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PREFACE

In 1995, NASA GRC initiated efforts to meet the US industry’s rising need to develop jet noise technol-
ogy for separate flow nozzle exhaust systems. Such technology would be applicable to long-range aircraft
using medium to high by-pass ratio engines. With support from the Advanced Subsonic Technology Noise
Reduction program, these efforts resulted in the formulation of an experimental study, the Separate Flow
Nozzle Test (SFNT).  SFNT’s objectives were to develop a data base on various by-pass ratio nozzles,
screen quietest configurations and acquire pertinent data for predicting the plume behavior and ultimately
its corresponding jet noise. The SFNT was a team effort between NASA GRC’s various divisions, NASA
Langley, General Electric, Pratt&Whitney, United Technologies Research Corporation, Allison Engine
Company, Boeing, ASE FluiDyne, MicroCraft, Eagle Aeronautics and Combustion Research and Flow
Technology Incorporated.

SFNT found several exhaust systems providing over 2.5 EPNdB reduction at take-off with less than 0.5%
thrust loss at cruise with simulated flight speed of 0.8 Mach. Please see the following SFNT related
reports:  Saiyed, et al. (NASA/TM—2000-209948), Saiyed, et al. (NASA/CP—2000-210524),
Low, et al. (NASA/CR—2000-210040), Janardan et al. (NASA/CR—2000-210039), Bobbitt, et al.
(NASA/CR—201-210706) and Kenzakowski et al. (NASA/CR—2001-210611.).

I wish to thank the entire SFNT team of nearly 50 scientists, engineers, technicians and programmers
involved in this project. SFNT would have fallen well short of its goals without their untiring support,
dedication to developing the jet noise technology.

Naseem Saiyed
SFNT Research Engineer
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INTRODUCTION

The use of mixers and mufflers on jet engine exhausts for noise reduction has been a subject of
investigation for a number of years.  As noise restrictions become more severe and human
tolerance is diminished, the search for better mixers and/or mufflers continues.  This report
details the result of one such study in which a concept for fan and core-flow mixing is
analytically investigated. This concept, like many other bypass schemes, is intended to promote
the mixing of the hot and energetic core flow with the cold fan flow.    The noise reduction that
ensues must be evaluated as well as the associated performance penalty.   Calculations are
carried out using the Navier-Stokes equations and appropriate turbulence models.

To perform the required study Eagle Aeronautics, Inc., (EAI) has put together a team that is
composed of EAI, Analytical Service and Materials (AS&M) and ICEM CFD Technologies
(ICEM).  Each possesses extensive experience in the technologies that constitute computational
fluid dynamics (CFD).  Expedition of the subject contract has required each group to contribute
in areas where they have a particular, or unique, knowledge. The composite of these inputs
yields a very accurate and time-efficient methodology/code-array for use in a variety of nozzle
applications.  One nozzle configuration in the present study is axisymmetric and two others are
three dimensional due to the geometry of the “mixing” device. The 3D configurations are
periodic in the cross plane; only one section of a configuration is analyzed with periodic
boundary conditions applied for flow conditions at zero angle of attack.

The basic flow solver of the Navier-Stokes equations is PAB3D, which was developed by Dr.
Khaled S. Abdol-Hamid of AS&M under contract to the NASA Langley Research Center.    Dr.
Armin Wulf of ICEM using their COMAK generated surface and field grids and Hexa codes.
Post processing was done by Ms. Ana Tinetti using the POST code developed by Dr. Steven
Massey, both of EAI.

In the present report a brief discussion of the nozzle geometries, grid methodology, the flow
solver, and the calculated results obtained are given in that order.  Computation times, which are
of particular concern for the 2D and 3D configurations, are also noted.

METHODOLOGY

Nozzle Geometries

Both axisymmetric and three-dimensional nozzles are analyzed in this study.  The 3D nozzles
are similar to the axisymmetric except for 12 or 24 tabs (or chevrons) arrayed around the
trailing edge of the core nozzle. They are alternately deflected inward and outward with respect
to the baseline axisymmetric nozzle geometry.  Figure 1 shows a cross-section of the 2D nozzle
while figure 2 shows the geometry of the modified core nozzle of the 3A12B, GE configuration.

Figure 3 gives a photograph of this same nozzle showing more clearly the core-nozzle tabs.

