18 shows the resulting ground signatures for the Mach 2 configuration flying

at an altitude of 55,000 feet. ¢ =0° corresponds to the flight path ground axis. If two azimuthal angles
were the same from Figures 16 and 17, both signatures were extrapolated. At 5.72 miles from flight path
centerline, the initial bow shock rise decays slightly but a second stronger overpressure occurs due to the
wing crank shock at about 1.45 Ibs/ft2. Further off the centerline at 8.73 miles, the second overpressure
rises to almost 1.5 Ibs/sq ft. At 12.44 miles from flight path centerline, the second overpressure begins to
diminish. The Thomas extrapolation method also indicates that these two shocks begin to coalesce into a
single larger initial boom in comparison to the signature along the centerline. The three-dimensional
results also indicate that boom overpressures up to 25% greater in magnitude can be felt to the side of the
aircraft flight path axis due to the aircraft's supersonic leading edge wing crank.
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Figure 18  Off Flight Path Axis Ground Extrapolations for the Mach 2 Configuration
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Figure 19 shows the three-dimensional footprint computed for the Mach 3 configuration at h/{ =
1.0 below the aircraft. A similar pattern of behavior occurs for the Mach 3 configuration as was indicated
for the Mach 2 model. A strong second shock occurs off the centerline due to the wing crank shock
whose magnitude is equal or slightly greater than the centerline overpressure.

Pressure Signatures

y=0
0=0° Mach 3
Pressure Footprint (H=300 feet)
y =150
¢ =26.6° | y (feet)
0
150
300
450
600
y =450
¢ =56.3°

Figure 19  Three-Dimensional Pressure Footprint of the Mach 3 Aircraft at h/{ = 1.0
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Figure 20 shows a similar set of plots for the three-dimensional pressure footprint of the Mach 3
configuration but at h/¢ = 3.0 below the aircraft. This footprint extends to three aircraft lengths off the

axis. Comparing the signatures in Figures 19 and 20 at ¢ = 26.6°, the second overpressure is rising well
above the initial bow shock rise.

Pressure Signatures

y=0
©=0° Mach 3
Pressure Footprint (H=900 feet)
y =225
¢ =14°

y =675

¢=369°

Figure 20  Three-Dimensional Pressure Footprint of the Mach 3 Aircraft at h/Z = 3.0
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Figure 21 shows the cotresponding ground signatures extrapolated using the Thomas code for the
Mach 3 configuration flying at 65,000 feet, In contrast to the ground behavior of the Mach 2
configuration, the Thomas code essentially predicts the coalescence of the bow shock with the second
overpressure into a typical N wave. The off aircraft axis signatures only show a 10% rise in comparison
to the centerline. The strength of the signature or boom remains relatively constant due to the second
shock up to 10 miles from the flight path centerline, at which point, the boom begins to decay due to the
long ray path to reach the ground.

Phi=08degs., Range=0.0 Phi =14 degs., Range =324 miles
1300 1.800; . ;
1.600 1.600 }— %”‘x
1200 200 | N\
D D a%
p 0.300 p 0.300 }— ,\\»
0.400 0.400 }— .
0 © 0.000 ""‘%{\;
. y - -0.400 “'»%
9 ' -0.800 h
,
~1.20(¢ | ] l | ™ -1.200 | | i 1]
-100.0( 100.00 300.00 500,00 700.00 ~100.0( 100.00 300.00 500.00 700.00
X [feet] X [feet]
Phi = 26.6 degs., Range =6.57 miles Phi = 36.9 degs., Range = 10.04 miles
1.500; 1.800;
1.600 |— 1.600 }—
1.200 — 12004 |
D D x\”»«.,,% :
P 0.800 }— p 0.800 — ",
o,
0.100 |— 0.400 |— ’x%
0.000 ‘ 0.000 S <
~0.400 -0,400 o
, k.
-0.800 -0.800
-1200 ] | ] ] -1.200 § ] | | ]
-100,0( 100.00 300.00 500,00 700.00 ~100.0( 100.00 300.00 50090 700.007
X [feet] X [feet]

Figure 21  Off Flight Path Axis Ground Extrapolations for the Mach 3 Configuration
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OUTLINE OF PRESENTATION

Before beginning this presentation, it is appropriate to acknowledge the sincere interest and financial
support provided by the NASA Langley Research Center under contract NAS9-17900.

An outline of the material to be used in the present paper is given in figure 1. It begins with a indication
of the origin and objectives of the feasibility study. This is followed by a discussion of various simulation
methods of establishing the persistence of shaped sonic boom signatures to large distances including the
use of recoverable RPV/drones. The desirable features to be sought after in an RPV along with a
rationale for the selection of a “shaped’ sonic boom signature will be addressed. Three candidate
vehicles are examined as to their suitability with respect to a number of factors, in particular,
modifiability. Area distributions and associated sonic boom signatures of the basic and modified
Firebee vehicle will also be shown.

An indication of the scope of the proposed wind tunnel and flight test programs will be presented
including measurement technologies and predicted waveforms.

Finally, some remarks will be made summarizing the study and highlighting th"ewkey findings. Finally,
some remarks will be made summarizing the study and highlighting the key findings.

. Origin / objectives of feasibility study
. Simulation methods
. Desirable features for RPV
. Selection of shaped sonic boom signature
. Candidate vehicles
. Basic / modified Firebee characteristics
. Wind-tunnel and flight programs
o Summary remarks
Figure 1
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MAJOR THRUSTS IN SOLUTION TO HSCT OVERLAND SONIC BOOM

The future success of commercial high-speed overland flight will depend, in large part, on providing a
solution to the sonic boom problem. Without some unforeseen technological breakthroughs that may
eliminate the sonic boom, current efforts are aimed at modifying the boom signature in order to make
- it more acceptable. The term “more acceptable” infers modifications to the signature that includes not
‘only reducing the peak overpressure (or intensity of the boom), but shaping the signature to look
something other than the typical N-wave. Variations include so-called “flat-top’ waveforms, “ramp-
type,” and variations of each (that increase shock rise times and change frequency spectra) have all
been shown to reduce loudness and noisiness! at least to observers out-of-doors. Sonic boom waveform
(signature) modifications must also benefit “indoor” listeners and also reduce structural response.

Three major thrusts are required in the solution of the sonic boom problem associated with overland
flights of a High-Speed Civil Transport (HSCT), as indicated by the three outer circles shown in figure
2. These three major thrusts include the establishment of criteria for an acceptable waveform, being
able to design a viable aircraft to an existing shaped (or acceptable) waveform, and quantifying the
effects of the atmosphere through which this shaped waveform will propagate. These three major
thrusts are, in fact, the three major research priorities that were recognized by a panel of experts from
industry, government, and universities as the key areas to be addressed.2 A reasonable data base from
small model wind tunnel tests>* and theory™® exists indicating that vehicles can be designed to
produce modified sonic boom signatures (non N-wave types) of the type that may be more acceptable
from a people and structural response aspect.

DESIGNING
VIABLE AIRCRAFT
TO AN EXISTING
"SHAPED"
WAVEFORM

OVERLAND
SUPERSONIC
OPERATIONS

ESTABLISHING QUANTIFYING

CRITERIA FOR ATMOSPHERIC
AN ACCEPTABLE EFFECT ON
WAVEFORM "SHAPED"

WAVEFORMS

Figure 2

789



MEASURED SONIC BOOM SIGNATURES OF A BASIC AND MODIFIED
MODEL IN THE WIND TUNNEL

An indication of the status of sonic boomn signature modifications as established by wind tunnel model
tests and theory is given in figure 3. Measured sonic boom signatures are shown for various distances
from the models for two vehicle configurations, one designated a basic body which is to produce an N-
wave signature in the far field, and the other designated a modified body which is to produce a flat-top
signature in the far field.

Signature measurements at 2.5, 5, and 10 body lengths (h/l) from the model illustrate the development
of the waveforms for the two models. Note that the basic configuration signature sketches to the left
side of figure 3, which is to result in an N-wave on the far field, still retains the multiple saw-tooth shock
characteristic out to 10 body lengths. However, the signatures on the right side of the figure relating to
the model designed to produce a flat-top signature in the far field show flat-top waveforms at all three
measurement positions. In this case, tunnel test section length and model size constraints limit the
furthest measurement o 10 body lengths from the model.

M = 1.41 CpL =01
777777/ 77724 722272244 THIII20500 4 200700540 00000 000 00050000 50000000054%
Model / Sting Support Tunnel Sidewall
<R <R

\ —— predicted

O measured

Tail Shock
Bow Shock/'
Tunnel Sidewall h/l = 10

7 iz dzzzz7zzzz47zzzczzz7z2zz72zzzz;z2zz422742272z224

Basic Body Modified Body

Figure 3
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SCHEMATICS OF SONIC BOOM SIGNATURE DEVELOPMENT

Wind tunnel model near-field signatures of the type shown in figure 3 are then inserted into the sonic
boom prediction program and propagated to distances/body lengths equivalent to full-scale aircraft
flying at cruise altitudes (h/I ~ 300) and the resulting sonic boom signatures are established as illustrated
by the shock-field signature schematics given in figure 4. Although the original intent of figure 4 was to
highlight the so-called low-boom high-drag paradox,2 the figure is used herein to illustrate the rapid
coalescence of the near- and mid-shock field of the basic saw-tooth signature into an N-wave at the
ground. The modified flat-top signature appears to propagate as a flat-top waveform from near- and
mid-field to the far-field at ground level. Experimental verification of the coalescence of the basic saw-
tooth signature into an N-wave, as predicted by theory and wind tunnel model tests, has been
established from in-flight measurements in the near- and far-field and at a ground level for large
aircraft flying at high altitudes.”$%10 A corresponding full-scale/large-scale experimental verification
for configurations designed to produce “shaped’ (non N-wave signatures) waveforms has not yet been
demonstrated. In fact, of the more than 13,000 sonic boom signatures that have been measured to date
involving some 18 different size, shape, and weight aircraft and even space vehicles operating at a range
of Mach numbers to 23 and heights to 250,000 feet, all have had typical saw-tooth/N-wave shapes. Thus
there is the need for experimentally establishing whether a “shaped’ waveform, shown to be “do-able”
on wind tunnel models out to about 10 body lengths, will persist out to representative fuil-scale flight
conditions of about 200 to 300 body lengths.

N-WAVE DESIGN FLATTOP WAVE DESIGN

—7
\
@\'\ i \ NEAR FIELD

\

MID FIELD

GROUND

Figure 4
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OBJECTIVES OF FEASIBILITY STUDY

As indicated in figure S, there are two objectives to be addressed in the present study. The primary
objective is to assess the feasibility of utilizing relatively large remotely piloted vehicles (RPV’s) or
drones to experimentally establish the persistence of ‘“shaped” sonic boom signatures out to
representative cruise flight distances (200 to 300 body lengths) in a real atmosphere. A secondary
objective would be to provide an early indication of the influence of the atmosphere on “shaped”
waveforms as they propagate from the vehicle to the ground. This would be especially informative
since the present data base on atmospheric influences on sonic boom signatures is based entirely on
saw-tooth/N-wave type sonic boom shapes.

@ Experimentally establishing whether a “shaped” waveform, shown to be “do-able” on
wind-tunnel models out to about 10 body lengths, will persist out to representative
flight conditions of about 200-300 body lengths.

@ Obtain early indication of influence of atmosphere on “shaped’” waveform.,

Figure 5
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METHODS OF ESTABLISHING PERSISTENCE OF
MODIFIED SONIC BOOM SIGNATURES

In addition to the preferred use of recoverable RPYV targets/drones to accomplish the objectives of this
feasibility study that is, in fact, the primary thrust of the current study, six other approaches to
establishing the persistence of modified sonic boom signatures were identified and are listed in figure 6.
An examination was made of the pros and cons of each technique. The six techniques consist of the use
of very large supersonic wind tunnels and very small models, the use of large ballistic range firing
equivalent bodies of revolution, the use of a whirling-arm technique and complete vehicle geometries
(winged bodies) in a large anechoic wind tunnel or enclosure, the use of a full-scale rocket sled track,
the adapting of a model shape nose probe attached to a current supersonic aircraft and, finally, the use
of lower cost nonrecoverable RPV targets/missiles.

Study findings regarding these alternate approaches to experimentally establishing the persistence of
shaped sonic boom signatures to very large distances were, for the most part, not suitable. Only two of
the six techniques addressed are considered promising. The following remarks highlight the study
findings regarding the six alternate schemes. The use of nonrecoverable vehicles and. missiles were
deemed inappropriate since the required sonic boom shape modifications would have a significant
influence on the basic flight characteristics and stability and control. Costs are also a significant factor
since each flight would require a vehicle and its associated geometric modifications. Very large wind
tunnels, supersonic sled tracks, and aircraft nose probes are also considered not applicable; large wind
tunnels because they are nonexistent, sled tracks because of the presence of the ground surface, and
nose probes because of the overwhelming influence of the airplane shock flow field. The ballistic range
and whirling-arm techniques are, however, considered applicable, especially the former.! Each of
these latter two simulation techniques may be used to generate a substantial data base on sonic boom
signatures relative to vehicle geometries and atmospheric influences; the ballistics range using
equivalent bodies of revolution and the whirling-arm technique using complete airplane geometries
(winged vehicles).

. Large supersonic tunnels / small models / uniform “atmosphere”
. Ballistics range / bodies of revolution / variable “atmosphere”
. Whirling arm / winged model / anechoic tunnel / variable “atmosphere”
. Supersonic rocket sled track
o Nose probe on supersonic aircraft
. Lower cost non-recoverable RPV vehicles / missiles
v . Controllable / recoverable RPV targets/ drones
Figure 6

793



COMPARISON OF REAL AND SCALED SIMULATION

A fundamental question that needs to be addressed regarding the present feasibility study is whether
or not the proposed scheme to utilize relatively large RPV’s will more firmly establish the credibility of
“modified” waveforms. Some of the concerns being expressed can be illustrated with the use of figure
7. Shown in the figure are two schematics of the shock-signature patterns representing the full-scale
real airplane case of a 200-foot long vehicle flying supersonically at 60,000-feet altitude (300 body
lengths) as shown on the left side of the figure, and the situation for a 30-foot RPV flying supersonically
at about 9,000-feet altitude (also 300 body lengths) shown on the right side of the figure. Although the
requirement to simulate the 300 body length equivalency is duplicated for both full-scale and RPV
cases, the consistency of the atmosphere in terms of the influence of atmospheric pressure,
temperature, sound speed, density, oxygen-nitrogen, and relative humidity at the vehicle altitudes is
not duplicated. In addition, the so-called “scaled height” as it relates to signature freezing”” must be
addressed. The questions, therefore, are twofold: first, do atmospheric parameters play a significant
role in the persistence of “modified’”’ signatures; second, is “scale height” required to establish
“frozen”” modified sighatures? Discussions relative to these two issues suggest that confirmation of the
persistence of “modified” sonic boom signatures will be established based upon the simulation of
equivalent body lengths, especially since atmospheric density is increasing with decreasing altitude.

60,000 ' A
(T, P, p, Oz, Ny)
50,000 = h > scale height
40,000 —\
a —
E h/l = 300
£ 30,000 f-
<«
Increase
20,000}
10,000 | !
A T\ h<scale height
b/l =300 % &
0 I , e Y
7 S| 7 g

Figure 7
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DESIRABLE RPV FEATURES

In selecting a recoverable RPYV, a number of requirements were addressed along with such factors as
availability, suitability, costs, and operational/launch capability. Seven features were identified as
being desirable, if not required, in the RPV selection and these are listed in figure 8. The vehicle
should be relatively large (20 to 30 feet in length), capable of Mach 1.2 to 2.5 ranges at altitudes of
about 5,000 to 10,000 feet, be controllable, able to hold steady-level Mach altitude for about 5 miles, be
ground launched, recoverable, and modifiable.

Vehicle length is critical in establishing its operating altitude as established by the 200 to 300 body
length simulation. Since the secondary objective of this effort is to acquire an early look at the effects
of atmospheric turbulence in the first 1,000 to 3,000 feet or so of the Earth’s boundary layer, vehicle
flight altitudes greater than 3,000 are desirable. Thus, a minimum vehicle length of about 13 feet is
established. Sonic boom minimization studies have focussed on the Mach range 2.0 to 3.0 but have
also been conducted at Mach numbers as low as 1.5.12 The minimization concept and signature
persistence should be demonstrable at even lower Mach numbers. The only real concern is that the
vehicle be able to operate a speed sufficiently greater than the cutoff Mach number (Mach number
below which boom will not reach the ground). For altitudes from 5,000 to 10,000 feet, the highest cut-
off Mach number is the order of 1.1 or less.l® Thus, flights at Mach 1.2 and greater are appropriate,

Since the vehicle is to be modified in the sense of changing its equivalent area distribution, it is
preferred to make the area additions to the nonlifting portions of the vehicle which will, hopefully,
have little effect on the basic vehicle loads and stability and control. The drag of the modified vehicle
will differ from the basic configuration.

Finally, a ground-launched recoverable vehicle will not only be very cost effective, it will eliminate a
number of activities that could complicate the program and degrade the safety aspect of the flight
operations.

Relatively large size (20 - 30 ft.)

. M =1.2- 2.5 at 5,000 - 10,000 ft.
. Controllable flight
o Hold steady-level Mach-altitude for 5 miles
e Ground-launched
o Recoverable
. Modifiable
Figure §
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SIGNIFICANT FEATURES OF MODIFIED SONIC BOOM SIGNATURE

In order to establish the persistence of modified sonic boom signatures to long distances, a number of
concerns must be addressed relative to the signature characteristics and these are indicated in figure 9.
First of all, the shape of the signature is of paramount importance. That is to say that the overpressure
level of the “shaped” signature is of secondary importance in the sense that “modified” or “shaped”
RPV/drone may have Ap’s larger than the “basic” unmodified vehicle. Also, the “shaped” signature
need not have similar bow and tail shocks. It is known from laboratory subjective response studies
that any modifications to sonic boom signatures should be equally applied to both bow and tail shocks;
that is, if a flat-top signature is developed, it should be symmetrical in regards to bow and tail shocks.
Waveform symmetry places a significant constraint on vehicle modifications. On the other hand,
designing a vehicle to produce a nonsymmetrical “modified” waveform is more easily acquired.
Finally, the “modified” signature must be distinguishable from an N-wave as measured at ground level
(200 to 300 body lengths).

. Shape of signature is of paramount importance

. Ap level of “shaped” signature is of secondary importance

. “Shaped” signature not required to be symmetrical

. “Shaped” signature must be distinguishablé from an N-wave
Figure 9
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RELATIONSHIP OF SIGNATURE SHAPES TO
VEHICLE AREA DEVELOPMENT

In order to design a vehicle to have a “modified” or “shaped” sonic boom waveform, it must combine
its equivalent area due to both volume and lift to produce a reasonably smooth total area development
along its longitudinal axis similar to the ones shown in the lower portion of figure 10.2 Note that very
little change in area development is required to the vehicle in order to produce either a flat-top
waveform, shown to the left of the figure, or a ramp-type waveform shown to the right of the figure.
However, each of these equivalent area distributions are considerably altered from that associated
with a basic/standard vehicle design that produces an N-waveform (as illustrated in the upper center
portion of the figure). Since the required modifications to any RPV/drone must be made in terms of
“adding to” rather than “taking away” area, the subject test vehicle will most likely require a nose
extension along with area additions mid-ship on the vehicle.

N~

\ i & Total Volume
2 and Lift Areas

Figure 10
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Spectrum Level, dB

SPECTRAL CHARACTERISTICS OF BASIC AND MODIFIED SIGNATURES

Since the present study is aimed at developing “modified” signatures of the flat-top and ramp-type
waveforms that are nonsymmetrical, that is, changing the positive portion of the signature but not the
negative phase, it is of importance to examine the signature spectra of each of these types of waveforms
as compared to the basic symmetrical N-wave fo see if any significant changes are evident. A
comparison of the spectra for an N-wave, a flat-top positive phase waveforns, and a ramp-type positive
phase waveform is given in figure 11. Little if any difference is noted to exist between the three
waveform spectra.  This suggests that from the standpoint of signature identification due to
atmospheric influences, there are no driving reasons to select a ramp-type “modified” signature over
one having a flat-top waveform shape. This allows for some latitude in the selection of and
modification to a particular RPV/drone configuration,

N-Wave Flattop positive phase =~ Ramp type positive phase

a) Signatures

frequency, Hz frequency, Hz frequency, Hz

b) Spectra

Figure 11
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CANDIDATE TEST VEHICLES CONSIDERED IN STUDY

There are three candidates in the class of recoverable vehicles that were considered in this study and
these are shown in figure 12. The first of these recoverable vehicles is the Teledyne Ryan Firebee (BQM-
34 E) shown in the top portion of the figure. The Firebee is a wing-tailed aircraft type controllable-
recoverable supersonic RPV target of about 28 feet in length, weighs about 1,900 pounds, is powered by
a J-69 turbojet, and is of 1970 vintage. It can be either air- or ground-launched and has a Mach
capability of about 1.3 at about 8,000 feet increasing to Mach 1.5 at 20,000 feet. Only about eight of
these vehicles are in existence since they have been phased out of operation by the Navy and Air Force.
Two complete vehicles with spares (except engines) are currently retained by NASA Langley Research
Center. These vehicles were routinely launched at Pt. Mugu, Puerto Rico, and Tyndail and have
experienced reuse rates of about 10 sorties. Currently, the vehicle is being phased out of DoD
operations.

A QF-4 drone aircraft was the second recoverable vehicle to be considered in this study and is shown in
the center portion of figure 12, The QF-4 is a drone version of the F-4 fighter and is about 58 feet in
length, has an average weight of about 45,000 pounds, is powered by two J-79 turbojet engines, and is
of 1960 vintage. As a drone, it is remotely operated asa normal aircraft in terms of performing takeoff-
climbouts and landings and supersonic flights. It has a Mach capability of about 1.3 to 1.4 at about
18,000 feet. It is understood that the QF-4 drones will probably be in use at Pt. Mugu for the next
decade or so.

The third recoverable vehicle considered is the Martin Marietta SLAT shown in the lower portion of
the figure. It is a finned-missile type controllable-recoverable supersonic RPV target of about 18 feet in
length, weighs about 2,500 pounds, is powered by an airbreathing ramjet and is of 1990 vintage. It is
airlaunched and has a Mach capability of 2.5 at 8,000 feet. The “SLAT” is still in the development stage
and is being launch-tested at Pt. Mugu.

BQM-34E Vintage 1970’s
Recoverable Length 28 ft.
Air/Ground Launch

QF-4 Vintage 1960’s

Recoverable Length 58 ft.
Ground Launch
Martin Marietta SLAT

AQM- 127 A Vintage 1990’s
Recoverable Length 18 ft,

Air Launch

Figure 12
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AREA DISTRIBUTIONS AND SONIC BOOM SIGNATURES OF
CANDIDATE VEHICLES

The most significant feature in the selection of an appropriate test vehicle, regardless of cost and
availability, is the “modifiability’® of the vehicle. The area developments of the Firebee, QF-4, and
SLAT are given in figure 13 along with the associated sonic boom signature that would be observed at
the 300 body length and corresponding Mach-altitude combinations. Note that all three signatures are
of the “saw-tooth” character and are rapidly approaching an N-wave shape. In addition, the equivalent
area distributions for the “airplane type” Firebee BQM-34 E and the QF-4 drone airplane are similar
since they are both winged-tailed configurations and, thus, more gradual in their area buildup than for
the finned-missile SLAT which displayed a very rapid area buildup from the nose to a flatter more
constant area development along the mid-aft constant diameter portion of this vehicle. Thus, in order
to generate a “‘shaped” signature (flat or ramp type) out of any of the three vehicles, extensions to the
forward portion of the vehicles will be required in order to generate the typical area buildups indicated
previously on figure 10. Extension of the nose section of the SLAT to provide for the required more
gradual area buildup to produce a ramp or flat-top sonic boom waveform could seriously alter the
existing matched nose-inlet design of the basic SLAT vehicle. Area must also be added to the mid-aft
sections in order to maintain a smoothly increasing area development. Q-
Both the Firebee RPV and the QF-4 drone have equivalent area developments that are more amenable
to modification in terms of providing for a ramp or flat top type sonic boom signature. Because the
Firebee RPV has a higher fineness ratio than the QF-4, it also has a more gradual equivalent area
development as noted in figure 13. Extension of the nose section on the smaller, more slender, Firebee
would appear to present less of a problem than to do the same procedure on the full-scale QF-4 drone
airplane. In addition, the two inlets on each side of the QF-4 could present more difficulties than the
single “belly” type inlet on the Firebee in terms of uniformity of flow and boundary layer buildup.
Finally, the necessary area additions required on the mid-sections of each vehicle suggest that the
Firebee would be least difficult to alter.

FIREBEE QF-4 SLAT

i
<
<
X/L | X/L : nX/: - -
M=13 h=8700ft. M=14 h=18,000ft.  M=2.0 h=5500ft
h/1~300 h/1~300 h/1~300

N I ]

Figure 13
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AREA DISTRIBUTIONS AND SIGNATURE CHARACTERISTICS OF FIREBEE
CONFIGURATIONS

Selection of the 28-foot long Firebee vehicle as a primary candidate sets the flight altitude-Mach
combination of 8,700 feet (300 body lengths) and 1.3, respectively. At these given Mach-altitude
conditions, calculations were made of the equivalent area distributions for the basic vehicle and the
equivalent area developments required to produce a boom signature having a flat top positive phase and
one having a ramp-positive phase signature at ground level. These results are presented in figure 14,
At the top of the figure are schematic illustrations of the profile view of the basic Firebee and profiles of
the two altered vehicles that are designed to give a flat-top and ramp-type signature. Note that the nose
and midsection portions (beneath the inlet) of the latter two vehicles required modification in the form
of a nose extension and added area to the midsection. The basic (unmodified) vehicle area distribution
shown on the left part of the figure has been carried over to the other two area plots as dashed lines in
order to give a visual feel for where area (or volume) had to be added in order to end up with the area
developments that produce the flat-top and ramp-type positive phase of the boom signature.

