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Jet noise effects produced by an axisymmetric multistream exhaust nozzle have been examined using
computational and experimental techniques. The current approach for designing low noise exhaust sys-
tems uses empirical rules and computational � uid dynamics (CFD) calculations aimed at lowering peak
velocities and/or temperatures. Engineers need to be able to predict noise directly and use predictions to
support their speci� c design goals. The computational approach utilized in this paper applies a state-of-
the-art CFD Navier – Stokes analysis (NASTAR), in conjunction with a computationally based aero-
acoustics analysis. The aeroacoustic analysis uses mean � ow properties and turbulent kinetic energy/
dissipation variables as input parameters for the aeroacoustic solver. Predictions have been made and
compared to experimental data obtained in NASA Lewis Research Center’s open-jet facility. More spe-
ci� cally, comparisons of aerodynamic and acoustic parameters have been made for axisymmetric nozzles
to identify the effects of turbulence level, compressibility, geometrical sizing, and forward � ight on mea-
sured levels of jet noise. Applicability of this analysis approach to three-dimensional forced mixer con� g-
urations has also been explored, with a limited degree of success.

Nomenclature
A = area
a = speed of sound
BPR = bypass ratio, mbypass /mcore

D = nozzle diameter
f = observed frequency
g = shielding function
k = turbulence kinetic energy
m = mass � ow
P = pressure
R = distance to observer
r = radial coordinate
T = temperature
U = axial velocity component
V = vertical velocity component
x = axial coordinate
a, aT, bc = empirical constants
« = turbulent dissipation
h = temperature mixedness
u = viewing angle referred to upstream
r = density
t = characteristic time delay
V = source frequency

Subscripts
b = bypass stream condition
c = convective reference
cl = centerline
fs = full or engine scale
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j = jet exit plane condition
m = fully mixed outplane
p = primary stream condition
ss = small or model scale
x = axial location
0 = stagnation condition
` = freestream condition

Superscript
9 = turbulent � uctuation

Introduction

F EDERAL Aviation Administration (FAA)-imposed stage 3
noise requirements will place strong operating restrictions

on aircraft that are currently in use. In extreme cases, � nancial
penalties may be imposed and some aircraft types may be
banned from operating. A primary component of the measured
noise during takeoff is jet noise, produced by the turbulent
mixing of the engine � ow with the ambient, or external, air-
stream. Since the late 1960s, internal forced mixing has been
used extensively in low bypass ratio (LBPR) engines, such as
Pratt and Whitney’s family of JT8Ds, to obtain thrust aug-
mentation, improved thrust-speci� c fuel consumption (TSFC),
and noise reduction. Forced mixing combines the hot, or tur-
bine, exit � ow with the cold fan, or bypass, � ow prior to ac-
celeration of the � ows through the exhaust nozzle. Internal
mixers often use convoluted surfaces, shaped like a cookie-
cutter, to form the annular dividing surface (between core and
bypass � ow) to achieve improved mixing (Fig. 1). Two driving
mechanisms have been postulated to explain this long-ob-
served phenomena: 1) the generation of large-scale streamwise
vortices and 2) the generation of an increased shear-layer pe-
rimeter. Experimental parametric studies have also shown that
improved mixing is frequently obtained at the expense of in-
creased � ow losses.

The design and development of internal mixers has until
recently utilized cut and try techniques to optimize exhaust
system performance. Complicating the design process is the
observation that the forced mixer has many important scales,
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Fig. 1 Typical lobed forced mixer exhaust geometry.

e.g., the number of lobes, lobe height, lobe aspect ratio, lobe
shape, etc. Because of the geometrical and physical complexity
of the problem, computational � uid dynamics (CFD) tech-
niques have traditionally had little impact on the design pro-
cess, because of limitations from available 1) computational
power, 2) grid generation techniques, and 3) reliable CFD solv-
ers, as well as 4) the lack of a good understanding of the
dominant � ow mechanisms. As more powerful computers and
improved computational methods have become available, CFD
techniques have been applied in the design process.