The Eagle team added a second 3D nozzle to illustrate the rapidity that geometry perturbations
could be made.  It is designated 3A24B since it has twice as many tabs as the 3A12 B nozzle.
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required for obtaining a time marching solution with the same flow condition.  The accuracy
obtained by these different solvers is practically indistinguishable.

PAB-3D has other built-in timesaving routines including grid sequencing and customized
computer memory requirements that permit the user to quickly obtain a converged solution.
PAB3D uses advanced turbulent models to model the Reynolds Stress terms in the governing
equations. There are several state-of-the-art two-equation and algebraic Reynolds Stress
turbulence models implemented in the PAB3D code.  PAB3D is also capable of simulating
different gases (species) simultaneously for real gas simulations.  The species concentrations are
used to evaluate equivalent thermodynamic and viscous parameters in the flow governing
equations.  All scalar equations (turbulence and species concentration) are solved uncoupled
from the mean flow governing equations.  This approach keeps the scheme partially implicit
with a reduction in computational time.

PAB3D uses either natural or specified locations for the transition of the flow from laminar to
turbulent.  Turbulent calculations do not require any special initialization procedure for stable
computation.  The code uses a flexible mesh sequencing procedure. Typical solutions will
require 800 iterations on a twice-coarsened mesh level, 400 iterations on a one-coarsened mesh
level, and 200 iterations on the finest mesh level.  For example, 1,000,000 grid points require
25-30 hours using an SGI R10000/185 MHz workstation.

Another approach to reducing computation time is to use distributed computers or a
multiprocessor computer.  GEAE has recently used the MPI (Message Passing Interval) version
of PAB3D to produce a solution for an equivalent nozzle-exhaust problem with CHEVRON
(noise suppression device).  They used six HP 9000 computers and got a converged solution in
approximately 12 hours.  Calculations for the 3D nozzle configurations in this study were
carried out using a cluster of four CPU SGI R 10000/195 MHz computers (roughly equivalent
to three Dec alpha 21164/533 MHz computers) and the MPI version of PAB3D.   Appendix B
gives a detailed description of the virtues of computer clusters versus a single C-90 processor.

Three major grid divisions were created in the grid generation to reduce computational time.
The nozzle section was first run alone using a static backpressure boundary condition and an
elliptic solution procedure.  The external nozzle section was run with the same approach. The
downstream section was run using the inflow from the nozzle and external nozzle sections in a
parabolic mode to provide an initial estimate of the flow solution.  The initial estimate was used
to adapt the grid (as noted earlier) before continuing. The three-grid sections were combined
and run elliptically to provide the final solution including the interaction of the internal and
external flows.  The combined grid, up to 3 million grid points, will fit in the 300 MB of
memory on a workstation.  The solution strategy is summarized below.

§ Y+ is around 1 for the fine grid, and designed for not to exceed a value of 6 at the coarser
grid level.  This makes the coarse and medium grid simulation accurate less than 5 percent
but represents quantitatively most of the flow characteristics.

§ 4 CPU SGI R10000/195 MHz system is used to simulate the 3D cases, with speed
equivalent to 3 CPU Alpha 21164/533 MHz.
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§ Use the coarse grid level to define the elliptic and parabolic region, which is 1/64 of the fine
grid.

§ Use the time marching and grid sequencing technique to simulate the elliptic flow region.
§ Use the space marching to simulate the parabolic region.

The PAB3D code has been used to provide solutions for each condition using the following
options in the PAB3D code.

§ Mixed Roe/van Leer scheme: Roe’s scheme for the internal region of the nozzle and van
Leer’s for the jet mixing layer region.  This mix will provide the best combination based on
our experience.

§ Both time-marching and space-marching schemes will be used for faster converged
solutions.  Typical 1,000,000 grid points require less than 6 hours for converged solution.

§ Third-order accuracy in space.
§ Multiblock structured with general conservative patching technique.
§ Standard two equation k-_ model.
§ Shih, Zhu and Lumley Algebraic stress model.

A two-equation eddy-viscosity model and a non-linear algebraic Reynolds stress (SZL) model
solution will be provided for the 12 tab 3D configuration.

