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AERO-PERFORMANCE AND AERO-MIXING TESTS OF 2D-CD MIXER/EJECTOR NOZZLES
Part I-Aero-Performance Tests

J.W. Askew and J. Yetter S/ — O 7
GE Aircraft Engines
Cincinnati, Ohio

Objectives

» Establish Aerodynamic Performance Characteristics And
Design Criteria Of 2D Suppressor Ejector Nozzles For Trade
Studies At Take-Off Flight Conditions

* Quantify The Effects Of Key Geometric And Aerodynamic
Variables On Performance

* Test And Evaluate Geometric Parameter Variants Consistent
With Those Of Acoustic Test (e.g. Suppressor Area Ratio)

* Obtain Detailed Data That Can Be Used Later For Verifying
And Validating CFD Codes For Performance Prediction Of 2D
Suppressor Ejector Nozzles

This Chart Shows The Four Objectives Of The Aerodynamic Performance Test Of
2D Mixer/Ejector Nozzles. The Primary Objective Is To Begin Establishing a Design
Data Base For 2D Mixer/Ejector Nozzles.
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Model Test Facility/Condition
NASA Langley 16-Foot Transonic Wind Tunnel

« M_=0-0.7; Ry>1x10¢
- NPR = 1.5 > 6.0 (Design NPR = 4.0)

* Wg pesign = 15 Lbm/Sec (Cold)

The Aerodynamic Performance Test Was Conducted In The NASA-Langley 16-Foot
Transonic Wind Tunnel at Wind-Off Condition (M = 0) And At Free-Stream Mach
Numbers Of 0.32, 0.40, 0.55, and 0.70. The Nozzle Pressure Ratio (NPR) Was
Varied From Jet-Off (NPR = 1.0) To A Maximum of 6.0. The Model Was
Designed At NPR = 4.0 And A Jet Total Temperature of 75°F. All Tests Were
Conducted With A Jet Total Temperature of Approximately 75°.
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NASA Langley Air-Powered Nacelle/Mixer-Ejector
Nozzle Installation
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The Single-Engine (Air-Powered) Nacelle/Mixer-Ejector Nozzle Model Was
Supported In The 16-Foot Tunnel By A Sting/Strut Support System. This Chart
Shows A Sketch Of The Model Installation.
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HSCT 2D Mixer/Ejector Nozzle
Test Configurations

Suppressor | Chute | Mixing Area Flap
Area Expansion| Divergence | Length, | Center-
Config. | Configuration Ratio Ratio Area Ratio (L) Body A8

no. Code ~ (SAR) (CER) (MAD) inch (CB) sarin Notes |
1 1110 2.80 1.22 1.20 7.40 Off 9.31 AOA = 0, +5 & -5 deg
3 1210 1.40 7.40 Off 9.31 | AOA = 0,+5 & -5 deg
4 1220 1.40 11.10 Off 9.31 | AOA = 0 deg

2 1120 * 1.20 11.10 Off 9.31 AOA = 0 deg

17 1121 3.17 122 1.20 11.10 Short 7.69 AOA = 0 deg

18 1122 1.00 11.10 Long 7.69 | AOA =0 deg

19 1221 1.40 11.10 Short 7.69 AOA = 0 deg

20 1222 1.20 11.10 Long 7.69 | ADA = 0 deg

5 2110 2.80 1.38 1.20 7.40 Off 9.31 | AOA = 0, +5 & -5deg
7 2210 1.40 7.40 Off 9.31 AOA = 0,+5& -5deg
8 2220 1.40 11.10 Oft 9.31 | AOA = 0 deg

6 2120 1.20 11.10 Off 9.31 AOA = 0 deg

21 2121 3.7 1.38 1.20 11.10 Short 7.69 AOA = 0 deg

22 2122 1.20 11.10 Long 7.69 AOA = 0 deg

23 2221 1.40 11.10 Short 7.69 AOA = 0 deg

24 2222 1.20 11.10 Long 7.69 i AOA = 0 deg
9 3110 3.30 1.22 1.20 7.40 Off 8.04 | AOA = 0,+5&-5deg
11 3210 1.40 7.40 Oft 8.04 | AOA = 0,+5& -5deg
12 3220 1.40 11.10 Off 8.04 AOA = 0 deg

10 3120 1.20 11.10 Off 8.04 AOA = 0 deg

25 3121 3.88 1.22 1.20 11.10 Short 6.42 AOA = 0 deg

26 3122 1.00 11.10 Long 6.42 | AOA = 0 deg

27 3221 1.40 11.10 Shon 6.42 i AOA = 0 deg

28 3222 1.20 11.10 Long 6.42 | AOA =0 deg

13 4110 3.30 1.38 1.20 7.40 Off 8.04 AOA = 0, +5 & -5 deg
15 4210 1.40 7.40 Ooft 8.04 : AOA = 0,+5&-5deg
16 4220 1.40 11.10 Off 8.04 AOA = 0 deg

14 4120 1.20 11.10 Ofi 8.04 | AOA - 0 deg

29 4121 3.88 1.38 1.20 11.10 Short 6.42 | AOA = 0 deg

30 4122 1.00 11.10 Long 6.42 | AOA = 0 deg

31 4221 1.40 11.10 Short 6.42 AOA = 0 deg

32 4222 1.20 11.10 Long 6.42 AOA = 0 deg

* Additional Configuration: 1320 - MAD=1.0
© 1420 - MAD=0.8

The 2D Mixer/Ejector Nozzle Models Were Designed To Represent The Takeoff

Flight Condition Of A GEAE HSCT Nozzle Concept. Five Major Nozzle Geometric
Variables Were Evaluated During The Performance Test, And Are Defined In The
Next Two Charts. Thirty-Four (34) Model Configurations Were Tested. Tests With

Angle-Of-Attack Of O, +5, And -5 Were Conducted.



2D Mixer/Ejector Nozzle Concept
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This Chart Shows The 2D Mixer/Ejector Nozzle Model Design And Instrumentation
Layout. Sixty-Seven (67) Pressure Measurements Were Taken During Each Test
Including 15 Total Pressure Measurements Located In The Ejector Inlet. These
Total Pressures, Along With Local Static Pressures, Were Used To Calculate The
Secondary Flow Entrainment. This Chart, Also, Shows How Both Center-Bodies
Were Installed In The Model During Testing.
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Configuration/Mach Number Comparison
MAD=1.2, Lg=11.10", w/o C.B.

Ced 110, SAR « 20, CRR = 1.2
Cenl 2120, SAR = 20, CHR = 138
Cenl 3120, SAR = 1.3, CER =« 1.2
Cenl 410, SAR = 130, CER = 1.9
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Selected Test Data Are Presented In The Following Charts.

This Chart Shows The Comparison Of The Nozzle Performance (Thrust-Minus-Drag
Coefficient) As A Function Of The Freestream Mach Numbers, And NPR For The
Configurations That Have Mixing Area Divergence (MAD) Equal to 1.2, Long
Nozzle Flap Length (LF), And No Centerbody. At Mach Equal 0.0, The Nozzle
Performance Shown Is the Gross Thrust Coefficient (Cfg).



Configuration/Mach Number Comparison
MAD=1.2, Lg=11.10", w/o C.B.
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Where:

(W

Wg = Secondary Mass Flow Rate
Wp = Primary Mass Flow Rate
Tys= Secondary Total Temperature
Typ = Primary Total Temperture

3~7

Shown In This Chart Is Comparison Of The Nozzle Entrainment Or Pumping As A
Function Of Freestream Mach Number And NPR, For The Configurations That Have
MAD Of 1.2, Long Nozzle Flap, And No Centerbody. The Entrainment Is Defined
In Corrected Mass Flow Rate Ratio

VT




Ejector Static Pressure Distribution

Effect Of Nozzle Pressure Ratio (NPR)
SAR=2.8, MAD=1.2, CER=1.38, Lg=11.10", w/o C.B., M=0.32

Aligned With Primary Flow Aligned With Secondary Flow
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This Chart Shows The Ejector (Nozzle Flap) Pressure Distribution As NPR Varies.
The Left-Hand-Side Graph Is A Plot Of The Pressures Aligned With The Primary
Flow Element Of the Mixer. The Right-Hand-Side Graph Is A Plot Of The Pressures
Aligned With The Secondary Flow Element Of The Mixer. The Mixer Exit Plane Is
Located At X/L Equal To .264. The Plots Show How The Flows In The Ejector
Expands And Recompresses Inside The Ejector. This Flow Characteristics Was
Found To Be A Function Of NPR and MAD.



Ejector Static Pressure Distribution

Effect Of Mach Number (M)
SAR=2.8, MAD=1.2, CER=1.38, Lg=11.10", w/o C.B., M=0.32

Aligned With Primary Flow Aligned With Secondary Flow
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The Static Pressure Distribution Inside The Ejector As A Function Of Freestream
Mach Number Is Shown In This Chart. Again, The Left-Hand-Side Graph Plots The
Pressures Aligned With The Primary Flow Element Of The Mixer, And The
Right-Hand-Side Graph Plots The Pressures Aligned With The Secondary Flow
Element Of The Mixer. The Pressure Distribution Varies Slightly With Mach
Number.

39



Configuration/Mach Number Comparison
MAD=1.2, Lg=11.10", w/ Long C.B.
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This Chart Shows The Comparison Of The Nozzle Performance As A Function Of
Freestream Mach Number And NPR. The Configurations With The Long
Centerbody, MAD Of 1.2, And Long Flap Length, Are Presented.
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Configuration/Mach Number Comparison
MAD=1.2, Le=11.10" w/ Long C.B.

122, SAR =37, CBR « 122
222, SR =317, CER = L3S
312, SAR =333 CER = 1.2
40, SAR =333 CHR = 1%
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The Corrected Mass Flow Rate Ratio (Describing Ejector Entrainment) For The
Configurations With The Long Centerbody, MAD =1.2, And Long Flap Length, Is
Shown In This Chart As A Function Of Freestream Mach Number And NPR.
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Ejector Static Pressure Distribution

Effect Of Nozzle Pressure Ratio (NPR)
SAR=3.17, MAD=1.2, CER=1.38, Lg=11.10", Long C.B., M=0.32

Aligned With Primary Flow Aligned With Secondary Flow
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Ejector (Nozzle Flap) Pressure Distribution As A Function Of NPR For A |
Configuration With The Long Centerbody At Freestream Mach Number of 0.32.
Again Note The Expansions And Recompressions. |
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Ejector Static Pressure Distribution

Effect Of Mach Number (M)
SAR=3.17, MAD=1.2, CER=1.38, Lg=11.10", Long C.B., NPR=4.0

Aligned With Primary Flow Aligned With Secondary Flow
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This Chart Shows The Effect Of Mach Number On The Ejector Pressure Distribution
For A Long Centerbody Configuration. Note That Mach Numbers Have Small
Effects On The Strengths Of The Flow Expansions And Recompressions.
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Thrust Coefficient Losses Stackups (Estimated)
Conf. 2110, NPR=4.0

1.0
90 = ) Ejector Inlet [«—— RAM Drag
SidewalVFlap Base Drag
| e~ Bostiail Dag
|+———— External Friction Drag
A ~~—— Ejector Iniet Drag
.80 |—
Cfg
70 Measured Measured
Gross Thust
Thrust Minus
Drag
.60
Y
.50
M=0.0 M=0.32

The Impact Of Drag Losses In Nozzle Efficiency (Cfg) As Contributed By Different
Nozzle Components Is Shown In This Chart. At Freestream Mach Number Of
0.32, The Different Drag Components Are Stacked On The Measured
Thrust-Minus-Drag Force And Compared With The Static Measured Thrust. For
These High Flow Ejector Nozzles, Ram Drag Is The Largest Loss Contributor At
Flight Conditions. To Improve The Isolated Installed Performance Of The Nozzle
Will Require The Reduction In Friction, Boattail, Ejector Inlet, And Base Drags,
Which Are Based On Nozzle Design Parameter.
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Thrust Coefficient Comparison And
Loss Stackups (Estimated)

M=0.0, NPR=4.0
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This Chart Compared The Stack Up In Measured performance With A
One-Dimensional (1D) No Loss Analysis (Assuming Constant Area Mixing). Nozzle
Internal Loss Mechanisms Are Due To Suppressor Chutes, Ejector Inlet,
Angularity/Expansion, Mixing and Internal Shocks (Recompressions). To Improve
Performance, Losses Associated With These Mechanisms Will Have To Be
Minimized. Also, Note That For A Given Ejector Size, Secondary Flow Entrainment
Is About 80% Of The Ideal Flow Entrainment.

3-15



Effect Of Mixing Area Divergence (MAD)
SAR=2.8, CER=1.22, Long Flap, M=0.0
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Ejector Area Sizing Is Critical To The Performance And Secondary Flow
Entrainment Of Supersonic Ejector Nozzles. Shown In This Chart Is The Effect Of
The Ejector MAD On The Nozzle Performance (Cfg) And Flow Entrainment (wvt) As
NPR Varies. In The Left-Hand-Side Graph, It Can Be Seen That To Obtain
Optimum Cfg, The Ejector Area Ratio Has To Be Optimized To Provide The Correct
Flow Area Distribution To Match The Combined Flows Inside The Ejector In Order
To Properly Diffuse The Combined Flow To The Appropriate Nozzle Back (Ambient)
Pressure. From The Cfg Curve, At MAD =0.8, The Nozzle Is Operating In A
Typical Under-Expanded Region At The Design Point (Exit pressure Is Higher Than
Back Pressure). However, As The MAD Is Increased To 1.0 The Cfg Increases.
This Condition Moves Into The Over-Expanded Region (Small Over-Expansion)
Region Which Means The Exit Pressure Is Lower Than The Nozzle Back Pressure.
Furthermore, As MAD Continues To Increase, Cfg Decreases. This Is Due To The
Exit Pressure Becoming Much Lower Than The Back Pressure And Recompression
Occurs Inside The Nozzle. The Right-Hand-Side Graph Shows That Flow
Entrainment Increases As MAD Increases Until The Secondary Flow Becomes
Compounded Compressible Choked, Then, Entrainment Remains Constant With
Increasing MAD. This Is Caused By The Ejector Moving From A Subsonic
Operating Regime To A Supersonic Operating Regime.
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Effect Of Mixing Area Dive;igence (MAD)
SAR=2.8, CER=1.22, Long Flap, M=0.0, NPR=4.0

Aligned With Primary Flow Aligned With Secondary Flow
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The Effect Of MAD On The Ejector Pressure Distribution Is Shown In This Chart.
At MAD Of 0.8, It Can Be Seen That The Ejector Is Operating In A Subsonic
Regime, Where The Flow Expands A Little As It Leaves The Mixer Chutes And
Then Diffuses Through The Ejector, Then Expands Back To The Nozzle Back
Pressure (Under-Expanded). At MAD of 1.0 and 1.2 The Flow Greatly Expands
Downstream Of The Mixer Chutes, Then, Is Recompressed, And Is Followed By
Another Expansion. For These Two Conditions, The Flow Has To Recompress
Inside The Ejector To Obtain A Pressure Equivalent To The Nozzle Back Pressure.
For MAD Of 1.2, This Recompression Is Much Stronger And Occurs Further
Upstream Of The Ejector Exit.
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Effect Of Mixing Area Divergence (MAD)
SAR=2.8, CER=1.22, Long Flap, M=0.0

Secondary Flow Rate
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This Chart Demonstrates The Compound Compressible Choking Characteristics Of
The 2D Mixer/Ejector Nozzle. Note That At The Design Point (NPR=4.0), The
Nozzle Becomes Choked At A MAD Of A Little Less Than 1.0. The Curve Between
MAD Of 0.8 And 1.0 Is Spline Fitted.
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Effect Of Chute Expansion Ratio (CER)
SAR=3.3, M=0.0
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To Increase The Amount Of Secondary Flow Entrainment, it Was Theorized That A
Lower Primary Flow Static Pressure At The Exit Of The Mixer Chutes Would Be
Necessary. To Achieve This Lower Pressure, A Larger Primary Flow (Chute
Expansion Ratio) (CER) Was Tested. This Chart Shows The Effect Of CER On
Performance And Flow Entrainment As NPR Varies. Also, Shown Are The Effects
With and Without An Ejector Shroud. The Left-Hand-Side Graph Shows That If
CER Is Increased From 1.22 To 1.38, Cfg Will Decrease. This Is Apparent With
And Without An Ejector Shroud. Also, Note That The Cfg Without An Ejector
Shroud Is Greater Than The Cfg With An Ejector Shroud With A MAD =1.2. This
Means That The Ejector Is Not Providing Thrust Augmentation But Instead It Is A
Loss Contributor (For This Configuration). However, From The Right-Hand-Side
Graph, As NPR Is Increased The Secondary Flow Entrainment Increases.
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Effect Of Ejector Shroud Length (L)
SAR=3.3, CER=1.22, M=0.0

Gross Thrust Coefficient Secondary To Primary Flow Ratio
- ' N [
+ 00
A 14500
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This Chart Shows The Effect Of Ejector Shroud (Ls) Length On Performance And
Flow Entrainment. When Ls Is 0.0 (No Ejector Shroud) The Nozzle Cfg Is
Relatively Good And Entrainment Is Minimum. When The Inlet Scoop Is Added
(Ls-4.58") Performance Is Somewhat Reduced While Flow Entrainment Is
Increased. Adding A One Inch Nozzle Flap (Ls =5.58") With A Constant Area Ratio
To The Scoop, Increases Cfg and Entrainment. Finally, By Adding Longer Flap
Length And Nozzle Divergence, Secondary Flow Entrainment Increases And Then
Becomes Constant, And Cfg Decreases With Increasing Flap Length (This Is Due
To The Internal Losses In The Ejector Caused By Overexpansion).
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The Following Two Charts Describe The Initial Conclusions Made From The Test
Results.