Conventional design processes apply empirical rules and
CFD analyses. A key design criterion of these analyses has
been to reduce the peak levels of velocity and temperature at
the nozzle exit plane. A general-purpose Navier – Stokes anal-
ysis1 (NASTAR) has been applied in such a manner to design
forced mixer/nozzle con� gurations. In one validation study,2 a
high-penetration 18-lobed mixer for the NASA-supported
high-bypass ratio Energy Ef� cient Engine (E3) was analyzed
and the results were compared to experimental data.

The aim of the following research study is to determine if
advanced CFD and computational aeroacoustics (CAA) and
computational techniques can be used to provide a more direct
analysis of the jet noise characteristics of advanced exhaust
nozzle systems. The viscous � ow analysis used in this study
is the NASTAR code. Jet noise penalties are assessed from a
variety of predicted � ow� eld-based parameters. Analytically
based acoustic signature assessments are performed using
NASA Lewis Research Center’s (LeRC) modi� ed version of
the FAA Mani-Gliebe-Balsa (MGB) analysis.3 This study will
calibrate these analyses for axisymmetric multistream nozzles
as well as assess the applicability of the analyses to three-
dimensional forced mixer nozzles.

NASTAR Navier– Stokes Analysis
The viscous � ow analysis used was the NASTAR code,

which solves the Reynolds-averaged form of the governing
equations for steady, three-dimensional � ows, including the
effects of turbulence and heat release caused by chemical re-
action. The code is based on the method by Rhie and Chow.1

Essentially, NASTAR represents a signi� cant extension of the
pressure-correction methodology used in the TEACH family
of codes.4 The governing equations are approximated using a
� nite volume method. The discretized continuity and momen-
tum equations are used to derive a pressure-correction equation
that is used in place of the continuity equation. Rhie and
Chow’s method1 provides a single-cell, general curvilinear co-
ordinate procedure that is applicable for Mach numbers rang-
ing from incompressible � ow to hypersonic � ow. The results
described in the current study were obtained using the two
equation (k-«) model for turbulence.5

The algorithm used in NASTAR provides for a controlled
amount of numerical damping based on the local cell Reynolds
number to promote numerical stability. Various measures were

used to determine whether the computation was converged suf-
� ciently. NASTAR evaluates residual errors as well as selected
integral measures. These measures can be used to assess con-
vergence characteristics, aerodynamic performance, and jet
noise penalties, e.g., contours of stagnation temperature T0 at
the mixing duct/nozzle exit plane, pro� les of axial velocity U
downstream of the mixer and at the nozzle exit plane, and
mixedness h(x) de� ned as

rU uT 2 T u dA0x 0mE
h = 100 1.0 2 (1)S D

rU uT 2 T u dA0i 0mE
where the subscript i refers to the initial axial plane in the
mixing duct. Experience shows that each nozzle case required
approximately 5000 iterations to achieve convergence.

The primary measure for jet noise reduction, however, has
been that lower jet noise corresponded to reduced peak veloc-
ity and temperature pro� les at the exit plane of the exhaust
nozzle. In the next section, we will consider a computationally
based aeroacoustic (CBA) analysis aimed at directly predicting
noise spectra [sound pressure level (SPL)] and acoustic sig-
natures [overall sound pressure level (OASPL)].

MGB Acoustics Analysis
The direct computation of an engine exhaust sound � eld by

solving the unsteady � ow form of the Navier– Stokes equa-
tions (CAA) is currently not feasible. An alternative approach
based on a uni� ed aerodynamics/acoustics prediction analysis
has been developed by Mani et al.3 and is called the MGB
analysis. Mani et al.3 followed Lighthill’s original assumption
that the turbulent � uctuations produced in the mixing regions
of the jet are the primary source of noise generation. The MGB
solution technique is described in two sections: 1) source/spec-
trum modeling and 2) sound/� ow interaction.

