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ABSTRACT

This paper describes a combined computational and
experimental study of the noise of exhaust jets with operating
conditions typical of high performance military aircraft
engines. The numerical simulations use a hybrid RANS/LES
approach for the turbulence modeling. Structured multiblock
grids with non-matching interfaces are used to enable details
of the nozzle geometry to be included. Dual time-stepping is
used to advance the solution in time and multigrid and implicit
residual smoothing is used to accelerate the convergence of the
sub-iterations. The acoustic field is determined by integration
over an acoustic data surface based on solutions to the Ffowcs
Williams — Hawkings equation. Both the near and far acoustic
fields are determined. Baseline nozzles and nozzles with
chevrons for noise reduction are simulated. To simulate the
effect of the chevrons, without using a body-fitted grid, an
immersed boundary method is used. The companion

plume. The interaction of the turbulence in the jet shear layers
with this shock cell structure results in broadband shock-
associated noise. The noise levels generated by high
performance military aircraft engines are sufficiently high to
cause hearing damage to personnel working close to the
aircraft, such as on an aircraft carrier deck, even when hearing
protection is worn. In addition, the noise causes annoyance to
communities in the vicinity of military bases. The accurate
prediction of the noise is a key element in the development of
noise reduction strategies. In addition, it is important to be
able to predict the effect of noise reduction devices. This paper
describes a numerical methodology to predict the noise from
supersonic heated jets, with and without noise reduction
devices. A companion experimental program is also described.
The measurements are used to assess the quality of the
numerical simulations.

experiments, whose measurements are used to assess theThe next section describes the simulation methodology and

quality of the numerical simulations, are performed in an
anechoic jet facility. The facility includes a forward flight
stream and uses helium-air mixtures to simulate the effects of
jet heating. Flow and noise measurements are described for
both baseline and chevron nozzles. Comparisons are made
between the numerical predictions and the measurements.

INTRODUCTION

This paper describes a combined computational and
experimental study of the jet noise radiated by high
performance military aircraft engines. These engine exhausts
are characterized by extremely high velocities and
temperatures. In addition, the jets usually operate in an off-
design condition. This results in a shock cell structure in the jet

T Address all correspondence to this author

some preliminary calculations to evaluate the calculations.
This is followed by a description of the experimental facility
and measurement technique and both flow visualization and
noise measurements. Comparisons are then made between
predictions and measurements for both baseline and chevron
nozzles.

NUMERICAL SIMULATIONS

Simulation methodology

In order to make the most effective use of limited computer
resources, a hybrid method combining advanced CFD
technology with an acoustic analogy is used for realistic jet
noise simulations. The approach focuses on accurately
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resolving the larger turbulent eddies but, of necessity,
sacrifices the accuracy of the simulation of the very fine
turbulent structures in return for lower computational resource
requirements. This approach is justified based on the
observation that the former are the dominant noise sources for
high speed jets, and the latter are associated with noise 20dB
or more below that associated with the large scale turbulent
structures.

As a first step, the URANS (Unsteady Reynolds-Averaged
Navier-Stokes) equations are solved in general curvilinear
coordinates to simulate the development of the unsteady
turbulent noise sources in the jet flow. Following the idea of
model-free LES computations [1], a new variant of Detached
Eddy Simulation, which deactivates the turbulent model in the
DES region and lets the numerical dissipation provide the
removal of unresolved turbulent scales, is used for turbulence
modeling to avoid excessive dissipation in the mixing layers. A
similar approach is used by Sher al. [2,3]. A fourth-order
Dispersion-Relation-Preserving (DRP) scheme [4] is used for
spatial discretization. A dual-time stepping method is used to
advance the development of the unsteady turbulent jet flow,
and multigrid and implicit residual smoothing are used to
accelerate the convergence of the sub-iterations.

Figure 1 shows the geometry of a military-style facetted nozzle
with chevrons. The design Mach number N4y =1.5.
Supersonic hot jet noise simulations are performed for both the
baseline nozzle (without chevrons attached) and the chevron
nozzle, to evaluate the noise reduction effed?iatl.36, 1.47

and 1.56, and a total temperature ratio of 3.0. Hekés the
fully-expanded jet Mach number, The nozzle has an exit to
throat area ratio of 1.18, and 12 chevrons are attached at the
nozzle exit to match the facetted inner contours. The chevrons
have a penetration of 9% of the nozzle exit diamétera
length of 26%D, and a width of 80% percent of the facet
width. In contrast with previous research by other authors [2,
3], realistic geometric details, including the facetted inner
contours, the chevrons, and the finite nozzle thickness, are
represented fully in the simulations.