On examining the two modified signatures in terms of their “distinguishability’” from the basic Firebee
signature (almost an N-wave) it would appear that the flat top positive phase waveform would be
preferred over that of the ramp type since the later appears not too far from becoming an N-wave. In
either case, it would be highly desirable to have a flat-top waveform with as long a “flat” duration as
possible or a ramp-type with a “large’” ramp (i.e., very little initial vertical bow-shock rise) as possible.
Increasing the boom signature emphasis of the flat top and ramp characteristics required, primarily,
greater extensions to the vehicle nose than the present 3.0 feet for the two cases shown.

Mach = 1.3 h = 8,700 ft. h/1~300
Basic Flattop Positive Phase Ramp Positive Phase

<‘————“-‘-——f£4> HZZZZ7] "”"—'4, 227 7T ——/——Z-

Y777 /772 new fabrications

s Il f L
R TTIE Y M TR T

T,

Figure 14
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SCOPE OF WIND TUNNEL AND FLIGHT TEST

The scope of the Firebee wind tunnel and flight test program may be illustrated with the aid of figure
15. As indicated by the upper portion of the figure, sonic boom and force models of the basic and
modified configurations would be tested at Mach 1.25 and 1.5 in the NASA LaRC 8-foot transonic
tunnel (8-ft. TT) and Unitary Plan Wind Tunnel (UPWT), respectively.. One model 1-foot length,
considered large enough to provide geometric fidelity and also to house a six-component internally
mounted strain-gage balance, would suffice for both sonic boom and force tests in each facility and
permit boom signature measurements of from 1 to 4 body lengths from the model. A single model with
interchangeable nose and belly sections would be utilized for the basic and modified vehicles.

Force tests will establish whether the sonic boom modifications significantly alter the vehicle flight
characteristics. Boom tests will provide confirmation of and guidance to the flight test program with
respect to the sonic boom signatures expected for the baseline and modified vehicles. Pressure
signatures in the near-field from 1 to 4 body lengths would be made for zero-lift and at angles of attack
associated with cruise. The flight test program would begin upon completion of the wind funnel tests.
As noted in the lower portion of figure 15, the primary tests, (those required to accomplishing the
primary objective) are indicated by the solid lines. A set of desirable tests (designed to accomplish the
secondary objective) are indicated by the dashed lines. Note that the primary flight tests (four blocks
to the left of the figure) are conducted under minimal atmospheric influences and involve a minimum
of two passes each of the baseline and modified vehicles at the design Mach-altitude conditions of 1.3
and 8,500 feet, respectively (300 body lengths), followed by a similar set of runs at Mach 1.5 and 20,000
feet (700 body lengths).

Depending on the Firebee flight recovery success rate, the basic and modified vehicles could be fiown
at repeat conditions of the Mach-altitude for highly active lower-layer atmospheric conditions
(represented by the four boxes to the right of figure 13). Thus, an early indicaticn of the influence of
the lower turbulent layers of the atmosphere on modified signatures will be observed.

fﬁmic Boom and Force Models I

Baseline
(=1£) 8. T.T.
(b~ 1104) l i M=125
"
Modified N UPWT
(1=11) A
(Wi~1104) l e l
s PIIMATY 1SS
Flight Tests wawawwdesirable tests
AM Flights - minimal Atmospheric Effects PM Flights - Atmospheric Effects
o ¥
| ‘ N §
Baseline M= 1,254 Modified Baseline M=125 Modified
g 37007 ~ted
2 passes) [ 8700 2 passes 2 - 2
(2 passes) b1~ 300 (2 passes) (2 passes) L~ 300 (2 passes)
N N s N
Bascline M=15 Modified Baseline f;" =15 Modified
0000’ 0000°
(2 passes) [~ hzﬂ 7 00"" (2 passes) (2passes) [ WL~ 700 (2 passes)

Figure 13
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PREDICTED SONIC BOOM SIGNATURES FOR WIND TUNNEL TESTS OF
FIREBEE MODELS

The predicted sonic boom signatures for the wind tunnel tests of the one-foot model representing the
baseline Firebee configuration and one modified to produce a flat top or ramp positive phase signatures
operating at Mach 1.25 in the 8-foot transonic tunnel and at distances of 1, 2, 3, and 4 body lengths (h/
I) from the model are illustrated in figure 16. The signatures are drawn approximately to scale in terms
of the pressure and time scale in order to provide a better feel for how much change is taking place in
the signature characteristics as distance from the model is increased and, also, to provide a view of the
difference between the basic and modified signatures. Such comparisons will provide insights into the
final selection of a modified waveform relative to the final vehicle design. Note that the signatures are
fairly complex in terms of number of shocks and that both the flat top positive phase and the ramp type
positive phase signatures persist at all distances from the model.

8 TT Mach = 1.25 1=1ft
Basic Flattop positive phase  Ramp positive phase
\N\ Ne h /i&l\

AN h/l=2

“ N
\ N Q\f\ Qi
NS h/l=4
NN AN NN

Figure 16

303



PREDICTED SONIC BOOM SIGNATURES FOR FLIGHTS OF FULL-SCALE
FIREBEE VEHICLES

The predicted sonic boom signatures for flights of the full-scale 28-foot Firebee and one modified to
produce the flat top or ramp positive phase signatures, operating at Mach 1.25 and at 8,700-feet altitude
are shown for distances of 50, 100, 200, and 300 body lengths from the vehicle in figure 17. Once again,
as for the wind tunnel case, the signatures are plotted to scale in terms of pressure and time so that a
visual display of what would be observed if measurements could be made at each of the distances that
the calculated signatures are shown. Note that the basic Firebee (unmodified) signature develops from
a fairly complex “sawtooth” waveform in the near-field to a near N-wave at ground level. The two
modified signatures retain their pronounced flat top and ramp character out to 100 or so body lengths.
As distance increases to 300 body lengths, the ramp type waveform is beginning to steepen into a near
N-wave. The flat top waveform, however, is still quite distinguishable.

In addition to the planned sonic boom measurements at ground level (300 body lengths), it also appears
feasible to acquire measurements at 100 and 200 body lengths from the vehicle using an airborne
measurement planform. Such near-and mid-field signature measurements will greatly enhance the
program findings and add significant insight and confidence in sonic boom signature minimization as it
relates to vehicle design.

Mach = 1.25 h = 8,700 ft.
Basic Flattop positive phase =~ Ramp positive phase
h = 8,700 ft. e
AN h/1=50

NANANANANAN

NANANANAN

Figure 17
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FIREBEE SONIC BOOM FLIGHT TEST SETUP

An indication of the manner in which sonic boom measurements will be acquired during the Firebee
flight testsis presented in figure 18. Shown in the figure are schematic illustrations of the Firebee flying
at the design conditions (relative to boom signature modifications) of Mach 1.25 and an altitude of 8,700
feet and also an off-design condition of Mach 1.5 and an altitude of 20,000 feet above ground level over
a large array of microphones spaced along the ground track for a total of 3,000 feet and at various
distance to each side of the track out to about 2,000 feet. Having such an arrangement eases the
constraints of having the vehicle fly exactly along the desired ground track centerline both in terms of
its lateral displacement and heading. The microphone separation will also provide an indication of the
stability of the atmosphere through which the shock waves propagate and also provide information on
character of the signatures at lateral locations. It is planned to make use of the digital-remote self-
triggering measurement systems, PATS, developed by NASA-Johnson Space Center (Portable
Automated Systems“) and USAF BEAR System (Boom Event Analyzer Recorder!®) shown in the
lower portion of the figure. The equivalence of these systems as compared to the previously employed
NASA analog sonic boom measurement systems has been demonstrated.!

Also shown on the figure is a schematic of an orbiting airborne measurement planform carrying one of
the remote-digital boom measurement units aloft to altitudes of 3,000, 6,000 and eyen 10,000 feet
aboard an RPV surveillance vehicle such as the USMC Pioneer. The combination of the relatively
slow speed of the vehicle, about 40 miles per hour, and the high signal-to-noise ratio associated with the
sonic boom signature (in reference to airflow noise over the microphone) should permit quantitative
boom signature measurements. The weight of the digital-remote boom measurement unit is well with-
in the current payload capability of the Pioneer vehicle. However, an initial flight test using the Pio-
neer airborne sonic boom arrangement would be required to assure that the concept is valid.

M ~ 1.5 at 20,000 ft. 4,000 ft.

M ~ 1.25 at 8,700 ft.

Co»
airborne

microphone

Measurement Array
Digital-remote sonic boom measurement systems
St

NASA JSC - “PATS” USAF - “BEAR”
Figure 18
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SUMMARY REMARKS

A study has been made to determine the feasibility of experimentally establishing whether a “shaped”
sonic boom signature, shown to be “do-able’” on wind tunnel models out to about 10 body lengths, will
persist out to representative flight conditions of about 200 to 300 body lengths. The study focuses on
the use of relatively large supersonic remotely-piloted and recoverable vehicle. Other simulation
methods that may accomplish the objectives were also addressed and includz the use of nonrecoverable
target drones, missiles, full-scale drones, very large wind tunnels, ballistic facilities, whirling-arm
techniques, rocket sled tracks, and airplane nose probes.

The feasibility of experimentally establishing the persistence of modified sonic boom signatures to
representative flight conditions using a relatively large supersonic remotely-piloted and recoverable
vehicle has been established. It has been determined that the Firebee BQM-34 E vehicle is a suitable
test vehicle in terms of its adaptability to geometric modifications, operational capabilities regarding
Mach-altitude, availability, and costs.

A key ingredient addressed within the study include selection of a modified (shaped) and identifiable
sonic boom signature that differs from the normally observed saw-tooth N-wave signatures, is one that
is compatible with vehicle geometric alterations. It was determined that nonsymmetric “shaped”
signatures would be utilized and include both a flat-top positive phase waveform and a ramp-type
positive phase waveform,

The experimental program invelved wind tunnel tests on models and full-scale flight tests. Wind tunnel

. tests would be conducted in the Langley 8-foot Transonic Tunnel at Mach 1.25, 1t is also highly desirable
to conduct tests in the Langley Unitary Plan Wind tunnel at Mach 1.5 for correlation with past sonic
boom experience. Flight tests would be conducted at Pt. Mugu, California, with the WSMR, New
Mexico, as an alternate site.

° Study has been conducted to examine the feasibility of experimentally
demonstrating the persistence of “shaped” boom signatures to very
large distances in a real atmosphere

° Study focussed on use of relatively large supersonic recoverable RPV

. Findings confirm feasibility of conducting overflight measurements of
sonic boom signatures using Firebee RPV

. Nonsymmetric “shaped’ boom signatures will be utilized

» Experimental program involves both W/T test on models and full scale
flight tests

. WIT test would be conducted in LaRC 8’ TT at Mach 1.25

° Highly desirable to conduct tests in LaRC UPWT at Mach 1.5 for

correlation with past sonic boom experience

. Flight tests would be conducted at Pt. Mugu or WSMR
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Session VI. Propulsion Systems Studies

Pratt & Whitney/General Electric Propulsion Systems Studies Introduction
Samuel C. Gilkey, GE Aircraft Engines; and Richard W. Hines, Pratt & Whitney Aircraft
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P&W / GE HSCT COLLABORATION
JOINT PROPULSION STUDIES

Before P&W and GE present the results of our NASA engine study tasks, we will present a brief introduction
covering our joint study organizations; the engine concepts we are studying; the groundrules we have defined
for our studies; our engine evaluation criteria; our study plans; and the range of NASA study tasks. -

° ORGANIZATIONS

o ENGINE CONCEPTS

® GROUND RULES

® ENGINE EVALUATION CRITERIA
o STUDY PLANS/MILESTONES

® NASA STUDY TASKS

Figure 1
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P&W / GE HSCT COLLABORATION
PARALLEL TECHNICAL ORGANIZATION

The P&W/GE joint venture is a cooperative program organization made up of various functional organizations
from both companies. These technical organizations have defined joint plans and common groundrules, and are
now undertaking the technical tasks required in each technical discipline associated with the engine studies.

e TECHNICAL DISCIPLINES WORKING TOGETHER ON:
e  JOINT PLANS

® COMMON GROUND RULES
e  TECHNICAL TASKS

Figure 2
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HSCT ENGINE CONCEPTS

In an effort to maximize the benefits of our joint efforts, and minimize duplication, P&W and GE decided to
pursue those engine concepts that we each had the most knowledge about, and choosing just one common engine
concept, the mixed flow turbofan, to be pursued by each company.

e TURBINE BYPASS ENGINE
° MIXED FLOW TURBOFAN
o TURBINE BYPASS ENGINE WITH INLET FLOW VALVE

® MIXED FLOW TURBOFAN
e VARIABLE CYCLE ENGINE
® FLADE

Figure 3
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ENGINE CYCLE / DESIGN GROUND RULES

2005 ENTRY INTO SERVICE

P&W and GE have defined a common set of groundrules to be used in the engine studies. These groundrules
are based on 2005 entry into service. These groundrules will be used to perform our joint engine studies leading
to engine concept selection. The groundrules will be periodicaily reviewed and adjusted based on airframe com-
pany requirements and technology development.

AIRFLOW SIZE

THRUST CLASS

MACH NUMBER

CYCLE TEMPERATURES

COMPONENT EFFICIENCY
MATERIALS
COMMERCIAL LIFE

650 LB/SEC

50-60,000 LB

2.4

2900°F  MAX Ty

1250°F  MAXT,

LATE '90’s TECHNOLOGY AVAIL.

LATE '90’s TECHNOLOGY AVAIL.

18,000 HRS/9,000 CYCLES COLD SECTION
9,000 HRS/4,500 CYCLES HOT SECTION

Figure 4
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ENGINE EVALUATION CRITERIA

As we perform our engine studies leading to engine concept selection, it is important to define the evaluation
criteria to be used to select an engine concept. P&W and GE are in the process of defining the criteria and then
making sure we are addressing the critical areas to meet the criteria identified.

e PERFORMANCE 5

e  WEIGHT

® PRICE

e  MAINTENANCE COST

e  RELIABILITY

e EMISSIONS

e NOISE

e  AIRCRAFT MANUFACTURER ASSESSMENT
e IN-HOUSE MISSION EVALUATION

e COMPLEXITY / RISK ASSESSMENT

Figure 5
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1991 HSCT SYSTEM STUDIES PLAN

The 1991 HSCT systems studies plan covers the total P&W and GE planned IR&D and NASA contract engine
studies. We will be reviewing our NASA contract studies which are presently being performed as well as the
results from recently completed NASA studies.

s Fm | alm oo [a]s |o|[nN]D
MFTF TBE/IFV i
TBE,VCE 7/ FLADE
ENGINE CYCLE, FLOWPATH, PaW - MFTF, TBE, TBE / IFV - "'T:": -0
CONCEPTUAL DESIGN DEFINITION | — ~ GEAE - MFTF, VCE, FLADE _!
MFTF TBE /IFV
TBE,VCE 7 FLADE
——————— e |
EXHAUST NOZZLE CONCEPT o PAW-AN&2D e ] COST & MC |
GEAE - 2D FLUID SHIELD
DESIGNDEFINITION |~ 9EAeR-4 020 A o o oo J
TBE TBE/FV
VCE METF FLADE
P&W
ENGINE/NOZZLE PERFORMANCE ~GEAE— T T —— —
WEIGHT, INSTALLATION DATA
TBE
TBE/IFV
‘{% MFTF  FLADE
IN-HOUSE SYSTEM _g‘é‘gﬁ ____________
FLYOFF ANALYSIS
EXISTING FLADE
AIRFRAME MANUFACTURER INLET / INTEGRATION | BoEMNG ]
SYSTEM FLYOFF ANALYSIS ISSUES DOUGLAS
Figure 6
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P&W NASA STUDY TASKS

There are three NASA study engine tasks presently being performed by P&W. They are:

1. An engine life study evaluating the impact of the severe engine environment associated with the
HSCT mission.

2. Definition of a mixed flow turbofan engine.

3. Conceptual design and evaluation of an axisymmetric exhaust nozzle vs. a 2D exhaust nozzle.

° MACH 2.4 TURBINE BYPASS ENGINE (TBE) LIFE STUDY
® MACH 2.4 MIXED FLOW TURBOFAN (MFTF) STUDY
® AXISYMMETRIC VERSUS 2D NOZZLE CONCEPTUAL DESIGN

Figure 7
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GE NASA STUDY TASKS

Present NASA engine studies being performed by GE cover a wide range of tasks from engine definitions; engine
cycles and flowpaths; to exhaust nozzle mechanical design; and combustion efficiency trades.

e  UPDATE M2.4 VCE CYCLE & FLOWPATH

e  M2.4 FLADE CYCLE & FLOWPATH

e  M2.4 TURBOJETS CYCLE & FLOWPATH

e  EXHAUST NOZZLE TRADES '

e  MIXED FLOW TURBOFAN

e  M2.4 FLADE NOZZLE MECHANICAL DESIGN
e COMBUSTOR EFFICIENCY TRADE

e  M1.6 VCE CYCLE & FLOWPATH

Figure 8
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Session VI. Propulsion Systems Studies

Results of GEAE HSCT Propulsion System Studies
Fred H. Krause, GE Aircraft Engines

PRECEDING PAGE BLANK NCT FILMED
879



THIS PAGE INTENTIONALLY BLANK

880



r

@  N94-33479

seulbug Yelolly 39

<
T 108[0ld | DSH
u ‘asneny| ‘H pai

BIUIBIIA “Bingswel)jipn
1661 ‘Gl Aely

doysyIopn yoteasey paadg ybiH [enuuy 1s.i4

Sa|pniS walsAg uois|indoid
10SH 3vdb JO Sjnssey

881

PRECEDING PAGE BLANK NCT FILMED



THIS PAGE INTENTIONALLY BLANK

882



"sainjes; ubisep ojzzou [eonLo |8
aJe By joayel pue qyBlam ajzzou ‘eouewiopad ansnode ‘Bj0 asin1y "subisep wslsAs yeloie pue
uoisindoid | DSH 8y} uo JoALp Asy B Si jusuodwod siy} eyl Es_o:m dABY salpnis InQ -eourew.iouad
walsAs uoisindoid ayi uo 10edwy sy pue ubisep 8]zzou JISNOJE SY} PUNOJIE SOAJOAS) UOlEjUSSald
Aw Jo ped abie| y “1eaA siy) Jo Jopurewal sy} 1o} sueld Ino JSA0D OS[E ||IM | "Saipnis ubisep walsAs

uoisindoid | HDSH S,35 JO SYNsal 8y} JO MBIAIBAO Joug A1aA B noA aalb o) Buiob we | uooutsye siy ]

*SOIISNOOE. JNOQE el [|IM | Ty} ‘SI SMaU peq 8y, "Woog JIUoS JO SUOISSILS INoge

yel o} Buiob jou we | ‘smau poob sy} 1Sli{ SMaU peq pue smau poob 106 8A,| "uooulslY POOL)

883

PRECEDING PAGE BLANK NOT FILMED



‘Buipuny Auedwoo pue <w.<z Uiog Yim 0°g Yo _ocm;v.m Yoep
1e palonpuod Buisq ale seipnis 8joAo suibug -palenjeas Buieq ese ‘JQav1d oul Jo} 8|zzou adA)
P|SIYS PINj} B pUB ‘MOJ} 10108[8 %02} UM BUO ‘MOJ} J0108[6 %09 UM SUO ‘S)deduod 8|zzou ISNeyxsd
uaJeyp 921yl “(IAv4) 8pelq uo uey syl pue (Adl/I€L) N[BA MO} PaLdAUL Ulim eulbue ssedAq
suiuny ay) ‘(3g.L) ewbus ssedAq suiqun; syy ‘(sutbus ssedAq ejqnop) (30A) aulbus 9[040 ajqelEeA

ay1 ‘(4.1 4N) uejoqn) moj} paxiw ay} ‘sideouod suibus Jo Jequinu e Bulien[eas are Jy39H pue Med

pajenjeag Buieg - suondQ 9jzzoN pue auibug 19SH

<

88



16,050-6¥809-1 OV

suondo [y Buusao) aie ] M¥d PUE T usamieg

8|ZZON
ape|d4

ape|4
39

.

00LE =IA
XY
1010813 %021

A//I/I,/

Adi/39L
M3Bd

391
MRBd

0592 = IA
ao/az
10108(3 %09

414N
M3Bd

o2

30A
39

414N
39

paienjeAas buiag — suondQ o|zzoN pue suibug | 9SH

885



subisep 8|zzou o§SNOoE IXY "SA - IN0ge AeS 0} SPIOM M8} B SABY [[IM 1Bl JO YIWS
AN YUy} | pue ¥se) 1ey) Jo Snsal 8y} JO SWOS MOYS Aljaliq ||1m | 'SuBISSp 8]zzOu JLIISWWASIXE 0}
8|zzou g-z-9y} jo ubisep ey} ul pasules| em Jeym Aldde o} Buiki} ae em Japlo ysel siyl Jepun “ubisep
9]zzou Jojosle Jossaiddns g-g inc-1noqge payel 1Biffepy unpy Bujuiow siy] -sauibus 1sniy) oyioads
ybiy Joy Apnis epel) 8jzzou 1Sneyxa SLIBWWASIXE UB BulloNpUOD 818 aM 10B.U0D SN JNO Japuf

| "@'84| Jepun ubisep |esjueydsw Aseuiwije.d
8yl pue 10BIUOD YSYN J8pun soipnis apedl yredmo)y/e[ohd op |im am JDA 8yl yum ‘ureby

"1OSH
1o} uejoqin} mol4 pexiy e jo ubisap [ediueyosw pue yledmolysjoAd syl 10} 10BIUOD UO BB oM

MON “Bulpunj pesyisao Jepun saipnis Josinoaid ] J)\ SWOS PIp oM Jeak Siyl 10 SYIUOW 884U} 1Sl
ay1 BuunQ "10eAU0D YSVYN Japun saipnis ubisap ojzzou ape| ueid em ‘Anp up Buipelg “suibus siy
jo uBisep Areuiwnjaid [edluByOaW B }ONPUOD |[IM BM SBIPNIS (I'PH| JNO JBPUN ‘S[IYM UBSI\ "SUILOW 9
-G 1X8U 8] 10} S9INPBYIS MOjUIe BleuIs}e Ylim soueLlIopad ape|4 Je 00| 0] SNuilUoD [|IM SAL “Jeak
SIU1 10BU0D YSYN Jopun 1deouod epe|4 ay) o} yiedmoj) pue sjoko oujjsseq B palos|es aAey oM
"1661 10} salpnls yledmoly pue 8joA) spe|4 Ino sjussaidsl aul| sy YL Jeyioue suo Juswidwod
$a1pnis 10BIU0d pue QeY| Jno Aem ay} Jo sjdwexs Ue ale swall 9aiy) ISIl) Byl “IOBAUO0D YSYN
pue Y| Jepun yjoq sesh siyl Buiwiopad s| Jy3o) salpnis swalsAs ay) Je ¥ooj yoinb & isnl si siy |

886



168050-265¢9-SOVIN

108jasUMO( 10} PEPSN Ble( 8y} ajesausy
M FVIO R4 pue joejjuo) YSYN ueamiegq

- uoluyep
asdl WBISAS JONIUOD) e
so|pnis
VSVYN | yoAed waisAs jonu0) e
_ _ _ _ _ ! _ _ _ _ ! andi saipnis 18ju| o
uonejeisul
angyi 9|ZZOU YSYN/ID e
sape.}
VSVN 8|ZZ0U ISNBYX3-IXY e
ubisap
__ azyl [BJUBYOBW JDA o
: VSVN 3OA orepdn e
_ ] YSVN uejoqin) mojj PSXIN e
_ _ VSVN (ad ®|zzou 8pe|d e
ubisep
1 asyi [BOIUBYOBW BB e
| | _ [ :
VSYN | uredmoyy/ejoho apeld e
oeq | AoN | 100 | deg | Bny | e | unp | Aey | udy | ey | qed | uep

so|pniS swalsAS — ] OSH 39

887



"JUBLUUIBAIUS MOJ} AIBPUO0DSS %09 YiM 8jZzz0ou Jojosle a09-ag & uum
umoys st auibus syt "sajnipunosl ubisep uowiwod ay) Josyes o) ubisep siyi Buepdn jo sseoolid
sy} Ul aJe sp  "sejnupunolb ubisep ieiies UO POSEg SI UMOUS BlEep 8yl 'G9°0 J0 onel ssedAq

B pUE GZ JO ones ainssaid Jleiono ue yum suibus ssedAq sjgnop e si sujbus 9j0Ad sjqelea 39 8y

autbug ojohn ejqeliep IO

888



16£050-1 ¥8O9- 1OV

sejnipunoib ubisep UOWWOD

ouibug 'sejnu punoib ubisep 39 uo peseq sielep siyl

o1 1661 ul perepdn Buteq s ubisep

€6’ joayel B0 060} |elol -
986" asinio 6} 6/6F ©lZzou Isneyxy -
400021 asinIo €1 1G6S al0D - 1YbivsM
4,0G.¢2 as|inIo 1 G9'0 Hdgd
vl ojuosiadns D48 G¢ voud
06" ouosqgns O4S 8 Hdd
_—
ﬂ///
NG

ouibug o|oAD 8jqeleA 39

889



‘9]zzou
Arewnd sy} o 9sojd 0] umop wao% 100p 18%00Iq & pue soueA epinb Jssional sy Buisodxs Yye
Aem sy |le senow deyjy J0108fo ) ‘epow 9sianal ay1 u| s|bue deyy Josle sy Buibueys Aq paisea
9q OS[e Ued [euisiul 6Y pue ye pue .o} dey} Jojosle syl Bulpys Aq pauea si gy "ejzzou Bn|d prepue)s
€ 8)jl| SareIado 8jzzou 8y} apow 8sinJd oluosiadns sy} U 110308(e 8y} Bujuado Jnoyum sswibai 1ybiy
uoljels|800eAno quiid syl Bulnp gps-¢ uoionpal esiou adAj ajijoid Al00|8A pausAu] uo sn anib
PINod sty "Bnid syl ybnoiy 1xe O Pey Moy} UB} BY} JO BWOS uolneIs|eoor mESn 1By} yons paiwi|
SEM 9]ZZOU sy} JO 8V oyl sAep | SV 8yl U] "JUSWIUMRLUS MOJ} %09 SI 8|zZou siy1 Joj jeob inQ e
Waique yum pajy Ajinjedoy a.e yaiym ssnyd sy} Ussmlaq 9|zzou Uleww BUl 1IXe pue X|w MOj} U} 8y}
JO 1581 81 pUE MO} 8100 BU1 JO ||y "9|ZZOU B} JO UONOSS JUSBIBAIP B} Ul MO} 8100 BU) O} Airenusbue)
sisixe 1l ateym Bnid sy} ol pue sinis syy ybnouyy umop Wbnoiq si j1onp uey syl woly moy
dWog j8jul J0108fe syl uado o1 e pis s dey J0108l8 ay] ‘epow 4o 9)e] 8y} U] "UMOYSs aIe sapow
Bunelsdo Arewud inoj ayy “yiom |9HSH 10} Julod BunJels syl pue seipnis | Sy JNO Woyj ubisep
9|zzou [euly sy} sjuesaidal }] "ubisep 8jzzou olSNOSE JLIBLUWIASIXE DISE JNO SMOYs Ueyd siy]