Conclusions

- Ejector Pumping Goal Was Achieved (Wg/Wp 0.6 > 0.8 @
TT8=1950.R)

- Ejector Pumping Is A Function Of MAD (or Ag) And NPR
Until Compounded Compressible Choked

. Over-Expansion Cause Nozzle Instability (Internal Shocks)

- Good Ejector Inlet Recovery (90% > 95%)

- SAR Effect: 2.8 > 3.3 - 3.1% Decrease In Thrust Coefficient
— 31.7% Increase In Secondary Flow Entrainment

CER Effect: 1.22 - 1.38 - 1.7% Decrease In Thrust Coefficient
- 1.8 % Decrease In Secondary Flow Entrainment

Lr Effect: 7.40" > 11.10" — .72% Decrease In Thrust Coefficient
— .60% Increase In Secondary Flow Entrainment

Flight Effect: M=0.0 - 0.32 - 5% Decrease In Thrust Coefficient (Measured)
- 5.8% Increase In Secondary Flow Entrainment

« MAD Effect: 12> 1.0 — 6.5% Increase In Thrust Coefficient (Static)

— Constant Secondary Flow Entrainment (Compounded
Compressible Choked) '
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Recommendations

» For Desired Secondary Flow Entrainment, Ejector Will Have
To Be Optimized (MAD) To Obtain Optimal Performance

« Primary (Core) Flow Over-Expansion Is To Be Avoided To
Obtain Optimal Performance

+ Emphasis Must Be Placed On improving Nozzle Gross Thrust
Coefficient, Since Large Flight Effects Exist (i.e., Ram Drag)

+ Tests Should Be Re-Conducted With Optimal Ejector
Configurations To Determine/Confirm Effects Of SAR, CER,

And L¢

This Chart Presents The Recommendations As A Result Of This Test Program.

3-22



/979 /76538 F

AERO-PERFORMANCE AND AERO-MIXING TESTS OF 2D-CD MIXER/EJECTOR NOZZLES
Part II-Sample of Aero-Mixing Test Data and Inference
V.G. Mengle, H-W. Shin, J.W. Askew, and C.E. Whitfield
GE Aircraft Engines — X 7
Cincinnati, Ohio 2 -0

ARL Test Objectives

= % Botter Qualitative & Quantitative Understanding of the Flowfield
- mixing process

- shock structures

Both Inside & Outside of the scaled 2D Mixer/Ejector Nozzile Models

* Provide Aerodynamic Design Data Base

* Provide Database for CFD-code Validation

Methods/Instruments

% 2-Component Laser Velocimetry Survey - Internal and External
* Klel Probe Survey (Total P & T) - Exit Plane |
%* Static Pressure Taps - Ejector Walls, Chutes, Inlet Ramp

Test Objectives: The tests on suppressor/ejector nozzle models conducted in
G.E.’s Aerodynamic Research Laboratory (ARL) are supposed to complement the
aero-performance tests, reported in Part |, and the acoustic tests soon to be
conducted in G.E.’s Cell 41. In particular, the tests were done with the above three
objectives in mind, namely, to improve the understanding of internal and external
fluid-dynamics of such nozzles, its aerodynamic characteristics (chute and ram
drag etc.) and, to a lesser extent, CFD-code validation. /n this brief paper,
however, we focus only on the first objective, namely, a better understanding of
the flow-field in terms of the internal mixing process and internal shock structures.
Moreover, due to brevity of presentation only a limited amount of data is shown to
give a flavor of the test results and, hence, only limited conclusions are drawn.

Methods/Instruments: The LV system, which is described later, gives the
projection of the mean velocity vector on the vertical plane and a measure of its
variability. Laser velocimetry surveys were done inside the ejector as well as in the
external plume. In addition, a Kiel probe was used to survey total pressure and
total temperature at the ejector exit plane and static pressure taps were used on
ejector flaps/walls, chutes and the inlet ramp.
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Schematic of a Typical 2D-CD Mixer/Ejector Model
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The above figure shows, from a fluid-dynamic perspective, the schematic of a
typical suppressor/ejector nozzle model used in ARL tests. It is essentially a
"two-dimensional (2D)" or rectangular nozzle with a top and bottom row of ten
suppressors or chutes (five per row) and a rectangular box-type ejector. There are
four hot jets of primary fluid through the convergent-divergent (CD) passages
between the five chutes and two half-width CD primary jets at the two sides
touching the side-walls. Notice that the primary flow path diverges away from the
nozzle center-line (on its upper side), especially, after the throat plane until it meets
the ejector flap where it forms a concave corner. The ambient fluid flows through
the passage formed by the inlet ramp and the flush inlet of the ejector flaps from
top and bottom to enter the ten chutes. The primary and the secondary flows then
interact/mix with each other downstream of the chute exit plane inside the ejector
and eventually exit it to form the external plume. In these tests, the following
geometrical parameters were varied: * Chutes - Suppressor Area Ratio (SAR),
defined as the ratio of the sum of primary and secondary flow areas to the
secondary flow area at the chute exit plane; CD or convergent primary flow
passage; top and bottom chutes aligned or non-aligned; gap or no gap between top
and bottom chute-rows * Ejector - Mixing Area Ratio (MAR), defined as ejector exit
area to reference mixing area (essentially variable flap angle); flap length; inlet lip
(flush or scoop).
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The above photograph shows a suppressor/ejector nozzle model mounted on a sting in
the ARL wind-tunnel with the LV-system on. The baseline ARL model configuration has
SAR = 2.5, CD area ratio = 1.23, aligned chutes with no gap, MAR = 1.2 with 9.25"
ejector flaps (measured from the chute exit plane) and flush ejector inlet. For internal
LV measurements the side walls of the ejector were made of glass framed in a metallic
window which unfortunately prevented LV measurements to be made very close to the
frame-border. The static pressure measurements were done initially in a separate test in
which the glass side walls were replaced by appropriately instrumented metal walls.
The model is supported in the wind-tunnel by a sting/strut system. The sting is 7.0 " in
diameter and 108.5" in length and has a two flow capability with 5.5 Ibm/s for each
flow. For this test, only the outer annular flow path, heated to 850 deg. R., was used
with the inner one closed off. The ARL wind-tunnel is a free-jet, single return,
continuous flow, ambient wind-tunnel of 2" X 2’ exit section and capable of providing
300 ft/s without blockage and is used to partially simulate the take-off condition. The
LV system is a Laser Two-Focus (L2F) velocimeter. The scattered light from small
particles (seeding) in the flow is detected as they pass through two focal volumes (with
centers in the vertical plane) formed by two highly focused laser beams. The velocity is
derived from the time of flight of particles moving from one focus to another with
known focal separation (laser transit anemometry). The projection of the mean velocity
vector on the vertical plane (both magnitude & direction) and a measure of its variability
can be inferred.
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An Example of Internal LV Survey
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An example of some internal LV measurements for the baseline chute configuration
will be shown. The above figure shows the nominal layout of the ejector box
within which these LV measurements were made. With MAR = 1.2, note that the
ejector flaps were divergent, not parallel. LV-data was taken at three vertical
planes, namely, the chute exit plane A, the ejector exit plane C and the middle
plane B (at the mid-point between planes A and C) to assess the progress of the
mixing between the two flows. Plane A has 21 X 8 grid points, plane B has 19 X 9
grid-points and plane C has 21 X 11 grid-points, all symmetric about the two
symmetry axes (the vertical axis passing through the central chutes and the
horizontal one between the two chute rows). These planes cover four central
primary jet widths and four chute-widths spanwise, and both chute heights
vertically. Internal LV measurements were also taken on certain axial traverses for
examining the shock structure. For the test data to be shown the nozzle pressure
ratio (NPR), Ptotal/Pambient, was 4.0, total primary temperature was 860 deg. R,
wind-tunnel total temperature was 518.5 deg. R and wind-tunnel Mach number
was about 0.2.
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For the test configuration discussed earlier, the top figure shows contour plots of the
magnitude of the mean velocity vector at the chute exit plane A. To be sure, it is the
projection of the mean velocity vector on the vertical plane whose magnitude alone is
plotted, although its direction varies spatially and is shown in the next figure. A
smoothing surface contour routine has been used to interpolate between all the discrete
data points and 15 colors/shades have been used at even intervals from the measured
minimum to the measured maximum values. (This scheme is also followed in the
figures to follow.) The maximum measured primary jet velocity is 2056 ft/s (Mach
number of approximately Mp = 1.87) and the secondary air velocity is 473 ft/s (Mach
no. of approximately Ms = 0.42). The CD primary flow-path turns out to be
overexpanded under these conditions.

The bottom figure shows the angular distribution of the mean velocity vectors for
vertical traverses on the center-lines of the central chute (small arrows) and the
adjacent hot jet (large arrows). The primary flow diverges from the central axis,
whereas, the secondary flow converges towards it. This is consistent with the flow
paths for the two flows (see the geometry) and implies that there is axial vorticity
distribution at this plane due to non-equal vertical components of the two flows. To be
sure, spanwise velocity components can also contribute to axial vorticity but the
LV-system used is not capable of measuring them. The angular distribution is further

discussed in the next figure.
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The above figure is a composite surface-contour plot of the mean velocity vector
distribution at the chute-exit plane A: the height is proportional to the magnitude
and the contours represent the angle (from the vertical pointing downwards). The
flow appears to be periodic from jet-to-jet (at least for the central four jets) and
fairly uniform along the height of the jets and a large central portion of the chutes.
With such a coarse grid it is not possible to distinguish between the abrupt change
in velocity due to the jet-border and that due to weak oblique shocks that may
exist from the chute side-walls due to overexpansion. The primary flow diverges
away from the axial direction with angles varying from O degrees to it at the center
to almost 12 to 13 degrees at chute height. The secondary flow converges
towards it with angles varying from O to 30 degrees. (Note the inlet ramp angle is
also 30 degrees.) The difference in the vertical components of the two flows
contributes to axial vorticity distribution at the chute vertical edges and is known
to enhance mixing in such flows (Elliot et al). We discuss this in some detail in the
next few figures. Composite plots such as above have been obtained for all planes
of observation but are not shown here due to brevity. Only velocity magnitude
contours are shown.

Elliott, J.K., Manning, T.A., Qiu, Y.J., Grietzer, E.M., Tan, C.S., Tillman, T.G.,
AlAA Paper No. 92-3568, July 1992.
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As before, the top figure shows a contour plot of the magnitude of mean velocity (its
projection in the vertical plane) at the mid-plane B and the bottom figure shows the
velocity directions at the center-lines of the middle chute and the adjacent hot jet. The
min-max values are considerably different here than in plane A, whence the
colors/shades also have different values. The minimum speed of the secondary flow
near the central region is now 1158 ft/s, a large increase from its chute exit value of
473 ft/s; the primary flow is also accelerated to 2254 ft/s from 2056 ft/s at chute exit.
Note the following peculiar features: * The horizontal spreading of high velocity region
in the top and bottom portions *The protrusion of high velocity "tongues” in the
vertical center-planes of chutes from top and bottom * The migration of high velocity
primary flow from the central portion to the top and bottom and, hence, its consequent
"pinching” in the middle * The loss of spanwise periodicity (although the two central
jets appear similar). *The roughly symmetric flows between top and bottom portions.
*The decrease in the overall flow angularity. The spreading of the supersonic primary
jets does not appear to be significant. However, the vortex-sheets from adjacent chute
side-walls appear to curl on the top and bottom. These features, we believe, are
present, firstly, because the impact of the diverging primary jets with the top and
bottom ejector flaps spreads them horizontally there. Further, the axial vorticity
component distorts the vortex-sheets due to self-induction. The original contact surface
area between the two flows thus increases tremendously and enhances the mixing
process.
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The above figure shows the mean velocity contours at the ejector exit plane C. The
flow is still highly non-uniform with high speeds (1629 ft/s) at the top and bottom,
and low speeds (517 ft/s) in the central region - so called "inverted" velocity
profiles. The average exit speed is much smaller than that at the chute exit plane.
Also note from the bottom figure that the flow is fairly horizontal. The
three-dimensional velocity profile thus shows not only several minima and maxima
but also several saddle points, between the minima, which are known to be
responsible for more rapid mixing downstream. There appears also to be a low
speed region on the sides and must be related to the progression of the internal
side-wall boundary layers. Similarly, the shear-layers on the top and bottom flaps
can also be seen. Kiel probe measurements were also done at this exit plane and
showed similar topology of the total pressure and total temperature contours with
a trough in the central portion and some loss in the peaky horizontal ridges at the
top and bottom compared to the upstream primary-flow stagnation values.
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Proposed Mixing Mechanism
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In the above figures, the dominant mixing mechanism is proposed for such
suppressor/ejector flows through vortex-dynamics. We have seen that vortex-sheets
are shed from the chute side-walls. These have two vorticity components: the vertical
component, largely due to the difference in the axial velocity components of the two
streams, and the axial component, largely due to the difference in the vertical velocity
components. The initial axial convective Mach number is calculated to be supersonic
and, hence, will produce only small spreading. Thus the destabilizing effect of the
vertical vorticity component and, hence, mixing due to it will not be dominant for
upstream stations. The axial vorticity, on the other hand, can significantly change the
shape of this vortex sheet, even far upstream, through self-induction and drastically
alter the "engulfing” process (see Elliott et al (op cit)). The top left figure shows
schematically the axial vorticity distribution generated at the chute vertical edges. The
ejector flap can be replaced by an image vortex system for examining the flow in just
the transverse plane where the flow is effectively incompressible. Self-induction will
pull the vortex-sheets from one chute together at the top and push them outwards in
the middle. This will eventually lead to double vortex layers in the middle vertical planes
of chutes with opposite vorticity on their two surfaces, as shown in the middle figure.
The edges of these double vortex-layers will curl due to induction as shown in the last
figure and the concentrated "mushroom” vortex cores will further interact leading to
more engulfment. Such vortex dynamics can also be inferred from CFD simulations
done in G.E. and deBonis (AIAA Paper # 92-3570).
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Sample of Axial LV Survey
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The above figures show samples of axial LV traverses between the two rows of chutes
in the center-lines of the middle chute (BCL) and the adjacent hot jet (ACL). The left
figure shows the mean velocity magnitudes and the right figure shows the variability in
these mean values in terms of an rms value as percentage of the local mean value.
Note that the traverses were made only up to 7.5 inches from the chute exit plane and
LV measurements were not done in the very last 1.75 inches up to the ejector exit
plane because of the metallic frame on the side walls. The directions of the mean
velocities on these traverses, which are in a symmetry plane were, indeed, found to be
horizontal. Hence, the increases and decreases in the mean velocities can be
considered as actual accelerations and decelerations of the flows. The most prominent
feature in the mean velocities is the sharp dip in the primary flow (traverse ACL) at
around 3.5 inches, which is upstream of the middle-plane B surveyed earlier. The dip
appears to correspond to a shock-surface (recall that the primary flow is supersonic)
and is also accompanied by a peak value in the corresponding rms % intensity.
Another small dip in the primary flow at around 0.5 inches perhaps corresponds to the
weak shocks due to overexpansion. Also note the initial high acceleration in the
secondary flow (traverse BCL) and the subsequent almost constant speed after a small
dip and rise at 3.5 inches. Such axial LV surveys between two growing shear layers
can thus be used to estimate the potential core lengths of individual jets and the
merging length for two adjacent jets by examining the location of turbulence intensity
peaks and the start of decay of mean velocity.
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Another Example of Internal Axial LV-Survey
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Internal Shock Cell Structure from CD Chutes Can Be Inferred