A multiblock structured mesh with 5.88M grid points, as
shown in Fig. 2, is created for the baseline nozzle simulations.
A finite nozzle thickness is included. This is believed to help
to trigger the unsteadiness in the initial jet shear layer. The
grids are refined significantly around the jet potential core.
The average grid sizes are 0.024rom the nozzle exit ta/D

= 4, and 0.04D from x/D=4 to x/D=10, which gives an
estimate of the highest resolvable Strouhal number of
approximately 4.0 if it is assumed that 7 points per wavelength
are required to resolve the shortest wave components.
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Figure 1. A military-style facetted nozzle with chevrons.
(Only 4 out of 12 chevrons are shown for cla

(b) Grid details at the nozzle(c) Grid details near the
exit in the symmetry plane nozzle exit in the axial station

Figure2. Computational mesh and FWH surfa

A difficulty with chevron nozzle simulations is the creation of

a fully body-conformal mesh around the small chevron
geometries. Therefore, the present approach uses the Immersed
Boundary Method (IBM) [5] to represent the effects of
chevrons on the unsteady jet flow and its noise radiation. In
the IBM, some grid points are allowed to be immersed in the
solid body, and the governing equations are modified on these
immersed grid points to simulate the presence of solid bodies.
Theoretically, the finer the grids are around the solid body, the
more accurate the IBM will be. The Discrete-Time Derivation
(DTD) of the Brinkman Penalization Method [6] is used for
the immersed boundary condition implementation. The mass
and energy equations are left unchanged, and the momentum
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equations are modified at the grid points inside the solid body.
Specifically, the momentum at the immersed grid points is set
to zero and kept unchanged during the computation.

Figure 3 shows the grid details for the chevron nozzle
simulations. To minimize grid effects on the evaluation of any

noise changes, the same mesh for the baseline nozzle

simulations is used. However, a small region around the
chevrons is refined significantly to improve the accuracy of the
IBM. Three times the number of grid points are used in the
circumferential direction, and double the number of grid points
are used in the radial direction, as compared with the grid
density in the main computational domain. As a result,

multiple non-matching block interfaces are created at the
interfaces with the surrounding blocks, and a non-matching
block interface condition must be used for flow variable

communication. The IBM representation of the chevron

geometries is shown in Fig. 4, where the grid points immersed
inside the chevron geometries are shown with red colors.
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Figure 3. Computational mesh for chevron
nozzle simulations

Since the spatial derivatives of the flow variables along some
block interfaces are not continuous, special treatments are
required. Kim and Lee [7] proposed a Characteristic Interface
Condition (CIC) based on Thompson's Method of
Characteristics boundary conditions [8]. At the block interface,
a one-sided difference scheme is used to compute the spatial
derivatives of the flow variables in the normal direction for
each block. Then, the derivatives are corrected using the

(a) A symmetric plane
through one chevron
tip

(b) An axial cross-section at 50%
of the chevron length

Figure 4. The IBM representation of the chevron geometries.
The region with red color shows the immersed grid points.

values from the block’s neighbor if the characteristic waves are
propagating into this block. The corrections are made such that
the time derivatives of the flow variables are the same for each
pair of matching grid points on the block interface.

It should be noted that Kim & Lee’s original equations are not
easy to implement, especially when the mesh-orientations are
not the same across the block interface. The present approach
makes modifications to directly manipulate the residuals of the
conservative form of the Navier-Stokes equations.

The corrected conservative form of the Navier-Stokes
equations at the block interface can be written as:
224pS( L+ Sp=0, (1)

where, an asterisk is used to denote the value after correction.
The corrected form of residuals is defined by:

Re$=PS(l+ So- P & Sp PSH §

()
=P L+Res
where the corrections lofor the left block are,
AL = (L +S¢ - So- L
=(S'P'Res) - (S'P" Res) (3)

=(S*PY'(Res - ReSs).

This formulation can be shown to be correct for arbitrary mesh
orientations. For the non-matching block interfaces, the flow
variables at the neighbor’s grid points are first calculated by a
high-resolution interpolation method, and then transferred to
the neighbor block for boundary condition implementation.

Once the unsteady turbulent jet flow has reached a statistically
stable state, the flow solutions are sampled every two physical
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time steps on a set of integration surfaces surrounding the
shear layers. Based on the permeable surface Ffowcs-Williams
& Hawkings solution, the numerical integration of the
unsteady flow solution at the retarded time gives the time-
history of the acoustic pressure at a far-field observer [9,10].