In the � rst part, the aerodynamic predictions from a � ow� eld
analysis are used to model the source strength and its spec-
trum. In the original version, this analysis was based on the
semiempirical Reichardt model. Khavaran et al.6,7 developed
an improved model that incorporates a steady-state Navier–

Stokes analysis to determine the mean � ow aerodynamics to-
gether with k and « turbulence parameters to de� ne the eddy
scales. The acoustics solution applies Lighthill’s acoustic anal-
ogy. The source terms in the acoustics equation are determined
by applying Ribner’s model (for which the correlation function
is a linear combination of second-order tensors), assuming iso-
tropic turbulence. While the original analysis applied Davies
empirical model (based on the mean shear, ­U/­r) for the tur-
bulent eddy scales, the current analysis assumes a scaling
based on k-«, a turbulent time scale. The source and spectrum
tensor I is proportional to k7/2 and includes Doppler shift and
convective Mach number effects. The Doppler effect provides
a relationship between V and f.

Lighthill’s acoustic analogy approach does not incorporate
the effect of the surrounding mean � ow on the sound radiated
by convected multipole sources. Pressure � uctuations propa-
gate through regions of nonuniform velocity and temperature
before reaching the observer point. Thus, the location of the
source within the jet determines the amount of radiated sound.
The mean � ow affects the refraction of the radiated sound and
provides an additional convective ampli� cation factor.

In the second part of the MGB analysis, Mani et al.’s3 for-
mulation for the sound/� ow interaction for axisymmetric ge-
ometries is adopted; i.e., the turbulent properties of the jet are
coupled with its acoustic radiation. The mean square pressure
in the far � eld is an integrated effect of 1) a factor related to
the source intensity and frequency and 2) a series of directivity
factors, which are functions of the � ow and convective Mach
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Table 1 NATR test conditions

M` T0p, 7R T0b, 7R T0̀ , 7R P0p, psi P0b, psi P0̀ , psi

0.10 1442 542 533 28.02 26.43 14.30
0.27 1438 508 527 28.81 26.13 15.10

Fig. 2 Schematic of exhaust nozzle installations in NASA NATR
test facility.

numbers. Consistent with acoustical modeling practice, these
Mach numbers are de� ned with reference to the freestream
speed of sound. The acoustical signature or SPL for an axi-
symmetric jet is expressed in terms of the mean square pres-
sure � eld

2p̄
SPL = 10 log = 10 log L f (a ) dV (2)10 10 ijS D FE G2pref

where L is a factor related to the source intensity and fre-
quency, and the aij are directivity factors expressed in terms of
the polar observation angle u, the local sound speed, and � ight
and convective Mach numbers through a shielding function.
The mean square of the pressure � eld at a point in space, from
all sources, can be approximately given as

2

12 4 2 2 7/2p̄ ’ {(vt ) exp[2(Vt ) /8]}(r k DV )0 0 `S D4pR
4 6(1 2 M sin u) a 1`

3 b (3)F G F G2 6(1 2 M sin u) a (1 1 M sin u)c `

where the source intensity spectrum and � ow shielding factors
are de� ned as follows:

7/2 4I(V) ’ r k (Vt ) DV (4)` 0

V 2 1/2b = exp 22 ug (r, u, M , M ) u dr (5)cF S D E Ga`

and other key parameters are de� ned as follows:

UU j
M = , M = , M = 0.5(M 2 M ) 1 b (M 2 M )j c ` c j `

a a` `

k 1
t = = characteristic time delay0 S D S D« a

1/21/2k2V = 2pv (1 2 M sin u) 1 ac TF Ga`

The parameters a, aT, and bc are user-speci� ed constants that
are empirically determined. The angle u is measured from the
jet centerline starting from the inlet or upstream direction.
More frequently, however, SPL is converted into a weighted
average, such as OASPL. OASPL integrates SPL at a given
measurement location/orientation over all frequencies.