Here are some other examples of internal axial LV surveys to illustrate the internal
shocks that may exist in such suppressor/ejector flows. However, these LV surveys are
for a different chute configuration because such surveys were unfortunately not made
for the previously discussed configuration. The above chute configuration has primary
CD area ratio = 1.38, SAR (based on throat plane areas, not exit plane areas as before)
= 2.8, top and bottom chutes aligned but with a gap between them. The ejector
configuration was the same as before and so were the operating conditions. Note that
this chute configuration leads to a series of cruciform shaped primary flow
cross-sections at chute exit plane rather than a series of rectangular jets as before. The
LV traverses were taken in both the primary and the secondary flow center-lines at two
different heights and their notations are self-explanatory (H=Hot(Primary), C=Cold
Secondary)). A series of large mean velocity dips in the primary flow (ZH4, ZH3) show
the crossing through shock-waves which most probably are due to the intersection of
obligue shock-waves starting at the chute side-walls due to possible overexpansion or
the Mach-disks between them. With sufficient number of such axial surveys it is,
hence, possible to construct the shock-cell structure and their strengths. Although the
secondary flow traverses (ZC4, ZC3) show a steady increase in speed it does not
necessarily mean that the secondary flow itself is accelerating on these lines; rather, it
is the speed of the hot primary flow (which, as we saw earlier, is actually going up and
spreading horizontally to these locations) that is being captured.
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Ejector Wall Pressure Distribution
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Recall that LV-data could not be taken throughout the whole length of the ejector,
especially, the very aft end because of optical obstructions from the metallic frame on
the side walls of the ejector. In order to get a hint of what is going on near this aft
portion, just upstream of the ejector exit plane, we present in the above figure the
static pressure distribution on the upper flap and the sidewall centerline for the baseline
configuration. Although there were two rows of pressure taps on the upper flap, one on
the secondary flow centerline and the other on the primary centerline, only the former
taps functioned properly and are shown above. The most prominent features are: (1)
the abrupt increase in both pressure distributions beginning at the same location (about
7.25 inches from the chute exit plane), and (2) the very low pressures (about 4 to 5
psia) attained inside the ejector. The sharp increase obviously implies a shock-surface
there, perhaps, the front foot of a lambda shock, as is usual when a boundary layer is
present. The previous LV-traverse appears to have just missed this shock because no
LV data was taken there. The flap centerline distribution is reminiscent of an internal
normal shock for CD nozzles in quasi one-dimensional analysis. Here, although the
ejector is, indeed, like a CD nozzle the internal flow has highly three-dimensional
characteristics, as was seen earlier. Thus not only is the side-wall centerline wetted by
the hot primary fluid from the half-width end-jet but the flap secondary centerline is
also wetted by the primary jets, due to their vertical and horizontal migration as
mentioned before. We note here that this shock did not exist internally when the flaps
were kept parallel.
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SUMMARY

1. Extensive internal LV-data was acquired for the first time in scaled 2D
suppressor/ejector nozzles. Only a sample of it was shown and interpreted.

2. Mixing Process:

- Spanwise mixing between jets in the same horizontal row appears fairly
good

- Top-to-bottom (row-to-row) mixing is poor with low velocity, low total
temperature/pressure fluid in the middle and high corresponding values
near the two flaps

- Mixing mechanism proposed using vortex dynamics in which axial vorticity
plays a major role.

3. Internal Shocks:
- Diverging flaps showed strong rear shock; whereas parallel flaps did not.
- Detailed shock-cells from overexpanded CD chutes were also captured.
4. Axial evolution of mixing effectiveness can thus be found and effect of various
parameters studied.

RECOMMENDATIONS

1. One way to enhance mixing between the primary and the ambient flow for such
class of suppressor/ejector nozzles is to design the strengths of and distances between
the "mushroom” vortices, say, through appropriate distribution of axial vorticity at the
chute trailing edges, in order to hasten the random interaction between them.

2. Need better fundamental understanding of confined, supersonic/subsonic skewed
shear layers to further improve the mixing characteristics.

3-35



fAG

Session |l

Nozzle Systems and Test Results



999/ 763 L

ACOUSTIC AND AERO-MIXING TESTS OF FLUID SHIELD NOZZLES
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GE Aircraft Engines
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CONCEPTUAL FLADED VARIABLE CYCLE ENGINE

(WrTH MULTI-CHUTE SuPPRESSOR ExHAUST NoZZLE PARTIALLY SURROUNDED BY A FLUID SHIELD)
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Introduction: Environmental acceptability and economic viability are crucial issues in
the development of the next generation HSCT (High Speed Civil Transport). Low noise
exhaust nozzle technology has significant impact on both these issues. The exhaust
system design that meets FAR 36 Stage 3 takeoff acoustic requirements and provides
high levels of cruise and transonic performance and adequate takeoff performance at an
acceptable weight is essential to the success of any HSCT program.

High Flow Approach to HSCT Noise Problem: One concept that appears to be
promising in reducing takeoff noise is the use of high flow approach to reduce the jet
exhaust velocity. Further noise reduction to meet Far 36 Stage 3 takeoff requirement
can be met by using an efficient multi-chute suppressor to reduce low-frequency noise
and a fluid shield to attenuate high-frequency noise emanating from the exhaust-nozzle
jet.

Conceptual Fladed Variable Cycle Engine: Major components of a fluid shield nozzle, as
illustrated in the conceptual fladed variable cycle engine, are a multi-chute single
stream suppressor, a plug, and a fluid shield partially surrounding the core flow. While
the suppressor reduces low-frequency naise, the fluid shield attenuates high-frequency
noise due to mean shear reduction similar to conventional bypass nozzles.
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VARIATION OF AEROTHERMODYNAMIC AND GEOMETRICAL PARAMETERS FOR FLADE CYCLE
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Variation of Flade Cycle Parameters: The fluid shield scale model design and the
selection of test conditions are based on the GEAE’'s M=2.4 Flade Cycle and the
preliminary design concept of the fluid shield nozzles. This cycle employes a
nominal split of 650/400 pps in the core and flade stream at takeoff. The
aerothermodynamic cycle conditions and some full scale Flade cycle parameters at
the takeoff flight Mach number of MF = 0.32 are shown here. While the
secondary stream (fluid shield) total temperature and nozzle pressure ratio remain
more or less constant throughout the throttle variation, they vary considerably for
the core stream. The core area at the exit plane (A8) is maintained constant
throughout the throttle variation. Whereas, the fluid shield exit plane area (A98) is
changed throughout the throttle variation. This is an important difference between
the scale model nozzle and the full scale preliminary design, in that the fluid shield
area at the exit plane remains constant for the models.
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36-CHUTE SUPPRESSOR ASSEMBLY WITH POROUS
PLUG AND 1"-THICK FLUID SHIELD NOZZLE

Scale Model Fluid Shield Nozzles: To assess the effect of A98 variation three fluid
shield nozzles are built with different A98, such that, the baseline shield
(A98=11.734 sq") matches with full scale Flade cycle at higher power codes
close to takeoff condition, whereas, a second shield with higher A98 (i.e.,

A98 =18.2 sq") matches with the full scale Flade cycle at lower power codes
close to cutback conditions. The third shield with much higher A98 (i.e.,
A98=24.8 sq") is built to explore the effect of shield for a much larger weight
flow ratio and its assembly is shown here.

4-3



FIXED SUPPRESSOR GEOMETRY
Varjation of Geometric Parameters
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Fluid Shield Nozzle Configurations for Acoustic Tests: A single reference
suppressor nozzle design with suppressor area ratio of 2.5 is used for all the fluid
shield configurations. The reference suppressor nozzle is designed for lower
specific thrust core engine cycles with jet velocities in the range of 1500 to 2400
ft/sec at takeoff. The design of these scale models allows variations of fluid shield
parameters, like, shield thickness and wrap angle and plug porosity. Variation of
fluid shield parameters include three different thicknesses of 0.5", 0.75", and
1.0", with a fixed wrap of 220° and with corresponding A98 of 11.74 sq", 18.2
sq", and 24.8 sq", respectively, and two wrap angles of 180° and 220° with a
fixed A98 of 11.74 sq". Plug parameters include a rigid wall and a 10% porous
surface.
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GEAE Anechoic Freejet Facility (Cell 41): The GEAE anechoic free-jet noise facility
is a cylindrical chamber 43’ in diameter and 72’ tall. The streams of heated air for
the dual flow arrangement are produced by two separate natural gas burners. Each
stream can be heated to a maximum of 1960°R with nozzle pressure ratios as high
as 5.5, resulting in a maximum jet velocity of 3000 feet/second. The tertiary flow
at its maximum permits simulation up to a Mach number of about 0.4 through the
48" diameter free-jet exhaust.

The facility is equipped with two systems of microphone arrays to measure the
acoustic characteristics of the test models in the farfield, a fixed array of
microphones and an array on a traversing tower. The traversing tower can be
positioned at any azimuthal angle (¢) between +55° to -55° with respect to the
fixed microphone array. The facility is also equipped with laser velocimeter (LV)
system and shadowgraph system for jet flowfield measurement and flow
visualization, respectively.
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Fluid Shield Nozzle Orientation in Cell 41: Fluid shield nozzles in Cell 41 are
oriented such that the side line and community points lie at azimuthal locations of
¢ = 10° and ¢ = 75°, respectively, as shown in this plan view. Farfield acoustic
measurements are made at these two azimuthal locations by using the traversing
microphone array for all fluid shield test conditions. For selected cases additional
azimuthal measurements are made to study the azimuthal directivity of farfield
noise.
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Fluid Shield Nozzle Mounted in Cell 41: A photographic view of the fluid shield
nozzle installation is shown in this figure.
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Noise Suppression due to Porous Plug as Functions of Ideal Gross Thrust: The
objective of using a porous plug is to reduce the shock-associated broadband noise
for super critical nozzle pressure ratios. The porous surface of the plug reduces
shock strength and thereby, reduces the shock-associated broadband noise. As a
typical example, the peak PNLTs and EPNLTs are plotted with respect to ideal
gross thrust for different test conditions for the suppressor alone configurations
showing the effect of the 10% porous plug with respect to hard-walled plug. Use
of the porous plug introduces suppression of about 1-2 EPNdB for entire operating
range compared to hardwall plug configuration. Similar results are obtained for fluid
shield nozzle configurations.
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SUPPRESSOR ALONE CONFIGURATION
NPR=2.7, Tr=13810R, V;=2030 Fr/s, Vg=360 Fr/s, A8=1175 Sao", SL=1629 Fr
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Noise Suppression due to Porous Plug in Terms of PNLT and OASPL Directivities:
PNLT and OASPL directivities are examined for a typical test condition with nozzle
pressure ratio of 2.7 and total temperature of 1381° R. Noise suppression due to
porous plug is observed at all polar angles, except, the magnitude of suppression
seems to be slightly higher at the forward quadrant, where shock associated noise
is prominent.
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(SuPPRESSOR ALONE CONFIGURATION)
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Noise Suppression due to Porous Plug in Terms of SPL and PWL Spectra: SPL and
PWL spectral comparisons indicate noise suppression due to porous plug is more
effective at higher frequencies.

The amount of porous plug benefit seems to be much less than what was noted by
other research works of porous plugs. An interpretation of the possible
phenomena, which might have prevented the strong shock to interact with the
plug surface and, thereby, might have prevented the shock strength reduction
process. This will be elaborated later on the basis of shadowgraph photographs.
On the basis of acoustic results it may be still beneficial to use porous plug
compared to a hard-walled plug if the aerodynamic performance is not severely
degraded compared to hard-walled plug.
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NOISE SUPPRESSION DUE TO FLUID SHIELD NOZZLE WITH POROUS PLUG
(Ve=360 Fr/s, SL=1629 Fr.)

(AssUMES SAME TAKEOFF THRUST REQUIREMENT FOR ALL SHIELD THICKNESSES)
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Noise Suppression Due to Fluid Shield Nozzles as Functions of Ideal Gross Thrust:
EPNLTs for conical nozzle, suppressor nozzle alone configuration, and the three
fluid shield nozzles with the same 220° wrap angle are plotted with respect to
ideal gross thrust for the tests conducted at Flade cycle aerothermodynamic
conditions. In this the conical nozzle and the suppressor are scaled to 1175 square
inches, which is the core nozzle exit area size (A8) for the full scale Flade cycle.
Keeping the same scaling for the suppressor with fluid shield configurations, the
combined exit area due to core and flade (i.e., A8 + A98) becomes 1813.6,
2165.5, and 2524.7 square inches for the three fluid shield configurations. The
0.5"-thick shield corresponds to the Flade cycle at takeoff condition.

As observed, a benefit of about 8-9 EPNdB is realized due to the suppressor alone
compared to conical noise at takeoff and approach conditions. Additional noise
attenuation of about 4 EPNdB is achieved by the 0.5"-thick shield and as high as
8-9 EPNdB is achieved by 0.75"-thick and 1.0"-thick shields at takeoff condition.
However, compared to the FAR-36 Stage 3 requirement the fluid shield
configurations fall short by about 2-3 EPNdB.
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Noise Suppression Due to Fluid Shield Nozzles in Terms of PNLT Directivities at an
Ideal Thrust Level of 70 klbs: Noise benefits in terms of PNdB are observed in this
figure due to the mechanical suppressor alone and its combination with fluid
shields with respect to a conical nozzle. At this thrust level both 0.75"- and
1.0"-thick shields seem to yield comparable amount of attenuations.
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Noise Suppression Due to Fluid Shield Nozzles in Terms of SPL Spectra at an Ideal
Thrust Level of 70 klbs: Noise benefits in terms of SPLs are shown in this figure
due to the mechanical suppressor alone and its combination with fluid shields with
respect to a conical nozzle. High frequency noise attenuation due to fluid shields
increases with shield thickness. The SPL levels are comparable at some polar
angles between 0.75"-thick and 1.0"-thick shields.
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SPLITTING FLOW INTO 2 STREAMS GIVES ADDITIONAL 5 EPNoB BENEFIT AT TAKEOFF
SIDELINE POINT FOR 0.75"-THICK SHIELD AT SAME TOTAL THRUST AND AIRFLOW LEVELS.

Noise Suppression Due to 0.75"-Thick Fluid Shield Nozzle in Equal Area Basis of
2165.5 Square Inch: Substantial advantage in terms of noise attenuation due to
fluid shields is observed compared to the suppressor alone configuration at fixed
thrust levels. However, the exit area of the suppressor alone configuration being
smaller compared to the combined areas of the suppressor/shield configurations
the jet velocity of the suppressor is much higher compared to the mixed velocities
of the fluid shield configurations. The noise level for the suppressor alone
configuration will be lower if its exit area would be higher, like those for the fluid
shield configurations. To identify the effectiveness of the shields the EPNdBs for
the conic nozzle and the suppressor alone configurations are scaled to the areas
corresponding to the combined exit areas of each of the fluid shield configurations.