SIMULATION RESULTS

This section describes the results of the studies using the
methodology described in the previous section. Detailed
comparisons with experiments for the radiated noise are given
in a later section.

Effect of grid refinement

In preliminary research, a coarse mesh with 3.5M grid points

was created. Compared with the fine mesh, the grid sizes in the
streamwise and radial directions are reduced by half. Estimates
of the highest resolvable Strouhal numbers are 2.0 for the
coarse mesh, and 4.0 for the fine mesh, respectively.
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Figure 5. Comparison of the predicted noise spectra at
the observer angle 60and R/D=100 for the baseline
nozzle jet operating Mj=1.56, NPR=4.0, TTR=3.0.

Figure 5 shows a comparison of the predicted noise spectrum
at an observer angle 60° and R/D=100 with experimental
measurements from NASA Glenn Research Center [11,12]. A
good agreement can be observed up to Strouhal numbeb St~
for the coarse mesh, and 3 for the fine mesh. The
increased resolution at higher frequencies is attributed to the
smaller turbulent eddies resolvable by the fine mesh, as can be
identified from the instantaneous vorticity contours shown in
Fig. 6.

The time-mean flow solution is calculated by averaging the
instantaneous flow over many physical time steps. The flow
sampling is started at the same time as the sampling on the
FWH surfaces for noise predictions. The variation of
centerline axial velocity, and the turbulent kinetic energy

(defined byk = u? + V2 + w?) along the jet centerline and lip

Coarse Mesh

Fine Mesh

Figure 6. Comparison of instantaneous vorticity
contours from the coarse and fine mesh computations
for the baseline nozzle jet operatindvjt1.56,
NPR=4.0, TTR=3.0

lines are shown in Fig. 7. Because of the higher spatial
resolution in the fine mesh, it allows the larger turbulent

motions to break down into smaller eddies. Therefore it

predicts less turbulence intensity along the centerline and the
lip line, and thereafter a longer jet potential core.
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Figure 7. Comparison of time-averaged axial velocity and
turbulent kinetic energy along the centerline and lip line
from the coarse and fine mesh computations for the
baseline nozzle jet operatinghj=1.56, NPR=4.0,
TTR=3.0

Effect of the location of the FWH surfaces

The usual implementation of the FWH theory essentially
assumes that the noise sources outside the control surface can
be neglected. In practice, terminating the streamwise extent of
the control surface with a closing disk, which cuts the
developing jet plume, and placing the control surface close to
the shear layer always violates this assumption. Extending the
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size of the acoustic data surfaces would be beneficial, but will
inevitably increase the mesh size if a fine grid resolution is to
be maintained. Therefore, most research compromises the
resolution in return for an affordable computational load. The
present research examines the impacts of the FWH surfaces
with different radial and axial extents on far-field noise
predictions. A similar study has been performed by &hal.

[2], who proposed a new variant of the FWH equation to
alleviate the influence of the location of the FWH surface on
the noise prediction [13].

Several FWH surfaces with different axial and radial
extents have been used in the present simulations, as shown in
Fig. 8. Included are also the instantaneous vorticity contours,
which indicate that the majority of the noise sources have been
included in the closed FWH surfaces. The effects of different
sizes of the FWH surfaces can be evaluated by examining the
predicted noise spectra at different observer angles. In the first
set, the three FWH surfacelslW2 L2W2 L3W?2 have the
same radial extent, but are terminated at different downstream
locations X/D~=20, X/~25 and X/D~=30, respectively. While in
the second set, three surface8W1 L2W2 L2W3 are
terminated at the same downstream localiD=25, but have
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Figure 8. The FWH integration surfaces with different
axial and radial extensions for the baseline nozzle jet
operating aMj=1.56, NPR=4.0 and TTR=3.0. The
color contours show the instantanevorticity.

35

different radial extents. All surfaces have the upstream and
downstream ends closed. As suggested by Spalart et al. [13],
and demonstrated in a preliminary study, using an open surface
would incur large low-frequency errors from the pseudo-sound
generated by the convection of relatively slow vortices in the
vicinity of the downstream end of the FWH surface.