Nozzle Geometry and Experimental Data
The experimental data cited in this study8,9 were obtained in

the Nozzle Acoustic Test Rig (NATR) at LeRC. The rig con-
sists of a 53-in.-diam freejet situated in a 62-ft radius dome.
The jet is capable of supplying nozzle pressure ratios up to 5.0
and jet stagnation temperatures of 20007R. The current study
focuses on an axisymmetric multistream nozzle � ow� eld, con-
sisting of a hot primary inner � ow, a cold secondary � ow

(separated from the primary by a splitter surface), and an ex-
ternal stream representing low-speed ambient takeoff condi-
tions (Fig. 2). The overall length of the model has been de-
signed to account for thermal growth effects. Figure 2 also
illustrates the use of a wind-tunnel contraction section, de-
signed to minimize the growth of the boundary layer over the
external surface of the nozzle. Total pressure and temperature
pro� les were experimentally determined by probes located at
the upstream charging station (x/D = 211.6). One-dimensional
averages of these measurements are shown in Table 1. Figure
2 shows the location of laser Doppler velocimetry (LDV) tra-
verses in terms of an axial coordinate referenced to the nozzle
diameter. A single internal traverse plane was measured. Mi-
crophone arrays located 50 ft from the model measured spectra
that have been processed in a one-third-octave format.

All acoustic data were taken to match the sideline takeoff
acoustic condition (M` = 0.27). All LDV data were taken at a
high power point corresponding to a primary nozzle pressure
ratio of about 2.0 and a freestream Mach number of 0.10. A
higher Mach number was desired to match the sideline acous-
tic condition, but this was prevented by excessive vibration of
the LDV system.

Computational Model
The calculations were performed in two stages. Initially, a

calculation (CFD1) was completed from the upstream charging
station to a station where the lobed mixer would begin in a
three-dimensional � ow case. The results of this calculation
provided inlet pro� les for all subsequent aerodynamic calcu-
lations. These latter calculations (CFD2) were performed from
the mixer inlet station, through the nozzle exit plane, to a plane
approximately 17 nozzle diameters downstream of the nozzle
exit. The forced mixer calculations were performed on a com-
putational domain that extended 12D downstream, with some
axisymmetric calculations extending the domain to 20D. Based
on an observation concerning the impact of turbulence level
on the OASPL acoustical signature, parametric studies varying
the inlet turbulence pro� le were conducted. Two types of cal-
culations were performed. In the � rst type, levels of freestream
turbulence and an improved wall boundary condition were im-
posed to achieve a best match with the measured downstream
level of turbulence energy. This type of best calculation used
a single-block Cartesian grid of 400 by 133 (53,200) points
(Fig. 3). A second approach was also pursued, whereby the
measured U9 data were used to de� ne a turbulent kinetic en-
ergy pro� le at the x /D = 20.8 station. A single-block Cartesian
grid of 254 by 167 (42,418) points was used for these exper-
imentally started calculations.

The generation of lobed mixer grids involved a multistep
process: determination of the surface geometry, generation of
two-dimensional slices at constant axial planes, generation of
two-dimensional grids using an expert system, knowledge-
based analysis,10,11 and stacking of the two-dimensional grids
to form a � nal three-dimensional grid. Single blocked-struc-
tured grids were generated with internal surfaces de� ned using
cell types for the cells internal to solid sections that indicate
no � ow is present. This feature is a generalization of the IB-
LANK concept used in codes accepting grid � les in PLOT3D
format. Each case considered a half-lobe geometry, assuming
symmetry planes in the azimuthal direction. A typical grid used
about 185,000 points (71 axial, 75 radial, and 35 azimuthal).
Speci� c cells on the lobe surface were identi� ed as � ow-
through cells, creating a stair-step description of the scallop.
Figure 4 illustrates a typical axial (crest-cut) and cross-sec-
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Fig. 3 Splitter con� guration axial grids.

Fig. 4 Mixer con� guration grids.