This figure illustrates the noise benefit realized by the 0.75"-thick fluid shield
nozzle, that the fluid shield gives substantial additional EPNdB attenuation
compared to the suppressor alone configuration in the range of 60-90 kibs ideal
gross thrust.
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Noise Suppression Due to 0.5"-Thick and 1.0"-Thick Fluid Shield Nozzles in Equal
Area Basis: For the 0.5"-thick fluid shield nozzle, the fluid shield yields substantial
additional EPNdB attenuation compared to the suppressor alone configuration in
the range of 50-75 kibs ideal gross thrust. for the 1.0"-thick fluid shield nozzle, the
fluid shield gives substantial additional EPNdB attenuation compared to the
suppressor alone configuration in the range of 70-110 klbs ideal gross thrust.
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ANNULAR FLOW OVER A CYLINDRICAL PLUG

HEERRE I - Jet-Border
Expansion Wave

Compression/Shock Wave

Cylindrical Plug

POROSITY WEAKENS OBLIQUE REFLECTED WAVES

¥ How do Chute Side Walls Affect this ?

- Shadowgraph !

Effect of Porosity on Shock-Structures: We examine here the difference in
shock-structures between annular flow in nozzles without chutes and those with chutes to
explain the relatively poor noise suppression effect of plug porosity obtained in the latter
case. The above figure shows the initial development of expansion and shock waves for an
underexpanded, annular nozzle with uniform, supersonic exit flow (Mach no. > = 1) over a
cylindrical plug, as in Maestrello or Kibens & Wiezien (KW). Expansion waves start from
the top nozzle lip. Waves incident on hard wall are reflected as waves of the same type
and those incident on the jet border are reflected as waves of the opposite type. The
compression waves coalesce into envelope shock waves. It is well known that the
strength of the reflected wave is reduced when the plug surface is made porous. One
plausible reason (Ribner; KW) is that the incident expansion wave "sees" alternately hard
and "soft" walls (the pores) which creates a smeared reflected expansion wave of
effectively reduced strength. This results in reduction of the strength of the shocks to
follow, consequently suppressing the shock-associated noise which is predominantly
produced in the region of interaction of the shock-waves with the shear-layer turbulence.
Whether such a reduction in shock-strengths occurs in nozzles with chutes - where the
chute side-walls can drastically alter the shock-structure - needs to be examined. We
explore it next via a shadowgraph.

Maestrello, L. (1979), AIAA Paper No. 79-0673; Kibens, V. & Wilezien, R.W. (1985), AIAA
J., Vol. 23, No. 5, 78-684; Ribner, H.S. (1981), AIAA J., Vol. 19, No. 12, 1513-1526.
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PH: FLOWFIELDS ON SHIELDED AND UNSHIELDED SIDES OF A FLUID
e i SHIELD NOZZLE OF 1"-THICK SHIELD WITH POROUS PLUG.

shield Core Flow

+
Secondary Flow
through Chutes

Py, p=3-19, Tt,p=1786°R, Vj,p=2475 ft/s
Pr,g=2.14, Ty, g=695°R, vy,s=1276 ft/s
Vpix=1809 ft/sec’ Mp=0

SUPPRESSOR

Typical Composite Shadowgraph for Fluid-Shield Nozzle in Cell 41 with Supersonic Shield
and Core Flows: It shows the unshielded side on the bottom and the shielded side on the
top. Shock surfaces orthogonal to the plane of the paper appear as black lines followed by
white lines downstream; whereas, rarefaction waves appear as white lines followed by
black stripes. However, vortex-sheets, shear-layers or jet-borders also appear as
black/white stripes. Furthermore, in such a side-view of the round nozzle the flow
structures from many adjacent chutes are projected at different heights, thus making it
difficult to discern the core-flow shock- structure. For example, the five horizontal stripes
on either side are simply the projected views of the azimuthal shear layers between the
two flows from ten adjacent chutes. Similarly, the expansion/shock pairs in the shield-flow
formed near the top chamfered-lips of adjacent chutes (seen clearly here on the top-most
chute lip) are projected close to the chute exit plane. (The upstream inverted-V shock
structures in the shield-flow are merely due to some protuberances, such as, a bent static
pressure tube, etc.) Thus, the remaining features are associated with the core-flow
shock-structure. Particularly, note the following: (a) on both sides there are almost vertical
stripes; on the unshielded side they seem to become orthogonal to the plug-surface as we
go downstream, (b) the vertical shock surface on the shielded side also has a V-shaped
shock on its top and a faintly discernible inverted-V shock on the bottom. These
shock-structures are, thus, distinctly different from those for unchuted annular plug
nozzles discussed in the previous figure. In particular, note the presence of vertical
shock-surfaces which bridge the top "lip-wave" and the plug-surface.
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Possible 3D Shock-Cell Structure from an Under-Expanded Chuted Nozzle with Non-Porous
Cylindrical Plug: In the above figures we attempt to build a three-dimensional model of the
core shock-structure to understand the role of plug porosity in such chuted nozzles. As a
first step, however, only uniform, supersonic, underexpanded exit flow through one radial
chute over a large cylindrical plug is assumed. For a tall chute of high aspect ratio, the
wave development, say, below mid-chute height is expected to be two-dimensional and is
shown in the top figure. The spatial evolution of the top lip-wave, which must be an
expansion wave , and in general, of the overall plume shock-structure needs to be such
that its bottom cross-section looks like the top figure. One possible evolution with
non-diverging jet-border which also (a) does not violate any pressure inequalities across
either type of wave (expansion or shock), e.g., p1 <pa<pex, p2>pa>p1 etc. and (b)
satisfies the usual wave reflection laws is shown in the bottom figures. The strengths of
the shock-surfaces (either those orthogonal to the plug or the top V-shocks) are governed
largely by the expansion waves originating at the chute edges and, hence, by the nozzle
pressure ratio and not so much by the plug porosity. The top lip-wave simply reflects
periodically from the orthogonal shock-structures never to "see" the plug-surface. Thus,
the shock-associated noise for this nozzle will not be affected much by plug-porosity.
Some similarities can be noticed between this model and the shadowgraph, such as, the
shock-surface, S, the inverted-V shocks, the shape of the jet-border, etc. A conical plug
will, indeed, modify the foot of these shocks locally and a supersonic shield flow can alter
the "ambient” lip pressure; however, the key features of the above argument remain
unchanged.
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POTENTIAL JMPROVEMENTS FOR FLADE

® SHOCK FREE CHUTE DESIGN (C-D CHUTES).

e IMPROVED CHUTE SUPPRESSOR DESIGN FOR ACOUSTICS AND TAKEOFF
Crc (SAR, CHUTE LEADING EDGE ANGLE AND CHUTE FLOW PATH).

® OPTIMIZED SHIELD GEOMETRY (SHIELD THICKNESS AND SHIELD STAGGER).

@ CvcLe OpTiMIzATION (BYPAss RATIO AND SHIELD PRESSURE RATIO).

SAR = SUPPRESSOR AReA RATIO

CONCLUSIONS

® AcousTICALLY BEST SUPPRESSOR-SHIELD CONFIGURATION
(0.75"-THick OR 1.0"-THick) Exceeps FAR 36, StaGe 3
SipeLINE LEVELS BY 3.5 EPNDB.

e 10% Porous PLuG YIELDS SupPRESSION OF ABouT 1 EPNDB
FOR ALL JET VELoOCITIES CoMPARED TO HARDWALL PLuG
CONFIGURATIONS.

e A 3D SHock MopeEL HAS BEEN PROPOSED FOR CHUTED NozzLES
WHICH MAY EXPLAIN THE HicHLY Repucep BENEFIT oF PrLuG-
POROSITY ON SHock-AssocIATED NOISE.

Potential Improvements for Fluid Shield Nozzles: The fluid shield nozzle
configuration falls short of about 3 to 35 EPNdB in meeting the FAR 36, Stage 3
requirement at takeoff. The fluid shield configuration can be improved to achieve
the goal of FAR 36, Stage 3 EPNdB level. The possible improvements to the
suppressor and the shields are listed in this table.
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ACOUSTIC AND AERO-MIXING TESTS OF FLUID SHIELD NOZZLES

Part 11-2D Fluid-Shield Nozzle Aero-Mixing Tests
V.G. Mengle, H-W. Shin, C. Whitfield, S. Wisler, and J. Askew
GE Aircraft Engines
Cincinnati, Ohio
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OBJECTIVE: Understand Shock-8tructures, Mixing Process & Pressure Dutrlbuuon‘o

METHOD: Shadowgraph; Static Pressure Taps
Laser Velocimetry; (Planar Laser Sheet)

The objective of the fluid-shield nozzle aero-mixing tests being conducted in GE's
Aerodynamic Research Laboratory (AR) is to complement the acoustic tests done
on such nozzles in GE’s Cell 41 as reported in Part |. The focus is to help
understand the fluid-dynamics and the aero-dynamics of such nozzles to improve
their performance. In particular, we need a better understanding of: (a) the
three-dimensional shock-structures that produce shock-associated noise, (b) the
mixing process between the shield-flow, the core-flow, and the ambient flow
which affects the fluid-shield evolution and acoustic efficiency, and (c) the
pressure distributions on the chutes and the plug which affect the drag. The
models in the ARL tests were, however, "two-dimensional” or rectangular in nature
and the above figure shows the baseline model layout. It is similar to an
"unwrapped" sector of the original round fluid-shield model used in Cell 41 and
may also help in the design of future generation 2D fluid-shield nozzles.
Shadowgraphs, laser velocimetry, and static pressure tap measurements were the
primary tools used and planar laser sheet is planned to be used in the near future
for flow visualization. The LV-system used, namely two-focus laser (L2F), is
briefly described in the previous paper. This paper gives a flavor of typical tests
results and insights obtained about flows in such nozzles.
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The above photograph shows a close-up of the typical fluid-shield nozzle model mounted
on a sting inside a wind-tunnel in ARL. This facility is a single return, continuous flow,
ambient wind-tunnel and is operated as a free-jet of 2'x2’ exit-section capable of providing
a maximum of approximately 300 ft/s flow without any blockage effect. With the
blockage due to the sting and the model the maximum speed is estimated to be 225 ft/s
which at ambient temperature is a Mach number of about 0.2. The sting is 7.0" in
diameter and 108.5" in length. It has two-flow capability with 5.5 Ibm/s for each flow
and in this test the inner flow passage, which becomes the primary flow, was heated to
850 deg. R. This nozzle model has five side-by-side suppressor chutes, a rectangular fluid-
shield nozzle on the top and a half-wedge below. This gives four primary hot jets between
the chutes and two half-width primary jets on the two side-ends. This baseline model has
convergent core flow passages, a suppressor area ratio (SAR) of 2.5 is defined as the ratio
of the sum of primary and secondary flow areas to the primary flow area at the chute exit
plane) and chute-depth equal to its height. The fluid-shield thickness can be set at three
nominal values: 0.5", 0.75", and 1.0". The inclined surface of the wedge can be made
hard or 10% porous with all perforations open to the wedge cavity whose communication,
in turn, with the ambient flow below the bottom surface of the wedge could be switched
on or off through two vent holes there. Four other chute models with different SAR’s,
chute depth-to-height ratios or convergent-divergent core flow paths were also made to
examine the effect of these parameters.
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TEST 1105
3.2/2.2/0.2
SEPT. 1, 92

This is an overall shadowgraph for the baseline mode (# 1105F) whose geometric
characteristics were described earlier. The primary nozzle pressure ratio (NPR)p)), that
is, ratio of primary total pressure to ambient pressure is 3.2, the secondary nozzle
pressure ratio (NPR(s)) for the shield-flow is 2.2 and the wind-tunnel Mach number
(Mach(wt)) is approximately 0.2. These pressure ratios imply supersonic velocities in
both the primary flow and the shield flow. Interpretation of such shadowgraphs was
mentioned in Part |. Thus shock and expansion waves are seen to occur in both the
flows. More shocks were also observed further downstream on the wedge but were
not captured in this photograph due to their high jitter. Some notable features in the
top shield flow are: (a) evolution of the expansion-wave from the shield nozzle top lip,
(b) bulges and dips in the top shield jet border, (c) evolution of expansion-wave starting
from the chute entrance, (d) expansion-wave at the chamfered-edge of the shield-floor
(which has an angle of 10 degrees), and (e) oblique shock at the bottom shield-floor lip
which intersects the upstream expansion-wave from the chamfered-edge near the jet-
border and appears to nullify because this wave-pair does not reflect back from the top
shield-jet border. These waves seem to follow the usual laws for planar wave
reflections. However, the shield flow will also spill over (spanwise) into the chutes
creating complicated three-dimensional wave-surfaces there. These shield-flow wave
structures also seem to imply that shocks may exist inside the chutes and which may
further reflect from the inclined edges of the chutes.
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Sample of LV-Survey
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Vertical Shock—Surface A in Both Primary & Secondary Flows !

This is a close-up of the previous shadowgraph to clarify some of the details in the
shock-structures on the wedge surface. Some of the flow-structures are labeled
for convenience. Note the following features: (a) The shock-cell-like structures
develop axially rather than parallel to the wedge surface and do not appear to hug
the wedge (boundary layer separation ?). (b) Some hairline-like lines sprouting from
the porous wedge surface (most likely Mach lines). These lines were absent for
the non-porous wedge. (c) Oblique shocks B and D from top and bottom of the
chutes. (d) Shock-surface A joining shocks B and D (Mach-disk?). (e) Shock-
surface C connecting B and A (as at a triple shock-point). (f) Vertical shock-
surfaces like E. Note that since this is a side-view the appropriate shock-surfaces
from flow regions in various vertical planes are superimposed. Hence, it is not
possible to conclude with certainty the spanwise locations of these surfaces from
this shadowgraph alone. For example, it is not clear whether the shock-surface A
is in the primary flow path or the secondary flow path or both. To clarify this and
to obtain quantitative data, we not only followed up these shadowgraph
experiments with laser velocimetry but, indeed, tailored the LV-traverses
individually for each configuration after first scrutinizing these shadowgraphs.
Thus a better perspective of these shock-structures can be obtained only after
examining the LV-traverse data. We restrict in this paper to only a small sample of
the LV-data obtained and, hence, our conclusions here will be very limited.
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The above figures show a sample of the LV-traverse data. The top two figures
show the locations of the LV-traverses: Axial traverse #1 at mid-chute height
taken in various vertical planes in the middle chute (center-plane G and side-lip
plane E) and the adjacent primary flow (center-lane A and side-lip plane C). The
LV-system measures the magnitude and direction of the projection of the mean
velocity vector on the vertical plane yz and only the magnitude is shown in the
bottom two figures (the directions of A1 and G1 are shown later). Note that the
primary flow first accelerates and expands before shocking at Z=1" and then
repeats it after shocking. The most striking feature is the sudden drop in
magnitude around Z = 1" in all the traverses. This corresponds to the location of
shock-surface A exists along the whole span of the flowfield. Similar traverses in
other regions have allowed us to conclude that, e.g., shock E is only in the two
end jets, shock B is only in the primary flow and, shocks C and D are in both the
flows like shock A. Thus it is possible to build a three-dimensional model of the
shock-surface and see where the shear-layers from the chute walls interact with
these shock surfaces to locate the dominant source of shock-associated noise.
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Velocity Vector Plots
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The above figures show the mean velocity vector-plots (actually, only their projections
on the vertical plane) along three vertical traverses in planes A and B. The center of
the vector is at the observation point. The diverging velocity vectors in the primary
flow just downstream of the exit plan (traverse A6) offer a possible clue in resolving an
apparent paradox: With NPR=3.2, the primary convergent nozzle is expected to be
underexpanded with the pressure in the top lip=cavity (between the shield-flow and
the primary flow just downstream of the chute exit plane) expected to be close to
ambient. However, an oblique lip-shock B is observed in the shadowgraph. Note that
although the primary flow passage is convergent in the spanwise direction it is
divergent in the vertical direction due to the wedge. For non-parallel exit flows in
underexpanded divergent nozzles, the possibility of so-called "intercepting” lip-shocks
sticking right behind the usual lip-expansion waves exists, as explained in Courant &
Friedrichs book ("Supersonic Flow and Shock Waves," 1976, pp. 389-391) and,
perhaps, that explanation applies. here. These figures also show quantitatively the
velocity profiles in the horizontal shear-layers between (a) the primary and the shield
flow in plane A, and (b) the ambient and the shield flow in planes A and B. The striking
difference in the vertical components of the primary and secondary flow at the chute
exit plane creates axial vorticity which enhances the mixing between them and induces
an uplifting tendency in the primary flow which can separate it from the wedge
surface. This is discussed further in the next figure.
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The above figure shows some of the mean velocity vector plots (their projections
on the vertical plane) for several LV-traverses on center-lines of each flow. The
origin of the vector is at the location of the observation point. It brings out the
axial evolution of the angular differences in the two flow regions. The primary
flow downstream of the chute exit plane in the upper-half region appears fairly
horizontal; whereas, the secondary flow there is inclined downwards - even
steeper than the wedge or the chute angle initially and then gradually becoming
axial. This has two immediate implications: (1) Shock A, examined earlier, is
nearly normal for the primary flow but it is oblique for the secondary flow. (2) The
vertical components of these two flows must be generating strong axial vorticity in
the shear-layer emitted from the side walls of the chutes. Thus the mixing
between the two supersonic flows will be influenced, as in suppressor/ejector
nozzles, by not only the vertical vorticity component (arising due to the difference
in horizontal velocity components) but also by this axial vorticity component. The
axial vorticity will further induce an uplifting of the primary flow and with spanwise
spilling of the shield-flow into the chutes strong inverted wing-tip like axial vortices
are expected to be shed from the sharp neighboring horizontal edges of adjacent
chutes. Also note the sudden change in angles for both flows near the wedge
surface which, perhaps, signifies the rear foot of a lambda shock somehow not
captured in the shadowgraph.
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SUMMARY OF FLOW-FIELD INSIGHTS:

Shield-flow shock-expansion waves are fairly well understood:

- expansion waves evolve from the top shield-lip, the chute entrance and the
chamfered-edge of the shield-floor lip-reflecting compression waves coalesce into
shock-waves, some of which can focus inside the chutes and re-reflect from them.