Figure 9(a) shows the predicted noise spectra at four
different observer angles using the FWH surfaces with
different axial extents. Although the high-frequency noise
spectra are almost identical, a large difference is observed at
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(b) Effects of the radial extent of the FWH surfaces

Figure 9. Comparison of predicted noise spectra using
different axial and radial extents of the FWH surfaces for
the baseline nozzle operating\jt=1.56, NPR=4.0 and

TTR=3. 3000 samples are used in each prediction.

low frequencies for all observer angles. Generally, the longer
the FWH surface, the better the agreement with the
experimental measurements. The impact of the different radial
extents is shown in Fig. 9(b). A rapid drop of SPL at high

frequencies is observed as the radius of the FWH surface
increases. Considering that the grids are gradually stretching in
the radial direction, the high-frequency acoustic energy is
filtered by the excessive dissipation of the shorter sound waves
while propagating to the control surfaces. A slight difference at
low frequencies is attributed to the increased size of the
downstream disk. These tests indicate that the length of the
FWH surfaces is important for the low-frequency noise

prediction, while the radial size of the FWH surfaces is critical

for the high-frequency noise prediction. Considering these
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effects, the integration surfat@W2is used in the remaining
predictions in the present study.

Chevron nozzle simulation

The effect of chevrons on the jet flow can clearly be identified
from the iso-surfaces of the streamwise vortices in Fig. 10,
where the red iso-surface indicates a counter-clockwise
rotating vortex and the blue color indicates a clockwise
rotating vortex, when viewed from the downstream direction.
Clearly, a pair of strong vortices is created behind each
chevron. The vortex structures break down at the downstream
position x/D=2.0. Therefore, a significant change of the jet
flow is observed within the first 2.0 diameters. It should be
noted that there are no flow measurements available for
comparison at this operating condition. To quantitatively
compare the noise reduction effect of chevrons, a baseline
nozzle computation at the same operating condition has been
run.

Figure 10. Three-dimensional view of the iso-surfaces of
the streamwise vorticity for the chevron nozzle jet operating
atMj=1.47,NPR=3.5, TTR=3.0. Two values with the same
magnitude are shown. Red: positive; blue: negative. The
silver surfaces represent the chevron geometries.

For a clearer view of the noise generation mechanisms, Fig. 11
shows a snapshot of the density gradients and the pressure
time-derivatives of the over-expandédi=1.47 jets issuing
from the chevron nozzle, as well as the baseline nozzle. While
the view of density gradients illustrates the shock cell
structures in the jet plume, the pressure time-derivatives show
the propagation of acoustic waves. An alternating
compression-expansion flow pattern clearly presents in the

/D

5
X/ID

5
X/ID

X/D
(c) Baseline nozzle, in a symmetry plane

Figure 11. Views of the instantaneous contours of density
gradients (colored contours) and pressure time derivatives
(grayscale backgrounds) of the over-expanded jet operating
atMj=1.47, NPR=3.5, TTR=3.0.

Copyright © 2011 by ASME



azimuthal direction following the chevron geometries, which
demonstrates that the immersed boundary method correctly
simulated the impact of chevrons on the jet flow. Although a
similar double-shock structure is observed from both the
chevron nozzle jet and the baseline nozzle jet, the presence of
the chevrons significantly changes the shock cell structures in
the first 2.0 diameters by destroying the second shock system
originated from the nozzle throat and replacing it with another
shock system originating from the chevrons. Compared with
the baseline nozzle flow simulation, the chevrons are also
found to enhance the turbulent flow mixing near the nozzle
exit.

In Fig. 11, two distinct types of sound waves can be identified.

The first is the strong Mach wave radiation seen propagating
in the downstream direction, and the other is the lower level

sound propagation in the upstream direction. Both are found to
originate from near the nozzle exit. However, compared with

the baseline nozzle jet, the strong Mach wave radiation is
weakened in the chevron jet due to the enhanced turbulent
mixing near the nozzle exit.

EXPERIMENTS
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| Figure 12(a). Schematic of The Pennsylvania State
University high speed jet noise facility.

The Pennsylvania State University high speed jet noise facility
was used for the experiments presented in the current study.
The facility schematic is shown in Fig. 12(a). High pressure
air, pressurized by &£S-121compressor combined with a
KAD-370 air dryer both manufactured byKaeser
Compressorsis provided from the tank, and then the air flow

is regulated via pressure regulators and control valves located
in a piping cabinet. A helium supply is connected to the piping
cabinet where helium is mixed with air in order to simulate
heated jets. The individual partial pressures of the helium and
air are both regulated in the piping cabinet to predetermined
values to accurately match the acoustic velocity of the hot jet
condition being simulated. Following the piping cabinet the
He-air mixture is fed to the jet plenum and exhausted through
a nozzle into the anechoic chamber. A pitot probe is embedded
in the middle section of the plenum to provide, with a pressure
transducer, the total pressure upstream of the nozzle. The

operating procedure for the He-air mixtures was developed by
Doty and McLaughlin [14].