Table 2 Calculated
mixedness

Nozzle type h, %

Splitter 11.9
12-lobed mixer 70.5
20-lobed mixer 74.9

tional grid and the cells for modeling the effects of scalloping
(cutouts) and scar� ng (cutback) case. The axial extent of the
computational domain was approximately 10 nozzle diameters
downstream of the exit plane. The radial extent of the domain
was � ve nozzle diameters.

Results of the � ow� eld calculations were presented in Ref.
9. These results con� rmed that lobed-mixer nozzles have lower
exit plane axial velocities than found in splitter (separating fan
and primary � ows) nozzles. Table 2 illustrates this in terms of
an improved mixedness of the exit � ow using a lobed mixer
nozzle. Table 2 also illustrates the effect of increased mixedness
with increased lobe number. All calculations cited in Table 2
were performed for the same operating point. In addition, the
mixer calculations were made for mixers without scalloping.

Axisymmetric Splitter Studies
The splitter con� guration cases are axisymmetric cases for

which test data are available for model validation. Navier–

Stokes calculations have been performed for a 17,000-lb thrust

case corresponding to sideline takeoff noise operation. Cal-
culations were obtained for forward-� ight conditions of M` =
0.1, where aerodynamic (LV ) data were obtained, and M` =
0.27, corresponding to conditions where acoustical data were
obtained. Converged solutions required approximately 6000 it-
erations.

Based on observed differences between the predicted k and
the measured LV � uctuating velocity component U9, V9, par-
ametric studies varying the inlet turbulence pro� le were con-
ducted. Variations considered included increased levels of
freestream turbulence and an improved near-wall boundary
condition. Both of these modi� cations resulted in modestly
improved levels of turbulence in the plume. An alternative
strategy was also pursued, whereby the measured U9 data were
used to de� ne a turbulent kinetic energy pro� le at the x/D =
20.8 station. The V9 and W9 components were de� ned at 0.7
of U9 based on previous empirical data. The resultant calcu-
lations showed substantially improved agreement with the
downstream LV data. Comparisons between computed and
measured U and U9, V9 are shown in Ref. 8. Good agreement
is noted for the mean axial velocity component. The NASTAR
predictions show some slight undermixing relative to the mea-
sured data. Note that NASTAR assumes isotropic turbulence
and predicts turbulent velocity components from k distribution.
In addition, the experimental � uctuating velocity component
data were obtained for only two of the three turbulent velocity
components.

Based on these comparisons, parametric studies have been
performed to investigate whether certain CFD modeling fac-
tors will have a major impact on any noise analysis calibra-
tions.

Turbulence Initialization Issues
NASTAR comparisons of U9, V9 with LV measured data8

have identi� ed the effect of using different starting pro� les for
the turbulence variables. These comparisons were performed
at the forward-� ight condition of M` = 0.1, where aerody-
namic, not acoustic, data were measured. Comparisons of
NASTAR – MGB predictions of OASPL for model-scale con-
ditions operating at the LDV test point indicate an approxi-
mately 2 – 3 dB difference between the different initialization
approaches (Fig. 5). Approximately 0.5 dB can be accounted
for by comparing the peak values of k in the near-� eld shear
layer, using

7/2SPL error = 10 log (k /k ) (6)10 expprofile baseprofile

As expected, the larger turbulence levels observed in the ex-
periment produce the higher acoustic signature.

Compressibility Issues
Because the model for the generation of jet noise depends

strongly on the computed turbulence intensity and dissipation
rate, it is expected that the predicted acoustical signature is
dependent on the turbulence model used by the Navier – Stokes
solver. Of particular concern is whether compressibility effects
have a strong in� uence on the MGB-predicted acoustical sig-
nature. It is important to note that when the convective (aer-
odynamic) Mach number approaches unity, the jet spreading
rate decreases appreciably. The so-called Langley curve,12 rep-
resenting several planar shear-layer data sources, illustrates this
effect. Recently, turbulence model sensitivity studies were per-
formed using the new MGB code and United Technologies
Research Center’s Navier – Stokes code.13 The test case was
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Fig. 5 Effect of inlet turbulence pro� le on OASPL.