890



16£050-05809- L OV

YIOM LOSH JuaiinD Joj Juiod BUILB]S 8y sI 82ZON LSV [Buld 8UL

9SI9A8Y uolje.ia|addy

sepoly buneiadp
10108[3 pue Josseaiddng ainyo 0z YUM ©|ZZON Jejnuueo)

891



‘paiinbail aq H.co\,y Ajinjedoy pue Axeay pue xs|dwod ase ssyoeoidde asay; Jo yiog

. '9]zzou 8y} Jo
uoifiel Moj} Jaquinu yoewWw Mo B Ul pateoo) 8q O} JUBM A|SNOIAGO pPjnom 1 "M ybnoiy) Buiob moyy yum
uado 8q pjnom }i suopuod ybijy Jaylo ayy 104 -uoieiado passaiddns Bulinp 8s0[o pjnom abps
Buipes| sy1 Inq ‘weauis sy} ul 8q sAEM{E piNOM US3IOS B JO BPIS puey ys| 8y1 uo ubisep 8lnyo sy |

"Anesy pue xa|dwoo
Aisnoinqo ese Asy) Inq ‘sepow Buiieiedo Jayo ayy Buunp wes.s 8109 8y} JO Ino 8jgemols aq 1ybiw
Heyo sty Jo epis puey ybu ayr uo seinyo Buisde|joo sy -Anewosb sjqelea aney Asy) sssjun
ydeibmala Jse| sy} uo pamoys | oy Bnid e ui seinyd abie| yons Mals o a|qissodwi S1 3| "MOJ} 8100 8y}
JO 1B 83IM] 8q 0} BBIE }iXd 8INYD 8} 8%i| PINOM B\ "8Y 1B BaJe MOJ} 8100 U} O} g 1B Ba.e [e]0} o)
JO Offel 8U} s1 yolym “onel ease Jossaiddns s Jusluulesus moj) %09 Bumeb o} Asy v "ubisep aInyo
SAIJEAOUUL S| S8lpn}s dpeJ} 8]ZZOU Isneyxe IXe Jno Jspun Buuojdxe aie em Jey) seale ay) Jo BUQ

892



162050-15809-1 OVIN

A1essoe08)N 8q JLuom A8y AjjnjedoH - - - Anes pue pajesijduios)

sadeys ajdwig «

90UBULIONS » onel abexoolg aouewWIOuSd « sadeys xa|dwoy) .
uoienioy .«  Weal)s Jo 1no seny) « uonen)oy . ones abexyoo|g «
WBIBM « eale obemols « WBIBM eale obemolg .

sabejueapesiq sabejueapy sebejueapesiq sabejuenpy

| adA] ) 1

sajnyo Buisde|j0n sajnyo buiuadp

ubisa(q a1inynH aAleAOuUU|

893



"siejowesed ubissp
OL18W08b awes 8say} Joj Jyblem pue soisnode ‘eouewlopad oige Jo} SalIAlISUSS Bulop aq [im o

"£’0 - 9°0 INOQE 8.8y 1IN0 SI JLlj [eonoeId Vv -"8iNYd 8U} JO WONOG 8u} O} SNipes 8y}
Aq paplAlp 81nyo 8y} Jo doy sy} O SNIPeJ 8INYD Sy} SI Offel SNIPeI INYD "HY'S SA Ol1_l SNIPe! 8lNyd
jo 10/d e Ajfeel si10/d [euly ay] -souewuopad 8jzzou dluosiadns ejqeuoses. 1o} sea1bap 0"t 01 2 O}
pauwy| si sjbue |reneoq ing 'S uo 1oedwi jueoyiubis e sey sjbue |leleoq Jeyl 8as am ajbue |ie)eoq
1deoxa sis1awered ubisep ajzzou ay) ||e Buixi§ "suoielepisuoo souewouad pue ybiam Aq pawil
sI yibus| dey} urebe 1ng -ezis Josssiddns sjqemols uo aouanjjul sAmsod Ing jlews e sey yibus| deyy
J0108[3 "Yys 1061 Apybis e 10} Ayjeusd pad asinio jlews e 1deooe Ajjessush jim sp eouewlopad
8s1nJo ojuosiadns o|qeuoses. 4o} palinbal st 1eym Aq paliwi A|SNOIACO SI Y "6Y SNSIOA ONel Bse
Jossaiddns smoys jod 1su1) 8y "oBe sueyd Jo 8/dnod B pamoys | 8jzzou 8dAl | Sy 8y} O} JejiwiIs
SI Yolym 8|zzOu duljoseq B UO S3IpNIS 8pel) JNo Wolj S)nsal Alies Aloa awos SMoYs Ueyd Siy |

894



16£050-25809-1 OVIN

wajqo.id ouewosr) sy buipunog Si Iy 3L

ofiey snipey
i 6 ® & ] [ ¥ € F-4 13 [
T T Y Y T T Y T 0
s
151
: @«
mm.m
[
€ 3
{s¢e m.
Sk
olley snipey 8lny) SA HyS *
(sesibagq) 8jbuy jejeog
o 6 Q L ] & [ 4 € F4 1} [}
r ¥ v ¥ Y T T T T T 0
18

ajbuy |rejeog SA HYS

oney ebexyoolg

yibuen) dej4

0S4 SE1 (4] SO0t 08 SL 09 Sy 0 St
T

f T L) T T T T T T

1\0\.0\\’\0\\0%\0\.&.\'\.’\1

yibue dej4 s HyS
(pasenbg seyou)) gv
B A e

" . 2
o~ v e v o

i
)

oney ebexoog

w
”

-

6V SA HVS

oney ebexooig

&
w

salpnis apel| ubisa(] 211SNooY IXY

895



,1 ‘ .tO
ayel Je uoissalddns asiou pue asinio Je souewIouad Bulziwixew o} [BoNLO 8q |Im [041uod Allawosh
91BINJOB S8|QBLIBA |0J1U0D pue sapow Buneiado assayl JO |8 YUM 'SOURA Jasiaal ay) Buisodxs
pouado aJe SI00p JSSIoASL 8U) PUB JBOIY} BY) 1B SOS0[0 8jZZou oY) apow Buisiansi 1sniyl syl uj

‘Buoj sayoul 08 ale 818y UMOUS
sdej} Arepuooss ay} eyl 1no juiod pjnoys | .S seyoeoidde sjbue |leleog 8yl 8poL J1UOSgNS Y} |

"gouBLWLIOuSd [BUISIUI 10} OBl Bale
wnwndo ay) puoAaq papuedxs Ajybijs sI 8|zzou syl pue . ~ si 9|bue |Ieneoq sy} spow djuosiadns
8yl U] ‘paloellel ale s8nNyod 8yl sepow Jaylo je uj -iebie| si paiinbal gy 8iaum SUOIPUOD
10} Ajjeied peloenel aq Aew sainyd sy Ajny pakojdep seinyd syl yim uonisod Jo oyel sl ul
UMOYS SI 8jzzou sy ainbyj 8y} Jo Jouiod puey 1o) Joddn sy} U] "]zzou ISNBYXS 8U) Oul pue SIojosle
8yl ybnouyr (moy} suibus syl J0) %09 [euonippe ue dwnd pnom 1 eyl aledionue spy  "seINyd
Wab18AIp 1u8BISAUOD UUM G'g JOAO Oljel BaJe 10ssaiddns e sey paubisep Se 8jzzou ay] "UoISses
8siou 824nos s,Buiuiow siyl Buunp [lelep awos ul aouewlopad onsnooe/olee pajedidnue sl pue
9jzzou sy} paquosap 1bilfely "IN 91zzou 101098 J0ssaiddns -g 1Us1INd INO 1B YOO| B Sl Ueyo SIy |

896



1691P0-€6209-1 OVIN

Hoaxe| Je uoisseiddng asION Buziwixeyy pue 8sinio e
OOUBLLIOLS] Buiziwixeyy o} [eonii?) [04u0D) Aijawosy) ajeinooy

[es1anay isnuy | oluosqng

oluosiadng

SOPO\ bulressdo sjzzoN qoaz

897



" "18Y10 8y} snsisA adA) auo uo syjouaq
uone|[eISul 8y} 8lenjeAs JainioejNUBW SWEJIEe UB pey Jou aAey am juiod siyl je Ajgleunuojun

"$8|ZZO0U IXe 0} pasedwod Se s9|zzou
a-z Jo sebejueapesip/sebejueape ayl Jo swos sybiybiy peyo siyl sedAl yioq o) sebejueapesip
pue sefejueape sie alsy] ‘s1daouod 8jzzou (Q-g Pue ixe yiog elenjeas o) buli s si 39

898




168050-86529-SOVIN =N

89

paIENBAT 8q 0] anuluo Jjipm sidesuon yjog

¢ Uole|[elsu

SSO| eouewlolad/abeyeaT e
Bale 19|ul 10}08[7 e
1ybiam ainjonis e

sabelueapesig

AljigeinioejnuUel e
eale
90BLINS JUsW]Eal] 211SN0oY
8V S|qelieA
olleJ eale 10ssaiddng e
lalawiad pesealou| e
sabejueApy

C-¥.

IXy SA d¢




. : ‘auibus ape|
2y} Jo moyj} ssew 1abie| syl Yyum Jsniyl eyl axew o} paiinbal Al00jaA 18] paxiw Jamo| yonw ay} wolj
S)INS81 UOIYM UOIIONPaI 8SI0U 8} PUOASq ‘uoilonpal 8SIouU [euoilippe Sapiaoid plaiys ayl "pleIys
olIsnooe Uk wio} 0} suibus ay} Jo ,00g WoNoqg 8yl punoie sdeim YoIiym Jonp Jejnuue ue Ul pajos)|ioo
S| MOJ} opB|4 8y "1deouoo ajzzou pioIys pinjj oy} st wesAs uoisindold spe|4 8y} O anjes) Jayouy

"JuswaAoidwi eouewousad
aulbus pajeisul ue ul Buiynsas pasn aq Ajqeqoid pinom Jre pas|q JaAe| Arepunoq iejul Inq
sawibai 1ybiyj o1uosiadns ul usas abels ape|4 ayi ybnoiyy ob 1snw moj} JO JUNOWE WNWIUIW SWOoS

‘wesboid BuipA-X VdHYQa 8yl 10} palss) pue padojaasp 35 Yoiym 1daouod
auibus a|qiuaAu0d ay)] ee abels siyl ojul moj syl alejnbas sauea apinb }8jul 8|qeUBA "8ulqin]
d @ui Agq uaaup si pue abels uej puodas ay) 0] payoele sl apej4 8yl -aulbus ssedAq saybiy e ul
Bunnsal (8sinId pue uoleI8|8. ‘quuio) sewibal bl oluosgns pue 1o aye} Buunp Moy syuswbne
auibus ape|g uo ue4 10 ape|4 8yl -yoeoidde s,3v) si syl -1deouod ue uspue] 9oAoy SjloH
8y} yum Jenjiwe; a1e noA Jo 1sopy "yoeoidde Jayloue si auibus moj ybiy sy -suibus 1sniy) oyoads
ybiy e ur A3100j8A 18] ueaw 8y} Buonpal sny} ‘9jzzou 8y} Ojul JIe Jusiquie [euolippe %02 L-09 uleljud
1By} s8jzzou J10}osle Jossaiddns juswurenus mol ybiy xejdwod Buieq 1siiy 8y wajgoid uononpal
asiou ay] 0] sayoeoidde s|dijjnw noge payel aAey sAep om] jsed ay] J8A0 siayeads |Blonsg

900



16£050-€5809-1 OVIN

uo1oNPal 8SI0U [eUOIIPPE
10} P|aIYS 21ISNOJ. UB WIO) O} PAsSn MOjj ape| —

aouewlopad esinioladns i1saq Joj adeys ajzzou q/9 —
N \¢ pasn aq pinoo Jie Joke| Alepunoq 1ajuj —
dfe 810 — 4L /L] 8sinJosedns buunp moyy ape|4 WNWIUI «

Jle Jusiquuy

/ |0JJUOD MO} 1O} SIOJE]S S|GELIEA —
lossaiddns o|dwig « 1daouoo ue} pape|4 mojj YbiH «

umoys bumeg Aljewoar) 8SION MO
1dedouo9 uoisindold 10SH .ope|d. VIO

901



"pasn Buiaq s| Moj} 8100 8}
UO UOISSaIddNS WNLWILIL PUE SESI. X8 SGELIBA UlIM 8]ZZ0U ISNByxe OLISWWASIXe Uy "Suopipuod
jjoaye) Jo} paubisap/pazis si apej} sy} a(ium 8sinio oiuossadns Joj paubisap/pazis si sulbus 8100
ay1 1eyl s 1deouod ape|(4 8y} Jo ainyesy anbiun y ‘sdd ogz [euonippe ue sdwnd spe|d 8yl d)IUM
'sdd 0g9 sI suiBus DA 9400 2iseq 8y} Jo MOjj Jie 8y L -sajnipunolb ubisep walsAs uoisindoid 1 QSH

MBd/3D 1uiof 8y} uo peseq subisap epei4 IO 1sele| sy} sioa|jes obed sy} uo umoys elep syl

(epejd) epejg uo ued 39

902



. 164050-¥5809-1 OVIN

G86'LL |E10] -

G6’ jjoayel 640 GO8E 8|Zzou 1sneyxd -
286" osinIo 649 0818 9100 -  1BIoM
14,0811 asInIo g 8’1 Hd epe|d
4,0092 9SINIO L] £e'0 ddg
LE°L oluosiadns 94S .12  VYOHd
260 oluosqgns D4S G6'Y Hd
- -
| fe 7 N
“
|
o~ N
N\ .

(epe|d) suibug spe|g uo ueq 39

903



‘s|eob asiou ||| abels ay) 198w saop )l Ing 1deouoo
PuUOdas 8yl UeY} 8ioW %G| Inoge ybBlem ojzzou siyl -Aepisiseh ye) Arewwns pmed/an 8yl
ul psuolusw weg se sdeyy 10j0ale ou Ing seInyd Jossaiddns yum pleiys pinj e si 1deouos jeuly ay |

‘aA0adsiad sonsnooe ue woly ybnous poob synb jou InS Sem J1 Inq 1sa1ub|
pue isejduiis ay} si 1deouood sty -Bnid syl ybnoayl peronp S| Moj) UB) By "8|ZZou 8y} Jo saa.bap
0€2-002 woloq ay} punose deim pINOM 1 pue WONOJ 8y} UO UMOYS SI PIaIus pINj} 8yl pIaIys
PINj} &Yl Yiim Ing Jossalddns e INOYlIM 8[zzou Weasls ¢ B Sem pall} om yoiym yoeoidde puooss ay |

‘Anesy pue sbue) s 9jzzou siy} eyl st wajqoid sy "moj spej} sbie| e pue Juswalinbai 1sniy)
}Jo 8)e] I1sepow e pey noA i yonous aq pinod uoissaiddns jo junowe siy| ‘uoissaiddns jo gp
¥ ULOM 8¢ pInoo yoiym sjijoid AlI00[oA paLIsAU] UB Ul S)NSal SIY| MO} 8100 8y 0} |9|jesed Ino pue
Bnid sy1 ojur sinuis 8yl ybnouay) pajonp Sem Moj} epe|4 BY} JO [[B 8I8UM ISNBUXS WESI1S OM] B SEM
palpnis em 1deou0d 1silj 8yl "ape|4 8y} 40} PaIpnls oM ydiym S1dsouod 8jzzou ¢ sioidep Leyo sy

904



161250-66529-SOVW

brefl

gp G = salnyo Jossaiddng e
ap€=dAl »
gp E=pRIys pinj{ o
Bnid ybnoiy} moj) ue e
ql S9G'v = Wblap

gP € =dAl e

gp € =PplBlys pinjq o

6nid ybnoiyl mojy ue e
ql 086‘€ = Wb

gpy = e

1sabuejaso|dwis e

Bn|d ybno.ys epel4 e
ql 029'9 = WbBiam

‘A MO UO 8ziden) s8jzzoN epe| ||V

. —
R e

_ N

j0sseiddns YHM weals aauy|

JUSIE . PR e

Weal]lS OM|

paipnlg suondQ 8|zzoN 211SNoJY

905



"‘aouewouad sjzzou
WNWIXeW Joj [euldiul gy S|01uU0d uopisod 1je/al0) 1onp J8IN0 8yl apow 8sinio djuosiadns sy} uj

Jonp epe|4 syl ybnoayl
0B 0] aABY JoU SBOP ISNUY] PasIaAal ay] 1ey] 0S 8|zzou 8y} jo doj sy} punoJe e Jejndlid ,0¢1-021
oy} AJuo sasn Jasianal 8U] 1Byl 80N "SSpPBISEI 1oSIonsl o) asodxse 0} IJe Sapl|s 1onp Jaino sy} pue
B0y} 8Y] 1B 1IXd 8jzzou }je 8y} [ess 0] spuedxs Bnid ay) ,,%oE SIYl U] "ISNJY} 8S19A8I S| pU0D8S 8y
‘Aisnoinaid paquUosap 8ARY | JJodye] - Islly 8y "alay pseoidsp aie sepow Buneiado spe|q 89y

906



16£050-G5809- 1 OVIN

Alxejdwon pue Jybiep seonpasy
8/ZZON 8pk|{ 8y} uo sde| 10108[7 jo yoeT 8y

asIn.Io ojuosiadng

1SNy} 8sionay

907



"SYIUOW M8} 1x8u 8y Ul pa1ajdwiod aq o} anp si suibus siy) uo Auanoe ubisep Areuiwijsid
pue 9[0AD 8y 8]ZzOuU ISNBYX® S|y} U0 Paseq 8le SjudIdIe0d ISNIY) 9|ZzZON ‘luswuleliue
>>o= AIepuoses %09 yim 8jzzou Jojosle go-ge & Yyium umoys si suibus siyl 'G'Lg Jo onel

ainsse.id |[eion0 ue yium uejoqin} oites ssedAgq moj e S| auibua uejogin} Moj} paxiw J5) JusiInd ay |
"s}jnsa. ubisap [eoiueyosw pue yredmoy aredwod usyl ued apy “seluedwod yloq Aq paubissp aq 0}

91940 B U0 aaibe Ajjeniuans |Im pue saibojopoyisw ubisap ino Buuredwod 10} ased 18] e 8q 0} adA)

auibus sy} palosjas 8ABY O\ 'SUBJOQIN) MO}y paxiw Apnis o} ieid yum psaibe sey 39 Ajusosy

uejoqginl mojd pexiN 39

908



16£050-2¥809-1 OVIN .

G6°
¢86°
agl

adgl

aglL
adgl

jJjoaxe) 640
asInIo By
asinIo g

asInIo ||
oluosiadns D4S

aluosqns H4S

ddl [el0] -
Dm._. 9|ZZ0u l1sneyx3y -
ag.l 8100 -  ybiapp
| GLI'0  Hddg
G'lc VvOdd
QLY ddd

uejogin] mo|4 paxiN 39

909



SUMMARY CHART UNAVAILABLE AT TIME OF PUBLICATION

910



1680G0-00929-GOVIN

ubise@ 414N 8y o} A8y v
81y SoljsusoeIeY) WolSAS uoissaiduwon

oo BMN% OMN %
_ 0
0 [BULION g
g ILw\G M o\m paJojie]
v moypaunbay ___ [ 7
souenyuy  '1HS 2N Y 4 S/BM M %
oup | 5 -1 00t
mczﬂwmm Jeaur
Sl0jels s|qeleA Jeal/|ind — 9
SIOjels 8|qelieA [euolippyY — g ADIUIM—-0%4d
SIOJe]S 8|qelBA WNWIUIN — v ADIINOYUM — V
r1YHS 10 8409 Jossaldwon ued

'0)8 ‘ybBlom ‘snipel suiqun} ‘sabeis ~ou 1oedul |[Ip) e
(+GLL-011-GO) wdl Jusoiad xew 18s ||

soljsualorIey) WolsAg uoissaidwon

911



"ISnJY} JO Sq| 000t 18yioue dn 8AIB piNoo Yoiym
sd} 1262 Jo [A B 01 8oyl syi ysnd o} Ajiqedes ayy sn sanib siy] "2 Aes 10 Hd4 e doid pjnom
am os uibrew isniyi AIp ou sAey pinom am auibus Siyl YA "Sluswalinbal ay) 198W PInom Sz'y Jo
ofyes ainssaid uej e yum suibus sdd 0gs B 1ey) suiwIsldp pinom 8pq Sq| 000°8E S palinbal 1sniy}
8y} 1eys pue sdj 0022 10 IA B yum ||| aBelS 198w ued em 9jzzou 10Ssa1ddns JNo YIM Jey] 8|qeLIojuIod
|99} ®M BWINSSE S 18] ‘©SBD SIYl U] "8ZIS MOJJIe Wwnwiuiw B 3o 3oid ued am ‘sjuswalinbss esiou
11| 6.1S 198w UBD M JByL JUIyl 8m yoIym Je Jiwi| Aioojen 1of B ynm 1oid siyl Js1us am J| "AloojanA 1ol
lUBISUOD JO S8Ul| JO} MOJUIe SNSIBA IsnIyl smoys lojd puey Wb 8y "8zis mojure pue one. ssedAq
‘olel aunssalid uey ubisep syl uo quid jo doy pue jujod Buunsesw aulepis syl 18 sjuswalinbal
1Snuy} pue solIsnooe Jjo exel Jo Joedwi ey 1e Buool ase saipnis 810k uejoquny Areulwijaid JnQ

912



164250-10929-SOVIN

Jjoaye| 1e ubisa( 8yl eAuq Sjuswalinbay 211Snooy

u

%20 9/0MM

008 00L 009 00g oot

_|1 I T T 000°0¢
€ol't S2'§
$10't  00°S
126 SLY . flooo‘se
198'c 65V
90L2 STV
1y Hd
kg
-J000‘or
0022
-J000'sy
00p'c
_looo‘os
009’
008z / . —000'GS
000'E 002'e 0ov'e
s6'0=0610

dxe ‘dwod —IA
o81+.689/22€0 WV

al
‘Isnay i

ubiseq

S/6MM

008 004 009 005 00¥y

[ 1 T T 000'GE
1662 S2'S
062 00'G
L3 sv
065z [S2¥] 000°0%
5082 00F
2eeT SLE
psh Tad
g
000'SY
000°'0S
002'2
000'sS
0ov'z
008'2 ‘ . - 000°09
woy 000t 0%F oor'e
dxe ‘dwoo —IA

Kep piepuels - SIS Iy

saipnis uejoqin] Areulwiaid

a
“Isnay ).

913



.mEHm\Am co_m_:qoa alepipued Jaylo ayj o1 ) asedwod pue ubissp 41 4N 1584 8yl pulj 01 YSYN
puB MBd Uum Bupjiom are am Ing ‘palilll] usaq aAey mcm_co,. 10 8dA} siy} uo alep o} se|pnIs INQ

"Juswalinbal ayl uey) aiow
Ajfenueisgns aq pjnom a|qe|ieAe 1snJy} Joaxel ayl pue sdd g9 o} smoib ezis auibus paiinbal ay}
GZ'0 JO Hdg ubisep B 104 "yorew poob e Ing Leyo snoinaid sy Wwolj Juswalinbal Jjo xe) sy} uey)
JobBre| Apybis -sdd 0Gs 1noge aq o} spasu sulbus 8yl G1°0 = dydg e 10} Sq| 052 02 SI Juawalinbal
1SnJy1 quuio jo doy ayl reyl Buinssy -ones ainsseld uey usAlb e 1o} sulbus 8y} ozis Juswaiinbal
1SNJYl quio jo doy mE yum Buope oney ssedAg ubise@ ayl moy smoys 1ybu syl uo joid sy

914



161250-20929-SOVIN
auibug 8y} 8zis oney
ssedAg ubise@ puk jsniy | quiio jo doj
ubiseQ - ufiiseq
/MW /MM
ohwm cﬁwh oww 008 com \ onwm oc_h Onwm 008 cowm 0008
1% 126'2_SL'b 000°'S€
YeW A Iid
Jzz —
%S5/ I 0000¥ .
Jyz e 000't .689/22£0 e
ASIYL 002'T Isnyg
sz0=%dg 000'S¥
o|$ =N 92
ey v
006'2/052'} 000°0S
. qa 182
g10=%u4g
009'
doe ooz’ 1 doze Jooo'ss
SI% =Hd
000'GS/v 2N IV ,689/22€°0 v

Hdg ‘G.v = jdd
saipnls 41 Aeuiwiaid

915



-51daou09 [RIOABS SYeulw® 0] uonisod e Ul sn Ind pinoys S1S8) SO1ISNOJE Pue salpnis
welsAs uoisindosd 1no ‘Jjey suo pue Jeak 1xau sy} uiynm Ing ‘14 1deouod suibus ue 1os|es 0 Apeal

10U 91 9\\ "SI 8ulf WoRoq 8y -Aioleue|dxe jjos a|qeUOSEal S| LBYD SUOISNIOUOD Byl 1Byl Julul |

916



168050-£0929-GOVIA

SOIWOUOD] -
suoIssiwg -
8SION -

sobua|[eyo 9.yl syl Jamsue djay p|noys salpnis
Buizis yelole pue Buissl uoissiwa syl ‘s}ss} 211Snoode a8yl
‘selpn)s ape.] ubisap ay] Jo s}nsal ay} Jeah 1xau swi} Siyl Ag e

auibua oluosiadns e yiim 8}l suibus |erojawwiod djuosqns
Bunesw spJemo} pajusiio aie saipnis apel] ubisap [edluByos|\ e

s1deouo?d
Bunenjens o1 Aay aJe saipn}s apel} yiedmolj pue ajoh) e

suoido ajzzou
pue walsAs uoisindoud jo sbuel apim Buliojdxs pARd/TD e

sa|nJ puno.b
ubisep Jo 18S a|qeuoskal e uo paaibe aney pM\8d/3D e

Arewwng

917



THIS PAGE INTENTIONALLY BLANK

918



Session VI. Propulsion Systems Studies

Pratt & Whitney Propulsion Systems Studies Results/Status
Martin G. Smith, Jr. and George A. Champagne, Pratt & Whitney Aircraft

PRECEDING PAGE BLANK NOT FILMED
919



THIS PAGE INTENTIONALLY BLANK

920



€ N94-33080 PR

P&W PROPULSION SYSTEMS STUDIES
RESULTS / STATUS

MARTIN G. SMITH, JR.
GEORGE A. CHAMPAGNE
ADVANCED ENGINE PROGRAMS
PRATT & WHITNEY

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
FIRST ANNUAL HIGH SPEED RESEARCH WORKSHOP
MAY 14-16, 1991

PRECEDING Ba 921

GE BLANK mnoT FilLMED



P&W PROPULSION SYSTEMS STUDIES
NASA FUNDED EFFORTS TO DATE

Propulsion systems studies for the High Speed Civil Transport (HSCT) were resumed in 1987 after a hiatus of
6 or 7 years. The initial NASA-sponsored efforts were funded through subcontracts under the Boeing
(NAS1-18377) and Douglas (INAS1-18378) primary contracts from the Langley Research Center. The very early
studies covered a wide range of cruise Mach numbers and provided performance, installation and weight infor-
mation for both existing and newly-defined study engines, with the primary goal of narrowing the Mach number
range to the region of interest. Later studies under these subcontracts included tasks devoted to the environmen-
tal issues of noise and stratospheric cruise emissions.