RESULTS

The PAB3D code, along with the appropriate grids, has been applied to three separate
configurations, the 2D nozzle of figure 1, the 3D nozzle (3A12B) of figure 3, and the 3D nozzle

with 24 tabs.  There are two sets of test conditions (see Table I) provided by the NASA Glenn
Research Center (GRC), one for the 2D case and one for the 3D cases.   In addition, the 3A12 B

configuration has been run for a second turbulence model and the 2D nozzle was run using both
a set of experimental boundary conditions and the 3D test conditions.  The six computer runs
carried out are listed below:

Configuration/Tabs Turbulence Model Test Condition

2D     0 Std k-ε 1
2D     0 Std k-ε Experimental
2D     0 Std k-ε 2
3D    12 Std k-ε 2
3D    12 SZL* 2
3D    24 Std k-ε 2

_____________________________________
*Shih, Zhu, and Lumley eddy-viscosity model
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The “experimental” flow conditions referred to above are Pt/Pam b = 1. 7 f or  th e f an  f low , and 

P t/P am b =  1 .48  f or  co r e f l ow .   The  a mbi en t f r e e- s tr eam  M ach  n umb er  is  0 .05 .

S a mp le r e s ul ts  ar e pr e s e nte d bel ow  f o r  f iv e con f i gur at ion s  and  t w o tu r bu le nce  m ode ls  w i th 
on ly  th e 2D  no zzl e w it h 3D  bo und ar y c on dit io ns  ex clu de d.

Axisymmetric nozzle

Figure 17 givens contour plots of the Mach numbers in and downstream of the 2D axisymmetric
nozzle with the flow conditions of “Test Condition 1.”  Figure 17a gives these contours as lines
of equal Mach number, while figure 17b gives the near-field contours as regions of the same
Mach level, defined by the color key.  The longitudinal dissipation and lateral spreading,
characteristic of nozzle flows, can be clearly seen.

Figure 18 gives similar results for the 2D nozzle with the “Experimental” values for the core
and fan pressure ratios.  In this case, the fan flow Mach number is higher than that of the core
and downstream flow velocities and lateral mixings (due to the fan flow) are both higher (see
figures 17a and 18a) than that of figure 17.  Note that the Mach-level key is different in figure
18 from that of figure 17.

3A12B Nozzle

Calculated results for the 3D twelve-tab configuration and the k-_ turbulence model at test
condition is plotted in figure 19.  Figure 19 includes seven color-contour plots of the following
quantities:

§ Symmetry plane  Mach  number Figure 19a
§ Cross plane  Mach numbers at x = 100 mm and x = 500 mm Figure 19b
§ Symmetry plane turbulent kinetic energy Figure 19c
§ Cross plane turbulent kinetic energy at x = 100 mm and Figure 19d
          and x = 500 mm
§ Symmetry plane pressure ratio Figure 19e
§ Cross plane pressure ratio at x = 100 mm and x = 500 mm Figure 19f
§ Cross plane turbulent kinetic energy at x = 100 mm for three Figure 19g
           grid levels

Several features are of interest with respect to these results:

§ The small amount of shear between the core and fan flows (see figures 19a and 19c)
§ The primary shear layer between the fan and free-stream flows (figure 19c)
§ Cross plane plots of Mach number indicate a substantial
           effect due to the tabs (figures 19b)
§ Crossplane plots of turbulent kinetic energy show large production around the

fan/freestream interface (figure 19d).
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§ The near constant pressure downstream of the nozzle (figures 19e and 19f)
§ Grid level reduction from 444 to 222 shows a significant difference in the turbulent kinetic

energy.  Further reduction to the 112 grid level has only a small effect (figure 19g)

Turbulence Model Effects

Figure 20 presents the same set of contour plots, as figure 19 except the turbulence model is that
of Shih, Zhu and Lumley.  Comparison of these results with those using the k-_ model yield the
following observations:

§ The symmetry plane Mach contours are essentially the same (figures 19a and 20a)
§ Cross plane Mach contours are also similar (figures 19b and 20b)
§ The k-_ model yields a higher level of turbulent energy between the fan and free-stream

flows than the SZL model.  Cross-plane plots of the turbulent energy show the same
phenomena (figures 19d and 20d)

§ The downstream pressures are very little different (figures 19e, 19f, 20e and 20f)
§ Both the k-_ turbulence model and the SZL model show that there is a significant difference

between the 444 and 222 grid levels for the turbulent kinetic energy while there is very little
difference between 222 and 112 grid levels.