The anechoic chamber walls are covered with fiberglass
wedges and have an approximate cut-off frequency of 250 Hz.
An exhaust collector and fan on the opposite wall of the
plenum in the anechoic chamber prevents flow recirculation
and possible helium accumulation. Acoustic measurements are
currently performed using six microphones, hanging from a
boom that extends from the plenum stand, as can be seen in the
image of Fig. 12(b). The microphone array rotates freely
around a point located at the center of the nozzle exit plane.
The microphones are positioned at a grazing incidence to the
jet centerline and equally spaced by 10 degrees. The average
physical radial distance of microphones to the nozzle exit is
approximately 1.78 m (70 in). This distance is sufficient for
the microphones to be considered in the far field [15,16] when
testing nozzles less than 2.5 cm (1 in) in diameter operate in
this facility. The microphones are 1/8" pressure-field
microphones selected to match the nozzles sizes used in this
small scale facility: type 4138 fromriel and Kjaer(B&K),

and type 40DP fron&RAS.Following calibration corrections,

Figure 12(b). Photograph of The Pennsylvania State
University high speed jet noise facility.

the acoustic data have a frequency response reliably accurate
to 120 kHz. This is adequate to define the acoustic frequencies
most important to noise studies, including those approximately
a factor of 10 higher than the peak frequencies in the
maximum noise emission direction. The range is not adequate
to fully define the noise spectra to the highest non-dimensional
frequencies that are typically much less important in
supersonic aircraft noise. The acoustic measurements are
performed from polar angl@ = 30° to = 120° measured
from the jet downstream direction originating at the nozzle exit
plane, with increments of 10 degrees.

Data processing and comparison procedure
A flow chart of the data acquisition process is shown in

Fig. 13. The microphone calibration is performed witA&K
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acoustic calibrator, model 4231, and the microphone
calibration constants are recorded to provide the conversion
from the measured voltages to the equivalent pressure. The

Microphones

=> | Ampiifier | = A"t";‘;‘l't':rs'"g
Jet ﬂ
Acquisition A/D
by LabVIEW <:| Converter
Processing
by Matlab

Figure 13. Flow chart of the data acquisition process.

analog time-domain signals from the microphones are routed
through aNexus B&K signal conditioner or &RASmodel
12AN power module and then amplified and filtered for anti-
aliasing, thus enabling their accurate digital conversion in the
following acquisition. A high-pass filter is also set to 500 Hz,
removing any undesirable low frequency noise that could
contaminate the data. A PCI-61R@&tional Instrument®AQ
board acquires the time domain data which are then stored in
binary files. The sampling rate is set at 300 kHz and 102,400
to 409,600 data point are collected, the reduced dataset being
used for helium-air mixture jets in order to reduce the amount
of helium used during an experiment. The raw data are then
fed intoMatlab for data processing. The raw data are split into
1024 or 4096 points segments and a Hanning window is
applied with 50 percent overlap between each window. The
Fast Fourier Transform is calculated in each window and an
averaged value is calculated from the 199 segments. This
yields the power spectral densitypSD which is then
converted to a decibel (dB) scale using a reference pressure of
20 uPa. Three corrections are then applied to the raw sound
pressure level§PL) to compute the lossle&PLas explained

in Kuo et al.[17]. Finally, the spectra are non-dimensionalized
to SPL per Strouhal number. Equation (4) summarizes the
different steps that lead to t&&L per unit Strouhal number.

SPLYE SPhu( HY-A Ga( H) - AGt(Hz)
MicrophoneCorrectios
+ACam (Hz )+ 10%xl0guwo f ..

Strouhalumber
Scaling

(4)

Atmosphert
Correction

The experimental data are processed into lossless spectra per
unit Strouhal number to enable comparisons easier across
scales. The majority of the measurements are made at
distances of approximatelR,, = 100 D depending on the
nozzle diameter. Following processing, the resulting data are
(back) propagated tB = 100D assuming spherical spreading

of the acoustic field to allow direct comparison of data at a
common observer distance. This “back” propage®&l is
determined from

SPLS)=SPLER),,, + 20l0gy( R, /R) (5

The Strouhal number is defined & =f / f;,, with f; the

characteristic frequency of the jet definedfpy U; / D;, where

U; is the mean jet velocity, an®; is the fully expanded
diameter of the jet plume.