The NASA Lewis Research Center contracted directly with Pratt & Whitney for a series of studies over a three
year period beginning in late 1987. These studies included evaluation of various engine cycles with a major em-
phasis on the airport noise reduction challenge. The current NASA-Lewis funded studies include investigation
of the design trades available to achieve satisfactory life in a commercial supersonic transport application, mixed
flow turbofan cycle and conceptual design studies and an axisymmetric vs two dimensional nozzle conceptual
design and evaluation study. P

1987 1988 1989 1990 1991 1992

AIRFRAME CO. SUBCONTRACTS
e EMISSIONS
e NOISE

e PERFORMANCE &
INSTALLATION DATA

UNIQUE PROPULSION CONCEPTS

o TASK2: NOISE —

e TASK 11: IMPACT OF
TECHNOLOGY, CYCLE { ]
STUDIES

QUIET ENGINE CONCEPTS [ ]

UNIQUE PROPULSION SYSTEMS

e TASK 2: TBE LIFE STUDY E::j

e TASK 3: MFTF CYCLE STUDY
e TASK 5: NOZZLE CONCEPTUAL

DESIGN | ]

Figure 1
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P&W ENGINE CONCEPTS

Shown in Figure 2 are four engine concepts which have been, or are being, investigated for potential future appli-
cation to a High Speed Civil Transport. The turbine bypass engine (TBE) is a single spool turbojet with an over-
sized compressor and a compressor bleed system that bypasses flow around the turbine. This feature enables
the TBE to operate at maximum turbine inlet temperature over the entire flight envelope. It also provides higher
compressor pressure ratio and more thrust variation at constant airflow than a comparable turbojet during part
throttle operation. It has an inherently high exhaust jet velocity and must rely on a very effective suppressor
nozzle to achieve the FAR 36 Stage III noise goal.

The turbine bypass engine equipped with an inlet flow valve is intended to provide lower exhaust jet velocity
through increased inlet total airflow at takeoff, while maintaining the turbojet cycle for climb and supersonic
cruise operation.

The variable stream control engine (VSCE) is a moderate bypass ratio twin spool turbofan which uses fan duct
augmentation for takeoff, transonic/supersonic acceleration and supersonic cruise. The VSCE derives its name
from the ability to independently control the primary and fan duct exhaust streams via its two burners and two
exhaust throat areas.

The mixed flow turbofan (MFTF) is the type of engine being widely used for many current and planned military
aircraft. It is typically a low bypass ratio twin spool configuration and may be equipped with an afterburner for
thrust augmentation. For the HSCT application, the use of an afterburner is being considered for use at thrust
critical transient conditions, such as transonic acceleration, but may not be necessary. The MFTF has an in-
herently lower exhaust jet velocity than the TBE and would not require as much noise suppression in the nozzle
to meet the FAR36 Stage III goal.

TURBINE BYPASS ENGINE TURBINE BYPASS ENGINE
WITH INLET FLOW VALVE

i . >< - e Proct Cemg, Flow Ty ot
i :_ S ' _',‘,‘_'M,: L___Lq!i 5 pa—— Y
VARIABLE STREAM MIXED FLOW TURBOFAN

CONTROL ENGINE

—

] M
=S

Figure 2
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P&W COMBUSTOR FOCUS
RICH BURN-QUICK QUENCH CONCEPT

Pratt & Whitney is focusing its High Speed Research (HSR) combustor technology development on the richburn
quick quench (RBQQ) concept, which is illustrated in Figure 3, to achieve very low levels of oxides of nitrogen
(NOx) emissions. Combustion takes place in three distinct zones: the fuel rich zone, rapid quench zone and
fuel-lean zones. '

All of the fuel is injected and reacted in the fuel rich zone. Because of the lack of enough oxygen for complete
combustion, the rate of formation of NOy is low. To complete the combustion process, which consists of carbon
monoxide to carbon dioxide conversion and smoke oxidation, the rich zone combustion products pass through
a second reaction zone in which the mixture strength is lean and temperature sufficiently high to carry out the
reactions, but avoiding the higher levels at which formation of NOx can be accelerated. The rich-to-lean mixture
transition must be accomplished in the quick quench section of the combustor located between the rich and lean
zones. Large quantities of air are introduced in this section to mix rapidly without accumulating time at elevated
temperatures.

SECONDARY

AIRFLOW
FUEL — —d 4. = ~ 0.3
PRIMARY — ¢~1418 = ?
AIRFLOW .

FUEL FUEL-RICH RAPID FUEL-LEAN
PREPARATION COMBUSTOR | QUENCH COMBUSTOR

RICH INITIAL

RELATIVE NOX COMBUSTION ZONE
EMISSIONS INDEX S

LB/1000 LB

LEAN FINAL
COMBUSTION ZONE

- LIMIT OF LEAN STABILITY_I
1
0 1 2
EQUIVALENCE RATIO
Figure 3
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MIXER EJECTOR NOZZLE CONCEPT
LARGE FLOW ENTRAINMENT REDUCES JET NOISE

The mixer/ejector suppressor nozzle concept illustrated in Figure 4is currently being investigated under the HSR
low noise nozzle technology development program. The nozzle concept relies on a large amount of ambient
airflow entrainment to rapidly mix with the high temperature exhaust flow, thereby lowering the jet velocity and
the associated jet noise. It hasa retractable mixer which is deployed at takeoff and stowed for cruise.

Also shown in Figure 4 is the theoretical reduction in noise as a function of the amount of entrained flow. The

Pratt & Whitney goal is to achieve over 100% flow entrainment and approximately 20 db noise reduction in the
. nozzle.

FIXED PLUG
_ RETRACTABLE MIXER » MIXED
TEGV o TAKEOFF POSITION » EXHAUST
PRIMARY /— o CRUISE POSITION » FLOW
FLOW

Y oo P
E—— 0 _ =

<" ENTRAINED SECONDARY  VARIABLE FLAPS _
(AMBIENT) AIR AT TAKEOFF

0

-6

TARGET FOR
MIXER / EJECTOR

RELATIVE JET -12 NOZZLE
r—-—-—ﬁ-——-‘

NOISE, dB

-18-

-24

J ' i 1

0 20 40 60 80 160 150 1&0 160 180
FLOW INCREASE, PERCENT

Figure 4
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TECHNOLOGY IMPACT ON NOy EMISSIONS
MATURE RBQQ COMBUSTOR REDUCES NOx UP TO 85%

The projected impact of propulsion technology advances on NOx emissions, takeoff noise and integrated propul-
sion/airframe system performance will now be described. Figure 5 presents the supersoniccruise NOx emissions
trend for three technology time period TBE’s from current technology with entry into service (EIS) in 1995 to
year 2005 EIS. If current technology combustors were utilized, NOx would more than double for the year 2005
EIS engine due to its 200°F increase in combustor inlet and exit temperatures and over 50% increase in combus-
tor pressure level. The mature RBQQ combustor is projected to reduce NOx emissions up to 85% for thisengine
or 70% relative to the current technology cycle and combustor.

' yd
40 |- e
7~
CURRENT P
TECHNOLOGY -
COMBUSTORS
30 |- ol
-~
-~
-
-
- P
SUPERSONIC -
CRUISE 29 |-
NOX El,
GM / KG EARLY
RBQQ
COMBUSTOR MATURE
10 RBQQ
COMBUSTOR
o Ll | |
1895 2000 2005
ENTRY INTO SERVICE DATE
Figure 5
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TECHNOLOGY IMPACT ON SIDELINE NOISE CHARACTERISTICS
MACH 2.4 TURBINE BYPASS ENGINES - 600 LB/SEC AIRFLOW SIZE

The jet noise comparison for the same 1995, 2000 and 2005 EIS TBE’s is presented in Figure 6. The unsuppressed
" jet noise increases with increased thrust (and attendant jet velocity) for the later time period engines due to the
higher combustor temperatures. For the 1995 EIS engine a conventional tube/chute mechanical noise suppres-
sor is estimated to provide about 12 db noise reduction, but is still 8 db above the FAR36 Stage III rule. The
mixer/ejector suppressor nozzle concept utilized for the later time frame engines is projected to provide on the
- order of 20 db suppression (based on 120% flow entrainment), but still is 2 to 3 db above Stage III at maximum
power. However, the noise goal can be met throttling the engines while still providing more thrust than the 1995

EIS engine.
"] UNSUPPRESSED i
77777774 SUPPRESSED
130- BASE THRUST +7% +16%
' R " - A N
125
1204
TOTAL 415
EPNL
TUBE/CHUTE
SUPPRESSOR
110- MIXER /
MIXER / EJECTOR
1054 EJECTOR 18%
Y/ THRUST
STAGE lI~®»—|— — — 1 ———- — I
100- 7/
1995 2000 2005

ENTRY INTO SERVICE DATE

Figure 6
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TECHNOLOGY IMPACT ON TAKEOFF GROSS WEIGHT
PROVIDES UP TO 12% TOGW REDUCTION

The results of the integrated propulsion/airframe system evaluation of the 1995, 2000 and 2005 EIS Mach 2.4
TBE’s are illustrated in Figure 7. The figure shows aircraft takeoff gross weight (TOGW) required for 5000 nm
design range as a function of engine corrected airflow (WAT?2) divided by TOGW. Noted on each of the curves
are the WAT2/TOGW values needed to satisfy the various engine sizing constraints. The solid symbols on the
year 2000 and 2005 curves represent the points sized for the required takeoff field length while meeting the Stage
III sideline noise goal. ‘The 1995 and 2000 TBE critical engine sizes are set by the time to climb criteria. The
1995 TBE produces a sideline noise level of 110 db at the time-to-climb sized point as noted on the curve. A
point is also noted on the 1995 TBE curve that reduces the noise by just one db via throttling back and oversizing
the engine at takeoff, and is obviously an unacceptable penalty to pay for noise reduction. The time to climb
sizing criteria for the year 2000 engine provides a larger engine than required to meet the noise goal. The year
2005 TBE engine size is set almost simultaneously by the time-to—climb and takeoff field length/Stage III noise
criteria. The payoff for the year 2005 engine relative to the current technology year 1995 engine is a 12% takeoff
gross weight reduction and 7 1/2 EPNdb reduction is sideline noise.

SIZED FOR REQUIRED TOFL

SIZED FOR TIME TO CLIMB

SIZED FOR TRANSONIC THRUST MARGIN

SIZED FOR SUPERSONIC THRUST MARGIN

SIZED FOR STAGE Il - SIDELINE NOISE (102.5 db)

YR 1995 TBE | -\7/

(713 Ib/sec
109 db

YR 2000 TBE

e DO

8.4

8.0

7.8

/
TOGW, LB \_er ’9/9’92577 ib/sec /
X105 _, 110 db pd
A YR 2005 TBE

o8 509 lo/sec .-,///

452 Ib/sec
6.4

} _
0.6 0.7 0.8 0.9 ; 1.0 1.1

WAT2/TOGW X 103

Figure 7
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Shown in Figure 8 is a comparison between the year 2005 EIS TBE and VSCE designed for Mach 2.4 cruise.
The comparison is shown both on the basis of takeoff gross weight for a design range of 5000 nm and range for
a fixed TOGW. The figure shows a 12% TOGW or 19% range advantage for the TBE. The contributions to
the TBE’s range advantage are depicted and are shown to be due primarily to improved fuel consumption during
climb and cruise. These results are for an all-supersonic mission profile. A mixed subsonic/supersonic mission
with a 1000 nm subsonic cruise leg was also considered. For the mixed mission the TBE range advantage is re-
duced to about 15% relative to the VSCE. In summary, the system evaluation results show the TBE is clearly
superior to the VSCE for a Mach 2.4 cruise application. As will be shown later, studies at Mach 3.2 produced

similar results.

+ 20/

+ 10;

PERCENT 0
RELATIVE
TO VSCE

~§0

-20
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EFFECT
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WEIGHT } ENGINE WEIGHT
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HSCT QUIET ENGINE CONCEPTS (QEC)
MACH 3.2 NOISE REDUCTION CONCEPTS

Two major challenges in the design of propulsion systems for High Speed Civil Transports (HSCT) are complying
with noise and emissions environmental standards while providing economically acceptable aircraft. These issues
create a dilemma in engine design because low exhaust jet velocities are required to meet takeoff noise regula-
tions while high exhaust jet velocities are required for economical supersonic cruise operation. Previous studies
have shown that engines incorporating mechanical suppression concepts to meet FAR Stage ITI noise regulations
must be oversized by 50 to 70% relative to the sizes that will provide the most attractive aircraft economics.

The objective of the Quiet Engine Concept (QEC) study was to examine propulsion concepts that can achieve
a large increase in airflow during takeoff operation to reduce the average exhaust velocity to acceptable levels.
Twwo methods of accomplishing large flow increases were examined.

The first method utilizes a flow inverter valve between compression system stages to transport flow from the
front compression stage around the rear stages while simultaneously ducting additional ambient air into the rear
compression stages. This concept can increase engine total airflow by 30 to 70%. i

The second method utilizes a mixer/ejector nozzle to increase the engine exhaust flow by up to 120% during
takeoff and landing operation.

As shown in Figure 9 these two methods of increasing engine airflow were evaluated for various propulsion con-
cepts to identify their applicability and effectiveness in reducing takeoff noise. Propulsion concepts studied for
a Mach 3.2 HSCT included non-augmented turbine bypass engines (TBE), variable stream control engines
(VSCE) and non-augmented mixed flow turbofans (MFTF).

® TURBINE BYPASS ENGINE (TBE) WITH:

- INLET FLOW VALVE AND MIXER EJECTOR NOZZLE
MIXER EJECTOR NOZZLE

e  VARIABLE STREAM CONTROL ENGINE (VSCE) WITH:

- INLET FLOW VALVE AND MIXER EJECTOR NOZZLE
MIXER EJECTOR NOZZLE

° NON AUGMENTED MIXED FLOW TURBOFAN WITH:
- MIXER EJECTOR NOZZLE

Figure 9
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TBE INLET VALVE/EJECTOR NOZZLE CONCEPT SCHEMATIC

In this concept, illustrated in Figure 10, the 120% exhaust flow increase is achieved through the use of an inlet
flow valve and an ejector nozzle. The inlet valve is positioned between the first and second stage of the compres-
sor, and is used during takeoff to divert the front stage exhaust flow around the rear stages aad bring in 500 1b/sec
ambient air to supply the rear stages. During climb/acceleration and cruise operation, the inlet valve is reposi-
tioned so that all the flow entering the front stage passes through the rear stages and the auxiliary inlet air doors

are closed.

The ejector nozzle is used to entrain 281 Ib/sec flow durihg takeoff to increase the total exhaust flow to 1450
Ib/sec. and reduce the jet velocity to the required 1450 ft/sec. A mixer is used to achieve a flat velocity profile

exiting the nozzle.

281
500 EJECTOR
VALVE FLOW FLOW ~——
> €52___ FRONT COMP. FLOW
- ,’ .
652 REAR < S17_ 1450
- - m STAG <
\!-
\\
. /\
Figure 10
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IMPACT OF INLET FLOW VALVE
ENGINE LENGTH INCREASED BY 60 INCHES

As shown in Figure 11, incorporation of the inlet flow valve into the flowpath requires significant flowpath
changes to the high pressure compressor. When a valve is incorporated into the engine, the corrected airflow
entering the rear stages will vary significantly between high mode and low mode operation. To insure that the
rear stages would be compatible with the specific flow variations, the area at the rotor inlet was increased relative
to the conventional engine. At the sea level takeoff design point the specific flow into rear aft stages during high
mode operation is 40.6 compared to 36.1 during low mode operation. Analysis indicated that this range of specific
flows produced good efficiency during both high and low mode operation.

An additional item of concern is the pressure distortion which will occur when the valve transitions from high
to low mode operation. The front and rear stages of the compressor must be designed with sufficient stall margin
to allow stable transient operation. Accordingly, the compressor rear flowpath was modified from a Constant
Mean Diameter (CMD) to a Constant Outer Diameter (COD) configuration and the entire flowpath was moved
radially outward. This process increased the average mean wheel speed through each airfoil row, improving the
stage work capability at the expense of additional weight. Since the inverter valve was designed to accept axial
inlet and deliver axial exit flow, vanes incorporating variable trailing edge flaps were posftioned at the inlet and
exit of the inverter valve. The vane geometry is set as required to achieve compatibility with the change in flow
ratios between high and low mode operation.

Incorporation of an inlet flow inverter valve in the TBE increases the engine length by 60 inches and the weight
by 2740 1b or 22%. The inlet valve weighs 1280 ib, and the modifications to the basic engine weight 1460 Ib.

(@

2= PC-OUPT

2= HC=0O>D

AN ne m

| | 1
0. 25. 50. 75. 100. 125. 150, 175.
AXIAL LENGTH - IN.

Figure 11
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MACH 3.2 QUIET ENGINE CONCEPTS
IMPACT OF NOISE REDUCTION CONCEPTS ON TBE POWERED MACH 3.2 HSCT

Mission analyses were conducted for a TBE powered Mach 3.2 HSCT which carries a passenger load of 61,500
Ib for a distance of 5000 n. mi. Inorder to achieve a takeoff field length (TOFL) of 12,000 feet, a total net thrust
(FNTOT) to takeoff gross weight (TOGW) ratio of 0.287 is required.

In the 1970s, engines with mechanical noise suppressors (MNS) and acoustically treated n-zzles were examined.
Figure 12, Column 1 shows that such an engine, sized for the TOFL requirement, achieves a sideline jet noise
level of 111, -which is 9 EPNdB above the Stage 3 requirement of 102 EPNAB for a 675,000 b TOGW aircraft.

If a mixer/ejector nozzle (MEN) can entrain 770 Ib/sec flow and mix it fully with the 660 Ib/sec exhaust flow of
the TBE to achieve an effective exhaust velocity of 1450 ft/sec, column 2 shows that the FAR Stage 3 noise re-
quirement can be met with a 687,000 Ib TOGW aircraft.

Column 3 shows that if an inlet flow valve (IFV) with 74% flow and a mixer ejector nozzle (MEN) with 43% flow

entrainment are used, the aircraft TOGW increases to 768,000 Ib because the inlet flow valve increases the pro-
pulsion system weight by 22%. ’ '

MNS M/E IFV +
NOZZLE NOZZLE M/E NOZZLE

TOGW, LB 674,800 686,700 767,800
ENGINE FLOW SIZE, LB/SEC 630 641 717
ENGINE WEIGHT, LB 11490 12220 16675
SIDELINE EXHAUST FLOW, LB/SEC 650 1430 1600

e MAIN INLET + FUEL 650 660 740

¢ INLET VALVE — -— 550

¢ EJECTOR NOZZLE e 770 310
SIDELINE EXHAUST VELOCITY, FT/SEC 2760 1450 1450
UNSUPPRESSED NOISE, EBNdB 123 101 102
SUPPRESSED NOISE, EPNdB i1 — —
STAGE lll RULE, EPNdb 102 102 102.5

Figure 12



MACH 3.2 QUIET ENGINE CONCEPTS
IMPART OF NOISE REDUCTION CONCEPTS ON VSCE POWERED MACH 3.2 HSCT

In the 1970’s variable stream control engines with mechanical noise suppressors (MNS) were examined. During
takeoff operation, the duct burner is on and produces a duct stream exhaust velocity that is 70% higher than that
of the core stream. The Inverted Velocity Profile (IVP) produces an unsuppressed jet velocity of 119 EPNdB.
Mechanical noise suppressors for this concept provide an additional 2 EPNdB reduction in noise, as shown in
Figure 13, Column 1. If the engines are sized to achieve the 12,000 ft. takeoff field length, a sideline jet noise
of 117 EPNdB is produced.

In order to achieve the Stage 3 noise regulation, a mixer/ejector nozzle (MEN) with 120% flow entrainment is
required. Column 2 shows that a VSCE with a MEN produces an aircraft TOGW of 800,000 1b.

BASELINE  MIXER EJECTOR

iVP. MNS NOZZLE

TOGW, LB 744,300 799,800
ENGINE FLOW SIZE, LB/SEC 682 733
ENGINE WEIGHT, LB 11710 14110
SIDELINE EXHAUST FLOW, LB/SEC 705 1635

e MAIN INLET + FUEL 705 755

e EJECTOR NOZZLE — o 880
SIDELINE EXHAUST VELOCITY, FT/SEC 2730 1450
UNSUPPRESSED NOISE, EBNdB 119 103
SUPPRESSED NOISE, EPNdB 117 e
STAGE IIt RULE, EPNdB 102 103

Figure 13
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MACH 3.2 QUIET ENGINE CONCEPTS

TBE AND MFTF PROVIDE TOGW REDUCTION OF 14 TO 16% OVER VSCE

Mixer/ejector nozzles have been evaluated for a non-augmented turbine bypass engine (TBE), a non-augmented
mixed turbofan (MFTF) and duct burning variable stream control engine (VSCE). The results are summarized
in Figure 14. The TBE concept provides the best supersonic cruise fuel consumption, while the MFTF provides
the lightest weight propulsion system. The VSCE, which operates with the duct burner on during supersonic
cruise, has the highest Mach 3.2 cruise TSFC and requires the largest aircraft to satisfy the mission. The TBE
and MFTF powered aircraft are 14 and 16% lighter than the VSCE powered aircraft, respectively.

VSCE/MEN TBE/MEN MFTF/MEN

TAKEOFF GROSS WEIGHT, LB 799,800 686,700 675,300
ATOGW, % BASE -14 -16
ENGINE FLOW SIZE, LB/SEC 733 641 631
ENGINE WEIGHT, LB 14,110 12,220 10,960
MACH 3.2 CRUISE TSFC, LB/HR/LB 1.72 163 1.65
SIDELINE NOISE, EPNdB 103 101 101
STAGE Ill RULE, EPNdB 103 102 102

Figure 14
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TURBINE BYPASS ENGINE LIFE STUDY
OBJECTIVES

Awide variety of propulsion system concepts have been considered for application in a 2nd generation supersonic
transport. Based upon these studies, the Turbine Bypass Engine (TBE) has emerged as one of the promising
candidates. Selection of the best propulsion system requires more in-depth studies to identify the optimum cycle
and configuration for each engine. The objectives of the Turbine Bypass Engine Life Study are: (1) to update
the conceptual definition of a Mach 2.4 TBE to include commercial life requirements and the latest material
and structural technology projections and (2) to define critical component technology programs which must be
carried out prior to initiation of engine full-scale development. (See Figure 15). The engine incorporatesaerody-
namic, material, and structural technologies projected to have technical readiness in the year 2000, with a corre-
sponding Entry Into Service in 2005.

o UPDATE THE CONCEPTUAL DESIGN DEFINITION OF MACH 2.4
TBE TO INCLUDE COMMERCIAL LIFE REQUIREMENTS FOR A
YEAR 2005 ENTRY INTO SERVICE DATE

° DEFINE CRITICAL COMPONENT TECHNOLOGY PROGRAMS
WHICH MUST BE CARRIED OUT PRIOR TO INITIATION OF FULL
SCALE DEVELOPMENT

Figure 15
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HIGH SPEED CIVIL TRANSPORT ENGINES
SUPERSONIC CRUISE MISSION REQUIRES MAXIMUM TEMPERATURE OPERATION FOR MUCH
HIGHER PERCENTAGE OF TIME

Achieving commercial life in an HSCT propulsion system poses a substantial challenge to the engine designer.
An HSCT engine operates at near maximum cycle temperatures and rotational speeds from transonic accelera-
tion thought the end of supersonic cruise, resulting in the majority of the mission spent at the most severe combi-
nation of stress levels and temperature conditions. In contrast, current subsonic transports operate at the most
severe engine conditions only during takeoff, generally less than 1% of the total flight time. A comparison of
typical turbine temperature histories for a future HSCT versus a current subsonic transport is shown in Figure
16.