- an oblique shock at the shield-floor lip appears to nullify the expansion wave
from the chamfered-edge upstream.

Gaining better understanding of shock-structures on the wedge:

- shock cells can separate from the wedge-surface rather than hut it.

- the topology of these shock-surfaces is quite complicated, e.g., a strong
Mach-dislike surface spans the whole width of the nozzle and oblique shocks start
form the lips of the primary nozzle although it may be underexpanded.

Some understanding of the mixing process was attained:
- the axial vorticity produced at the vertical chute edges due to the vertical

components of the shield-flow and the primary flow provides addit8ional mixing;
but it also can uplift the primary flow from the wedge-surface.
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GE/BOEING ACOUSTIC TEST AXISYMMETRIC MIXER/EJECTOR NOZZLE

W.H. Brown and J.F. Brausch
GE Aircraft Engines N 4. /
Cincinnati, Ohio

BACKGROUND AND OBJECTIVES

8
W

AMEN Nozzie INSTALLED ON STiNG IN THE LSAF

Previous studies suggest that the keys to reducing the noise of heated jets are (1) reducing
the shear velocity between the jet and the ambient and (2) absorbing as much of the mixing
noise as possible before it can propagate to the farfield. Reducing the shear velocity is
accomplished in the AMEN concept by the use of suppressor nozzles and ejectors.

In the AMEN concept, the ejector entrains ambient air which is mixed with the engine air to
reduce the overall velocity. The AMEN nozzle employs a suppressor area ratio greater than
previous studies in an attempt to reduce the mixed jet velocity and obtain high levels of
noise suppression at high jet velocities. Treatment of the ejector surface further enhances
the acoustic performance by absorbing mixing noise before it can propagate to the ground.

The suppressor nozzle itself serves two functions: (1) it enhances mixing by providing more
shear area between the engine flow and entrained air, and (2) it reduces the characteristic
dimension of the nozzle so that the wavelengths of the mixing noise are reduced. The use
of a plug provides more surface for acoustic treatment as well as the possibility of using
porosity to reduce shock noise within the ejector by wave cancellation off the plug surface.

The efficacy of bulk absorbers at two different densities and of two plug surface porosities
was evaluated both statically and in simulated flight with both flush and scoop inlets.
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IR&D 1.43 SUPPRESSOR SYSTEM PARAMETERS

SUPPRESSOR

SAR 3.7 BASED ON A8;= 3.1 BASED ON A89

A8 = 13.21N%, Dggy = 4.1" LSF = 1/9 BASED ON LIM CYCLE AB = 1040 1%
RADIUS RATIO = .61

24 C-D CHUTES; Aex1T/A8 = 1.25 FOR NPR = 4.0, My = 1.58 (Pams = 14.7)

2

EJECTOR

TIGHT FIT TO SUPPRESSOR 0.D.
Lg; = 10.63" (2.59 Dg..¢)
A9/AmMix = 1.2

FLUSH AND SCOOP INLETS
TREATED AND HARDWALL

PLUG

15° HALF ANGLE-SHARP TIP CLOSURE

TREATED, HARDWALL AND POROUS (2)

5% AND 10% POROUS SURFACES, .0625" @ HOLES, .09" WALL THICKNESS

When the suppressor system parameters had been established, a 1D ejector analysis was
performed to estimate the entrainment ratio that could be expected. At takeoff, the ratio
was estimated to be 1.08 which is consistent with other high SAR nozzles.

The CFL3D flow solver as packaged in the recently released IDA3D system was used for 3D
inviscid calculations to establish the flow lines of the model. The primary aero design
objectives for the axisymmetric 3D core-side chute geometry were as follows.

* A smooth, shock-free transition from subsonic to supersonic flow through the
convergent-divergent core flow passages within the 24 chute elements.

* A well defined sonic line at or near the physical throat.

* A reasonably uniform distribution of core side chute exit static pressure, at least over
the majority of the exit flow area.

* Control of possible internal separation due to subsonic flow turning within the passage.

* No recompression of the supersonic flow in the expansion section of the chute, i.e.
shock-free operation at the design NPR.
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ACOUSTIC TREATMENT

24 C-D CHuTE/TReEATED EJECTOR AcousTic MopeEL SYSTEM

FLusH INLET - SIDE VIEW

The acoustic treatment of the plug and ejector trays consists of a perforated sheet
metal surface on the flow side 5 and 18 and hard surfaces on the back A , the
sides, and the separators B within the trays. Treatment within the trays consists
of a layer of 95% porous foam metal 6 about 1/8 inch thick adjacent to the
perforate followed by a bulk absorber mat 7 compressed to a density of about 1
Ib/ft® for T1 and about 2 Ib/ft® for T2. The foam metal is applied to dampen the
effect of flow turbulence on the bulk absorber.

The ejector trays are made hardwall by inserting a contoured solid sheet metal
shim between the foam metal and the perforate. The plug uses machined
segments with smooth surfaces for the hardwall configuration and similar
segments with drilled holes for the 5% and 10% porous plug configurations.
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MODEL INSTRUMENTATION

v Treatment Iray
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Eighty-three instrumentation measurands were provided on the model for drag
assessment, shock detection, flow separation detection, entrainment correlation,
structural temperature monitoring, and acoustic treatment environment definition.

Three inlet rake elements can be seen extending from the forward portion of the
ejector shroud into the entrainment path. Instrumentation bars on the plug and the
inner surface of the shroud are aligned with both hot and cold flow paths to
provide

axial pressure profiles. Lines for sensing static pressure on the hot flow chutes
can be seen particularly where they are positioned to measure base pressures at
the chute exit.



CODE
FHH
FT10

FT5
F22

SHH
STT
T10

RC

MODEL CONFIGURATIONS AND TEST POINTS

INLET

FLUSH
FLUSH
FLUSH
FLUSH
FLUSH

Scoop
scoop
SCooP

MODEL CONFIGURATIONS

EJECTOR SHROUD

HARDWALL
TREATED
TREATED
TREATED
DOUBLE-DENSITY
TREATMENT

HARDWALL
TREATED
TREATED

ROUND CONVERGENT NOZZLE, NO EJECTOR

PLUG
HARDWALL
TREATED

10% POROUS

5% POROUS
DOUBLE-DENSITY
TREATMENT

HARDWALL
TREATED
10% POROUS

These are the configurations for which acoustic data were acquired. The acoustic
test points were taken along the VCE GE21/F14 Study L1M cycle line from V, =
1100 fps to V; = 2700 fps. Two extra points at V, = 2400 fps were included to
provide data on density effects, one extra point was acquired at M, = 0.12 in
addition to the points at M, = 0.24, and one extra point was acquired well off the

cycle line at V; = 2900 fps as a high velocity reference point.

The test program produced 90 entrainment calibration runs (static and wind-on,

flush and scoop inlets), 108 aerodynamic performance tests (cold, flush and scoop

inlets, static and wind-on), and 206 acoustic and hot aero performance tests (97
static, 109 wind-on, 8 suppressor configurations, and one conic nozzle).
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CYCLE LINE SIMULATION

COMPARISON OF INTENDED AND ACHIEVED JET VELOCITY POINTS

L1M CYCLE, STD DAY, 1000 FT ALT, M=0.3
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The GE/F14 Study L1M cycle points, the facility set points, and the normal actual
range of test points for all suppressor acoustic tests are shown here. Thel model is
designed for a maximum temperature of 1500°F. In order to avoid high levels of
thermal stress in the model locally due to non-uniform temperatures of the
close-coupled burner system, the maximum set point temperature was reduced
from 1500°F to 1400°F. In practice, the nozzle pressure ratio fell slightly above
the

target value and the jet total temperature fell slightly below the target valus for
given values of jet velocity. The minimum-to-maximum ranges show that the set
point repeatability from configuration to configuration was quite good. The actual
deviations from the cycle line are small enough to be unimportant from the
acoustic standpoint.



ASPIRATION RATIO
NORMALIZED ASPIRATION RATIO - 10% POROUS PLUG CONFIG
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The aspiration ratio here is normalized by the square root of the ratio of the total
temperatures of the secondary flow and the primary flow. At almost all
conditions, the scoop inlet entrains more air than the flush inlet. The one
exception is

the static case at very low NPR, and it is not evident why that should be so.

Both inlet configurations apparently benefit from the axial momentum imparted to
the entrainment flow by flight. The benefit is greatest at low NPR and diminishes
as the velocity of the aspirated flow in the ejector inlet path increases. Even so,
flight increases the aspiration ratio about 5.5% at takeoff conditions with either
inlet.

The scoop inlet is 2.7% - 2.8% better than the flush inlet both statically and in
flight at takeoff conditions. Statically, the scoop inlet is better at high NPR
because it has a larger total inlet area than does the flush inlet. Therefore, the
entrainment flow velocity around the lip would be lower than that of the flush inlet
thereby reducing the likelihood of separation at the lip. Even if separation
occurred, the percentage reduction on inlet flow area probably would be less with
the scoop inlet than with the flush inlet.
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FLOW COEFFICIENTS

GE HSCT Mixer Nozzle (LSAF1012)
Cold Flow Performance Tests
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Cold primary flow coefficient data were very insensitive to inlet design, treatment
or tunnel speed and are shown here. The data were consistent within about +/-
0.1% of the .962 value. The slight positive slope of discharge coefficient with
increasing nozzle pressure ratio implies that there was a slight Reynolds number
effect on the model.



THRUST COEFFICIENTS

GE HSCT Mixer Nozzle (LSAF 1012)

Cold Flow Performance Tests
Comparison Of Wind-On And Wind-Off Thrust

7| Static Condilions (M=0)

Scoop Inlet, Hardwall
Scoop Inlel, Treated
H Flush Inlet, Hardwall
i} [7Flush Inlet, Treated

Wind-On (M=.245)

4 O Scoop Intet, Hardwall
-} [0 Flush Inlet, Hardwall

} [ Scoop Inlet, Treated |.
4 O Flush Inlet, Treated

Rl v

0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 I e 4.8

With hardwalls, the flush inlet had a thrust penalty of 0.1 to 0.3% Cfg relative to
the scoop inlet. The thrust losses due to treatment installation on the scoop inlet
were approximately 0.8 to 1.0% Cfg and about 1.4% Cfg with the flush inlet.

A comparison of the wind-on and static data shows that the scoop inlet suffers a
larger drag penalty than the flush inlet. Analysis of the inlet static pressure data
indicates that the scoop inlet lost 50% more inlet thrust force due to the external
flow than did the flush inlet. In other words, the scoop inlet had a drag increase,
which according to the measured data, was about 8% Cfg for the scoop inlet
compared to 6% Cfg for the flush inlet as shown here. Integration of the inlet
pressure area forces explains 40% to 50% of the loss. It is suspected that the
pressure-area forces calculated were somewhat low because the coarse spacing of
pressure taps missed the peak suction areas.
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HOT VS COLD AERODYNAMIC PERFORMANCE

COMPARISON OF HOT AND COLD FLOW PERFORMANCE

TUNNEL OFF

THRUST COEFFICIENT

1.8 2.0 2.4 2.8 3.2 28 a8 “4 P 5.2

NOZZLE PRESSBURE RATIO

TUNNEL ON

THRUSBT COEFFICIENT

1.2 1.6 2.0 24 28 3.2 LR 4 a4 48 5.2
NOZZLE PRESSURE RATIO

Thrust coefficients measured with hot flow and with cold flow were obtained for
both static and flight conditions. For both static and flight conditions, the cold
flow data is well behaved. In the static case, the hot flow results agree within
about 1/2% Cfg at NPRs up to 2.7 and differ by no more than 2% above that. In
the flight case, only two hot points differ from the corresponding cold points by
more than about 1/2%, and they fall within 2% of the cold values. This is
considered to be reasonable agreement and permits the use of cold flow Cfg
results to help interpret hot flow data.



OVERALL RESULTS

SYSTEM EFFECTIVE PERCEIVED NOISE LEVEL BY CONFIGURATION
FLUSH INLET, M=0.245
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An overview of the acoustic performance of all configurations can be obtained from plots of system
EPNL. These plots contain only those test points that simulate the L1M cycle line. Excluded are the test
points taken to provide insight into the effects of density variation at a constant VIP and the alternate
flight speed of MT = 0.12.

This acoustic performance evaluation is based upon data processed at Boeing. This procedure ensures
that the configuration-to-configuration comparisons will be internally consistent.

FLUSH INLET, FLIGHT, EPNL

This figure shows that the maximum suppression relative to a conic nozzle is 12.4 EPNdB at takeoff and
12.3 at cutback. In both cases, the 10% porous plug configuration (FT10) provides the best noise
suppression performance. The maximum spread among the suppressor nozzles is 1.6 dB at takeoff with
the hardwall configuration falling near the center of the band. At lower velocities the spread is greater
and the hardwall configuration is the noisiest as expected.

OTHER EPNLS

The flush inlet configuration statically produced 13.0 EPNdB of suppression at takeoff and 14.3 EPNdB
at cutback. The scoop inlet configuration produced 12.5 EPNdB suppression at takeoff and 13.3 EPNdB
at cutback in static operation. In simulated flight, it produed 12.0 EPNdB at takeoff and 11.7 EPNdB at
cutback.
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FLUSH INLET, FLIGHT, PNL

PNL DIRECTIVITY - FLUSH INLET, 10% POROUS PLUG
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PNL directivities are provided for the takeoff and cutback conditions and for a low
velocity (1588 fps) condition for the 10% porous plug configuration. The two
higher velocity directivities are generally parallel over the entire theta range. The
directivity at the lowest velocity also tends to parallel the other two except in the
range between 60 and 120 degrees in which it droops. Spectra can be examined
to see if a clue to the observed behavior can be found.