Heated jet simulation

The density characteristics of heated jets are replicated using
gas mixtures in order to produce acoustic measurements in
cold small scale facilities that can be compared directly to hot
moderate scale experiments or actual aircraft engine
measurements. Kinzie and McLaughlin [18] demonstrated that
the mixture of helium and air is able to capture the dominant
noise characteristics of actual heated jets. Doty and
McLaughlin [14] and Papamoschou [19] have shown that
mixtures of helium and air can appropriately simulate the noise
of heated jets to an excellent accuracy by matching the
acoustic velocity of the heated gas. Recently, Miller and Veltin
[20] showed a good agreement of the flow properties between
the experimental data from helium-air mixture jets and
numerical simulations of heated air jets. The features of heated
jets are lowered density and increased acoustic velocity (for a
given nozzle pressure ratio), and both of these features are
reproduced by helium-air mixture jets.

Geometry of military style supersonic nozzles

The experimental results have been obtained with the
military style nozzles representative of the exhaust of aircraft
engines of the F404 family. The inner contours of the military
style nozzles have been provided by General Electric Aviation.
These nozzles are the geometries as used in the numerical
simulations. At Penn State, the nozzles have been fabricated
using rapid prototyping techniques. These military style
supersonic nozzles were built with the identical inner geometry
at small and moderate scale to demonstrate the scaling of small
heat simulated jets to moderate and full size jets. More details
of these military style supersonic nozzles can be found in Kuo
et al. [21]. In general, the expansion portion of the flow
contour consists of 12 flat segments that are interleaved to
facilitate area adjustment of the operational nozzles. Unlike
well designed contoured CD nozzles, the more realistic
nozzles result in a plume with weak shock cells, even at
perfectly balanced pressure conditions based on area ratio.

The chevron configurations were designed and provided
by General Electric Aviation and NASA Glenn Research
Center. The chevrons extend from the nozzle exit plane of the
baseline nozzles with one chevron per facet (totaling 12).
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Experimental results for
chevron nozzle
Measureable noise reduction was achieved withMhpe

=1.5 GE nozzle with the chevrons operating at the under-
expanded jet Mach number bf =1.64. Figure 14 shows the
spectral comparison an@ASPL contour at a range of polar
angles between the small scale chevron nozzle jet and the
baseline identical nozzle jet (without chevrons) both operating
with pure air coldM; =1.64 jet. A substantial level of noise
reduction was observed. Most of the noise reduction is

experienced in the downstream arc, in the maximum noise

the Military-style CD

20dB
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Figure 14. Acoustic spectra a@ASPLfrom the

measurements conducted with G =1.5 baseline and

chevron nozzles operated under-expanded, & 1.64,
TTR= 1.

emission direction, where the generated sound is contributed
by the large scale turbulence noise. There is a shift in the peak
BBSAN frequency to higher frequencies with the chevron
configuration, as well as a decrease in amplitude. This
suggests smaller shock cells and weaker shocks, and results in
a noise reduction on the sideline. Overall, @&SPL noise
reduction varies from 2 to 4 dB across the polar angle range
measured. At this point it appears that the small scale chevron
nozzle experiments produce noise reductions that are
comparable to those measured by Henderson and Bridges [11]
at NASA. Figure 15 shows the schlieren images of both
baseline and chevron nozzles operating with pure air 84ld:
=1.64 jet. The amplified jet spreading (due to the chevrons)
leads to increased jet mixing in the initial jet shear layer. This
contributes to the redistribution of jet momentum in the initial
shear layer. The corresponding results (as shown in Fig. 14)
are the noise reduction attributed to the suppression of the
Mach wave radiation in the jet downstream direction.

R

Figure 15. Sc _I_i'eren images conducted withMiE=1.5
nozzles (baseline - top, chevron - bottom) operated at

M, =1.64,TTR= 1.