3200

Future HSCT
LLLLLLLL S (L7

2800

TURBINE 2400
TEMPERATURE,
°F

2000 Current subsonic transport

1600 i \ L 1 1
0 20 40 60 80 100

MISSION ELAPSED TIME, EXCLUDES TAXI AND DESCENT, PERCENT

Figure 16

937



TURBINE BYPASS ENGINE LIFE STUDY
CYCLE & CONFIGURATION GROUND RULES

The primary TBE cycle parameters for the life study were defined to be consisteat with the groundrules estab-
lished by the P&W/GEAE HSCT Propulsion Team. These groundrules, shown in Figure 17, resuited from pre-
vious studies conducted under HSR Phase I coupled with updated estimates of projected material capabilities,
structural concepts and cooling technologies. The maximum compressor discharge temperature was limited by
material constraints in the aft compressor stage airfoil and disk rim. Additional constraints on the compressor
discharge temperature were cooling requirements for the low NOx combustor liner and the turbine blade attach-
ments. The maximum combustor exit temperature was limited based upon achieving acceptable turbine airfoil
cooling with the specified compressor discharge temperature. Although these temperatures may not seem
aggressive when compared to military engines, consideration of the HSCT duty cycle makes them highly aggres-
sive.

The primary parameter varied in the flowpath study is turbine maximum AN2 which establishes the rotational
speed of the engine. High AN2 designs have heavier, more complicated disks and attachments but may achieve
weight and drag reductions by reducing the number of airfoils, reducing the engine diameter, and/or reducing
the engine length. However, at some level, engine life will be reduced or the weight/performance benefits will
be offset by other considerations. For each configuration, iterations are performed between the performance
and flowpath to account for any required changes in secondary flows and/or component efficiencies. Selected
compressor and turbine attachments and disks are then designed to insure structural feasibility and aid in estab-
lishing engine weight trends. A mission analysis is then performed for each engine to identity the optimum set
of component aero/mechanical design groundrules.

CYCLE INLET CORRECTED AIRFLOW SIZE, LB/SEC 650

PRESSURE RATIO o 19
T41 HOT DAY TAKEOFF, °F 2900
T41 STD DAY MACH 2.4 CLIMB, °F 2800
T3 MAX, °F 1250
TAKEOFF THRUST,V LB 58000
TURBINE AN2 (SETS RPM), IN?2 - RPM? 400 - 500 X 108
Figure 17
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TURBINE BYPASS ENGINE LIFE STUDY
DUTY CYCLE - ALL SUPERSONIC AND AVERAGE MISSIONS

The HSCT will be sized for an all-supersonic mission with an assumed design range of 5000 nautical miles. How-
ever, a typical mission will result in a mixture of subsonic/supersonic flight with an average range on the order
of 3500 nautical miles. The TBE engine will be designed to meet commercial life requirements based upon the
typical flight profile. Lower life will result from utilization in an all-supersonic mission environment. The TBE
life study will determine the difference in engine life between an all supersonic and a typical mixed mission.

Figure 18 depicts the variation in rotor speed, compressor exit temperature and turbine inlet temperature as a
function of time for the all-supersonic and mixed missions. Note the large reduction in all three parameters
for subsonic cruise operation. This serves to further illustrate the severity of supersonic cruise operation relative

to subsonic.
i
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TURBINE BYPASS ENGINE LIFE STUDY
FLOWPATH COMPARISON

Some parametric flowpaths considered during this study are shown in the Figure 19, compared against the base-
line engine configured with a turbine maximum AN2 = 450x 108 in?-rpm? The compressor and turbine configu-
rations for each engine were optimized to achieve the best combination of airfoil count, flowpath shape, and flow-
path elevation to achieve efficiency and stall margin goals. All of the compression systems feature advanced low
aspect ratio 3-D swept aerodynamics to reduce shock losses. The stators feature a “hyperbow” design to control
endwall boundary layers, reducing secondary flow losses and improving stability. The combustor is representative
of the low NOx Rich-Burn Quick-Quench concept. The turbine features advanced 3-D aerodynamics for im-
proved efficiency.

Going from maximum AN2 = 400 to 450 X 108 in2 rpm? results in lower compressor and turbine elevations due
to increased rpm capability and shorter length. Progressing from 450 to 500 X 108 in2 rpm? still provides a reduc-
tion in compressor and turbine elevations, but a 2 inch length increase. A 6 stage compressor flowpath has also
been defined which reduces engine length about 10 inches, but results in compressor evaluations comparable
to the maximum AN2 = 400 X 108 in? rpm? case.

i
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MIXED FLOW TURBOFAN STUDY
OBJECTIVES

The objectives of the mixed flow turbofan study are shown in Figure 20. This study will investigate the potential
of low bypass ratio, mixed exhaust cycles and configurations, including augmented and non-augmented systems,
for a Mach 2.4 application.

Economically attractive candidates from the cycle matrix will be carried through flowpath and mechanical design
evaluation to provide weight, price, and maintenance cost estimates. Resulting engines willbe “flown” on a refer-
ence aircraft model to establish relative merits on the basis of integrated propulsion/airframe system perform-
ance and economics. Performance and installation characteristics for the most promising engine will be provided
to NASA and two airframe contractors in the form of data packs. Updates to the technology plan will be made
based on any new requirements arising from this task. -

o CONDUCT EVALUATION OF MACH 2.4 MFTF CYCLES

L SELECT CYCLE(S) FOR CONCEPTUAL DEFINITION TO
INCLUDE COMMERCIAL LIFE REQUIREMENTS FOR A YEAR
2005 ENTRY INTO SERVICE DATE

® DEFINE THE CRITICAL COMPONENT TECHNOLOGY

PROGRAMS WHICH MUST BE CARRIED OUT PRIOR TO
INITIATION OF FULL SCALE DEVELOPMENT

Figure 20
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MIXED FLOW TURBOFAN STUDY
CYCLE MATRIX (260 CYCLE COMBINATIONS)

The cycle matrix shown in Figure 21 covered fan pressure ratios (FPR) from 3.8 (maximum for a two stage fan)
up to 5.0 for a three stage fan. Each cycle was defined with a maximum turbine blade inlet temperature (T41)
of 2900°F and a cycle overall pressure ratio (OPR) at sea level takeoff determined by a maximum compressor
exit temperature of 1250°F. Varying the sea level takeoff turbine temperature while holding climb maximum
T41 fixed introduced variations in “throttle ratio”, which determined sea level reference bypass ratio (BPR) as
well as BPR excursion from sea level to top of climb. The takeoff T41 - FPR combinations resulted in exhaust
velocities from 2100 to 2800 feet per second. This matrix offers trades in subsonic and supersonic thrust specific
fuel consumption versus thrust capability (engine sizing).

FAN PRESSURE RATIO 3.8TOS5.0

THROTTLE RATIO (T41 CLIMB / T41 SLS) 1.05TO 1.25

MAX COMPRESSOR EXIT TEMP, °F 1250

MAX TURBINE BLADE INLET TEMP, °F B 2900

BYPASS RATIO .04 TO .59

TAKEOFF JET VELOCITY, FPS 2113 TO 2818
Figure 21
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MIXED FLOW TURBOFAN STUDY
CYCLES COVER WIDE RANGE OF TRANSONIC AND SUPERSONIC THRUST

Maximum climb thrust (FNT) at both transonic (M = 1.1) and supersonic (M = 2.4) conditions covers a wide
range across the cycle matrix at the base flow size of 650 Ib/sec. The trends shown in Figure 22 indicate increasing
thrust when lowering design BPR by increasing FPR at constant throttle ratio or when lowering design BPR by
increasing throttle ratio (reduced takeoff T41) at constant FPR. The major effect with the latter approach is
the steeper supersonic thrust increase relative to transonic, which is a result of the reduced BPR excursion from
sea level to altitude by relatively “upmatching” the high spool and higher fan pressure ratio relative to design
(flatter operating line). '

The 5.0 FPR cycles are limited to low throttle ratios to maintain takeoff T41’s sufficient to support a BPR of
0.1 or greater at desirable mixing conditions.
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MIXED FLOW TURBOFAN STUDY
REQUIRED ENGINE SIZES (NON AUGMENTED)

By calculating scaled flow sizes required for each cycle to meet typical airplane thrust requirements at takeoff,
transonic climb, and supersonic climb, the critical sizing condition can be determined. All of the cycles shown
in Figure 23 are transonic thrust sized. At high throttle ratios, the supersonic sizing criteria approaches the take-
off requirement, both of which are well below the transonic sizes; this indicates that a significant engine size re-

duction could be achieved with the addition of thrust augmentation during transonic climb, which is being consid-
ered.

In general, the higher FPR, higher specific thrust cycles result in smaller engine size, approaching the “zero
BPR” turbine bypass engine (TBE). However, this size reduction is achieved with higher jet velocity cycles which
tend to make achievement of the Stage III noise goal more difficult.
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EXHAUST NOZZLE CONCEPTUAL DESIGN
OBJECTIVES

The goal of the nozzle design task is to develop conceptual mechanical designs of both an axisymmetric and a
two dimensional mixer ejector nozzle around a Mach 2.4 Turbine Bypass Engine (TBE). The designs will include
aerodynamic, acoustic, mechanical, and structural analyses to obtain realistic estimates of dimensions, weight,
and performance potential. Critical materials and structural technologies will be identified to achieve a balance
between nozzle weight, aerodynamic and acoustic performance, and life. Results will be provided to airframe
manufacturers for overall propulsion/airframe system integration and evaluation. (See Figure 24).

° DEVELOP CONCEPTUAL DESIGNS OF MACH 2.4
AXISYMMETRIC AND TWO DIMENSIONAL (2D) MIXER
EJECTOR NOZZLES TO IDENTIFY CRITICAL MATERIALS
AND STRUCTURAL TECHNOLOGIES FOR A YEAR 2005
ENTRY INTO SERVICE DATE

° COMPARE RESULTING PERFORMANCE, WEIGHT, ACOUSTIC

AND DIMENSIONAL CHARACTERISTICS AND PROVIDE TO
AIRFRAME MANUFACTURER FOR EVALUATION

Figure 24
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EXHAUST NOZZLE CONCEPTUAL DESIGN
AREA AND OPERATING TEMPERATURE REQUIREMENTS

Operating characteristics for the TBE were evaluated across both a 5000 nm all supersonic mission and a 3500
nm mixed subsonic - supersonic cruise mission. Asshown in Figure 25, a wide range of variable throat and nozzle
exit areas are required to maintain optimum engine matching and maximum nozzle performance characteristics.
The nozzle inlet temperature history during these missions shows extended operation at nearly maximum nozzle
temperatures of 1800-1900°F. Other design requirements established include: (I)reverse thrust capability simi-
lar to current high BPR turbofans, (2) acoustically treatable nozzle surface area equal to L/D = 2, (3) FAR36
Stage HI noise rules with 120% ejector flow pumping, and (4) thrust coefficient goals of .982 at cruise and .95
at takeoff, including leakage.

NOZZLE AREA VARIATION REQUIREMENTS -~ 2005 EIS TBE ;-
A tunoar (A8): 800 - 1180 IN2

TAKEOFF - 855 IN?
SUPERSONIC CRUISE - 1000 IN?

Agar(A9): 1400 - 4200 IN2
1400 @ SUBSONIC CRUISE

2120 @ TRANSONIC CRUISE
3940 @ MIXER/EJECTOR DEPLOYED TAKEOFF

4200 @ TOP OF CLIMB
1 AVERAGE 3500 NM MIXED MISISON
2~ —< 5000 NM SUPERSONIC DESIGN MISSION
2000
. . T suPERSONIC :
$ i
- |
fy 10007 !
§ SUBSONIC CRUISE i
N 4
2 \/
Y
° T T
0 100 200 200
ELAPSED TIME - MiN
Figure 25
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PROPULSION SYSTEMS STUDIES
SUMMARY OF RESULTS / STATUS

A summary of propuision systems studies results and status is given in Figure 26.

Pratt & Whitney propulsion systems studies during the last several years have quantified the potential payoffs
for technology advancements in emissions, noise and overall system performance (as measured by aircraft
TOGW or range). The payoffs relative to current technology are 8 db lower airport sideline noise, 85% lower
NOx emissions index and 12% reduction in aircraft TOGW.

Several types of engines have been shown to have the potential to meet the FAR36 Stage III noise goal when
equipped with the mixer/ejector nozzle. The VSCE has been shown to be not competitive in terms of TOGW
for both Mach 2.4 and 3.2 applications. Therefore, this cycle has not been included in our current study plans.

The TBE and MFTF have been shown to be competitive for Mach 3.2 and therefore, are included in the current
Mach 2.4 joint GEAE/P&W study activity.

The mixer/ejector nozzle concept has been identified as the most attractive approach to meeting the FAR36

Stage I noise goal. Consequently, a conceptual design study of axisymmetric and two-dimensional mixer ejector
nozzle configurations is underway.

° PROJECTED TECHNOLOGY ADVANCEMENTS PROVIDE SIGNIFICANT
IMPROVEMENTS IN NOISE, EMISSIONS AND AIRCRAFT TOGW

® TBE, VSCE AND MFTF WITH 120% FLOW ENTRAINMENT MIXER
EJECTOR NOZZLES ACHIEVE SIDELINE NOISE GOAL

® TBE WITH INLET FLOW VALVE AND 43% NOZZLE FLOW
ENTRAINMENT ACHIEVES SIDELINE NOISE GOAL -

e  TBE PROVIDES LOWER TOGW THAN VSCE (12% FOR M 2.4, 14%
FOR M 3.2)

® TBE TOGW IS COMPETITIVE WITH MFTF FOR MACH 3.2
® MACH 2.4 TBE, MFTF ENGINES AND MIXER/EJECTOR NOZZLES

ARE CURRENTLY BEING DEFINED AND EVALUATED USING COMMON
GEAE/P&W GROUND RULES

Figure 26
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NASA HSR OZONE RESEARCH OBJECTIVES

The engine emissions of primary concern are nitrogen oxides (NOx) which,
through a series of known catalytic reactions, could adversely impact the earth’s
protective ozone layer. Although continuing atmospheric studies are needed to fully
understand and quantify the levels that would yield no damage, it is clear that technology
development focused on reducing NOx emissions is paramount before U.S. industry
could commit to a high-speed transport development program. Fortunately, prior
emissions reduction programs such as the Department of Energy sponsored research for
stationary gas-turbine powerplants indicate that reduction to levels in the range of 3 to 8
grams of NOx per kilogram of fuel burned is possible with advanced combustor design
approaches. Further NOx reduction and potential elimination may also be achievable
through secondary means such as downstream (post-combustion) injection of chemical
reactants.

NASA HSR Ozone Research Objectives
» Determine potential impact of HSCT aircraft
fleet on protective ozone layer.
—« Establish technologies and operational

procedures that insure no significant ozone
depletion.
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NOx FORMATION

Oxides of nitrogen are formed in combustion systems of engines. In operation,
fuel and air are supplied to the combustor and ignited. The subsequent heat produced
causes the nitrogen and oxygen in the air to combine to form nitric oxide (NO), lesser
amounts of nitrogen dioxide (NO2) and trace amounts of other nitrogen/oxygen
compounds. All of these are commonly referred to as oxides of nitrogen or NOx. Two
NOx formation mechanisms have been identified; Prompt NOx and Thermal NOx.
Prompt NOx results when the combustion process initiates. Fuel hydrocarbon fragments
react with air nearly instantaneously to form small amounts of NOx. Due to the speed
of the reactions, these processes are essentially uncontrollable. Thermal NOx formation
occurs more slowly and is the major production source of this emittant. Formation of
thermal NOx is very dependant on temperature levels in the combustor and the length of
time that high temperatures persist. Controlling thermal NOx through
temperature/residence time management is the major thrust of the emissions program.
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EMISSIONS REDUCTION

Shown is a plot of NOx emissions against engine fuel efficiency gain. To increase
engine efficiency, operation at higher temperatures and pressures is required. These
higher temperature and pressure conditions also increase NOx formation. As an
example, the Concorde produces a NOx emission index value of 16-20. If energy
efficient cycles are employed, NOx values could increase to the large levels indicated by '
the top band. The objective of this program is to employ very advanced NOx reduction
methods to reduce NOx levels to theoretically low levels shown in the bottom band. The
technology base for these reductions lie in 1970’s emission research and in department of
energy research conducted in the late 1970’s and early 1980’s.

High Speed Research Program
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HSCT SUPERSONIC CRUISE COMBUSTION OPERATING CONDITIONS

These conditions are representative of those anticipated to be required for future
commercial supersonic aircraft. Future presentations in this session use these conditions
as a baseline for data comparison. The operating conditions are much more severe, thus
making NOx control more difficult than those projected for prior 1970’s supersonic
aircraft; in fact, they represent a severity increase of from three to six. ,

HSCT Supersonic Cruise
Combustion Operating Conditions

Tiny °F ceveeverereseaeee.. 1000 = 1350

Pin, atm ccccccvvrvveeeenne. 12 - 14

Texits “Feesreresesranensn3000 - 3400

Fuel .......cccvvneeee.. .JET-A TSJIF
(Thermally stabilized jet fuel)
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NOx CORRELATIONS

The severity of combustor operating conditions and their impact on NOx
formation can be determined by correlating parameters such as those shown below.
Three correlating parameters are listed. Although different in form, they all produce
similar results. The (3) subscript refers to combustor inlet conditions; the (4) subscript
refers to combustor exit conditions, (Vref) is a measure of velocity in the combustor;
(HO) is the relative humidity.

NOx CORRELATIONS
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TYPICAL NOx CHARACTERISTICS OF A CURRENT TECHNOLOGY
AND LOW NOX COMBUSTORS

This chart illustrates application of one of the NOx correlating parameters, the
GE parameter. The plot is NOx E.L vs. severity of combustor operating conditions. The
top, cross-hatched band indicates NOx characteristics of current, conventional
combustors now in use for aeronautical missions. The lower line indicates NOx levels
achievable employing the NOx reduction technology evolved in the 1970’s for aircraft
combustors. As can be seen, considerable additional NOx reduction is required to
achieve program goals.

Typical NOy Characteristics of a Current
Technology and Low NOy Combustors

50
40t~ CURRENT // t+—— CURRENT
TURBOFAN TURBOFAN
CRUISE '—*/ TAKEOFF
/ CONVENT LONAL /
301 COMBUSTOR é
NO,
EMISSION
INDEX DUAL ANNULAR
(6/xks FUEL) 20| / 5 COMBUSTOR
10~ %
% HSCT GOAL — @
0 1 | | 4// ] L | | | ! L
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
S
No,

Pa\04 /13 .10276 620-H,
Sno, = (T35 “Swes VY e
x 4327 3499 532
a

959



HSCT EMISSION REDUCTION STRATEGIES

This chart lists available NOx reduction strategies. Nearly all have merit and
should be pursued. However, only low emission combustors offer the potential for NOx
reductions approaching the 90 percent level and, thus represents the major thrust of the
program. Second stage clean-up consisis of the introduction of compdunds into the
combustor exhaust stream to react with the NOx to produce benign elemental nitrogen.
This approach, while being employed for terrestrial emission control, will be very
difficult- possibly impossible- to employ on flight systems. However, its applicability,
because of its very low NOx potential, is currently being studied.

HSCT EMISSION REDUCTION STRATEGIES

STRATEGY EXAMPLE APPROACH NOyx ASSESSMENT STATUS
Advanced Airframe High L/D & Low Wsneiure ~20 to 30% Reduction
High Efficiency Engine Supersonic Throughflow Fan © ~20 to 40% Reduction

Advanced Core

Modified Engine Cycle Combustor Pre-Cooling Excessive HX Size
Reduced Cycle T & P Excessive Efficiency Loss

Low Emission Combustors Lean Pre-Mixed / Pre-Vaporization
Rich Burn/ Quick Quench/ } ~ 80 to 90% Reduction
Lean Bumn (El ~5) *
Second Stage Cleanup NOy Destruction Additives Ef —» 0 Potential *

-Very High Risk

* Extrapolation of Terrestrial Data Base
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Variation of NOx with Equivalence Ratio

The figure below illustrates the principle that NOx production is a maximum near a

stoichiometric equivalence ratio {1.0) where there is a "perfect" mixture of fuel and air
such that all of the fuel is burned with all of the air to produce combustion products. If

combustion occurs in a lean mixture (excess combustion air), or in a rich mixture (excess
fuel), lower flame temperatures occur and lower NOx emissions are produced. This is the
basis for the two major concepts shown schematically in the figure. The Lean-Premixed-
Prevaporized (LPP) concept continually burns a lean mixture to produce low NOx. The
Rich Burn Quick Quench/Lean Burn (RQL) concept burns rich in the first stage of
combustion, quickly quenches the mixture to minimize the time spent near stoichiometric,
then burns lean in the final stage of combustion. These two concepts are the main

contenders for the future low NOx combustor for the HSCT.

Variation of NOy with

Equivalence Ratio

/
/0 5

, 1.0 1.5 \
7 Equivalence ratio, ¢ \\
Lean, premixed, prevaporized Rich burn/quick quench/lean burn
a ~N ™
>4 < )
e :, < I =
=3 < =
L JL J
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EMISSION REDUCTION PROGRAM

The approach to emissions reduction technology development couples both
analytical and experimental capabilities which first build a strong fundamentals
foundation, and then integrates and applies that knowledge base to engine-level
combustor hardware for verification.

Analysis codes are used to assess proposed concepts for screening and to also
identify areas of concerns requiring lab experiments for resolution. Enhancements
to the codes will occur throughout the program.

Lab experiments are the primary source of the knowledge base. Results define
key design factors, foster formulations of alternate concepts, and demonstrate
achievable NOx reduction levels. ;-

Development of low-emission combustors will be accomplished by; evolving key
sub-components such as the fuel injectors, and mixing devices; integrating them in
selected combustor designs; and, development tests at simulated operating
conditions.

Emissions Reduction Program

~ - )
Adv. component configurations Emissions index
Lean pre-mixed/pre-vaporized combustor rig demonstrations
60
=
NOy 40
Rich burn/quench/lean burn index,
P El 20
=
j 1=} 0 '
% ) Fuel-air equivalence ratio
p I ( Aero/combustion experiments )
Analysis & Prediction Codes ) Fuel vaporization

Chemical
kinetics
Heat
transfer J

1 & fuel-air mixing

Flame tube with ~ L8ser
¢ 3 adv. diagnostics

NOx i
destruction

additives no. 4+ CH C0n+ HoO + N
L b4 X 2+ 2 2)

Combustion
products
prediction

Fuel
injection
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EMISSION REDUCTION MILESTONES

This chart illustrates the program elements and key milestones. Program success

depends on achievement of all milestones. However, the most critical are the following:

0 FY91: Demonstrate ultra-low NOx levels in flame tube experiments conducted at
simulated supersonic cruise conditions.
0 FY92: Select the prime combustion approach for combustor development.
o FY95: Demonstrate ultra-low NOx levels in combustor test rigs.
Emlssmns Reductlon M|Iestones
FY 1990 | | FY1992 | FY1993 | FY1994 | FY 1995
_nalysis,and prediction codes
A |
Initial 2D and 3D Code update Prediction
analyses codes based on verification
experiments with test data

CCombustion concept experiments )

A y Y A

NO, destruction Flame tube NOx Mixing and vaporization;

additives formation/control lean and rich combustion

Q.owemnss ; mponent conﬂguratlondeﬂmtlon and devélopment)
A y N y \ 4

Concept Concepts selected Combustor rig demo's
assessment/ for combustor (15-20 EI) (3-8 EI)
screening development
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SUMMARY

This chart briefly describes current program status.

Summary

- Flame tube experiments have been initiated to demonstrate
ultra low NOy emission levels for LPP; to be evaluated in
1991 RQL combustion approaches.

» Stable of existing computer codes being evaluated/upgraded/
validated to analyze low emissions combustor concepts

- Efforts with engine companies are in process to evaluate

combustor concepts leading to selection of prime
approach at end of FY 1992.
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Introduction

One of the primary goals of NASA’s high-speed research program is to
determine the feasibility of designing an environmentally safe commercial su-
personic transport airplane. The largest environmental concern is focused
on the amount of ozone destroying nitrogen oxides (NO,.) that would be
injected into the lower stratosphere during the cruise portion of the flight.
The limitations placed on NO, emission require more than an order of mag-
nitude reduction over current engine designs. To develop strategies to meet
this goal requires first gaining a fundamental understanding of the combus-
tion chemistry.

To accurately model the combustor requires a computational fluid dy-
namics approach that includes both turbulence and chemistry. Since many
of the important chemical processes in this regime involve highly reactive
radicals, an experimental determination of the required thermodynamic data
and rate constants is often very difficult. Unlike experimental approaches,
theoretical methods are as applicable to highly reactive species as stable
ones. Also our approximation of treating the dynamics classically becomes
more accurate with increasing temperature. In this article we review recent
progress in generating thermodynamic properties and rate constants that are
required to understand NO, formation in the combustion process. We also
describe our one-dimensional modeling efforts to validate an NH; combus-
tion reaction mechanism. We have been working in collaboration with Marty
Rabinowitz at Lewis research center, to ensure that our theoretical work is
focused on the most important thermodynamic quantities and rate constants
required in the chemical data base.
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Outline

- Thermodynamic properties
1. C-H bond dissociation energies of CH,
2. Resolution of the controversy concerning the C-H bond energy of
acetylene '

- Reaction rate constants
1. Lifetime of HN; to unimolecular decay
2. Csz -+ CgHg - ?
3. propane 4+ O — propyl + OH
- Modeling
1. 1D modeling to validate an NH; combustion mechanism (H-N-O)

2. 1D modeling of turbine combustors with CH, fuel to identify impor-
tant H-C-N-O reactions.
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Calculation of heats .of formation

Although the heat of formation is well known for many molecules, indi-
vidual bond energies are often very uncertain. We have developed an inex-
pensive computational approach for predicting accurate (1 to 2 kcal/mole)
C-C and C-H bond energies [1-2]. Currently we are attempting to assess the
accuracy with which we can compute N-H, N-N, O-H and O-O bond ener-
gies [3]. An accurate knowledge of bond energies is required to model the
chemistry occuring in jet engines. For purposes of calibration, we have stud-
ied the successive bond energies of methane [1]. These are compared with
experiment in the following table. At a modest level of theory, our directly
calculated values are about 2 kcal/mole too small after the inclusion of the
vibrational zero-point energy (ZPT). However, 0.5 kcal/mole accuracy is
achievable with very large calculations. When we add 2 kcal/mole to correct

- for deficiencies in the theoretical bond energies (column labeled estimate),
excellent agreement is obtained with experiment. This gives us consider-
able confidence that our results for hydrocarbons and other systems, such as
ketene [2] and methanol [4] are also very accurate.
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C-H dissociation energy in C,H,

There is currently considerable controversy regarding the C-H disso-
ciation energy of acetylene, D)(HHCC-H). This is in large part due to the
low and presumably very accurate value determined by Green, Kinsey
and Field (GKF) [5] using Stark anticrossing spectroscopy. Their result,
126.647(2) kcal/mole, is claimed to be an upper bound, and is consistent with
the 12741.5 kcal/mole estimate of Segall et al. [6] obtained by measuring the
kinetic energy (K.E.) of the hydrogen atom fragment using Doppler mul-
tiphoton ionization spectroscopy. However, these values are substantially
smaller than previous theoretical estimates [7,8] and other recent experimen-
tal results, such as the D, value of 131.31+0.7 kcal/mole measured by Ervin
et al. [9] using the techniques of negative ion photoelectron spectroscopy and
gas phase proton transfer kinetics.