Fig. 6 Effect of turbulence model on OASPL.

Fig. 8 Model scale splitter one-third octave spectra comparisons
at 50-ft distance.

Fig. 7 Model scale splitter OASPL comparisons at 50-ft distance.

Yamamoto et al.’s14 underexpanded convergent nozzle (case
114). The Reynolds number of the jet, based on exit � ow con-
ditions and the nozzle diameter, is about 1.4 3 106; therefore,
the � ow can be considered fully turbulent. The effect of dif-
ferent turbulence models was evaluated for the standard
k-« model,15 the compressibility corrected Sarkar k-« model,12

and the renormalization group (RNG) k-« model.15 Approxi-
mately 2-dB shift caused by compressibility effects was noted.

De� ning an approximate convective Mach number for axi-
symmetric jet � ows

(U 2 U )cl `
M = (7)c (a 1 a )cl `

the maximum value of Mc for Yamamoto et al.’s14 case is about
0.78. At this level, the spreading rate is reduced from its in-
compressible value by about 30%. In the current splitter case,
Mc is approximately 0.55 in the potential core and decreases
downstream in the plume. Correspondingly, the centerline
Mach number is barely sonic in the potential core and also
decreases downstream in the plume. At this Mc level, the effect
of compressibility reduces the jet spreading rate by less than
5%, and the standard k-« model should be adequate for all
splitter and lobed mixer cases as far as the compressibility
effects are concerned.

Although compressibility effects should be expected to have
little impact on the acoustic signature, Fig. 6 compares MGB
predictions using assorted turbulence models in the NASTAR
� ow solver. The � ow� eld results indicate little difference in
the near � eld of the jet; however, the predictions con� rm re-
sults previously observed by Choi et al.,15 where k-« predic-
tions mix out more rapidly, whereas using the Sarkar com-
pressibility correction reduces the effective spreading rate. The

mixing rate of hot jets can be signi� cantly impacted by thermal
diffusion effects (Prt ¹ 1). All predictions cited in the text do
not account for this effect.

MGB Calibration

Baseline acoustical predictions obtained using NASTAR and
MGB for the 17,000-lb thrust case corresponding to sideline
takeoff noise operation are shown in Figs. 7 and 8. Figures 7
and 8 show a comparison of the predicted OASPL and an aft-
looking spectra for a model scale geometry at 50-ft arc dis-
tance. The OASPL levels, especially for the rearward-looking
orientation (primary noise source), show good agreement with
data. The effect of inlet turbulence pro� le does not appear to
have a signi� cant effect on the exhaust signature. The pre-
dicted spectra also show good agreement with measured peak
levels; however, a predicted dip in the 20 – 25 band number
range is not seen in the experimental data. This result was also
observed in predictions using the NPARC Navier– Stokes anal-
ysis.16

Model-to-Engine Scaling

A majority of jet noise data, as in this program, have been
acquired at small scale. Full-scale or engine-size data are typ-
ically extrapolated from the small-scale databases. When jet
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Fig. 11 Forward-� ight effect on OASPL for model scale splitter
at 50-ft distance.

Fig. 10 Engine scaled splitter one-third octave spectra compar-
isons at 150-ft distance.

Fig. 9 Engine scaled splitter OASPL comparisons at 150-ft dis-
tance.

noise mechanisms are dominant, semiempirical equations are
used. By assuming equal jet velocity, temperature, and envi-
ronmental conditions, corrections can be made for jet size,
observer distance, and acoustic frequency,17 i.e.,