3A24B Nozzle

As noted earlier, a 24-tab grid and calculation was carried out using alternating in and out
deflections similar to the 12-tab configuration. Since the 24 tabs had to fit the same
circumference as the 12 tabs, the 24 tabs are half the size of the 12 tabs.  Seven figures give
these results as in the other 3D cases and are numbered 21a through 21g. The results are for the
k-__turbulence model and consequently should be compared to figure 19.  Test condition 2 was
used as in the results for figures 19 and 20.  It should be remembered that the 24-tab crossplane
plots are given for a 15-degree sector and should be combined with the mirror image to compare
to those of the 12-tab configuration.

Figure 21a shows that there is slightly more attenuation of the downstream symmetry-plane,
fan-flow Mach number for the 24-tab configuration than the 12 tab.  Cross plane Mach contours
in figures 21b and 19b for x = 100 mm and x = 500 mm indicate similar patterns (although
compressed) at x = 100 and slightly different patterns at x = 500 mm.  Overall it appears that the
24-tab configuration produces slightly more Mach number reduction than the 12-tab.  Figures
21c and 21d and figures 19c and 19d clearly show that the 12 tab configuration caused less
turbulent energy between the free-stream and fan flows than the 24 tab (see figures 19d and 21d
for x = 500 mm).  Pressure ratio plots for the 24-tab configuration in figures 21e and 21f are
roughly the same as those of 19e and 19f for the 12-tab geometry.  Finally, the grid level
sensitivity of the turbulent kinetic energy, shown in figure 21g, is about the same as in figure
19g. Calculated results and electronic files have been formulated for the axysymmetric nozzle
with the 3D boundary conditions to enable a precise estimate of the effects of the tabs but no
plots were made.  Files for all six cases are detailed in Appendix C.
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Concluding Remarks

Plug-nozzle/engine-exhaust, Navier-Stokes calculations have been carried out for three separate
configurations, one 2D and two 3D.  The latter are three dimensional due to the presence of
mixer elements on the trailing edge of the core nozzle.  A total of six N-S calculations were
carried out to determine the effects of the turbulence model used, the grid size, 12 versus 24
mixer elements and the effects of the mixer elements themselves.  Contour plots have been
included for Mach number, turbulent kinetic energy and pressure ratio for a number of cases.
Electronic files are available for all six cases.
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List of Figures

Figure No.

1. Geometry of Baseline Axisymmetric Plug-Nozzle Configuration

2. G.E. Plug Nozzle with Alternating Inward and Outward Tabs (Configuration
3A12B) Core Nozzle.

3. Photograph of G.E. Plug Nozzle Showing Alternating Tabs on Core Nozzle.

4. Plug Nozzle Input Convention for Curves

5. Input Parameters for 2D Plug Nozzle Model

6. Automatically Generated Blocking for 2D Plug Nozzles

7. Blocking Numbers of the 2D Model (8 Blocks)

8. 2D Grid Detail

9. Updated 2D Model: Detail With New Parameters

10. Updated 2D Grid: Detail

11. Input Convention for Tab Edge Curves and Angle for 3D Model

12. Input Parameters for 3D Plug Nozzle Model with Tabs

13a. Automatically Generated 3D Surface Model for Nozzle with Tabs

13b. Surface Grid for Plug Nozzle with 12 Tabs (30 Degree Section)

14. Output Blocks for the 3D Model (9 Blocks)

15. Detail of 3D Model Grid on Symmetry Plane j-min
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16. Grid of 3D Model on j-min Symmetry Plane

17a. PAB3D Solution for 2-D Nozzle.  212 Grid Level. Minf = 0.05, no fan flow, core
flow pt/pamb = 1.19  - Lines of equal Mach number.

17b. PAB3D Solution for 2-D Nozzle.  212 Grid Level. Minf = 0.05, no fan flow, core
flow pt/pamb = 1.19  - Equal Mach Zones.

18a. PAB3D Solution for 2-D Nozzle.  212 Grid Level. Minf = 0.05, fan flow

pt/pamb = 1.7, core flow pt/pamb = 1.48  - Lines of equal Mach number.

18b. PAB3D Solution for 2-D Nozzle.  212 Grid Level. Minf = 0.05, fan flow

pt/pamb = 1.7, core flow pt/pamb = 1.48  - Equal Mach zones.