Figure 16 shows a similar spectral comparison and
OASPLcontour of data recorded at the same conditions as the
data of Fig. 14 except the jet is operated with a total
temperature ratio OfFTR= 3.0, where a helium-air mixture has
been used at Penn State. Under this condition, the noise
reduction is noticeably less, with maximum levels of
approximately 1.5 dB in the maximum noise emission
direction. No perceivable benefit is observed in the sideline
direction. Since heat (and helium) affects the jet mixing layer
by making it thicker, it is understandable that the increased
mixing provided by the chevrons has less effect. Similarly, the
BBSAN component is much less dominant in a heated jet on
the sideline, due to 1) the increased level of the turbulence
mixing noise (caused by a higher jet acoustic Mach number),
and 2) the increased mixing layer thickness that weakens the
shock cell strength. Therefore, the previously observed shift of
the BBSAN frequency and decrease in amplitude is much less

Copyright © 2011 by ASME
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Figure 16. Acoustic spectra a@ASPLfrom the
measurements conducted with G =1.5 baseline and
chevron nozzles operated under-expanded, &1.64,

TTR= 3.

apparent and has no effect on the OABRhe sideline and jet
upstream directions. An extended study focuses on effects of
supersonic jet conditions on broadband shock-associated noise
can be found in Ref. [22].

Figure 17 shows the schlieren images of both baseline and
chevron nozzles operating with pure air cbld=1.47 jet. The
jet spreading in the chevron nozzle jets displays slight
amplification in the initial jet shear layer. It was found that
there is a modest noise reduction from the measurements of the

10

Figure 17. Schlieren images obtained with BF=1.65
nozzles (baseline - top, chevron - bottom) operated at
M; =1.47,TTR= 1.

chevron nozzle operating in the small-scale over-expanded jet.
Additional Penn State experimental data on the effects of
chevrons on the supersonic jet noise are presented in Fig. 18.
These data are presented for an over-expanded jet case,
believed to be the more important condition for fighter aircraft
take-off. Measureable noise reduction was achieved with the
My =1.65 GE nozzle with the chevrons operating at the over-
expanded jet Mach number ®; =1.47, but the reduction is
noticeably less that is found in moderate size jet experiments
conducted at NASA Glenn Research Center [11]. The
hypothesis for the less effective acoustics benefit (compared to
moderate-scale jets) is the low Reynolds number of the small-
scale jets. The lower Reynolds number leads to the earlier flow
separation inside the nozzle divergent section. The location of
the flow separation inside the nozzle wall therefore affects the
efficiency of the chevrons. In an effort to clarify this
hypothesis, the experiments that produced the data of Fig. 18
were conducted with nozzles with some internal roughness
included to obtain some degree of turbulent boundary layer
flow in the nozzle. More detailed experimental results and
discussion on this issue are documented in &tuad. [21].

COMPARISONS OF SIMULATIONS AND
EXPERIMENTS

For the majority of the jet simulations at different operating
conditions performed in the present research, there are only
far-field noise measurements available for comparison. The
data presented are from measurements performed at both PSU
and NASA GRC [11], with small-scale and moderate-scale

Copyright © 2011 by ASME



— Chevron Nezzle
— Baseline Nezzle

SPL per unit St (dB#(20,Pa%)

120°

0.01 10

90

80

——&—— Chevron Nozzle
——@—— Baseline Nozzle

‘120 — ‘130‘
OASPL (dB)
Figure 18. Spectral comparisons from the measurements

conducted with G4 =1.65 baseline and chevron nozzles
operated over-expanded af #..47, TTR= 3.0.

nozzles. Using the FWH theory, the far-field noise predictions
are made based on the instantaneous near-field flow solutions
of approximately 5800 samples. The predictions are compared
with the measurements at PSU and NASA GRC as noted
earlier. Considering that a 2~3dB deviation is usually observed
for the noise spectrum and OASPL measurements of the same
nozzle using different facilities or the different scale of nozzles
using the same facilities [23,24], the agreement is believed to
be "very good" if the disparity between the predictions and the
experiments are within 3dB.

11

The noise spectra at different observer angles for the three
jets are shown in Figs. 19-21. Each noise spectrum is shifted
by 20dB relative to its neighbor observers for clarity. The
small scale measurements conducted at Penn State were only
available (in reliable form) for the first jet condition. The
results do show good consistency with the NASA data
providing additional confirmation of the ability of the small
scale experiments to do a reasonable job of replicating the
higher Reynolds number data. It was noted in an earlier paper
[24] that the higher levels of noise in the low frequency end of
the spectra is believed to be a result of the lower Reynolds
number operating condition.

Focusing attention of the computational results, the
agreement is very encouraging. The good agreement reaches
St=3 as expected since the computational grids are designed to
resolve the highest frequency up to &t<The peak-noise
frequency shift to the low-frequency range of the noise spectra
as the observer angles increase is well captured for all three
jets. Specifically,

« At all upstream direction>90°, the predictions have an
good agreement with the experiment measurements. The
frequencies and amplitudes of the BBSAN component
are captured precisely. The discrepancies at discrete
frequencies are less than 4dB.