2 2
D Rfs fs

SPL 2 SPL = 10 log 2 10 logfs ss 10 10S D S DD Rss ss

D ffs
1 10 log (8)10 S DD fss

The � rst term in Eq. (8) is based on the assumption that acous-
tic power increases directly with the source area. The second
term relates acoustic power decay to an inverse-square law.
The third term, a correction for � lter bandwidth, assuming the
data were acquired in third-octave bands, is not always used.
Manifest in this equation is the assumption that the same phys-
ical phenomena that are dominant at large scale are also dom-
inant at small scale. For example, the scaling of jet frequencies
is based on the observation that the dominant large-scale tur-
bulence-induced noise occurs at constant Strouhal number (St
= fD/U j), even for a large range of Reynolds numbers. Thus,
the frequency shift with scale for equal velocity jets can be
expressed as follows:

(StU /D) Dj fs ss
f = f = f (9)fs ss ss F G(StU /D) Dj ss fs

Therefore, by keeping the acoustic wavelength to jet diameter
ratio constant, jet noise directivity patterns are assumed to be
maintained.

Scaling studies have been performed using NASTAR and
MGB for a con� guration at 17,000-lb thrust, corresponding to
the sideline takeoff noise operation point. Three calculations
were performed to compare with the measured data: 1) a
model-scaled CFD and MGB calculation, 2) a model-scaled
CFD and an engine-scaled MGB, and 3) a full-size (engine)
CFD calculation with its corresponding MGB calculation. The
model-scale calculations were evaluated at 50-ft arc distance.
These calculations were also scaled to full-scale engine con-
ditions at a 150-ft arc distance. The last calculation was a CFD
analysis of a full-scale engine nozzle evaluated at 150-ft dis-
tance. In the second analysis, the � ow� eld was assumed to be
unchanged (no Reynolds number effect), so that the geometry
could be directly scaled by a factor of 7.0, the ratio of full-

scale to model-scale size. The model test data were also re-
scaled to engine size at 150-ft distance using a NASA LeRC
procedure. Figures 9 and 10 illustrate the comparison. The
CFD results indicate little Re effect in the rescaling calcula-
tions (about 1 dB). Also note from the spectra results of Fig.
10 the expected spectra shift to lower frequencies (band num-
bers) with increased con� guration size.

Forward-Flight Effects

Extensive data in the open literature have demonstrated that
a reduced � ight velocity results in an increased acoustical sig-
nature. Acoustic data taken at the M` = 0.27 and at a static or
no forward-� ight condition con� rm this observation. Flow� eld
calculations for these conditions were attempted; however, nu-
merical instabilities at the static condition were encountered.
Instead, � ow calculations were obtained for the forward-� ight
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Fig. 15 Exit plane turbulent kinetic energy contours for axisym-
metric splitter and 12-lobed mixer nozzles (k 3 1023, ft2/s2).

Fig. 14 Exit plane velocity � eld for 12- and 20-lobed mixer noz-
zles (U 3 1022 fps).

Fig. 13 Circumferentially mass-averaged exit plane axial velocity
pro� les for splitter, 12-, and 20-lobed nozzles.

Fig. 12 MGB/data comparisons of OASPL for 12- and 20-lobed
mixer nozzles at 50-ft distance.

conditions of M` = 0.1, where aerodynamic (LV) data were
obtained. MGB calculations are shown in Fig. 11. The OASPL
predictions con� rm experimental observations and show the
expected increase in OASPL levels with decreased � ight Mach
number.

Forced Mixer Studies
Three-dimensional calculations for 12- and 20-lobed mixer

nozzles have been performed using the initialization pro-
cedures cited in the preceding text. The three-dimensional
CFD � ow� eld solution was then adapted to the axisymmetric
MGB analysis. An equivalent axisymmetric � ow� eld was
developed by circumferentially mass-averaging the three-
dimensional � ow� eld in the manner suggested by Mani
et al.3 This approach was assumed adequate because the
NASTAR predictions indicate that the � ow� eld rapidly ap-
proaches an axisymmetric pattern in the external plume.
OASPL spectra comparisons with experimental data for the
12- and 20-lobed mixer nozzles are shown in Fig. 12. While
the analysis is in general agreement with the data, the analysis
incorrectly predicts a higher noise level for the 20-lobed mixer
nozzle.