FLUSH INLET, FLIGHT, SPL

FULL SCALE SPECTRA - FLIGHT, 10% POROUS, TAKEOFF, RUN 579
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M=0.245, A8=1040 SQ IN, DIST=1629 FT

T T ] LEGEND
g R0 8 132 ] m B
o 1 1 i ‘r'dgﬁ g
T e ‘ 1 | B i 7 3 60 DEG
T 1) L 0 am 131 B
i : i e ; FRT =
JRESHEH | BRA LB UL I i — - : 90 DEG
‘ T ‘ —_—
8 : i £ 100 DEG T T EEE sy
T S PR i
= | T
IS o0 DEG T LW O 0 3 140 DEG
: AR ) TR g 5 D=2 P9 OB R AL = e
o B 0B 0L 1 : 0 ! i ! LRI ‘rrlul '
s HIDrprSn— sl e b sove — LIS LTI
T == e e 1 : = T : i I
= ana ! f ::’: 8| =N ,I f :',
walmnib, Uh I :
1 NITH 1 il )
< 1 — —
= ; == v TR it g,
z u (ling it 140 DEG TS M L S G VOO TR ) R AL
o i 11
é & T : ; | ol »’ i
Q. | 1. T A 113
g 1 1 T ‘
i i f YA
1 T v
- L
g l 1 i I \ d “I
T i \
- ! i ! ] H ! .
|HED 1 ! ! . -
B 1 I 1 I A
: n T I T DY
; I 1 T 1 T 1 U 1
B Al ; BB i ! i
® i ‘ i 1
i 3 RS SYTRA () ] r I T
g 1 1 ;
Il L : - ! ]
gl il T [ { : ‘]] i } 4!97' {.r n T
H 7] LD AL 19l
‘ T, Ii{[.' ‘ L FT10FSS3
1 1 T 3 1
? 5 i
40 100 200 400 1000 2000 4000
CENTER FREQUENCY, Hz .. IR,

Spectra at the peak PNL angle show similar behavior at the higher two jet
velocities and disimilar behavior at the lowest velocity. At the lowest velocity, the
jet is overexpanded, and a clear double hump appears in the peak angle spectrum
indicating a strong shock noise component. At the higher jet velocities, the peak
angle spectra have broad flat peaks even though the jet probably is underexpanded
at least at the highest velocity. This behavior has not been explained.

A retest of the same model in GE’s acoustic test cell will provide data for
comparison that is free from strong flow distortion at the model entrance.
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CONCLUSIONS AND RECOMMENDATIONS

ASPIRATION RATIO IS GOOD AT TAKEOFF:

UNCORRECTED PUMPING = 93% IN FLIGHT AND 89%
STATICALLY
FLIGHT BENEFIT
SCOOP BENEFIT

5%
3%

THE FLUSH INLET CONFIGURATION WITH TREATED EJECTOR
SHROUD AND 10% POROUS PLUG PROVIDES 12.4 EPNdB
SUPPRESSION RELATIVE TO THE CONIC NOZZLE AT TAKEOFF
CONDITIONS AND Mt = 0.245

THE EFFECT OF TREATMENT AT HIGH JET VELOCITIES IS
UNCLEAR. THE HARDWALL CONFIGURATION FALLS WITHIN THE
1.6 EPNdB SPREAD OF ALL FLUSH INLET CONFIGURATIONS IN
FLIGHT

IT IS RECOMMENDED THAT THE AMEN NOZZLE BE TESTED IN
GE’S ACOUSTIC TEST CELL TO OBTAIN A FACILITY-TO-FACILITY
COMPARISON OF ACOUSTIC RESULTS

HOT FLOW THRUST COEFFICIENTS ARE IN REASONABLE

AGREEMENT WITH THE COLD FLOW MEASUREMENTS AND ARE
OFF BY NO MORE THAN 2% Cfg
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PRATT & WHITNEY TWO DIMENSIONAL HSR NOZZLE TEST IN THE NASA LEWIS 9- BY 15-FOOT
LOW SPEED WIND TUNNEL: AERODYNAMIC RESULTS
John D. Wolter
NASA Lewis Research Center -
Cleveland, Ohio O -0 7
and
Christopher W. Jones

Pratt & Whitney Aircraft Engines
East Hartford, Connecticut

This paper discusses a test that was conducted jointly by Pratt & Whitney Aircraft
Engines and NASA Lewis Research Center. The test was conducted in NASA's 9-
by 15-Foot Low Speed Wind Tunnel (9x15 LSWT). The test setup, methods, and
aerodynamic results of this test are discussed. Acoustical results are discussed in
a separate paper by J. Bridges and J. Marino.

Overview

e Background & Previous Work
® Goals & Objectives

® Description of the Test

® Results

® Summary
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TBE Noise Suppression Requirement

Turbine Bypass Engine l
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One of the proposed engine concepts for the HSCT is the turbine bypass (TBE)
engine. This turbojet engine cycle is appealing in its simplicity and low
temperature at cruise conditions. However, this engine has a high exit velocity,
making it very noisy during take-off and approach. This figure shows the
relationship between jet velocity and sideline noise. The TBE engine is at the high
end of this spectrum. Consequently, to reduce the noise generated by this type of
engine to FAR 36 Stage 3 levels, approximately 20 dB of noise suppression are
needed.

To address this requirement, ejector nozzles are being studied. A large amount of
ambient air is mixed with the jet exhaust to lower the exhaust velocity. Because
the thrust generated is proportional to both the massflow and the velocity, the
ejector provides a means of reducing exit velocity while maintaining thrust levels.
To adequately lower the exit velocity, the secondary mass flow should be 120%
(or more) of the primary mass flow.
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The Mixer Ejector Concept

Ejector

End View of Mixer

The high velocity jet must mix thoroughly with the entrained air to achieve the
noise benefits of an ejector. Using conventional ejector technology, the mixing
section of the nozzle would have to be impractically large to achieve this mixing.
Instead, a mixer ejector is employed. The primary flow is supplied through a multi-
lobed mixer nozzle. The secondary flow is drawn in between the lobes. This
provides a large interface area between the flows.

In 1989, Pratt & Whitney and NASA Lewis tested a mixer ejector model in Lewis’
9- by 15-Foot Low Speed Wind Tunnel. This model achieved 120% massflow
augmentation with measurable reduction in noise levels. However, at the design
condition, the nozzle exhibited hot streaks exiting the ejector and shock noise, due
to a mismatch in the primary exit pressure. While this nozzle demonstrated the
mixer ejector concept was capable of reducing noise levels, the noise suppression
for this nozzle was well below that needed to reach Stage 3. Furthermore, only
limited acoustic data could be derived from the test data because the nozzle was
operated at modest temperatures, much lower than those of an HSCT engine.
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NASA/P&W 2-D HSR Nozzle Noise Test

Design Objectives:
® Increase ejector pumping
® Increase m1x1ng
e Decrease noise to FAR 36 Stage 3 levels

e Maintain high thrust levels

Test Objectives:
e Measure levels of pumpmg, mixing, noise, and

thrust
e Obtain data for comparison to CFD

e Validate techniques/facilities for design/testing
of these nozzles

The subject of this study was a new two dimensional mixer ejector nozzle based
on the nozzle tested in 1989. The principle difference between the current nozzle
and its predecessor is the design of the primary nozzle. These changes were
guided by computational studies, which predicted ejector pumping of 145% of the
primary flow. The intent of the changes to the design were to increase pumping
and mixing and thereby reduce the noise generated by the jet, while maintaining
high levels of thrust.

The objectives of the test were to evaluate ejector pumping, mixing, acoustics, and
thrust performance relative to the previous test; to obtain detailed data for
comparison with computational fluid dynamics; and to validate methods and
facilities for the design (P&W) and test (NASA) of this type of hardware.



Anatomy of the HSR P&W 2-D Mixer Ejector Nozzle

Inventory:
e 2 Mixer Designs
¢ 3 Shroud Lengths

e 3 Shroud/Sidewall
Acoustic
Treatments

e Sidewalls with
Windows for Flow
Visualization

The model consisted of an 8 lobe forced mixer enclosed in an ejector box. The top
and bottom of the box were formed by contoured shrouds, whereas the sidewalls
were flat plates. This construction was chosen for economy and configuration
flexibility. The shrouds could be attached to the sidewalls in one of three spacings
to allow variations in primary/secondary area ratio. Shroud boxes in three lengths
and three acoustic treatments were constructed. Two mixers were available. In
addition, sidewalls with glass windows were built for flow visualization.

The three forms of acoustic treatment were: hardwall (no treatment), bulk, and
tuned. Both the bulk and tuned treatments consisted of a honeycomb structure
covered by a perforated plate. In the bulk treatment, the honeycomb cells were
filled with a broadband acoustic absorber material. In the tuned treatment, the
cells were empty, and the height of the cells was tuned to quiet the estimated
predominant frequency of the jet noise.
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2D Mixer-Ejector Mixer Nozzles

Vortical Mixer Axial Mixer
Relative Merits
o Non-axial discharge generates large-scale o Higher thrust performance
vorticily, promoting rapid mixing _ o More predictable nozzle design

o Less wetled surface area
o Shorter, more compact design

o Non-axial discharge generates higher thrust o Less rapid mixing
losses o Larger wetted area (increased friction)
o Longer, less compact

The two mixers tested in this study represented different approaches to achieve
substantial mixing. The vortical mixer discharges the hot exhaust at an angle to
promote mixing via strong vortices in the axial direction. This approach would be
expected to suffer large thrust loss due to the non-axial discharge of the flow. The
axial mixer, on the other hand, discharges flow axially, potentially reducing thrust
loss at the expense of mixing. The axial mixer is longer, making it heavier, and
more difficult to store while in non-suppressor mode.
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The test was conducted in the NASA Lewis 9- by 15-Foot Low Speed Wind Tunnel
(9x15). This facility is a test section in the return leg of Lewis’ 8- by 6-Foot
Supersonic Wind Tunnel. The 9x15 is capable of wind speeds of 30 to 175 mph
(up to Mach 0.2). The test section is lined with acoustic boxes to provide an
anechoic environment for acoustic testing. Microphones were placed in the test
section to measure noise angles at variouse angles to the model.
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JET EXIT RIG WITH TRANSITION FOR
AXISYMMETRIC NOZZLES

TEST NOZZLES
; (NOM 9-INCH DIAM.)

FLOW CONDITIONING
MODULE

- CONE FLOW COMBUSTOR

BALANCE

The nozzle was mounted to NASA Lewis’ Jet Exit Rig, a small-scale jet engine
simulator. The Jet Exit Rig provides two independent streams of air at up to 450
psia. In the axisymmetric configuration shown here, the inner stream can be
heated in a hydrogen combustor to up to 2000 degrees Rankine. A flow through
balance measures forces on the model. Flow into the jet exit rig is measured by a
set of choked flow venturis mounted upstream of the rig. For this test, the outer
air passage was blanked off and all air was supplied to the model through the inner
stream.

The Jet Exit Rig is a new test rig at NASA Lewis. To date, force balance output
from the rig have been unrepeatable. Therefore no forces and moments were
acquired. Further testing of the model to obtain this information is currently
planned.



This figure shows the model mounted in the wind tunnel. The model is mounted
sideways, with the "sidewalls" on the top and bottom. From this view, the lobes
of the vortical mixer can be seen. On the walls of the shroud, the bulk acoustic
liners can be seen. The microphone arrays (not in picture) are to the left. Note
that the model is mounted off the tunnel centerline to allow greater separation
between the model and microphone arrays.
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This figure shows the 1989 model for comparison with the current nozzle. Most
of the visible differences between the two are in the mixer nozzle. The current
design incorporates a convergent-divergent primary flow path, as compared to the
convergent primary nozzle previously used. The shape and aspect ratio of the
mixer lobes were changed based on computational studies of the mixing perfor-
mance. The current nozzle also included the treated shrouds discussed earlier; the
1989 entry included only hardwall shrouds.
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Measurements

e Primary Weight Flow e Ejector Exit Total Conditions
(traverse rake)
e Primary Total Conditions
(fixed rake) e Ejector Internal Flowfield

(schlieren, light sheet)

e Forces & Moments .
e Ejector Exit Flowfield (LDV)

e Acoustics

e Mixer & Shroud Pressures

A variety of measurements were made to gain an understanding of the character-
istics of this model. Temperatures and pressures were measured immediately
uptstream of the primary nozzle, in both streams near the mixer exit, and on the
shrouds. Forces and moments were measured using the six component flow-
through balance in the Jet Exit Rig. Arrays of microphones measured the acoustic
output from various directions. A limited number of configurations were studied in
further detail using a 15 element total pressure and total temperature traverse rake
at the ejector exit plane, and with schlieren, laser light sheet, and laser doppler
velocimetry (LDV). The schlieren and laser light sheet testing was performed by K.
Mitchell et. al. of NASA Langley and is presented in this symposium.
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Test Matrix Variables for 2D Nozzle
e Power Setting (NPR and TT,jet)

e Tunnel Mach Number
e Primary Nozzle

e Shroud Length

¢ Ejector Area

¢ Ejector Treatment

A large number of test variables were studied. Three variables defined the nozzle
flow conditions: the nozzle pressure ratio, the primary jet total temperature, and
the tunnel Mach number. There were several configuration variables: the choice of
nozzle, shroud length, ejector area, and ejector treatment. Typical ranges of these
variables were as follows:

NPR 0-45
T 520 °R - 1960 °R
Mtunnel 0-0.2

Primary Nozzle | Axial or Vortical

Shroud Length | Short, Long, or Intermediate

Ejector Area Design, Larger, or Smaller
Ejector Hardwall, Bulk, or Tuned
Treatment
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Typical Operating Line (based on PW-STF945)

3 m: —S/L 100% Power
g | JER Operating Limit I k.

S \

é L S/L 20% PLR

'ﬁ S ~— Cut Back

£ o, Approach

Nozzle Pressure Ratio

The choice of jet temperature/nozzle pressure ratio pairs for the test matrix was
made based on the operating line of the PW-STF945, a Pratt & Whitney turbine
bypass engine concept. The jet temperature in the jet exit rig was limited to 2000
°R, so the highest power setting was tested at a lower temperature. The design
point for the nozzle was at a NPR of 4.0 and jet temperature of 1960 °R, which
corresponds to 80% power at sea level. This setting represents the conditions the
nozzle would experience shortly after take-off.
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Shroud Stratic Pressures - Sror? Shroud
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This figure shows the ratios of static to total pressure measured along the shroud
wall. The pressure decreases rapidly as the secondary flow is accelerated through
the choked secondary throat, and then rises smoothly to ambient pressure. This
behavior characterizes the relatively shock-free flow in the ejector and is

representative of most configurations.




Ejector Secondary Airflow CFD Calibration Method

e Define a “flow coefficient”, Cq4_crp, based upon a choked reference area and a representative
duct pressure

Delinition of Reference Secondary Area @® Define a representative duct pressure:

Psec = /2 (Pshroud + Pvaliey)

® Define wg ¢ as choked flow at Ag re

$inlet
[ Stalic pressure tap | : ;ﬂ;‘,’,‘;mma'b"

The test setup did not allow for direct measurement of the secondary passage
mass flow. Therefore, an alternate method was used for determining this flow.
Selected pressures, measured on the shrouds and outside surfaces of the mixer
nozzle, were used to determine a representative pressure in this passage. Two
CFD studies were made of this secondary passage geometry, one using the
VSAero potential flow code, and one using the PARC Navier-Stokes code. From
the results of these studies, a discharge coefficient of .95 was calculated for this
passage. Mass flow through the secondary duct was calculated as choked flow
through a reference area near the exit of the mixer.
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Goal Pumping Level Achieved by Both Mixer Nozzles
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Vortical Vortical Axial Axial
Short Shroud Long Shroud Short Shroud Long Shroud

Configuration

All of the configurations tested showed high levels of pumping. As opposed to the
approximately 120% pumping in the 1989 test, these nozzles showed pumping in
the 145% to 150% range. This pumping level was found to be independent of the
liners used.
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Experimental Traverse Results

Vortica! Mixer, Short Shroud Axial Mixer, Short Shroud

{ =

e
Area of Traverse

Rake surveys of the total temperature and total pressure of the flow at the exit of
the ejector were performed on several configurations. A non-dimensional
temperature parameter was calculated ranging from zero (representing secondary
stream inflow temperature) to one (representing primary stream total temperature).
Contour plots of this parameter show increased mixing of the streams by the
vortical mixer compared to the axial mixer and increased mixing for the long
shrouds compared to the short shrouds. These results compare favorably to those
of the 1989 test, which showed severe hot streaks near the shroud walls.
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Results of Exit Traverse Show Improved Mixing
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The standard deviation of the temperature parameter over the survey region yields
a relative measure of the mixing in the nozzle; lower standard deviation indicates

greater uniformity which implies better mixing of the streams. Applying this metric
to the 1989 test and the current test, the newer mixers exhibited improved mixing.
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Summary

Two nozzles in multiple configurations were tested. Aero
results were:

e Significant increases in pumping and mixing were
obtained relative to the previous test.

e The vortical mixer showed greater mixing than the
axial mixer.