19a. Twelve Tab, PAB3D 3-D Nozzle Solution, 112 Grid Level.  Std. κ−ε turbulence
model, symmetry plane (j = jmax). – Equal Mach zones in symmetry plane.

19b. Twelve Tab, PAB3D Solution for 3-D Nozzle, 112 Grid Level.  Std. κ−ε
turbulence model, constant i planes – Equal Mach at x = 100 and 500 mm.

19c. Twelve Tab, PAB3D 3-D Nozzle Solution, 112 Grid Level.  Std. κ−ε turbulence
model, symmetry plane (j = jmax). – Equal turbulent energy zones in symmetry
plane.

19d. Twelve Tab, PAB3D  Solution for 3-D nozzle, 112 Grid Level.  Std. κ−ε
turbulence model, constant i planes  – Equal turbulent energy zones at x = 100
and 500 mm.

.

19e. Twelve Tab, PAB3D 3-D Nozzle Solution, 112 Grid Level.  Std. κ−ε turbulence
model, symmetry plane (j = jmax). – Equal pressure zones in symmetry plane.

19f. Twelve Tab, PAB3D  Solution for 3-D Nozzle, 112 Grid Level.  Std. κ−ε
turbulence model, constant i planes – Equal pressure zones at x = 100 and

500 mm.

19g. Twelve Tab, PAB3D Solution for 3-D Nozzle, 112 Grid Level.  Std. κ−ε
turbulence model, constant i planes – Effect of grid size on turbulent energy

10NASA/CR—2001-210706



at x = 100.

20a. Twelve Tab, PAB3D 3-D Nozzle Solution, 112 Grid Level. SZL turbulence
model, symmetry plane (j = jmax) - Equal Mach zones in symmetry plane.

20b. Twelve Tab, PAB3D Solution for 3-D Nozzle, 112 Grid Level. SZL turbulence
model, constant i planes - Equal Mach zones at x = 100 and 500 mm.

20c. Twelve Tab, PAB3D 3-D Nozzle Solution, 112 Grid Level. SZL turbulence
model, symmetry plane (j = jmax) - Equal turbulent energy zones in symmetry
plane.

20d. Twelve Tab, PAB3D Solution for 3-D nozzle, 112 Grid Level. SZL turbulence
model, constant i planes - Equal turbulent energy zones at x = 100 and 500 mm.

20e. Twelve Tab, PAB3D 3-D Nozzle Solution, 112 Grid Level. SZL turbulence
model, symmetry plane (j = jmax) - Equal pressure zones in symmetry plane.

20f. Twelve Tab, PAB3D Solution for 3-D nozzle, 112 Grid Level. SZL turbulence
model, constant i planes - Equal pressure zones at x = 100 and 500 mm.

20g. Twelve Tab, PAB3D Solution for 3-D nozzle, SZL turbulence model, constant i
planes – Effect of grid size on turbulent energy at x = 100.

21a. Twenty Four Tab, 3D Configuration, 112 Grid Level. Std. κ−ε turbulence model,
symmetry plane (j = jmax) – Equal Mach zones in symmetry plane.

21b. Twenty Four Tab, 3D Configuration, 112 Grid Level. Std. κ−ε turbulence model,
constant i planes – Equal Mach zones at x = 100 and 500 mm.

21c. Twenty Four Tab, 3D Configuration, 112 Grid Level. Std. κ−ε turbulence model,
symmetry plane (j = jmax) – Equal turbulent energy zones in symmetry plane.

21d. Twenty Four Tab, 3D Configuration, 112 Grid Level. Std. κ−ε turbulence model,
constant i planes – Equal turbulent energy zones at x = 100 and 500 mm.
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21e. Twenty Four Tab, 3D Configuration, 112 Grid Level. Std. κ−ε turbulence model,
symmetry plane (j = jmax) – Equal pressure zones in symmetry plane.

21f. Twenty Four Tab, 3D Configuration, 112 Grid Level. Std. κ−ε turbulence model,
constant i planes – Equal pressure zones at x = 100 and 500 mm.

21g. Twenty Four Tab, 3D Configuration.   Std. κ−ε turbulence model, constant i
planes – Effect of grid size on turbulent energy at x = 100.