A closer look at the axisymmetric-averaging approach
is now presented. Figure 13 coplots the axisymmetric splitter
velocity pro� le with the circumferentially averaged 12- and
20-lobed mixer velocity pro� les. The mixer nozzles (both
12- and 20-lobed) reduce the peak velocity from 1500 to
1100 fps; however, the 20-lobed mixer has a higher velocity
level inboard of the peak. This helps explain the anomalous
MGB noise prediction results shown in Fig. 12. A closer look
at the exit plane velocity � eld for both mixer nozzles is
shown in Fig. 14. Clearly, the 12-lobed nozzle has peak ve-
locities in excess of 1300 fps, whereas the 20-lobed nozzle’s

peak velocity is less than 1200 fps. The linear-averaging pro-
cess therefore produces the erroneous pro� les seen in Fig. 13.
In hindsight, an averaging procedure that weights the velocity
nonlinearly like the Lighthill theory is most likely necessary.

Additional insight to the mixing/noise generation process
can be gained by examining the internal and external k � eld.
Equation (4) indicates that the noise source intensity is de-
pendent on k; i.e., higher k produces more noise. From the
exit plane contours shown on Fig. 15, maximum values of k
are produced by the shear layers along the lobe sidewalls (lin-
ear averaging would not account for this), and are much larger
than generated by the splitter. On the other hand, Fig. 16 in-
dicates that the largest k regions occur in the exhaust plume
and that the splitter and mixer nozzles appear to have the same
k levels. The vertical scale in Fig. 16 has been enlarged by a
factor of 2 to improve the display. Although the nozzle wall
is not displayed, the splitter and nozzle wall shear layers are
clearly visible. In the crest-cut mixer view shown in Fig. 16,
only the nozzle shear layer is seen. Both con� gurations, how-
ever, have relatively the same turbulence intensity in the ex-
ternal plume.

Finally, by displaying the axial contribution to OASPL for
a given viewing angle (Fig. 17), one can examine the cumu-
lative noise contribution at the 120-deg viewing angle for the
axisymmetric splitter and the 12-lobed mixer. Because the
three-dimensional mixer calculation was somewhat limited, a
restarted, axisymmetric-extended domain calculation was per-
formed and is also displayed. First, one can verify Goldstein’s
observation that the majority of the noise occurs within 10
nozzle diameters of the exit plane for axisymmetric jets. Fur-
thermore, one can see that the improved mixedness of the
lobed mixer � ow produces little additional noise downstream
of the exit plane.
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Fig. 16 Axial view of turbulent kinetic energy contours in the exhaust of an axisymmetric splitter and 20-lobed mixer nozzles (k 3
1024, ft2/s2).

Fig. 17 Calculated axial contribution of OASPL for axisymmet-
ric splitter and 12-lobed mixer nozzles.

Concluding Remarks
The MGB analysis, in conjunction with a state-of-the-art

Navier– Stokes � ow solver, has been successfully applied to
predict the acoustic characteristics of a multistream axisym-
metric nozzle. From these calculations, note that 1) MGB pro-
vides reasonable acoustical signature predictions for axisym-
metric multistream nozzles, 2) MGB provides reasonable
acoustical signature predictions of scaling effects, e.g., size and
observer distance, and 3) MGB is a useful analytical tool for
assessing turbulence modeling and input boundary condition
effects, and that sensitivities of order 2 – 4 dB were noted.

While calibrations with experimental data were good, it is
believed that the CFD/MGB analysis approach is best suited
for predicting qualitative trends rather than absolute levels.

Similar comparisons performed for three-dimensional forced
mixer nozzles were less successful. While the analyses pre-
dicted the general shift in directivity pattern from the axisym-
metric splitter nozzle, they were unable to successfully dis-
criminate between different lobed mixer con� gurations. This
appears to be largely because of the inability of the circum-
ferential-averaging procedure to represent the three-dimen-
sional problem, rather than the accuracy limitations of the CFD
analysis.
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