® Liners did not have significant effects on pumping.

e Force balance data were unrepeatable. Further testing
is planned to get these data.
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The theory of mixer-ejectors for noise suppression is illustrated in this cartoon.
Since jet noise SPL scales as velocity to the eighth power and diameter squared,
increasing the jet diameter while lowering its velocity and keeping thrust constant
decreases the noise. However, in supersonic craft, the drag penalty for increasing
diameter at supersonic cruise makes this option very expensive. One would like to
have a large engine during takeoff which could be shrunk during cruise. The
retractable ejector is such an expandable engine. If the mixer flow can be
expanded to the size of the ejector exit, the noise generated downstream of the
ejector will be much less than the small diameter mixer nozzle alone. Of course,
this also requires that the noise created in expanding the flow to fill the ejector be
absorbed by a liner in the ejector walls so that none of this noise is heard. Since
this mixing of internal hot gas and external cold air must take place in as short a
distance as possible, the mixer must be very effective and therefore probably much
noisier than a simple nozzle.
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HER9x15 Festiahigige:

eShowed 12-16 dB EPNL sound reduction over baseline
round jet.

eShowed dependence of jet noise on

-nozzle geometry
-ejector length
-ejector area ratio
-ejector liner material
-ejector liner location

«Obtained agreement between new NASA all-digital acoustic
data system and P&W analysis system.

Highlights to be covered in this presentation. The 4dB uncertainty in sound
reduction is the difference between the sound of the baseline conic nozzle and its
predicted value, which is thought to be caused by the close proximity of the
microphones to the nozzle in the 9x15 tunnel. The measurements were thus not in
a geometric far-field and attempts to extrapolate them to far field have not been
successful.

The agreement between NASA and Pratt & Whitney acquisition and analysis
systems is important because there are many elements to these systems and now
the new NASA system can be relied on to produce results with much quicker turn-
around in tests run at Lewis.
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2Dvortical VS. 2Daxia1 VS. RCref
Short Ejector, Bulk Liner
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This is the first of many viewgraphs of data which will have the same form. Each
viewgraph contains 1/3 octave SPL spectra taken from four different angles to the
jet. Note that the polar angle f is measured from the direction of flight. Also, the
data presented here was taken at the Sideline PLR power setting (NPR=4.0,
Tj=1960°R) unless otherwise specified. The data is presented in model scale and
has been translated to a 1 foot radial distance, removing the atmospheric
attenuation.

This slide compares the sound spectra of the two mixer geometries with the bulk-
lined, short ejector in place. The baseline round convergent (RC ref) nozzle sound
spectra is shown for reference. Both geometries show suppression at all angles,
although the suppression at f = 120° is small. The difference between the two
mixer geometries is small, even in spectral detail.
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This slide compares the sound spectra of the two mixer geometries with the bulk-
lined, long ejector in place. Again, both geometries show suppression at all angles,
and again, the difference between the two mixer geometries is small. However, the
vortical nozzle is slightly quieter than the axial, especially around the peak
frequency of 20kHz, which weighs most heavily in computing EPNL. By comparing
this slide with the previous one the difference between long and short ejectors can
be seen.
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Short Vs. Med1um Vvs. Long E]ector
2Dvortical Mixer, Bulk Liner
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The effect of ejector length is isolated in this comparison of sound spectra of the
2D vortical mixer with the short, medium and long bulk-lined, ejectors. As the
lengths of these ejectors were 10.44, 14.64, and 18.84 inches respectively, the
amount of suppression (in dB) is approximately proportional to the the ejector

length.



2Dc ng E]ector, No Liner
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One parameter of the mixer-ejector design which is thought to be important is the
pumping ratio, the mass pulled into the ejector relative to the mass through the
primary nozzle. In the 9x15 test, the ejector area ratio (EjAR =ratio of ejector
secondary area to nozzle primary area) was adjusted from the design point of 3.3
to 3.8. This resulted in a 15% increase in the pumping*, but made no discernable
difference in the jet noise. It would seem that the pumping ratio would need to be
minimized to reduce thrust losses resulting from the engagement of low
momentum ambient fluid. Tests will be conducted in the near future to determine
how low the ejector area ratio can be made before an acoustic impact is observed.

*Measurement of pumping ratio is covered in companion presentation by Wolter
and Jones.
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Bulk vs. Tuned vs. No Lining
2Dvortical Mixer, Long Ejector
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Two types of liner material were used during the test. The tuned liner consistedof
a honeycomb panel faced with sheet metal perforated plate*. The bulk liner was
similar only the honeycomb was filled with an absorbtive fiber. Both liners held up
well during tests (except when the leading edge of the liners were subjected to
direct flow from the mixer, which lifted the entire panel from the ejector) and were
effective as can be seen in these plots. The bulk liner had a bit better attenuation
and was used in the majority of the tests.

*Wolter and Jones give details of liner construction.

1000




Insertion Loss for Acoustic Liners |
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This slide gives a direct measure of the sound absorbed by the two types of liners
when they were used with the vortical mixer and long ejector. Each curve is the
difference between the no liner (hardwall) data and with liner data. The difference
between the tuned and bulk material seems to be in their ability to suppress the
highest frequencies, including the peak frequency of 20kHz.
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Effect of Treatment Location
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Because of nonaxisymmetry of the mixer-ejector, some azimuthal directionality was
expected in the sound produced and in the efficacy of liners on the different walls.
Not shown are near-field results taken by the azimuthal microphone array which
show that the sound field of the 2D mixer-ejectors were essentially axisymmetric.
What is shown in this slide is the sound when the liners were placed on different
walls of the ejector. In the plots, sound measured with bulk liner on the walls
which constitute the sideplates of the ejector box (parallel to the lobes of the
mixer) are noted by SideOnly, while the sound measured when the bulk liner was
placed on the ejector walls is called EjOnly. The similarity of the these two curves
and the fact that they are about halfway between the no liner and fully lined sound
spectra indicates that the mixing noise within the ejector had no azimuthal
preference.
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Effect of Treatment Location-Axial |
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The axial dependence on liner placement was tested by putting the liner in only the
aft half of the ejector and comparing the sound of this configuration with that of
the unlined and fully lined ejector. As seen in the plots, when the liner was in the
aft half of the ejector it absorbed almost the same amount of sound as when the
entire length of the ejector was lined, leading to the conclusions that (1) the liner in
the front half of the ejector was ineffectual and (2) most of the internally
generated mixing noise is either produced near the end of the ejector or is highly
directed downstream.
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One problem encountered during the test was upstream "valve" noise in the rig.
This can be seen clearly in these plots which show the sound spectra measured in
a cold low speed jet flow and the predicted spectra. Also shown is the tunnel
background spectra, which is well-below the jet noise and is not a factor. At
around 20kHz, the same frequency range as the lobed mixer produces sound, the
upstream noise can be seen protruding above the prediction.
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Procedure for Estlmatmg Upstream Noise |

1) Extrapolate cold, subsonic ASME nozzle data to high NPR.

*The scaling with NPR is assumed to be independent of angle in accordance
with experience with internal combustor noise.

Spectral shape is best fit to internal noise in 10k-60kHz band.
2) Effect of temperature is extrapolated from 530°R and 1150°R data in RCref nozzle.

3) Sound absorption by liner calculated from cold, subsonic data in RCref and
2Dvortical jets.

geometric | Extrapolated from cold, Effect of jet Short Long
anale low NPR data (x = log1 o) temperature bulk liner | bulk liner
50 -710.0 + 4*NPR + 385x - 45x2 -0.003*(T-530) +3 +2
60 -740.0 + 4*NPR + 393x - 45x2 -0.003*(T-530) +1 -1
70 -736.0 + 4*NPR + 393x - 45x2 -0.003*(T-530) -4 -6
80 -735.0 + 4*NPR + 393x - 45x2 -0.003*(T-530) -8 -1
90 -745.0 + 4*NPR + 395x - 45x2 -0.003*(T-530) -8 -13
100 -742.0 + 4*NPR + 395x - 45x2 -0.003*(T-530) -6 -10
110 -743.0 + 4*'NPR + 395x - 45x2 -0.003*(T-530) 7 -14
120 -738.5 + 4*NPR + 393x - 45x2 -0.003*(T-530) -7 -13
130 -738.0 + 4*'NPR + 393x - 45x2 -0.003*(T-530) -3 -9
140 -747.5 + 4*NPR + 393x - 45x2 -0.003*(T-530) -1 -5
150 -710.5 + 4*NPR + 385x - 45x2 -0.003*(T-530) +2 -4

Several attempts were made to isolate the source of this noise, such as changing
elements in the rig, etc., but the noise seemed independent of these changes.
Unable to remove the source of the upstream noise, a method was developed to
predict the contribution of the parasitic noise at the test conditions. This involved
extrapolating the noise spectrum from low NPR, cold data where the noise was
clearly dominating the jet noise, extrapolating the slight modification caused by the
difference in temperature (both effects measured in the RC nozzle) and adding the
suppression of the parasitic noise by the ejector liners, again measured at low NPR.
This table quantifies and documents the fits which were used for estimating the
upstream noise at high NPR, hot test conditions.
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Data- 2Dvort1cal Long E]ector ulk Lmer
Analytical: Estimate of Upstream Noise:
Cold + Heat Effect + Ejector Shielding

150 - 150 .
Est-cold | ¢=90° — Estcold  ly=100°
- = - w/ heat ---wihem
a —\‘,’eiecmr e K e IS EE = e|ecmr I 1 e B
S Wia-mw | T MWa-g
s | ot P
B AN [
--------------- »/»-..."-— @ E R R K - - oAt
§ ; et W\ 8 “‘-ﬂ \
1 g :
¥ _..-,nn‘” \ 5 . /,
e um-~1nnﬁ ----- e s Q120+ - - -BewE - - - RG] L
v pu /’ - - I/:/
1 ft
1104 ' I, 110 i
100 1000 10* 10° 100 1000 10° 10*
freq freq
150 - 1504 = }d s
—— Est.<old fy=110° ——Es}.+co 4=
- == w/ heat - - = w/ heat j
) — iy / ejector o o ] w/ieector § | ___ L
T MShe | S 3 Wi 4 e
Q L 5 s
& g & O
o 100 -l Ar---353t e e ® o = ST
> e \ 2 ot / \\
3 ' \ g '\
g m u""“ . ° 120 “ﬂe“‘ [ 3
~ b: iedbelid  iadie Sodinihef [' = b 13 o b SR [' """ % 13
- .ﬂ [I - /,
r fi / ! ]
110 L Lt 110 ; i A
100 1000 10* 10° 100 1000 10* 10°
freq freq

These plots show the data for the 2Dvortical mixer with long, bulk-lined ejector
and the estimated upstream noise. The curve "Est-cold" is the sound of the
upstream noise at the test NPR, but without the burner. The curve "w/heat"
shows the slight reduction found when the burner was operating and "w/ejector”
the final estimated contribution of the upstream noise to the measured sound. In all
but the first two (upstream) polar angles, the estimated sound was well below the
measured sound, indicating that the upstream noise did not contaminate the data.
However, given the unfortunate spectral overlap between the upstream noise and
the jet noise and the uncanny similarity between the upstream noise spectrum and
the jet noise data, some uncertainty remains. This will be cleared by aeroacoustic
tests of these nozzles in GE’s Cell 41 facility this spring.
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Relative EPNL with Bulk Liner in Ejector and
Total Temperature Profiles at Ejector Exit
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During the design phase of this test, a parametric CFD study was made to
determine optimal size and shape of the lobed mixer. At this time the figure of
merit for aeroacoustics was the temperature profile at the ejector exit plane. It was
thought that the mixer which minimized "hot streaks" and provided the most
complete mixing in the ejector would have the quietest flow out of the ejector.
How well was this borne out in the tests? The plots above show the total
temperature as measured at the exit of the ejector and a relative EPNL (2Dvortical
with short ejector taken as arbitrary baseline).

Comparing temperature profiles for the short ejector, the axial mixer has stronger
gradients and therefore would have been expected to be noisier. However, it is
indistinguishable from the vortical mixer. Comparing temperature profiles from the
long ejector (which are not completely comparable due to an unfortunate
configuration error which gave the vortical mixer an EjJAR=3.0 instead of 3.3--but
this difference should have no acoustic effect--see earlier slide!), the axial mixer
clearly has a smoother profile and yet produced more sound.
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If External >> Internal, smoother exit profiles indicate
increased internal mixing,
decreased External sound, and
reduced Total Sound.

Total Sound

Total Sound

Obviously, there is a flaw with the figure of merit which was used in the design
phase. Or more precisely, a flaw in the assumptions which went into it choice.

Consider the situation where the noise generated external to the ejector was much
greater than that produced (and radiated out of ) the ejector. In this case,
improving the external flow by smoothing the temperature and velocity profiles at
the ejector exit would reduce the noise generated by external mixing and result in a
quieter total sound, even if the improvement in flow profile came at the expense of
increased internal mixing and sound generation. This was the picture used in
deciding on the figure of merit.



‘ Source Location-Case HE

If Internal >> External, smoother exit profiles indicate
increased internal mixing,
increased Internal sound, and
increased Total Sound.

Total Sound

Total Sound

This is the correlation observed in 9x15 data...

Consider instead the situation where the noise generated inside the ejector
dominates that produced outside. Now, increasing the mixing within the ejector
increases the internal sound, and hence the total sound, rather than reducing it. In
other words, having a smoother exit profile means that more sound is being
generated internal to the ejector, and since this sound is greater than the external
sound, the result is a louder, not quieter, jet. This seems to be the correlation
which is observed in the 9x15 tests.
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Source Location-Liner Effect |
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If External >> Internal, inserting liner would
have negligible effect on Total Sound.

Total Sound

Total Sound

An even better indicator that the total sound is coming predominantly from the
mixing within the ejector is the fact that the liners can be seen to have an effect. If
the external noise was dominant, changing the internal noise by adding absorptive
material would not be noticable.
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Effectiveness of Liner §
Short Ejector

Small insertion loss indicates that Externally generated
sound dominates in short ejector configurations.
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In the short ejector configuration, the absorption by the liner is very small, roughly
none with the vortical mixer and less than 3dB with the axial mixer. Here, the
mixing noise produced within the ejector is only comparable to or smaller than the
noise produced downstream of the ejector. Apparently, the axial mixer produces
more sound near the mixer (especially considering that it protruded roughly 3/4"
further into the ejector than the vortical anyway) than the vortical mixer. Either
that, or the internal mixing of the axial mixer produced sound which was directed
more to the liners and less downstream.
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When the ejector is extended to cover more of the mixing (and perhaps change the
mixing by the change in static pressure with increasing length), the noise from the
mixing which occurs within the ejector is clearly stronger than that which occurs
downstream of the ejector. In this case, inserting a liner in either mixer
configuration produces significant absorption. Actually, one cannot say whether
the sound coming from within the fully lined ejector is greater than that generated
downstream, as the liner may have brought the internal noise down to the level of
the external. However, the insertion loss at the Sideline PLR condition is roughly
the same as that of the upstream parasitic noise, indicating that if more
attenuation was possible with a better liner, the total noise could still be reduced
with the long ejector.
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Another interesting observation concerning the noise-mixing relationship within the
ejector was made during runs using focussed-Schlieren, results of which are
presented elsewhere at this Symposium. Due to a flaw in the design of the axial
mixer, the two halves of the nozzle split apart making the axial nozzle similar
topologically to the vortical. However, the nozzle was no longer convergent-
divergent and shock-free. The gap opened up produced a long shock train which
was clearly visible in the Schlieren. One would think that this would produce
additional sound (probably above 40kHz judging by the shock spacing), but in fact,
the sound was reduced, especially at low frequencies such as are produced far
downstream in the jet.