‘We undertook a systematic study of the C-H bond dissociation energy
in acetylene with respect to improvements in the level of theoretical treat-
ment [10]. Our best estimate for the Dy value of 130.1+1.0 kcal/mole is in
good agreement with the recent experiment of Ervin et al. [9] and previous
theoretical calculations [7,8]. We believe our error bars to have a better than
90% probability of bracketing the correct D, value, and we therefore seri-
ously question the recent upper bound inferred from Stark anticrossing spec-
troscopy [5]. Detailed theoretical studies of the C;H; and C,;H vibrational
frequencies have also led us to revise upward the D} values determined from
kinetic data.

Experimental
<126.647+0.002 Stark anti-crossing spectroscopy
127.£1.5 HCCH + hv — C;H + H(K.E.)
124-127 Kinetic data
131.340.7 AH,.;.s(HCCH) + EA(C.;H) — IP(H)
132.42 HCCH + hv - C;H(K.E.) + H
132.6+1.2 photoionization of HCCH

Theoretical

130.1+1.0 MRCI
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Reaction Rate Constants

The first step in determining an accurate rate constant is to compute
the potential energy surface — that is, for “all” possible arrangements of the
atoms, solve for the electronic energy. The surface must then be fit to an
analytic form in order to solve for the nuclear motion on this surface using
either classical or quantum mechanical scattering methods We are currently
exploring the use of variational transition state approaches with tunneling
corrections for determining qualitative (factor of 2-3) reaction rate constants
and product branching ratios. One of the advantages of this method is that
it requires only a small portion of the complete potential energy surface.
This approach has been applied to determining the rate constant of the re-
action of propane with atomic oxygen— see later discussion.

Several reactions are currently under study in our laboratory. For exam-
ple, the reaction

H+0,—- HO+0 o

is being studied, since this reaction consumes most of the O; in typical hy-
drocarbon combustion. However, the rate constant for this reaction is un-
certain by a factor of six at flame temperatures. A global potential energy
surface(PES) has been developed and fitting is in progress [11-14].

Another molecule that we have studied extensively is HN,, since it has
been postulated as an important species in thermal De-NO, processes. A
global PES has been developed for

H+N2 —-)HNZ

and an accurate lifetime has been computed for the HN; molecule [15-18].
The reaction of C,H, with itself is postulated to be important in the fi-
nal steps of hydrocarbon combustion. We believe that acetylene must first
be converted to the vinylidene isomer (CCH,) before reaction can occur—
see later discussion.
The reaction

CH+ N, —- HCN + N

is believed to be the rate determining step in “prompt NO,” formation. A
large number of stationary points have been located on this potential energy
surface. Large-scale investigations of the surfaces are in progress. Finally,
work is beginning on the CH;3;+02 and CH3+OH reactions to determine
product branching ratios. Model studies have shown these to be important
in the combustion of jet fuel.
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Global potential energy surface for H+N; — HNg

The HN, species has been postulated as an important intermediate in
the thermal De-NO, process. The HN; species was found to be unstable
with respect to H+N, by 3.0 kcal/mol, but quasibound by 12.2 kcal/mol
due to a barrier to dissociation—see figure below. The computed N,-H life-
time [17] (based on 1-D tunneling through an Eckart barrier) was five orders
of magnitude smaller than the value assumed in the experimental analysis.
Koizumi and Schatz (Northwestern) have fit this surface and carried out
coupled channel calculations to determine the lifetime. These rigorous cal-
culations confirm those based on.a Wigner model of tunneling that indicate
this radical has a very short lifetime to unimolecular decomposition [18].

This suggests that commonly used reaction mechanisms for NO, chem-
istry such as the Sandia reaction set [19] are incorrect.

60 kcal/mol

208, 508, 80° 0

TH-NN ‘ 0
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CH,+4-CHy; — ?

The reaction of CoH, with itself is postulated to be important in the fi-
nal steps of hydrocarbon combustion. It is exceedingly unlikely that any re-
action takes place between two acetylene molecules at the temperatures of
interest, but the vinylidene (CCH,) isomer is only about 30 kcal/mol above
acetylene, and a number of products can result from reaction of vinylidene
with acetylene.

So far, seven stable isomers of C,;H, have been found using self-
consistent-field (SCF) and multiconfigurational self-consistent-field (MC-
SCF) wave functions, as well as several stationary points that are not min-
ima or are not stable with respect to symmetry-breaking nuclear distortions.
The lowest energy C,4H, isomer is vinylacetylene, which is about 45 kcal/mol
more stable than two acetylenes. Butatriene is about 10 kcal/mol higher in
energy, and methylenecyclopropene is about 14 kcal/mol higher still. An-
other isomer, cyclobutadiene, is only a little more stable than two acetylenes.
The other stationary points are much higher in energy. The energetics here
are not fully refined at the correlated level, but correlation does not seem to
have a significant effect on the thermochemistry.

Several pathways have been followed on this surface using large MCSCF
configurational spaces, in preliminary attempts to find transition states for
the first reaction steps of vinylidene with acetylene, but while these have
yielded another fairly stable isomer, carbenecyclopropane, and transition
states for some rearrangements have been found, the initial transition states
have not yet been located. However, the investigation is at an early stage
and there should not be a problem determining the reaction pathways.
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The Reaction of Propane with Atomic Oxygen

We have studied the hydrogen abstraction from the central carbon of
propane by ground state oxygen [20]. The energy barrier on the potential
energy surface was determined using SCF gradient methods. A more accu-
rate barrier and exoergicity were determined using correlated methods. Fur-
thermore, a correction factor to account for deficiencies in the basis set and
electron correlation treatment was determined by carrying out large scale
calculations for the analogous reaction H, + O — H + OH. This correction
lowers the saddle point and product energies by 4.68 kcal/mol relative to the
reactants. The final computed energies are 4.36 kcal/mol for the barrier and
7.00 for the exoergicity. These compare favorably with the experimentally
determined values of 5.0 and 7.0 kcal/mol.

The potential energy profile, molecular geometries and vibrational fre-
quencies were used for a transition state theory calculation of the rate con-
stant for the hydrogen abstraction reaction. Two approximate treatments
of tunneling were carried out. The Wigner model assumes that the energy
barrier is an inverted parabola truncated at the reactant and product en-
ergy limits. The Eckart model uses a potential energy function based on a
modified hyperbolic secant. It can be seen from the figure that the transi-
tion state theory calculations with either tunneling model agree with the ex-
perimental data to within a factor of two over the entire temperature range
(300-2000K). Greater than a factor of two accuracy in the rate would require
a global surface, which is exceedingly difficult for a system with this many
atoms.
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Thermal de-NO,

Experiment of Lyon and Hardy [21] showing NO removal by ammonia
injection. The process works in a narrow temperature range, and oxygen
must be present for NH, formation. Initial conditions of experiment are:
NO=225 ppm, NH;=450 ppm, 0,=1.23%, remainder He. The pressure is
1.1 atm and the observations are made at 0.1 sec. Case two is similar to
case one except for 225 ppm H; displacing an equal amount of He. Modeling
shown here uses the reaction mechanism of Miller and Bowman [19], with a
long lifetime for N;H (r=10"* sec). Calculations assume a plug flow reactor,
and are simialr to Miller and Bowman [18]. The same calculations done with
a shorter N, H lifetime, in an attempt to match the theoretical value of the
lifetime (< 107° sec), are unable to reproduce the experimental results.
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Thermal de-NOx: no Nl

In the it of very short ¥V, H lifetie (< 1077 sec), we can assuine a sponlancous

decay of NoH into Ny and H. The NO removal mechanism then linges on two
important reactions:

NO+ NHy = Ny + H,0 {

1\!0 + i’\!Hg = _\’-) + 1] + 011 (

]

IR —

I
where the second reaction replaces NO + Ny = Ny H + OH. The first equation
bas a chain-terminating character, while the second is chain branching and will Le
mmportant at low temperatures (combined with NHy + OH = NHo + HaQO). A svs-
tematic study is performed in an attempt to find a consistent reaction mechamsin.
without Ny M. that explains the data. The parametric variables are the total forward
rate of reactions (1) and (2), S = by + & and the branching ratio b = A, /S, At two
temperatures for which there 1s simultancous experimental data for cases 1 and 2, we
plot the deviation from the experimental result as a function of both the total rate
and the branching ratio. The contour plots are for the Relative Error. defined as R.E.
= |{NO — NO|/NO". where NO~ is the experimental value observed. The ordinates
are the total rate (x-axis, in logie wnts, and ranging from 10 to 131, and branching
ratio (y-axis, ranging from 0 to 1). Valid regions are for small R.E. (blue vegions).
and are mutnally exclusive for T=1130 K. A narrow overlap may exist at T=1200 K.
without convincing evidence. The disagreement at T=1150 K is due to the fact that
for most values of S and b. the production of Ny is not sufliciently fast 1o start the
NO removal, Calendations were perforined for a plug-flow reactor.

These results indicate that the presence of reaction (2) cannot by itself explain thie
experimental data. Since the assumption of a plug-flow reactor may be invalid, partial
recirculation zones in the reactor may be able to introduce radicals early in the stream
aud speed up the removal of NO at low temperatures. The same systematic series
of calculations should be done also for Perfectly-Stirred and Partially-Stirred reactors.
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Conclusions

Computational chemistry techniques have utility in computing accu-
rate thermodynamic properties such as C-H bond energies. Accurate C-H
bond energies have been computed for methane, ethylene, ketene, acetylene,
and methanol. Reaction rates can be computed at least to within a factor of
two. The reactions currently under study in our laboratory include H4+0O,; —
HO+4-0, H4+N; — HN;, C;H, with itself, CH4+N, — HCN+N, CH3;+O0OH, and
CH;+0,. Our calculations demonstrate that the HN; molecule has a short
lifetime (<10~° sec) to unimolecular decomposition. We are presently trying
to incorporate this fact into model studies of the effect of NH3; on NO re-
moval. We have been working in close collaboration with Marty Rabinowitz
at Lewis to ensure that we are addressing the key chemical issues involved in
reducing NO emission in jet engines.
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HSR COMBUSTION ANALYTICAL RESEARCH
Program Objectives and Approaches

Increasing the pressure and temperature of the engines of a new generation of supersonic
airliners increases the emissions of nitrogen oxides (NO,) to a level that would have an adverse
impact on the Earth’s protective ozone layer. In the process of evolving and implementing low
emissions combustor technologies, NASA Lewis has pursued a combustion analysis code pro-
gram to guide combustor design processes, to identify potential concepts of greatest promise,
and to optimize them at low cost, with short turnaround time. The computational analyses are
evaluated at actual engine operating conditions. The approach is to upgrade and apply
advanced computer programs for gas turbine applications. Efforts have been made in further
improving the code capabilities for modeling the physics and the numerical method of solution.
Then test cases and measurements from experiments are used for code validation.

HSR Combustion Analytical Research

Objective:

« Use advanced computer models to analyze and design
combustor components and subcomponents, understand
the physics, and determine how to optimize the design to
improve the performance

Approach:
- Emphasis on applying and upgrading existing codes ~
KIVA-Il, LERC3D for gas turbine combustor applications
— Improve codes capabilities
— Codes validation

Figure 1
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HSR COMBUSTION ANALYTICAL RESEARCH
Lewis Key Milestones

Due to schedule constraints, the analytical research program is being conducted over a
period of 5 years as shown in figure 2 and involves three major milestones. The first milestone
was accomplished with the development and use of two-dimensional and three-dimensional
codes, KIVA-II and LeRC3D, to guide low emissions combustion concept experiments. These
codes will be updated based on results obtained from combustion concept experiments by the
end of FY93. These codes will then be used as predictive design tools for low emissions combus-
tors by the end of FY95.

Lewis Key Milestones

FY1990 | FY 1991 | FY 1992 | FY 1993 | FY 1994 | FY 1995

C L cdmbustion analysis and prediction codes . )
A A A
Initial 2D and 3D Code update ~ Prediction
analyses codes based on verification
experiments with test data

C Combustion concept experiments )

A A A
NOy destruction Flame tube NOy Mixing and vaporization;
additives formation/control lean and rich combustion

G.ow-emission component c,onfiQUration definition and developmenD

A A A A
Concept Concepts selected Combustor rig demo's
assessment/ for combustor (15-20 EI) (3-8 El)
screening development

Figure 2
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The overall combustion analytical codes evolution plan involves in-house research and

HSR COMBUSTION ANALYTICAL RESEARCH

Organization and Activities Listing

contracts and grants; and it provides strong collaborative relationships and technology transfer

between industry, universities, and government agencies. Figure 3 lists the activities for the

HSR Combustion Analytical Research Program.

Organization and Activities Listing

U. of MAINE
(KIVA-II)

RQL and LPP modeling

Adaptive grid
GBE modeling
Code validation

LANL
(KIVA-Il)

Code upgrade
Spray modeling
Fuel-air mixing
Code validation

¢ e o

=l

N

™

MICHIGAN TECH. U.
(KIVA-1I)

Nonreacting and reacting
combustor model

Algebraic grid

Thermal and stress model

Code validation

il

AN

LeRC

Combustion modeling
Parametric studies
Code validation

of codes by industry

Coordination and management

Assist in transfer to and use

-]

CARNEGIE MELLON U.
{LeRC-3D)

» Code upgrade

- Spray modeling
Combustion modeling
RQL and LPP modeling
Code validation

o

U. of FLORIDA
(KIVA-IT)

« Detailed spray modeling,
fuel-air mixing

- Soot/radiative heat transfer

« Code validation

N\

/

U. of S. FLORIDA

Figure 3

- Combustion modeling
» Chemical kinetics

(KIVA-Il)
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HSR COMBUSTION ANALYTICAL RESEARCH
Description of Computer Code KIVA-II

To provide insight into the combustion process and combustor design, KIVA-II and
LeRC3D have been used. These codes are operational and calculations have been performed to
guide low emissions combustion experiments. KIVA-II (ref. 1), developed by Los Alamos
National Laboratory, is one of the most developed and validated codes of the available multi-
dimensional computer programs for prediction of the in-cylinder combustion dynamics in inter-
nal combustion engines. There are features of KIVA-II that make it well suited for other
applications, so KIVA-II has been adapted for gas turbine combustor applications.

In terms of modeling the physics, the major features of KIVA-II are as follows:

e KIVA-II is a two- and three-dimensional turbulent compressible flow solver of reacting
multicomponent gas mixture with liquid spray using an Eulerian-Lagrangian approach.
o Turbulence is modeled using the k- model.

¢ Combustion is modeled by a chemical-kinetics-controlled model using éiobal or detailed
chemical reactions (ref. 2) or by a mixing-controlled model (ref. 3). The user can conveniently

provide a chemical kinetics mechanism by making appropriate modification to the input data file
(ref. 2).
® The extended Zeldovich NO, mechanism is included.

¢ Stochastic particle spray model includes vaporization, coalescence, and breakup.
e A soot formation/oxidation and a radiative heat transfer model are also included.

In terms of numerics, KIVA-II is based on the following:

¢ Time-dependent finite-difference code with arbitrary mesh capability, using an implicit-
continuous Eulerian technique with conjugate residual iteration for the flow solver.
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Key Features of KIVA-II
Description of Computer Code KIVA-il

Physics

Turbulent compressible flow of
reacting multicomponent gas
mixture with liquid spray

k-¢ turbulence model with wall
functions

Combustion models:
Chemical kinetics controlled,
mixing controlied model

NOy formation model:
Extended Zeldovich mechanism

Spray model:
Stochastic model, vaporization,
coalescence, breakup

Soot formation/oxidation

Radiation heat transfer

Figure 4

Numerical method

2D or 3D time-dependent finite
difference code

Arbitrary mesh

ICE method with conjugate
residual iteration

Optimal quasi-second-order
upwind convection
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HSR COMBUSTION ANALYTICAL RESEARCH
Description of Computer Code LeRC3D

LeRC3D is a highly advanced code for gas turbine combustor applications. LeRC3D was
developed by Carnegie Mellon University with the collaboration/sponsorship of Lewis. In terms
of modeling the physics, the major capabilities of LeRC3D (ref. 4) are as follows:

¢ LeRC3D is a two- and three-dimensional code that solves the N-S equations for tur-
bulent compressible flow of reacting multicomponent gas mixture with liquid spray using an
Eulerian-Lagrangian approach.

¢ The turbulence is modeled by using a k-¢ turbulence model with wall functions, or by
using a low Reynolds number k-¢ model of Chen and Patel, or by using a RNG-based k-¢
model,

® Modeling of combustion is done by two different models: the chemical-kinetics-
controlled model governed by global or detailed chemical kinetics mechanisms of hydrocarbon
combustion, and the mixing-controlled model of Magnussen and Hjertager. The user can
conveniently provide a chemical kinetics mechanism by making appropriate modification to the
input data file.

® The chemical kinetics model used to study NO, is the Zeldovich mechanism.

e The spray model includes the fuel vaporization model of Raju and Sirignano.

In terms of the numerical method of solution, LeRC3D is based on the follbwing:

¢ The flow algorithm is a finite~volume, LU algorithm utilizing van Leer flux-vector
splitting with the HOPE algorithm of Liou and Steffan. Source terms are treated implicitly
using Shih and Chyu method, diffusion terms are treated implicitly using the procedure of Shih
and Steinthorsson.

® A grid system is generated by using an algebraic grid generation method based on
transfinite interpolation.
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Key Features of LeRC3D
Description of Computer Code LeRC3D

Physics

Turbulent compressible flow of
reacting multicomponent gas
mixture with liquid spray

Turbulence models:
k-¢ turbulence model with wall
functions
Low Reynolds no. k- model
(Chen & Patel)
RNG-based x-¢ model

Combustion models:
Chemical kinetics controlled
Mixing controlled

NO, formation model:
Zeldovich mechanism

Spray model:
Lagrangian model of Raju &
Sirignano

Figure 5

Numerical method

Grid generation:
Algebraic method using
transfinite interpolation

Flow algorithm:
Finite-volume, LU, implicit

Code:
Efficient and robust
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VERIFICATION OF KIVA-II CODE PREDICTIONS
Fuel Spray - Air Interaction

Figure 6 shows the prediction of a swirling fuel spray in a nonreacting airstream using the
KIVA-II code and a comparison with the experimental results (ref. 5). The model air-assist
atomizer embodies a nonswirl inner airstream and a swirling outer airstream which help to
atomize and distribute fuel injected from a core tube. Predicted and measured air azimuthal
velocity profiles are in good agreement. Fuel injection and mixing become increasingly impor-
tant as more air is used for the combustion process. Detailed models of the interaction of the
swirling air and the fuel spray can provide valuable insight into the effect of different variables
that presently can only be evaluated experimentally on a global scale at laboratory test
conditions.

Verification of KIVA-Il Code Predictions

Fuel Spray-Air Interaction

KIVA azimuthal velocity comparison
Calc = 070889, vte = 180,30 wte = 22,22; k-e

200 -
—O——  Azimuthal velocity
—0——  k180/30e
_ , 100
(Bip Window Azimuthal
TR velocity,
Ini gl »15.08 cm m/s
njector . 0rp
orifice —~
i .
Secondary | Secondary -100
air Primary air
(swirling) air (swirling) Radius, cm
)
Experimental rig
Figure 6
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VERIFICATION OF KIVA-II CODE PREDICTIONS
Low NOx Combustor Emissions

Figure 7 summarizes the comparison of experimental NO, and CO emission index of a lean
premixed prevaporized (LPP) burner (ref. 6) with KIVA-II code predictions. The simplified
kinetics mechanism (ref. 2) was used. The predictions agree very well with the test data over
the range of equivalence ratio and residence time reported. Calculations using KIVA-II have
been performed to guide current low NO, combustion experiments.

P

Verification of KIVA-Il Code Predictions

Low NOx Combustor Emissions
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LOW NO, COMBUSTOR ANALYSIS

(KIVA-II Analysis)

KIVA-II was used to perform two-dimensional analysis of the Rich Burn/ Qm“k‘Quench/
Lean Burn (RQL) combustor to provide detailed information on the combustor internal flow .
fields, fuel-air mixing, combustor emissions, gas temperature distribution, and pa.ttern factor. A

two-dimensional axisymmetric model was used with propane and

primary air injected at the

inlet of the rich burn section and quick quench air supplied to the two-dimensional slot in the
quick quench section. The upper half above the combustor centerline showing the gas tempera-
ture profile is shown in figure 8. The rich zone and lean zone equivalence ratios were set at 1.4
and 0.65, respectively. The gas temperature contours show core hot gas regions that occur in
the rich zone and lean zone flame fronts. This figure also indicates that the penetration of the
two-dimensional jet reaches near the combustor centerline and that thermal quenching occurs in

the quick quench section.

Figure 8
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LOW NO, COMBUSTOR ANALYSIS

is)

(LeRC3D Analys

ion of the RQL combus-

ich burn sect

Figure 9 shows the flow field characteristics of the r
tor. As an integral part of the fuel nozzle calculations, two-dimens

ional analyses (ref. 7) were

done to provide the swirling air profiles through the swirlers of the airblast fuel nozzle. The

swirlvane cascade analysis provides

let air profiles to the rich burner analysis. The velocity

1

vectors show a strong central recirculation zone downstream of the airblast fuel nozzle. Calcu-

lations using LeRC3D have been performed to gu

ts.
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LeRC In-House Experimental Research

The Lewis Research Center has an ambitious in-house experimental research
program to conduct studies, acquire technology, and validate the capabilities and
limitations of advanced low NOx combustor concepts. This program will establish NOx
reduction technologies that will insure no significant ozone depletion in the atmosphere by
future high speed civil transports (HSCT). This is critical to establishing the
environmental feasibility of an HSCT. This work supports the efforts of industry and
universities to determine the criteria for the HSCT combustor concept selection in 1992.
The work at Lewis focuses on several flame tube combustor rigs: the Lean Premixed
Prevaporized (LPP); the Rich Burn/Quick Quench/Lean Burn (RQL); the Catalytic
Oxidation Rig; and the Ceramic Matrix Liner Test Rig. Advanced laser diagnostics will
be applied to the flame tube rigs to provide more detailed and non-intrusive measurements
of combustion flow parameters.

e Lean Premixed Prevaporized (LPP)
e Rich \ Quick Quench \ Lean (RQL)

® Catalytic Oxidation Rig

® Ceramic Matrix Liner Rig

@ Diagnostics



Combustion Concepts

The basic approach to thermal NOx reduction is to reduce the flame temperature.

This can be accomplished by burning lean or rich, avoiding the maximum flame
temperature which occurs near the stoichiometric equivalence ratio (E.R.) of 1.0. The
three concepts shown on this figure reduce NOx emissions by burning lean (E.R. of 0.6)
for the Lean Premixed Prevaporized (LPP) concept, or by burning rich (E.R. of 1.2-1.8)
and then lean (E.R. of 0.6) for the Rich burn/Quick Quench/Lean Burn (RQL) concept, or
by burning very rich (E.R. of 3-9) for the Catalytic Oxidation section which could be used
as the rich stage for the RQL concept. These concepts are the focus of our LeRC in-house

experimental efforts.

Combustion Concepts
Common approach: Reduce thermal NO, formation by
reducing flame temperatures

Lean premixed/prevaporized
Fuel injector s Flame holder ‘
 Burning with excess air

in lean zone; equivalence
ratio = 0.6

§ Vaporization N o0 iction

Preheated
2 and mixing < ;oo
<

air

Rich burn/quick quench/lean burn
« Burning with excess fuel;

equivalence ratio=1.2- 1.8

 Burning with excess air;
equivalence ratio= 0.6

g

S Reactive gas,
no soot

J

Liquid meﬂéJ L catalyst monolithic ceramic

>
Vv

- Catalytic bufning highly
excess fuel; equivalence
ratio =3.0-9.0
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Schedule for In-House Experiments

The schedule below shows the general time-frame for the major phases of the
experimental work which will be performed in the LPP and RQL flame tube rigs. The
term "Low NOx experiments" initially refers to the gas sampling probe measurements of
gaseous emissions for various equivalence ratios and inlet pressures and temperatures.
This activity is continued into a second phase which includes the use of advanced
diagnostic probes through windowed sections in first the fuel/air mixing zones and then in
the combustion zones of each of the flame tubes. A little more detail is given for the RQL
rig which is currently in its isothermal testing phase. Within the next few weeks, the hot
fire check-out will occur and the initial low NOx testing can begin.