At all downstream direction8<90°, good agreement is
found from St9.01 to St®.3 for all three jets. The
maximum deviation from the measurements is within
4dB at several frequencies, while most are within 2dB.
Computations show that the agreement at low
frequencies is usually improved as more samples are
accumulated for noise predictions.

However, above the frequency of 818, an intriguing

but consistent trend is observed. In the peak noise
radiation directions, less thab=50°, the agreement
becomes worse as the observer moves closer to the jet
axis. The over-prediction increases from less than 2dB
for theM;=1.36 jet to more than 8dB for tihg=1.56 jet.
While, above the polar angle of the peak noise radiation
direction, the agreement becomes better as the observer
moves toward the sideline and into the forward arc. The
over-prediction decreases from more than 8dB for the
M;=1.36 jet to less than 3dB for t=1.56 jet.

For all three jets, the agreements of the noise spectra at
the peak noise radiation direction are as good as those at
the upstream observers.

During the research, as mentioned earlier, many attempts were
made to address the mismatch at frequencies abo@e33iy
manipulating the grid distribution in the jet potential core, the
artificial dissipation terms and the FWH surfaces.
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Unfortunately, the same consistent trend was observed. This offered by the chevron nozzle calculations, which are
mismatch requires additional research. However, a clue is presented next.
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In Fig. 22, comparisons of the noise spectra are shown for the

[ : Ry baseline nozzle jet and the chevron nozzle jet operating with
,e_w/g/e' Mj=1.47 and TTR=3.0. Although the measurements are not
- available at present, an experiment at a similar condition
N’t; (Mg=1.65,M;=1.47, TTR=3.0) [25] exhibits the similar high-
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Figure 22. Comparison of the noise spectra of the baseline
nozzle jet and the chevron nozzle jet operatingjaf..47,
NPR=3.5 and TTR=3.0
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Figure 21. Comparison of the predicted noise spectra with the

experiments at NASA GRC. Operating conditiod$=1.56 slight noise reduction at sideline and upstream observer angles,
NPR=4.0. TTR=3 T except the fact that the experimental measurements did not

show as much noise reduction at high-frequencies as shown in
the noise prediction. At observer lower angles, the noise
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spectra of the chevron nozzle jet appeared to agree better with

Though the present results are very encouraging, it is clear that

the baseline nozzle measurements. Considering the facts that further improvements in the accuracy of the simulations are

the computational grids and numerical methods are the same
for the main flow field and that the only difference comes from
the significantly refined grids around the chevrons, it is
speculated that the azimuthal resolution of the baseline nozzle
simulation can result in a different initial development of the
turbulent shear layer, which might lead to an over-prediction of
the noise spectra. The comparison of OASPL in Fig. 23 shows
that nearly 4dB noise reduction is achieved at the peak noise
radiation direction arounf~50°. However, since the OASPL

is over-predicted, as shown above, the actual noise reduction is
likely to be less.

0 (deg)

100

90

16T 120125 186 13148
OASPL (dB)
Figure 23. Comparison of the OASPL directivity of the
baseline nozzle jet and the chevron nozzle jet operating at
Mj=1.47, NPR=3.5, TTR=3.0

CONCLUSIONS

In the current research, a hybrid method is used for the noise
simulation of supersonic hot jets of realistic military-style
nozzles. Good agreement of the noise spectra with the
experimental measurements is observed at most observer
angles. With a moderate mesh size of 6M grid points, the
highest resolved frequencies reach3StMore encouraging is
that the frequencies and SPL of the broad-band shock-
associated noise are precisely captured for all three jets. The
immersed boundary method is used for chevron nozzle
simulations without actually creating a body-conformal mesh
for the chevrons, which significantly increases computation
times. The simulation results captured the turbulent enhancing
mechanism due to the presence of the chevrons. The noise
reduction effect is also quite well predicted.

14

required. Some of this is simply associated with increased
overall grid resolution, as this will increase the range of

Strouhal numbers that can be captured. The results of the
chevron simulations also indicate the azimuthal resolution in

the vicinity of the nozzle exit is a crucial parameter. The

location and closure of the FWH acoustic data surface, though
much recent research has provided useful information, should
not be considered a closed question. Different implementations
continue to suggest different trends and further investigation of
this important problem is required.
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