12NASA/CR—2001-210706



13NASA/CR—2001-210706



14NASA/CR—2001-210706



15NASA/CR—2001-210706



16NASA/CR—2001-210706



17NASA/CR—2001-210706



18NASA/CR—2001-210706



19NASA/CR—2001-210706



20NASA/CR—2001-210706



21NASA/CR—2001-210706



22NASA/CR—2001-210706



23NASA/CR—2001-210706



24NASA/CR—2001-210706



25NASA/CR—2001-210706



26NASA/CR—2001-210706



27NASA/CR—2001-210706



28NASA/CR—2001-210706



29NASA/CR—2001-210706



30NASA/CR—2001-210706



31NASA/CR—2001-210706



32NASA/CR—2001-210706



33NASA/CR—2001-210706



34NASA/CR—2001-210706



35NASA/CR—2001-210706



36NASA/CR—2001-210706



37NASA/CR—2001-210706



38NASA/CR—2001-210706



39NASA/CR—2001-210706



40NASA/CR—2001-210706



41NASA/CR—2001-210706



42NASA/CR—2001-210706



43NASA/CR—2001-210706



44NASA/CR—2001-210706



45NASA/CR—2001-210706



46NASA/CR—2001-210706



47NASA/CR—2001-210706



48NASA/CR—2001-210706



49NASA/CR—2001-210706



50NASA/CR—2001-210706



51NASA/CR—2001-210706



52NASA/CR—2001-210706



53NASA/CR—2001-210706



54NASA/CR—2001-210706



This publication is available from the NASA Center for AeroSpace Information, 301–621–0390.

REPORT DOCUMENTATION PAGE

2. REPORT DATE

19. SECURITY CLASSIFICATION
 OF ABSTRACT

18. SECURITY CLASSIFICATION
 OF THIS PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA  22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC  20503.

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102

Form Approved

OMB No. 0704-0188

12b. DISTRIBUTION CODE

8. PERFORMING ORGANIZATION
 REPORT NUMBER

5. FUNDING NUMBERS

3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE

6. AUTHOR(S)

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT

13. ABSTRACT (Maximum 200 words)

14. SUBJECT TERMS

17. SECURITY CLASSIFICATION
 OF REPORT

16. PRICE CODE

15. NUMBER OF PAGES

20. LIMITATION OF ABSTRACT

Unclassified Unclassified

Final Contractor Report

Unclassified

1. AGENCY USE ONLY (Leave blank)

10. SPONSORING/MONITORING
 AGENCY REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration
Washington, DC  20546–0001

Available electronically at http://gltrs.grc.nasa.gov/GLTRS

May 2001

NASA CR—2001-210706

E–12637

WU–781–30–12–00
C73174–5

61

Jet Plume Flow Solutions

Percy J. Bobbitt, K.S. Abdol-Hamid, Armin Wulf, and Ana F. Tinetti

Acoustic nozzles; Aeroacoustics; Aircraft noise; Engine noise; Exhaust nozzles;
Jet aircraft noise; Jet engines; Mixers; Noise reduction; Noise suppressors; Sonic nozzles

Unclassified -Unlimited
Subject Category: 71 Distribution:   Nonstandard

Eagle Aeronautics, Inc.
12388 Worwick Blvd.
Newport News, Virginia 23606–3850

Navier-Stokes CFD solutions of the flow in, and downstream of three plug-nozzle, jet-exhaust configurations are
presented. One configuration is axysymmetric, while the other two have “mixing elements” that require three-
dimensional grids and flow solutions. Two different turbulence models are used, along with several different combina-
tions of core-nozzle and fan pressure ratios and temperatures to yield a total of six separate flow solutions and
associated electronic files. Some illustrative results are presented of Mach number, turbulent kinetic energy, pressure
ratio, and the effect of grid size.

Percy J. Bobbitt and Ana F. Tinetti, Eagle Aeronautics, Inc., 12388 Worwick Blvd., Newport News, Virginia 23606–3850;
K.S. Abdol-Hamid, Analytical Services and Materials, Inc., Hampton, Virginia; Armin Wulf, ICEM CFD Engineering,
Inc., Berkeley, California. Project Manager, Naseem Saiyed, Structures and Acoustics Division, NASA Glenn Research
Center, organization code 5940, 216–433–6736.

http://gltrs.grc.nasa.gov/GLTRS





	Untitled
	PDF Pg# sample
	E-12381 pp 001-301.pdf
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	E-12381 pp 085-183.pdf
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	E-12381 pp 184-301.pdf
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	Untitled
	Untitled