Schedule for LPP & RQL Flame Tube Experiments

LPP Flame Tube Rig |-

Low NOx Experiments

Fuel Injection Studies

Combustion Studies
RQL Flame Tube Rig -

Installation %

M
N

Isothermal Tests |- z
" 7
Hot Fire Check Out |- %

Low NOx Experiments |- U B
Fuel Injection Studies |- % 7

Combustion Studies |- V %

i ' 1 l i l I l L
91 92 93 94 95
FY
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Lean Premixed Prevaporized Combustion

The objective of this portion of the LeRC in-house research program is to use a
flame tube combustor to demonstrate the capability of the Lean Premixed Prevaporized
(LPP) concept to reach the HSR goal of a NOx emission index (grams of NOx produced
per kilogram of fuel burned) of between 3 and 8. Using the flame tube combustor, the
effect of fuel/air distribution and degree of vaporization can be studied. Also of great
interest are autoignition, flashback, turbulent mixing and lean stability. Information

obtained in the flame tube about these parameters will be used to guide the design of an
LPP combustor.

The approach is to use an existing NASA-designed square cross-section flame tube
combustor to allow combustion testing at the high temperatures and pressures necessary
for the HSR Program. This rig was designed in the late 70's to support the emissions
reduction program at that time. It has a windowed section to allow laser diagnostics to

probe the premixing zone. A windowed section is currently being designed to accomodate
laser studies of the combustion zone.

OBJECTIVE:

O  Demonstrate the Capabiiity of LPP to Reach the HSR Goal of
NOx E.l.’s Between 3 and 8 g/Kg

O Experimentally Study the Effect of Fuel/Air Distribution
Pegree of Vaporization, and Additives on the Emission of
NOx for Advanced Low NOx Combustors

O  Study Autoignition, Flashback, Turbulent Mixing and Lean Stability.
APPROACH:

O Use Existing NASA Square Cross-Section Flame Tube Combustor to
Reach High Temperatures and Pressures Necessary for HSR Program.

O Use advanced laser diagnostics to obtain measurements and use In
code validation.
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Lean Premixed Prevaporized Combustion
LeRC Square Flame Tube Rig

The rig is shown schematically in this figure. The airflow, up to 5 1bs./second,
1100 F inlet temperature, 20 atmospheres pressure, passes from a large round-cross-
sectional flow straightening plenum into a 3-inch square inlet section which leads to a
multiple-conical tube fuel injector (shown later). The fuel injector can be moved by
rearranging the configuration of several spool pieces so that fuel vaporization as a function
of distance downstream of the fuel injector can be studied. One configuration includes the
addition of a windowed section downstream of the fuel injector to allow flow visualization
and laser diagnostic measurements of the degree of vaporization and droplet sizes and
velocities. Just before the flame holder, a sampling probe allows sampling of the fuel/air
mixture. The flameholder is an 80%-blockage, uncooled perforated plate, soon to be
replaced with a water-cooled flameholder for more durability. The rig is ignited by a spark
igniter, surrounded by a water-cooled jacket. The combustion section is lined with a
castable silicon-carbide ceramic, which is poured around a 3-inch square wooden mold to
form the test section passage and is externally water-cooled with copper cooling coils.
There are 6 gas sampling probes located at 3 axial locations and 2 "radial" locations at
each axial station. A windowed section for the combustion zone is planned to be ready
early in 1992,




Lean Premixed Prevaporized Combustion

Photograph of LPP Rig

The LPP flame tube rig is shown in the photograph below. The non-vitiated pre-
heated air passes into the rig from the right-hand side of the picture through the inlet
bellmouth, where the transition from round inlet section to square test section occurs. Two
possible fuel injection locations are shown and the location of the optical window section
can be seen as part of the fuel vaporization zone. At the end of the fuel vaporization zone
is a fuel/air sampling probe. The round flange shows the location of the flame holder,
downstream of which is seen the cooling coils surrounding the combustion test section.
The six exhaust gas sampling ports can be seen below and above the test section. A future
windowed section will be added to allow use of advanced diagnostics in the combustion

zone. The destructive additive injection called out in the photograph was an experimental
program planned to verify the results of an analytical evaluation of NOx destructive
additives. However, since the analytical results showed no viable NOx destructive
additives for HSR applications, this experimental program is not expected to be carried

out.

Lean Premixed/Prevaporized Combustion (LPP)
LeRC Square Flame Tube Rig

Advanced diagnostics: , .
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Lean Premixed Prevaporized Combustion
LPP Multiple Tube Fuel Injector

A key subcomponent is the fuel injector. A unique multiple tube fuel injector is
being used in the square flame tube rig at LeRC. Shown schematically below, there are 16
fuel injection passages which use the Venturi effect to provide high velocity airflow to
break up the fuel into fine droplets. Very small fuel tubes enter the Venturi passage and
curve around so that the fuel is injected parallel to the airflow. A small amount of air
passes over these small tubes to cool them as they make their way through the fuel injector
body into the Venturi passage.

In-house water cold flow studies on one fuel passage of this fuel injector has
shown that it is capable of producing extremely small droplets (on the order of 10 microns
in diameter). The NOx data obtained using this multiple tube injector was lower by an
order of magnitude compared to some preliminary NOx data obtained with a crude "spray-
bar" fuel injector in the same flame tube rig.

LPP Multiple Tube Fuel Injector

Jin.




Comparison of Low NOx LPP Data

The figure below shows the emission index of NOx (grams per kilogram fuel
burned) as a function of adiabatic flame temperature in the combustion chamber. The
figure is a historical representation of NOx measurements from several research programs
which studied lean premixed prevaporized combustion. The most recent results are those
obtained from the LPP square flame tube rig at LeRC by Acosta and Lee. This data is

shown as filled-in symbols and show encouragingly low NOx emissions. These NOx
emissions are well within the HSR goal (less than 8 gm. NOx/kg. fuel) at conditions

representative of HSR combustor operating temperatures and pressures shown between
the vertical bars.
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Lean Combustion Studies Timeline

The program plan for the LeRC in-house testing is shown in the figure below.
Currently baseline testing is being performed to define the operating conditions for the
LPP flame tube rig. This includes determining the lean stability limits, flashback and
autoignition limits and flameholder and liner characteristics and durability. During this
period, low NOx was successfully demonstrated at HSR cruise conditions. In the near
future, a new preheater will enable even higher inlet temperatures to allow operation of the
rig at increased severity parameters. Installation of the water cooled flameholder will then
allow "advanced LPP testing" at the higher temperatures and pressures. Advanced
diagnostics will be used to study the fuel vaporization and mixing process downstream of
the fuel injector within the next few months. By the middle of 1992, the window section
will be installed in the combustion zone and advanced laser diagnostics will be used to
study the combustion process itself.

Lean Combustion Studies

1991 o 1992 1993

JFMIAMJIJASIOND{JFMAMJI|JASIONDIJFM

LPP baseline testing

Increase severity

Advanced LPP testing

Adv. diagnostics

Direct injection exps

Adv. diagnostics comb.

Program plan



Rich Burn/Quick Quench/Lean Burn (RQL)

The objective of this portion of the LeRC in-house research program is to use a
flame tube combustor to demonstrate the capability of the Rich Burn/Quick Quench/Lean
Burn (RQL) concept to reach the HSR goal of a NOx emission index (grams of NOx
produced per kilogram of fuel burned) of between 3 and 8. Using a flame tube combustor,
the effect of fuel/air distribution and degree of vaporization can be studied. Also of great
interest are soot formation and burnout, CO/NOx formation trade-off, rich zone, quench
zone and lean zone residence time effects, and quick quench mixing. Information obtained
in the flame tube about these parameters will be used to guide the design of an RQL
combustor.

The approach is to use a NASA-designed flame tube combustor to allow
combustion testing at the high temperatures and pressures necessary for the HSR Program.
This rig was specially designed for the HSR program using the latest combustion codes to
predict the ideal fuel and air injection schemes as well as flame tube geometry and
residence times in each stage of the combustor in order to minimize NOx formation. It
will also incorporate windowed sections to allow laser diagnostics to probe the premixing
and combustion zones.

OBJECTIVE:

O  Demonstrate the Capability of RQL to Reach the HSR Goal of
NOx E.I.’s Between 3 and 8 g/Kg at Supersonic Cruise.
O Study:
Fuel/Air Distribution and Atomization.
Soot Formation and Burnout,
CO/NOx Formation Trade-off.
Rich Zone, Quench Zone and Lean Zone Residence Time Effects.
Quick Quench Mixing. }

APPROACH:

0 Design and Build Staged Flame Tube Combustor to Reach the
High Temperatures and Pressures Necessary for HSR Program.

0O  Use advanced laser diagnostics to obtain measurements and use in
code validation.
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LeRC Rich Burn/Quick Quench/Lean Burn (RQL)
Flame Tube Rig

The rig is shown schematically in this figure. The airflow, up to 5 Ibs./second,
1100 F inlet temperature, 16 atmospheres pressure, passes through various passages
entering the rich burn section. These passages supply air to various portions of the dome
swirler fuel injection system (shown later). The fuel injection system can be modified by
installing various fuel injectors having different airflow passages and swirler
configurations. Future plans include the addition of a windowed section downstream of
the fuel injector to allow flow visualization and laser diagnostic measurements of the
degree of vaporization and droplet sizes and velocities in the rich burn section. The rich
zone operates approximately at an equivalence ratio of 1.6. The combustion section is
lined with a castable silicon-carbide ceramic and is externally water-cooled with copper
cooling coils. The quick quench section supplies up to 11 Ib./sec. airflow to produce a lean
equivalence ratio of approximately 0.5 in the lean burn zone. Exhaust gas sampling is
performed by an axially-traversing probe that takes samples in the lean burn section. A
windowed section for the lean combustion zone is also planned for making laser induced
fluorescence measurements of combustion species and temperatures.

Rich Burn/Quick Quench/Lean Burn Flame Tube Rig
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RQL Combustion

Photograph of RQL Rig

The RQL flame tube rig is shown in the photograph below. The non-vitiated pre-
heated air passes into the rich burn section of the rig from the right-hand side of the picture
through four air supply lines. These lines determine the air flow splits between the fuel
injector inner and outer sections and the dome swirler. The large air inlet supply line for
the quick quench section is shown, followed by the copper-coiled water-cooled lean burn
section. The gas sampling probe will be mounted into the large flange at the end of the
lean burn section. The wheels shown in the photo allow easy dismantling of the rig to
allow installation of various length test sections to experimentally determine the optimum
lengths for the rich and lean combustion zones.

ORIGINAL PAGE |
BLACK AND WHITE PHOTOGRAPH
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RQL Combustion

Airblast Fuel Injector System

The RQL flame tube rig airblast fuel injector system with the dome swirler is
shown in the photograph below. Air passes through the system both inside and outside of
the fuel-flow annulus. Air also passes through the dome swirler, shown as the outer
passage with the large swirl vanes in this photograph. This fuel injector has exceeded the
expectations of the manufacturer in its ability to produce extremely small fuel droplets.
The effect of dome air versus inner and outer annulus air on fuel atomization and soot
formation will be studied with this injection system.
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RQL Combustion
Rich Burn Section of RQL Flame Tube

The inside of the RQL flame tube rig rich burn section is shown in the photograph
below. The entrance to the combustor as seen by the fuel injection system is shown as the
foreground in this picture. The castable silicon carbide liner is shown and the transition

from the 7-inch diameter combustion section to the 5-inch diameter quick quench section .

can be seen at the downstream end of this section. The liner is approximately 2-1/2 inches
thick.

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH.
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RQL Combustion

Quick Quench Section of RQL Flame Tube

The RQL flame tube rig quick quench section is shown in the photograph below.
Air passes into the quench zone through the 45-degree slanted slots seen behind the water-
cooled thermocouple probes. These thermocouples determine the exit temperature of the
rich burn section. The quench section shown is 5 inches in diameter. It is made of Haynes
214 material with a thin Rockide Z coating.
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Fuel-Rich Catalytic Combustion

The objective of this part of the Lewis low NOx program is to evolve the
technology for utilizing liquid kerosene fuels in high speed combustion systems and to
reduce NOx and soot emissions through very rich catalytic oxidation and staged
combustion. Some phenomena of interest include fuel vaporization and distribution,
catalyst activity and physical characteristics, catalyst and substrate durability, and
autoignition of the very reactive gases produced. Preliminary tests will be performed in a
single stage catalytic combustor. A two-stage flame tube combustor will then be designed
and tested in conjunction with the rich-burn/quick quench/lean burn flame tube combustor
program so that this concept can be tested at the high temperatures and pressures
necessary for the HSR program goals. All of the advanced diagnostics planned for use in
the RQL rig will be available for use to evaluate the catalytic combustion section's:
contribution to the RQL concept.

OBJECTIVE:

O Evolve the technology for utilizing liquid kerosene fuels in high
speed combustion systems and reduce NOx and soot emissions
through very rich catalytic oxidation and staged combustion.

0O Study:

Fuel Vaporization and Distribution.

Catalyst Activity and Physical Characteristics.
Catalyst and Substrate Durability.
Autoignition.

APPROACH:
O Perform preliminary tests In a single-stage catalytic combustor

O Design and build a Two-Staged Flame Tube Combustor to reach the
high temperatures and pressures necessary for HSR Program.

O Use advanced laser diagnostics to obtain measurements and use in
code validation.
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Fuel-Rich Catalytic Combustion Test Rig

The main features of the single stage catalytic combustor are shown schematically
below. In this concept, fuel greatly exceeds the available air by a factor of 3 to 9. Under
these extremely fuel-rich conditions, catalytic elements are required to stabilize
combustion downstream of the fuel injector and vaporization, premixing section. In the
catalyst section, liquid JP fuel is transformed into a highly reactive, partially oxidized gas
heated to 1700-1900 degrees F, well below the temperatures where NOx and soot are
formed. In a combustion system, this rich burn stage would be coupled with a quick
quench stage and a final lean burn combustion stage. The combustion process produces
large amounts of hydrogen, carbon monoxide, and partially oxidized hydrocarbons: all
reactive species. Nitrogen oxide concentrations are 2.7 to 7.9 parts per million (where 100
parts per million would be required for an emission index of 1.0).

Fuel-Rich, Catalytic Oxidation Test Rig
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Advanced Diagnostics

The objectives of the in-house programs in laser diagnostics is to provide non-
intrusive means to measure flow characteristics in the LPP and RQL flame tube
combustors. These measurements will provide data for code validation and for better
understanding of both rich and lean combustion to develop design criteria for producing
low NOx combustors.

The flow characteristics of interest include the degree of fuel vaporization, flow
and fuel droplet velocities, temperature profiles, chemical species and soot particle
concentrations. Flow visualization techniques will also be performed which will provide
information on fuel injector performance, mixing, and species concentrations.

OBJECTIVE:

O Provide advanced laser diagnostics to measure flow characteristics
in flame tube combustors to better understand the physics and
chemistry of combustion for the HSR Program.

0O Study:

Degree of Vaporization (Droplet Sizing)

Flow and Droplet Velocities

Temperature Profiles

Species and Soot Particle Concentrations

Flow Visualization (Fuel injection, Mixing, Species)

APPROACH:

0O  Develop techniques both in-house and through university grants.

O Apply laser diagnostics to in-house flame tube rigs (LPP, RQL,
Catalytic Oxidation).
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Flow Velocities

A three-component LDV system, using fiber optics, will provide flow velocity data
to investigate recirculation zones within the premixing section and downstream of the
flameholder, if possible. Flow velocity fields will provide information on the residence
times involved in spray vaporization and flow residence times in the combustor, which will
determine if local regions of high NOx are being produced in recirculation zones in local
high temperature regions. These measurements will be coupled with planned non-
intrusive temperature measurements which will be provided by laser spectroscopy.

ORIGINAL PAGE
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Fuel Spray Research

A copper vapor laser is used to illuminate and provide a strobe light source to
allow flow visualization of fuel droplets in a test nozzle. In-house fundamental research
on sprays, using advanced laser diagnostics will be applied to the LPP and RQL flame
tubes after initial testing in simple, atmospheric bench tests such as the one seen in the
photograph below. The copper vapor laser pulses at 10,000 hertz, allowing high-speed
movies to be made of sprays, or allowing still photographs to be made of a spray by
stopping the motion of the droplets. Phase Doppler Anemometry can be used to determine
droplet velocities and sizes simultaneously in regions of interest after studying the flow
visualization results. This information can be used to determine the fuel vaporization rates
in a flame tube, validate codes, and be applied to future combustor designs.

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

1019



Measurement of Fuel Droplet Sizes

A Malvern particle sizer will be used to obtain fuel spray droplet sizes. This laser
technique provides a line-of-sight measurement and supplies a mean droplet size to
characterize the spray. This instrument will be used to study the vaporization process in
the flame tube combustors (LPP and RQL) where access to the premixing sections is
provided by quartz windows.

: ORIGINAL FAGE
BLACK AND WHITE PHOTOGRAPH
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Advanced Diagnostics Schedule

The general schedule for employing various diagnostic techniques is schematically
shown below. Initially, the pre-mixing section of the LPP rig will be probed with flow
visualization techniques including still photography, laser-strobe photography, and
schlieren photography. The Malvern particle sizer will then be used to provide fuel
droplet sizes. Laser Doppler Velocimetry will be used to determine flow velocities. Later
work will include application of exciplex fluorescence to determine the degree of
vaporization at different positions in the premixing section. Digital image processing will
be performed on the 2D images of the vapor vs. liquid concentrations to determine the
extent of vaporization.

The combustion zone will be probed using laser saturated fluorescence and planar
laser induced fluorescence to determine species concentrations (OH and NO) and
temperature profiles. The planar measurements will be image processed to provide
quantitative results. Soot measurements will be made in the RQL rig using laser
scattering/extinction point measurements.

The diagnostics results from the premixing and the combustion sections from both
the LPP and RQL rigs will be used to validate codes that will be used.to develop low NOx
combustor designs.

FY 91 92 93 94 95
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Ceramic Matrix Liner Test Rig

The ceramic matrix liner test rig was specially designed to evaluate advanced
ceramic/composite materials under the extreme operating conditions which will be
required by future advanced gas turbine engines. A slave combustor provides very hot (up
to 4300 degrees F) high pressure (to 30 atms.), inlet gases at flow rates up to 10 Ib./sec.
Up to 16 separate ceramic test panels can be arranged inside the square test section such
that each set of four can have different back-side cooling conditions. The rig itself is
water-cooled to withstand the extreme operating conditions. This rig is nearing final
installation stages and will soon be available to the materials and gas turbine engine
community for use in the Enabling Propulsion Materials Program part of the HSR
Program.

Ceramic Matrix Liner Test Rig

Objective:
Evaluate advanced ceramic/composite materials under
advanced engine conditions.

air
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Summary

The NASA Lewis In-House research program has produced encouraging results
from the Lean Premixed Prevaporized flame tube rig, producing NOx emission indices less
than 3 gms./kg. fuel at an inlet temperatures of 930 F and pressure of 10 atm. Future plans
call for increasing the inlet pressures and temperatures to encompass the whole HSR
cruise condition range.

The RQL rig is well underway and will soon produce the first gas sampling probe
data on NOx levels from a flame tube designed with the latest analytical tools to produce
low NOx . Both the rich and the lean zones will have gas sampling probes installed. This
rig will also provide operating conditions that will simulate the whole HSR cruise range.
The operating parameters for the rich, quench and lean zones will be defined, for use in
engine combustor design.

Advanced laser diagnostics are planned for fuel injection and combustion studies
which will supply non-intrusive measurements of fuel vaporization, mixing, and chemical
species concentrations. ‘

The catalytic combustion program will continue to provide fundamental data that
will be used to build a complete catalytic test section that will serve as the rich burn stage
of the RQL combustor for two-stage experiments which will begin in FY92.

@ The LeRC LPP Rig has provided ultra-low NOx data:
E.l’s of 1-3 gms./kg. at HSR cruise conditions.

e The LeRC RQL rig is in the initial check-out stages and
will provide experimental NOx data by summer, 1991.

® Advanced laser diagnostic systems are being set up for
fuel injection and combustion studies in flame tubes.

® Two-stage experiments in catalytic combustion will
begin in FY 92.
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LEAN BURN COMBUSTOR TECHNOLOGY
AT GE AIRCRAFT ENGINES

NASA FIRST ANNUAL
HIGH SPEED RESEARCH WORKSHOP o

MAY 15, 1991

In late 1990 GE Aircraft Engines (GEAE) and Pratt & Whitney (P&W)
agreed to a joint effort to conduct studies, acquire technology and
validate capabilities and limitations of advanced low NOx combustor
concepts with the goal of generating information necessary for
concept downselect in 1992. It has been agreed that P&W will have
primary responsibility for demonstration of a rich burn quick quench
combustor, while GEAE will concentrate on development of a lean burn
combustor. In the lean burn program, both lean premixing
prevaporizing (LPP) and lean direct injection (LDI) designs will be
investigated (Tacina, 1990).

One key objective of these parallel programs is, by the end of
1991, to demonstrate a NOx emissions index of 3 to 8 g/kg at HSCT
cruise inlet conditions in simplified cylindrical combustors
representing each of the concepts. The second objective, to be
accomplished by the end of 1992, is to complete analyses and sector
combustor tests necessary to assure that there are no fundamental
limitations or technology barriers that would preclude successful
evolution of a flightworthy combustor based on either of the basic
combustor concepts.
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This presentation summarizes progress to date at GE Aircraft
Engines in demonstration of a lean combustion system for the HSCT.
These efforts have been supported primarily by NASA contracts, with

the exception of initial size and weight estimates and development of

advanced diagnostics which have been conducted under GE Independent

Research and Development projects.

Key accomplishments to date are

summarized below.

Lean Combustion Progress to Date

identified combustor concepts - projected emissions, size,
weight and performance impacts (3/90).

(Pl}edicted benefits of advanced materials and variable geometry
8/90).

Assessed/developed analytical capabilities for combustor
design (CFD, chemical kinetics) and established design
criteria (1/91).

Conducted cold flow mixing tests to identify preferred fuel
injection location and verify CFD predictions (12/90).

Developed improved diagnostics (NO2 LIF AND Laser Raman) for
combustor development (3/91).

Initiated single cup rig tests to demonstrate 3-8 g/kg NOx at
HSCT cruise by late 1991 (4/91).

Completed initial aero flowpaths for HSCT combustor and began
mechanical design and control studies (5/91).
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Figure 1 illustrates a parallel staged LPP combustor. A
conventional pilot in the outer annulus is used for low power
operation. A premixing main stage in the inner annulus is used at
high power conditions.

The most challenging aspect of a LPP combustor for an HSCT engine
is to obtain adequate premixing for low NOx emissions without
encountering precombustion in the mixer due to autoignition or
flashback. If mixing is incomplete, NOx will be formed in locally
rich (near stoichiometric) regions of the combustion zone.

Combustion within the mixer will, at best, result in increased NOx,
and could result in hardware damage to mixing ducts and flameholders.

A second major challenge is to maintain stable operation across
the combustor operating range. To provide low NOx, the premixing
stage must operate very close to the lean stability 1limit. Local
fuel-air ratio must be closely controlled with the use of fuel
staging and airflow modulation to maintain stable operation.

At projected HSCT engine cruise conditions, combustor
temperatures are so high that virtually all of the combustor airflow
must be premixed with the fuel to achieve the NOx goals. Thus, liner
and flameholder cooling, as well as pilot stage airflow, must be
minimized by using advanced materials for reduced cooling and
variable geometry features to shut off pilot air at cruise
conditions. Even when premixing airflow is maximized, it is critical
to minimize residence time in the combustion chamber because NOx
formation rates are high even at projected combustion exit
temperatures. Combustion zone residence time must be long enough to
complete combustion without excessive NOx formation.

LPP Combustor Design Issues

Continued NO,
formation at high

turbine inlet
temperature
Variable geometry
to optimize premixer Liner and
airflow for NO, flameholder
and stability cooling

Fuel-air premixing
without autoignition
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Roffe and Venkataramani (1978) have demonstrated that NOx levels
well below current goals can be achieved at representative HSCT
cruise conditions with a well premixed system using prevaporized fuel
(propane). Implementation of this technology into a liquid fueled
system capable of full range operation is the present challenge.

As indicated in Figure 2, at typical cruise conditions in current
turbofan engines, it would take approximately 10 milliseconds for jet
fuel to autoignite. This is of the same order as combustor residence
times in current aircraft engine combustion systems, and is
sufficient to achieve complete fuel=-air mixigg. However, projected .
HSCT cruise inlet temperatures are up to 400 F higher than those of
current engines, leading to an order of magnitude reduction in
available mixing time. Achieving full vaporization and thorough
fuel-air premixing within 1 ms is extremely challenging.

As shown in Figure 2 (Lyons, 1979) NOx levels are increased
substantially if mixing is not complete. Thus, the major challenge

of the LPP development effort is to obtain complete mixing without
autoignition.

LPP Combustor Fuel-Air Mixing Issues
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The importance of new technologies including advanced materials
and variable geometry devices which can be used to maximize premixer
airflow are illustrated in Figure 3. These NOx emission estimates
were based on results of research combustor tests at representative
HSCT cruise conditions with well premixed propane flames (Roffe and
Venkataramani, 1978). As indicated, a premixing combustor with fixed
geometry and conventional liner cooling levels would produce NOx
levels above 20 g/kg because the premixing stage would operate at
relatively rich conditions with the available airflow. Use of
variable geometry to force more air into the premixer would reduce
NOx to about 10 g/kg, still above the goal.

With the use of variable geometry and elimination of liner film
cooling, levels of about 2 g/kg are predicted. Recall, however, that
NOx levels could be somewhat higher than indicated due to the
challenge of premixing at HSCT combustor inlet conditions.

Elimination of liner film cooling is also important in order to
reduce quenching of CO near the combustor walls. Roffe and
Venkat Raman (1981) have illustrated that wall quenching can
adversely - ffect CO burnout.

Effects of Variable Geometry and Liner Cooling on LPP NOx
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A rule of thumb for low thermal NOx production is to keep local
temperatures below 3000 F. This is in the range of steady state
turbine rotor inlet temperatures at projected HSCT cruise conditions.
Temperatures are even higher within the combustor, prior to addition
of turbine nozzle cooling airflow. Thus, it is very important to
minimize post-flame dwell time between the reaction zone and the
location in the turbine nozzle where the flow is accelerated to the
point that thermal NOx formation rates become negligible.