The point of this observation may be that different mixing mechanisms, such as
screech or edgetone, may prove better in the mixer design even though they are,
by themselves, thought to be more noisy. The mixing which occurs within the
ejector must not only be effective, but also have beneficial directivity and spectra
to allow effective liner strategies and have minimal impact in the human-factor
weighting of jet noise evaluation.
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| Conclusions E

9'x15' test results suggest the following course for improvement:

¢Find ways to increase internal mixing while beneficially changing
either the amplitude, directivity, or spectrum of its sound
generation.

*Optimize ejector length to balance internal sound (after absorption)
with external sound.

eImprove ejector liners and see how near-field (nonlinear) acoustics
changes their performance.

Post-test analysis of the 9x15 test data show several important parametrics for the
continued development of mixer-ejectors for jet noise suppression. The analysis
finds several misconceptions or incorrect assumptions which must be corrected
and understood before the next iteration of mixer-ejectors is designed. Most
importantly, the data shows that in the present application, ‘mixing’ cannot be
treated as a scalar quantity to be reduced or increased; the mixing processes
produced by different mixer geometries within the ejector must be understood in
more detail and their noise generation differentiated to drive the optimization of
mixer design. Simple-minded increase of the mixing within the ejector when the
internal noise already dominates the total sound will only increase the jet noise, not
reduce it. It appears from here that the optimal ejector length will be that which
encloses enough of the flow so that bnternal noise is balanced by external noise. It
appears that a reasonable-length ejector can still benefit from an increase in
absorption by the liner, indicating that the upcoming liner technology program will
be directly applicable to the current mixer-ejector program.
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TEST RESULTS BOEING NFM NOZZLE IN LSAF

G.L. Nihart 2
The Boeing Company & 3 O »7
Seattle, Washington :

Near-fully Mixed (NFM) Nozzle JOTE
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The 1990 test nozzle was based on a design designated the Near-Fully Mixed
(NFM) nozzle.

The key features of this nozzle are:
-- 12 aspiration chutes that stay in the flow at all operating conditions

-- Hinged flaps that change the primary nozzle throat area and expansion
ratio

-- The flaps close off the aspiration flow at the cruise condition
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Test results of this nozzle show up to 20 EPNdB of noise suppression. This would
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translating centerbody VARIABLE-GEOMETRY NFM NOZZLE

The 1992 version of the NFM Nozzle used translating plugs to vary the primary
expansion ratio. The ejector lining was up to an equivalent of 3.3 L/D (2.7 L/D
shown) using radial splitters. This nozzle was called the Variable Geometry NFM
Nozzle and also featured a variable exit area.
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1990 NFM NOZZLE TEST RIG

This is a picture of the 1990 NFM Nozzle test in the Low Speed Aeroacoustic
Facility (LSAF) Wind Tunnel. The ejector shown is the 2.7 L/D lining length. The
20 EPNdB suppression was achieved with an ejector with a 1/3 longer treated
section.



1992 VARIABLE GEOMETRY NFM NOZZLE TEST

This is a picture of the 1992 Variable Geometry NFM Nozzle test in LSAF. The
ejector inlet featured a 15° ramp angle, probably could use 45°, so the inlet is
considerable longer than it needs to be. The ejector is the longest tested,
equivalent treatment area is 3.3 L/D.,
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1992 VARIABLE GEOMETRY NFM NOZZLE

The 1992 Variable Geometry NFM Nozzle is shown. The radial acoustic splitters
are shown in the foreground and the primary nozzles and plugs are in the
background.



PLUG POSITION EFFECT ON NOISE
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Noise test results showed little noise benefit for plug position. The plug position
selected was at 50% aft based on thrust performance.



EXIT AREA EFFECT ON NOISE
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Noise test results showed little noise effect with different ejector exit areas. The
largest area (100%) was selected based on static thrust measurements.



EJECTOR TREATMENT BENEFIT - STATIC
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Several treatment configurations were tested from hardwall shroud, hardwall
shroud and hardwall splitters and different treated configurations. The maximum
static suppression achieved was 15 EPNdB.
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A dB, ATTENUATION

EJECTOR LINING ATTENUATION
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Ejector lining attenuation spectra for the longest ejector relative to the hardwall
shroud (no splitters) configuration. The treated shroud was tuned to 700 Hz (Band
28) and the splitters to 2000 Hz (Band 33).

This data reveals several points:

Hardwall splitters increased noise in the 400-700 Hz range (Bands 26-28)

Lining attenuation is spread out over several one-third octave bands due to
the temperature variation in the ejector

The thin splitter configuration was more effective than the thick splitter
configuration.
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THICK AND THIN SPLITTER LINING DESIGN

incident reflected
Porous Plate Face Sheet
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THIN & o

if;IJNT(I;ER ~——Honeycomb Core
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transmitted

The thick splitter design (conventional) was a double-honeycomb core with a
hardwall septum in between. The thin splitter configuration was with a single core
thickness and a porous face sheet on both sides.
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A EPNL (sideline) due to Acoustic Lining

12 EJECTOR LINING BENEFIT
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Ejector treatment noise suppression results are linear with treatment area. The
1990 bulk absorber was much more effective than the 1992 reactive lining tested.
The design of the reactive lining shroud treatment was tuned to low in frequency
and all of lining should have been more porous. A projection of what could be
achieved with reactive lining is also shown. Lining axial location, downstream of
the mixer, was important but radial location did not seem to be important.
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There was very little flight effect benefit for the suppressed nozzle, an indication
that the noise is predominantly internally-generated. The maximum "in-flight"
suppression level is reduced to 13.6 EPNdB.
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Noise Attenuation (re: RC Nozzle) at Sideline Condition
for Variable-Geometry Near-Fully Mixed Nozzle
at a Nozzle Pressure Ratio of 4.0
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splitter treatment: hardwall hardwall treated treated
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The NFM nozzle noise suppression ranged from a low of 11.4 EPNdB for the
hardwall shroud and hardwall splitter configuration to 13.6 EPNdB for the treated
shroud and treated thin splitter. To be noted the hardwall splitters increased noise
by 0.2 EPNdB and the treated thin splitter was 0.3 EPNdB more effective than the
thick splitter.
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SUPERSONIC JET MIXING ENHANCEMENT DUE TO NATURAL AND INDUCED SCREECH

E.J. Rice
NASA Lewis Research Center
Cleveland, Ohio

S4-07

and
G. Raman

Sverdrup Technologies, Inc.
Brookpark, Ohio

OUTLINE OF PRESENTATION

= REVIEW OF EXPERIMENTAL APPARATUS

= EFFECT OF NATURAL SCREECH ON JET MIXING
— CONVERGING NOZZLE, UNDEREXPANDED JET
— CONVERGING-DIVERGING NOZZLE, DESIGN PRESSURE

m EFFECT OF INDUCED SCREECH ON JET MIXING
— PRODUCED BY PADDLES IN SHEAR LAYERS
— SIMILAR TO EDGE TONES
— CONVERGING-DIVERGING NOZZLE, DESIGN PRESSURE

m EFFECT OF PADDLES ON NEAR-FIELD JET NOISE

m CONCLUDING REMARKS
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The 30 inch diameter plenum chamber that delivers high pressure air to the
rectangular nozzle is seen in the center of the figure. The details of the structure
around the nozzle will be shown shortly. At the lower part of the figure is the
optical beam that supports the strobed Schlieren system. The strobe on the far
right provides the synchronized short duration flash. The next object is the Fresnel
lens with a two dimensional grid. A lens focuses the grid onto an image grid
which is a reduced print of the two dimensional grid. Refraction of the light by
density gradients in the vicinity of the nozzle cause misalignment of the two grids
producing lightened and darkened areas on a frosted glass which is viewed by the
video camera.
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The rectangular CD nozzle is seen with a 0.25 inch microphone attached to
measure the screech amplitude at the nozzle lip. Mounted downstream from the
nozzle are the paddles which induce the screech. The jet is dominated by the
flapping mode of instability and as the jet impinges upon a paddle the pressure
increases. The paddle acts as an acoustic source sending sound back to the nozzle
lip. The flow emerging from the nozzle is excited by this pressure wave causing
the flapping instability which closes the feedback loop. The paddles are mounted
on a three-dimensional movement so that paddle position can be adjusted for
maximum screech feedback and mixing enhancement. The first experimental
results which will be shown use a set of baffles mounted similarly to the paddles
of this figure. However, the baffles are extensive surfaces which block the
acoustic feedback from the shock cells to the nozzle lip while allowing the
supersonic jet to pass through. Using baffles reduce screech and mixing while
paddles induce screech and increase jet mixing.
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EFFECT OF SCREECH LEVEL ON MIXING OF UNDEREXPANDED JET
CONVERGENT RECTANGULAR NOZZLE, ASPECT RATIO = 4.97, Mexp = 1.55
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Three sets of normalized total pressure data are shown here as a function of the
axial distance from the nozzle exit normalized by the small nozzle exit dimension.
This total pressure data is the raw pressure as measured by a total pressure tube
without correction for local static pressure or drop over the tube bow shock. This
is a converging nozzle run underexpanded and the total pressure oscillations with
axial distance show the presence of strong shocks in the jet flow. The middle
curve shows the data for the bare jet. The screech level at the nozzle lip is seen to
be 156.2 dB, and the potential core length is about 10 as expected. When the
baffles are used to eliminate the screech feedback path, the screech is reduced to
129.9 dB. The potential core is increased to 20 showing a dramatic reduction in
jet mixing. The lower curve is the result of parking the baffles at X/H=0. The
screech is seen to increase to 160.4 dB and the potential core reduce to about 5
indicating an increase in mixing over the bare jet.



EFFECT OF SCREECH ON MIXING OF PROPERLY EXPANDED JET
CONVERGING-DIVERGING NOZZLE, ASPECT RATIO = 4.82, Mexp =1.39
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This figure shows the results of repeating the previous experiment with a properly
expanded flow from a converging-diverging rectangular nozzle. The results are
qualitatively the same but with much reduced screech levels and effect on jet
mixing. There is about a 15 dB level difference between the extreme curves with
only a modest change in mixing.
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EFFECT OF SCREECH ON MIXING - COMPARE TWO NOZZLES
CONVERGING AND CONVERGING-DIVERGING, Mexp = 1.4
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The centerline total pressure is shown for the converging-diverging nozzle (#6)
operated at design pressure and also for the converging nozzle (#4) operated
underexpanded both at a Mach number of 1.4. Nozzle #4 is seen to be somewhat
less sensitive to screech level than at a 1.55 Mach number from a previous figure,
but also the screech level variation is less (22 dB) than that of the previous figure
(30 dB). The most interesting point to be made here is that the bare jet from the
CD nozzle mixes almost as well as that of the converging nozzle although the
screech level is much lower (142 and 156.5 dB).



INDUCED INSTABILITY OF SUPERSONIC JET

a. Natural jet

b. Induced flapping instability
paddles at X/Hexit=7.18

Induced instability of supersonic jet (M=1.4), Schlieren
photographs, converging-diverging nozzle, design pressure

The discussion returns to the use of paddles to induce screech. This figure shows
Schlieren photographs of the natural jet and the jet with paddles in place to
produce maximum induced screech. Both are for the properly expanded flow at
1.4 Mach number for a converging-diverging rectangular nozzle. With the paddles
in place the jet is seen to have a large amplitude flapping instability produced by
the acoustic feedback from the paddles to the nozzle lip. The instability
wavelength is seen to be comparable to the jet dimension so a large increase in
mixing can occur.
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MIXING INCREASE - INDUCED SCREECH
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The increased mixing due to the induced screech caused by the paddles is shown
as measured by the jet centerline total pressure. The jet is again the properly
expanded flow from the rectangular converging-diverging nozzle operating at 1.4
Mach number. Note that the total pressure oscillations, due to shock structure in
the jet, are very small compared to previous figures for underexpanded jets. As
the paddles are inserted further into the flow, the centerline total pressure drops
dramatically. The drop in total pressure starts upstream of the paddies since the
flapping oscillations are large there.



COMPARISON OF TOTAL PRESSURE DISTRIBUTIONS
EFFECT OF PADDLES, PRESSURE PROBE AT X=7 INCHES
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PADDLES AT X=4 INCHES

NO PADDLES

The total pressure distribution in a cross-sectional plane seven inches downstream |
from the nozzle exit are shown here. Without paddles the pressure distribution is
seen to have a high peak on the axis and to have mixed very little in the direction
of the nozzle small dimension (Y coordinate). With paddies located four inches
from the nozzle, the mixing is seen to be dramatically increased with the centerline

pressure reduced and a large amount of flow being pushed out in the Y direction
due to the flapping instability.
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HALF VELOCITY COORDINATES FOR THE NATURAL AND INDUCED SCREECH JETS
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AXIAL DISTANCE FROM NOZZLE EXIT, X/Hexit

Estimates of the half-velocity coordinates as they develop downstream of the
nozzle are shown. These are estimates since the transverse coordinate at 1/4 the
centerline total pressure rather than 1/2 the centerline velocity were used. For the
natural jet both the Y and Z coordinates are seen to slowly grow as mixing
increases with no cross-over occurring. However with induced screech caused by
the paddles, the jet Y coordinate is seen to increase drastically due to the flapping
and mixing of the jet. An apparent coordinate cross-over occurs, but this is just
due to the violent jet flapping in the Y direction and is not coordinate switching as
often discussed in connection with low aspect ratio elliptic jets.
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COMPARISON OF MEASURED MASS FLOW AT SEVERAL AXIAL STATIONS
NATURAL JET AND JET WITH PADDLES
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The increase in entrained mass flow due to induced screech is shown in this figure.
The mass flow was derived from the total pressure measurements assuming
constant static pressure. The entire cross-sectional plane (out to zero total
pressure) was included at five axial locations. The equivalent circular nozzle
diameter (same area) was used for normalization. At the larger axial distances, the
entrained flow is seen to increase by about 48% (total flow by 31%).
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MEASURED INTEGRATED AXIAL MOMENTUM OF JETS
NATURAL JET AND JET WITH PADDLES TO INDUCE SCREECH
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AXIAL DISTANCE FROM NOZZLE, X/Hexit

The measured axial momentum, as calculated from the total pressure traverses, for
the jet with and without paddles is shown here. Again the nozzle is the
converging-diverging rectangular nozzle properly expanded at 1.4 Mach number.
For the natural jet the momentum trend is as expected. Due to the reduced local
static pressure near the nozzle caused by air entrainment, the total pressure and
thus the integrated momentum of the jet appears low. As the local static pressure
increases to room pressure, the momentum asymptotically approaches a value of
56 pounds force. The ideal thrust of this jet is about 57 pounds force. With
induced screech caused by the paddles, there is some momentum loss due to the
forces on the paddles, but then there seems to be a continuous drop in momentum
well downstream from the paddles perhaps due to the violent mixing in this region.
Force data using strain gages on the paddle supports has been taken to clarify the
above momentum phenomenon and to measure the paddle drag for trade-off
studies.
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NEAR-FIELD NOISE MEASUREMENTS, CD NOZZLE, Mexp=1.395

NATURAL JET, 1/3 OCTAVE, F = 2500 HZ
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Near-field noise measurements in the Z-X plane are shown in this figure. The Z
coordinate is that of the large dimension of the rectangular nozzle. The nozzle is
shown in broad-side view in the lower left. This frequency, 2500 Hz, is the 1/3
octave peak in the mixing noise. Near the jet when the constant noise contours
run roughly parallel to the jet, the potential of the hydrodynamic field (coherent
structures) is being measured. This potential field grows and then decays with
axial distance. In this case, for the natural jet, the coherent structures are seen to
peak out at a normalized axial distance of about nineteen. The noise field

| produced by these structures occurs as a lobed pattern of constant noise contours,
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