Cycle conditions are also critical to NOx production. As
indicated in Figure 4, an increase of 200 F in turbine inlet
temperature will nearly double NOx emissions.

Cycle Turbine Inlet Temperature Effect on LPP NOx
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Currently available computational fluid dynamics (CFD) codes and
chemical kinetic codes have been developed and evaluated to the point
where they are quite useful for LPP combustor design. Figure 5 shows
a few examples that verify the usefulness of these approaches. As
shown, fuel-air mixing in a duct premixer was predicted quite well
with KIVA code computations. NOx and CO chemical kinetics models
also agree well with data for lean premixed systems. The example
shown uses the kinetic scheme of Bittker et al. in a reactor network
model to predict both prompt and thermal NO formation. Results are
in good agreement with premixed combustor data. Chemical kinetic
ignition delay computations based on a model developed by Jachimowski
(1984) have been used to estimate the effects of inlet pressure,
temperature and equivalence ratio on ignition delay. Results of
these computations have been used to define and refine criteria for
premixer and combustion chamber designs.

Analytical Capabilities
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The three general types of premixers shown in Figure 6 are being
evaluated for use in an engine design. The duct premixer shown is a
variation of the multiple tube injector that has been widely used in
fundamental studies of LPP combustors. The design consists of
several cylindrical air ducts. Fuel is injected near the entry of
each duct, and the fuel and air mix within the duct. The flame is
stabilized by a rapid expansion at the duct exit.

The second type of premixer uses a larger duct with a device to
swirl the airflow at the inlet. Fuel is injected at the center of
the vortex, and the swirling flow promotes fuel-air mixing. The duct
is sized for high axial velocity, and relatively low swirl is used to
prevent recirculation on the duct centerline, which could lead to
flashback. The flame is stabilized at the premixer exit by the
recirculation zone set up by the swirling flow.

The third fuel preparation concept is a lean direct injection
device. 1In this device, equal portions of fuel are injected into
each of many small air jets. Although the length of the air passages
is not sufficient to provide complete fuel-air mixing, the design
objective is to make the scale of the jets very small so that fuel-
air mixing rates in the combustion zone are fast enough to provide
very low NOx levels (Hussain et al., 1981).

Premixer Concepts
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N
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Duct Premixer Swirl Premixer

Lean Direct Injection Flame Stabilizer
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Cold flow mixing tests have been initiated to investigate
different fuel injection schemes for a duct-type premixer. A large
scale (approximately 5X) mixing duct has been evaluated, as shown in
Figure 7. Mixing of simulated fuel and air streams has been
evaluated using an ethylene tracer gas technique described by Mehta
et al. (1989). These tests have been used to establish a preferred
fuel injection approach for combustion tests of the duct premixer.

Cold Flow Mixing Test
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The ethylene tracer technique employed in these initial tests is
useful for measuring time- averaged fuel-air mixing. However, time
variations in fuel-air mixture uniformity (unsteady flow effects) can
lead to increased thermal NOx formation. In order to evaluate these
unsteady effects at GEAE, NO, laser induced fluorescence capability
has been developed for cold %low mixing tests and a spontaneous Raman
system has been developed to measure average and fluctuating
temperature and major species concentrations in methane flames
(Figure 8). Additional work is in progress to evaluate the Raman
technique in flames where distillate fuels are used.

Diagnostics Developments (GE CR&D)
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A cylindrical combustion test rig sized for evaluation of one
full scale swirl premixer or LDI device has been built. For duct
premixers, a sector or arrangement of premixers equivalent in airflow
to a single swirl premixer is evaluated, as shown in Figure 9.

The objective of these single premixer combustion tests is to
evaluate different premixer and fuel injector design configurations
and establish effects of parametric changes in design features such
as premixer length, direction of fuel injection, or combustor
residence time. Fuel injector/mixers representative of engine
designs are being evaluated for emissions (NOx, CO, UHC), flame
stability and lean blowout, flashback/autoignition, and ignition/
flame propagation characteristics.

Typical test conditions for initial low pressure tests will be a
pressure of 15-60 psia, inlet temperature of 800-1000 F, combustor
residence time of 1 to 3 ms and equivalence ratios from 0.70 to the
lean limit. High pressure tests of the most promising configurations
will then be conducted gt pressures up to 300 psia and inlet
temperatures up to 1200 F to evaluate operation at actual HSCT engine
operating conditions.

High Temperature and Pressure Duct Premixer Rig

~ Combustor
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Figure 10 illustrates two of the design issues that were
addressed during design of the cylindrical rig. Flameholder cooling
is accomplished with backside impingement, while ceramic thermal
barrier coatings are used to protect the surface that is exposed to
the flame. Finite element heat transfer and stress analyses were
conducted which indicate that flameholder durability will be
acceptable with this design approach.

CFD analysis was used to evaluate recirculation patterns and
mixing in the combustion zone downstream of the flameholder. The GE
CONCERT code premixed combustion model is currently being adapted to
compute NOx formation for this flameholder configuration.

Duct Premixer Design Considerations

Flameholder Cooling

Flame Stabilization/Mixing

1038



Flowpath layout studies are currently underway to define LPP and
ILDI systems suitable for full range operation in an HSCT engine.
Combustor inlet conditions and compressor and turbine interfaces have
been identified based on the most recent engine cycle studies being
conducted at GEAE.

Any one of many different design concepts could potentially be
used. Three options, based on previous design and development
programs, are shown in Figure 11.

LLPP/LDI Combustor Concepts

TRANSLATING
PLUG

IMPINGEMENT
COOLING

PREMIXING

PASSAGE
ACTUATING %

LINK AN

N ! VARl
L GEOMETRY
FUEL INJECTOR h
e = _
He ,
A. Single annular/wide V-G B. Parallel staged/2-stage V-G

C. Three stage/pilot V-G
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Sector combustor tests will be conducted to evaluate two selected
combustor configurations and establish effects of key design and
operating parameters on NOx emissions and combustor performance. A
sector combustor and test rig similar to those shown in Figure 12,
incorporating all key features of an engine combustor design will be
fabricated and tested to evaluate the influence of engine hardware
features such as dilution holes/wall cooling, fuel-air staging and
variable geometry features on emissions, exit temperature profiles,
flashback/autoignition, hardware temperature and stability limits.

Two types of tests will be conducted. 1Initial screening will be
done in low pressure tests (15-60 psia pressure and 800-1000 F inlet
temperaturg). High pressure tests (200-300 psia maximum pressure and
up to 1200 F inlet temperature) will then be conducted to evaluate
emissions and autoignition of promising combustor configurations at
full engine pressure.

Typical Combustor Sector Test Rig

Combustor Rig
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Elements of the long term HSCT combustor development plan are
shown in Figure 13. The current NASA-supported work, through 1992,
will include initial sector combustor tests to verify NOx emission
reduction capability and identify potential technology barriers that
would preclude their successful development. The next step would be
to build an annular prototype of the most promising combustor design
to develop and refine combustion steady state operating capability
over the full range of combustor operating conditions from lightoff
to maximum thrust. The objective of these annular tests would be to
evolve, by the end of 1994, a combustor design capable of meeting the
NOx emissions goal and providing adequate operability, performance
and durability for a demonstrator engine test in an existing engine
that could be operated at combustor inlet temperatures and pressures
representative of the range of HSCT engine operation.

An engine quality combustor would then be built, using conven-
tional materials, for an initial engine demonstration in 1997. The
primary purpose of this engine test would be to evaluate transient
response of the combustor (including fuel staging and variable
geometry features) and evaluate NOxX emissions in the presence of
interactions with an actual engine compressor and turbine.

As indicated earlier, high temperature materials are needed to
meet the HSCT NOx goals with good long-term durability. Active
development of needed materials will proceed in parallel with the
combustor development efforts. However, these materials will not be
available for initial annular combustor rig engine tests. ' Combustors
built with conventional materials for these early tests might rely on
auxiliary cooling to permit demonstration of emissions and perfor-
mance capabilities. As the advanced materials become available, a
second set of rig and annular tests would be conducted to demonstrate
the full potential of the evolved combustor design with combustor
components which use the best of the high temperature materials.

HSCT Combustor Development Plan

89 °0 91 22 °3 94 25 26 97 98 99

Design Conceptual Prototype Conventional Advanced
Criteria Layouts Layouts Materials Haterials

Dasign

GEN 1 GEN [} GEN 111

Mixer Tests

GEN I GEN 11

Sector Combustor

Annular Combustor
- Conventional Materials

- Advanced Materials

Engine Test
- Conventional Materiais
- Advanced Materials
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NEAR TERM OBJECTIVES

The stringent NOx emissions constraints necessary to-produce an environmentally acceptable High Speed Civil
Transport aircraft dictate the use of advanced combustor concepts that will require substantial technology acqui-
sition and integration to produce a viable configuration. Under their joint HSCT Program Pratt & Whitney and
General Electric have agreed to initiate this process through parallel technology acquisition and verification acti-
vities with Pratt & Whitney concentrating on rich burn combustor concepts while General Electric focuses their
efforts on lean burning methods. The parallel approach permits critical evaluation of both concepts to the depth
necessary to make a conclusive selection of the preferred concept after which Pratt & Whitney and General Elec-
tric will concentrate on the joint evolution of a single flightworthy and environmentally acceptable combustor
based on the selected concept. This downselect between rich and lean burning approach is scheduled to occur
late in CY 1992 and has led to definition of the near term objectives listed on Figure 1. The intent of this presenta-
tion is to demonstrate how these timely objectives will be accomplished in a manner that is also consisteént with
the initiation of the larger effort that would be required to achieve technical viability of a rich burn combustor
for the HSCT.

BY LATE 1992:

e  VERIFY THE EMISSIONS REDUCTION CAPABILITY OF
RICH BURN COMBUSTOR CONCEPTS AT HSCT
SUPERSONIC CRUISE CONDITIONS WITH GOAL OF

ACHIEVING A CRUISE NOy EMISSIONS INDEX OF 3 TO 8
GM/KG.

e ASSURE THAT THERE ARE NO FUNDAMENTAL
LIMITATIONS OR TECHNOLOGY BARRIERS THAT WOULD
PRECLUDE SUCCESSFUL EVOLUTION OF A
FLIGHTWORTHY COMBUSTOR BASED ON RICH BURN
CONCEPTS

Figure 1
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RICH BURN QUICK QUENCH COMBUSTOR

The Rich Burn Quick Quench (RBQQ) or Rich-Quench -~ Lean (RQL) combustor is the primary rich burn con-
cept. Asshown on Figure 2, all of the fuel is consumed initially in a rich combustor zone. This zone is deficient
in oxygen - operating at an equivalence ratio in the range of 1.5 to 2.0. The deficiency of oxygen inhibits thermal
NOx production but the ensuing combustion products include incompletely reacted species — particularly carbon
monoxide and carbonaceous particulates (smoke). Additional air is introduced into the combustor in the quench
section providing the necessary oxygen to complete the combustion process. As shown in the process diagram
of Figure 2 the quench air introduction must be effective to minimize NOx production and the second phase
of combustion in the lean zone occurs at temperatures dictated by combustor exit temperatures. Experience with
the RBQQ combustor concept is based on potential industrial power generation engine applications which in-
volved cylindrical or can type combustors utilizing heavier fuels from diverse feedstocks and at combustor inlet
and discharge temperature levels substantially lower than those anticipated in an HSCT engine at supersonic
cruise.

SECONDARY
AIRFLOW
RELATIVE NOX RICH INITIAL
EMISSIONS COMBUSTION
FUEL —— INDEX ZONE
PRIMARY ¢~1418 g ¢~0.4 1B/1000 LB
LEAN FINAL
COMBUSTION ZONE
FUEL FUEL-RICH RAPID FUEL-LEAN \y
PREPARATION COMBUSTOR QUENCH COMBUSTOR LIMIT OF STABILITY
! i
0 T 2
EQUIVALENCE RATIO

EXPERIENCE BASE
CONTRACTED PROGRAMS ADDRESSING CAN TYPE COMBUSTORS IN
INDUSTRIAL ENGINES USING HEAVIER FUELS

Figure 2
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RBQQ CRITICAL TECHNOLOGY AREAS

As enumerated in the list of Figure 3 there are five critical technology areas that must be addressed to produce
a viable RBQQ combustor for the High Speed Civil Transport engine application. The experience base with
experimental versions of this combustor concept is inconsistent with the HSCT application and must be extended
and verified in that environment. Operation on aviation fuels and the demand for compact systems in a flight
engine require definition of more relevant and aggressive design and sizing criteria. The necessity for a rapid
and effective mixing process in the quench zone has been emphasized in the discussion of Figure 2. Sustaining
rich oxygen deficient combustion in the rich zone dictates unique thermal/structural constraints on the liner en-
closing this zone because cooling air may not be discharged into the gaspath. Fuel/air mixture preparation may
have a significant role in optimizing the emissions characteristics of the rich zone because mixture uniformity
could minimize smoke formation in this zone and allow more effective management of NOx formation. Finally
the operational flexibility requirements of a flight engine must be considered and is expected to lead to the need
for variable geometry air admission components to provide efficient performance over the entire flight envelope.

The remainder of this presentation describes the efforts being conducted at Pratt & Whitney to address these
five critical rich burn combustor technology areas. Particular emphasis in place on technology acquisition in prep-
aration for the downselect process and in forming the nucleus of a longer range program. ¢ °

° RBQQ VERIFICATION AND DESIGN / SIZING CRITERIA
o QUENCH ZONE MIXING

® NONEFFUSIVE COOLED RICH ZONE LINER

o FUEL-AIR MIXTURE PREPARATION

e  VARIABLE GEOMETRY AIR ADMISSION

Figure 3
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CYLINDRICAL RBQQ COMBUSTOR RIG

The cylindrical Rich Burner Quick Quench Combustor rig will be the major test vehicle used in the near term
effort to verify the emissions reduction potential of the rich burn concept, define relevant design criteria and
establish the direction for subcomponent refinement. The rig has been designed on the basis of prior experience
with experimental rich burn can type combustors for industrial engine application. The inlet air to the rig will
be preheated electrically to temperatures as high as 1400°F to simulate supersonic cruise of the HSCT engine
and inlet total pressures in excess of 200 psia are attainable. As shown on Figure 4, the air supply system is de-
signed to allow variable flow split between the rich combustion zone and the quench section.” Gaseous emissions
and particulate concentrations are measured at the combustor exit and at the end of the rich combustion zone.
Additional diagnostic instrumentation will include traversing probes to establish mixture uniformity immediately
downstream of the quench air admission section, gaspath pressure measurement and heat flux sensors in the
wall of the rich and lean combustion zones.

AR
SUPPLY
SECONDARY AIR :
TOTAL >4
AIRFLOW
VENTURI
PRIMARY AIR l [:]
ELECTRICAL ; ‘ EXHAUST
AIR HEATER Xl RICH oy ’l[:] LEAN o
VALVE TO CONTROL ‘ - /
AIRFLOW SPLIT
FUEL COMBUSTOR EXIT
SECTIONS INSTRUMENTATION
PRIMARY @ PARTICULATES
AIRFLOW RICH ® GASEOUS EMISSIONS
VENTURI INSTRUMENTATION

® PARTICULATES
® GASEOUS EMISSIONS

Figure 4
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MODULAR RBQQ COMBUSTOR

Figure 5 shows details of the construction of the combustor section proper of the cylindrical RBQQ combustor
rig. Empbhasis in the design has been on flexibility of the configuration. The basic construction elements are
flanged cylindrical and conical pipe sections. The noneffusive cooling requirement is achieved by externally cool-
ing with a water jacket while casting a thick ceramic wall inside the section to permit high gaspath surface temper-
atures. The cylindrical sections of the rich and lean zone have been fabricated in several lengths and are inter-
changeable or used in series to vary residence time. The rich zone air admission and fuel injection system are
installed in the inlet plenum and may be mounted on or replace the front bulkhead that separates this plenum
from the combustion zone proper. The initial configuration of the rig incorporates a quench section with eight
canted air inlet slots in a reduced diameter gaspath section. This quench air admission section and its adjacent
conical transition pieces may be replaced with alternate components to produce different quench section config-
urations.

QUENCH AIRFLOW
:
i :: LEAN COMBUSTOR
v (6,9 OR 11 1.
FUEL INJECTOR
Koot RICH CouBueTCR
(VARIOUS CONCEPTS) ’
PRIMARY i X
AIRFLOW : 2k
. -
p— !
1
...... — I 5.0 DIA. \ 30DIA. O
- 1
- i ! - , .
Lowse i S =
| §
-
4
L@:o i
NOTES
1. DESIGN QUENCH LEAN ZONE
P3 = 200 PSIA (VARIOUS CONCEPTS) SAMPLING
T3 = 1400 F RICH ZONE
2. COMBUSTOR SECTIONS SAMPLING
ARE WATER COOLED WITH
INTERNAL, CAST CERAMIC

Figure 5
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CYLINDRICAL RIG OBJECTIVES

The cylindrical RBQQ combustor rig is being used to accomplish several near term program objectives and to
establish the direction for longer range component refinement. The table of Figure 6 lists the objectives of the
activity on this rig through CY1992. The test program is being initiated with parametric evaluation of the effect
of combustor inlet and operating conditions on the emissions characteristics of the RBQQ combustor concept.
These will be used to verify the NOx reduction capability of the combustor and to generate the data base for
trade and optimization studies. Systematic variations of zone airloading and length will be used to optimize resi-
dence time effects and to generate corresponding stage sizing criteria. The cylindrical combustor rig will also
be used for evaluating the sensitivity of the RBQQ combustor concepts to subcomponent performance. Exploit-
ing the flexibility incorporated in its design several different rich zone fuel/air admission concepts using both
single and multi-distributed sources are being designed for evaluation. Similar systematic variations in the con-
figuration of the quench zone are also anticipated.

° VERIFICATION OF NOy REDUCTION CAPABILITY OF THE RBQQ AT
HSCT SUPERSONIC CRUISE CONDITIONS .

° GENERATE DATABASE FOR OPTIMIZATION AND SENSITIVITY
STUDIES AT HSCT ENGINE CONDITIONS

® GENERATE DESIGN CRITERIA FOR ZONE SIZING AND LOADING,
RICH ZONE HEAT LOADS AND LEAKAGE TOLERANCE

° ESTABLISH SENSITIVITY TO SUBCOMPONENT PERFORMANCE
® FUEL INJECTION AND RICH ZONE MIXTURE PREPARATION
® QUENCH ZONE MIXING EFFECTIVENESS

Figure 6
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QUENCH ZONE MIXING

The mixing process occurring in the quench zone is critical to the operation of the RBQQ combustor. Rapid
and thorough mixing must be achieved to avoid generating excessive NOx during the quench process. An inde-
pendent task is being conducted to screen and evaluate mixing concepts for the quench zone and optimize their
performance. The experimental approach involves nonintrusive measurement of the flow structure in nonreact-
ing mixing processes. As shown on Figure 7 one of the participating streams is seeded with an oil aerosol and
Mie scattering in a laser illuminated plane is measured and processed through planer digital imaging to provide
instantaneous distributions of the seed concentration from which the progress of the mixing processes is eva-
luated quantitatively. An extensive series of cylindrical mixer configurations of the type shown on the figure have
been evaluated and led to the definition of an optimum mixer geometry for the previously described cylindrical
combustor rig. The quench zone mixing investigation has been subsequently redirected to an apparatus witha
rectangular gaspath to explore mixing approaches that will be more compatible with the annular combustor con-
figuration anticipated in the product engine.

OBJECTIVE
EVOLVE CONCEPTS THAT EXPLOIT FLUID DYNAMIC INSTABILITIES
AND SCALE EFFECTS TO ACHIEVE RAPID AND COMPLETE MIXING

APPROACH
USE PLANAR DIGITAL IMAGING OF MIE SCATTERING TO
QUANTITATIVELY EVALUATE MIXING PROCESSES TYPICAL IMAGE

SCE

——ip-SEEDED JET FLOW -\
R 1 [T
] L [
1 / X
IMAGING SLOTS AT

1 INCH INTERVALS

Figure 7.

1052



NONEFFUSIVE COOLED LINER

The requirements for a noneffusive cooled liner for the rich zone fo the RBQQ combustor will required a new
liner material having thermal and structural properties beyond those of state of the art metallic or monolithic
ceramics. The Enabling Propulsion Materials program has been established with the objective of defining and
optimizing this material for use in either a rich or lean burning HSCT engine combustor. As shown by the sched-
ule of Figure 8 this program has the milestone of producing a substantiated advanced material liner for verifica-
tion testing in a demonstrator engine under the High Speed Research program in the 1998 time period.

Pratt & Whitney has also initiated studies of the requirements and constraints on the liner for the rich zone of
the RBQQ combustor. As shown on Figure 8, these thermal and structural design studies are directed at three
near term program objectives: providing definition of boundary conditions for tl.e Enabling Propulsion Materials
program; generating a design base for interim liner constructions for combustor rigs that will be operated under
future elements fo the High Speed Research program and in conjunction with the initial output from the Enab-
ling Propulsion Materials program provide technical data to support the combustor concept downselect process
in late 1992.

1991-92 OBJECTIVES |
e  DEFINE BOUNDARY CONDITIONS FOR ENABLING PROPULSION
MATERIALS PROGRAM ,
e  DEFINE AN INTERIM RICH ZONE LINER CONSTRUCTION FOR
TEST RIGS |
e  PROVIDE TECHNICAL BASIS FOR VIABILITY POSITION FOR THE
COMBUSTOR CONCEPT DOWNSELECT IN LATE 1992

DOWNSELECT INPUT

CORPORATE STUDIES
“N\a INTERIM LINERS
HIGH SPEED RESEARCH COMBUSTOR RIGS / ENGINE DEMO
BOUNDARY CONDITIONS ADV }N &Eb LNER

ENABLING PROPULSION

MATERIALS

} i
1992 1998
Figure 8
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VARIABLE GEOMETRY REQUIREMENTS

The majority of the initial effort on the HSCT combustor concepts will concentrate on the optimization of the
configuration and stochiometry to minimize NOx emissions at the supersonic cruise flight condition. However,
acceptable performance, emissions and operability over the remainder of the flight envelope must be assured
and variable geometry air admission components are expected to be required to achieve this capability. Figure
9 shows an air control mode for the RBQQ combustor that requires variable air admission on the inlet to the
rich combustion zone. The rich zone equivalence ratio schedule of that figure satisfies engine cycle requirements
in that the high equivalence ratios conducive to minimum NQOx production is maintained at high fuel air ratios;
an equivalence ratio near unity is achieved at ground idle to minimize carbon monoxide and unburned hydrocar-
bon emissions and adequate lean stability is retained. This equivalence ratio schedule is shown to be achieved
with only a moderate variation in rich zone airloading at high fuel air ratios.

While the definition of variable geometry airflow components and their actuation mechanisms would be deferred
to a later phase of the High Speed Research program after the combustor downselect, initial evaluation of per-
formance or emissions sensitivities to airflow shifts could be conducted in the cylindrical combustor rig. The air-
flow shifts would be simulated in sequential tests with interchangeable components sized to represent the ex-
treme areas of the airflow apertures. i

QUENCH ZONE
VARIABLE RICH LEAN ZONE
ZONE AIRFLOW

2 }_ 50

RICH ZONE 4 RICH ZONE 25}

EQUIVALENCE [ AR
RATIO % Wab
7
0 | | | 0 L 1
0 01 .02 03 0 01 .02 .03
FUEL AIR RATIO FUEL AIR RATIO

Figure 9
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SECTOR COMBUSTOR RIG

While the initial evaluation and technology acquisition on the Rich Burn Quick Quench combustor concept will
be conducted on the cylindrical combustor, the HSCT engine combustor is expected to be on annular configura-
tion. To provide an assessment of the RBQQ combustorin a better simulation of an annular combustor geometry
a sector combustion rig such as that shown on Figure 10 will be incorporated in the program. The design of this
rig and its aerothermal details will be based on the experience derived in the previously described technology
acquisition tasks. Zone sizing and rich zone fuel/air admission module configurations will be based on criteria
developed from data acquired with the cylindrical combustor rig and the quench air admission system will have
been optimized in the rectangular quench zone mixing evolution task. The sector combustor rig is expected to
be operational in late 1992 to provide further concept verification prior to the downselect decision.

INITIAL CONFIGURATION FOR EVALUATION IN LATE 1992 BASED ON
INPUT FROM THE FUNDAMENTAL TECHNOLOGY TASKS

PROVIDE DEMONSTRATION IN SIMULATED ANNULAR BURNER WITH
MULTIPLE FUEL / AIR ADMISSION MODULES

EXIT
EMISSIONS
FUEL/AIR SCREEN RAKES
SECTION A-A MODULES \ A - :] QUENCH AIR
.
o .’;" oA 19T "]Q i . "L__Fﬂ\
Iy ~ 1~\
s %\m L5 PRIMARY | — F
2k1 5 AR '
E ’ :&z_—-—_:: Al !

e = . B - C e of _}:
BULKHEAD ~ {
B -

Figure 10
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CONCLUSIONS

The near term program to evaluate rich burn combustor concepts for application to the High Speed Civil Trans-
port engine will meet the intended program schedule and objectives. The fundamental technology tasks outlined
will provide the necessary substantiation of the Rich Burn Quick Quench combustor concept for the downselect
process. These tasks will also establish the direction for additional technology acquisition and combustor compo-
nent refinement if this concept is selected. The test procedures and experimental apparatus developed and con-
structed under these initial tasks will be available for subsequent combustor component refinement efforts in
the later phases of the High Speed Research program.

o NEAR TERM TECHNOLOGY ACQUISITION EFFORTS WILL PROVIDE
SUBSTANTIATION OF THE POTENTIAL FOR RICH BURN
COMBUSTOR CONCEPTS IN THE DOWNSELECT PROCESS.

® DIRECTION FOR SUBSEQUENT REFINEMENT OF RICH BURN
COMBUSTOR WILL BE ESTABLISHED

o TEST PROCEDURES AND APPARATUS FROM NEAR TERM TASKS
AVAILABLE FOR SUBSEQUENT COMPONENT REFINEMENT

Figure 11
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