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A new method of computing jet noise, called mSrc, was developed on the general principles
of acoustic analogies. In the method, the problem of translating turbulent flow energy into
acoustic energy at a far-field observer is broken into two parts, a calculation of acoustic source
strengths and then their propagation. The acoustic sources are related to turbulent quantities
in the jet plume in a robust manner. The propagation, which is more properly computed using
a Green’s function accounting for nonuniform speed of sound and solid surfaces, is instead
modeled using commonly observed features of jet acoustic far field directivity, and by
diffraction barrier theory for surfaces. The mSrc method does not require gradients of the
predicted flow field, allowing it to make direct use of unstructured RANS CFD methods,
including embedded boundary codes. Such codes do not require specification of surface
meshes, and auto-refine their grid to resolve flow gradients, putting resolution where it is
required without a priori user input. Being able to use radically unstructured flow input makes
mSrc an efficient method of estimating noise of complex nozzles installed on aircraft. Many
validation cases are presented to demonstrate the accuracy and range of applicability of the
mSrc method for representative jet noise applications.

I. Introduction and motivation

Jet noise has been notoriously difficult to predict. Methods for prediction run from purely empirical to exquisitely
detailed solutions of fundamental physics of fluid flow. Empirical methods are usually built around databases of
geometrically idealized experiments[1]. They give predictions of far-field noise within seconds from limited user
input, usually only a few one-dimensional parameters describing the nozzle and flow conditions. However, real-world
aspects of exhaust systems, including duct bifurcations, pylons, presence of wings or fuselage, angle of attack,
incomplete mixing of internal mixers, swirl, centerbodies, and including various mixing enhancement features
designed to reduce the noise are not captured in general empirical codes. These aspects are often addressed in
individual databases and empirical corrections. The biggest problem with empirical approaches is that they offer little
insight into how changes in geometry can affect noise, something required to truly design low-noise exhaust systems.

On the other extreme are methods, such as large-eddy simulations (LES), that compute the details of the jet flow
down to the smallest swirl that impacts noise. These methods are becoming feasible for real-world problems, but
require months for a single solution. Designers cannot wait this long for answers. These high-fidelity methods do
allow great insight into noise generation, and are invaluable for this task. They are also the only method of reliably
predicting flow resonance problems.

In between these two prediction methods lie acoustic analogy approaches [2,3,4]. These start by manipulating the
Navier-Stokes equations into wave equations, preserving terms that are normally ignored in linear acoustics. Only
when these terms have to be quantified by high-order turbulent statistics are approximations and models introduced.
The most popular acoustic analogy methods use Reynolds-Averaged Navier-Stokes (RANS) flow predictions as input
for the source terms, but it is the calculation of the Green’s function that couples the source terms to the far-field
observer that is the most problematic. This calculation, particularly in cases where the inhomogeneous field lacks
symmetries, such as non-round jets [5], can be computationally prohibitive. Methods for computing the Green’s
function are also hobbled by the need for first-order or higher spatial derivatives of the velocity and temperature field
of the jet, which can be a practical problem when using output from CFD codes. CFD codes that are high-order and
use structured grids usually generate smooth derivatives, but such codes are slow to use on practical nozzle geometries,
primarily because gridding is so difficult. Unstructured grid CFD codes are much easier and faster to use, but it is
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difficult to produce interpolated fields with adequate smoothness for the Green’s function solver. Acoustic analogy
methods, including producing the CFD required for their propagation phase, typically require days for a prediction.

Exhaust system design, especially at the conceptual phase, requires fast, and robust prediction of jet noise,
especially if one wants to use geometric features, including installation, to reduce the impact on ground observers.
The prediction method should also give insight into how the noise predicted was generated in a manner that can be
addressed by design. For steady turbulent flows, this means showing what regions of the turbulent flow produced what
frequency of noise in what direction. This can then be tied back through the computed flow to geometric parameters
that the designer can modify. This is also the requirement for optimization approaches that need to use partial
derivatives of each step in the chain from geometry to flow to noise to be able to minimize noise by manipulating
geometry.

A new method has been developed that is loosely based on acoustic analogies of the past, but circumvents several
difficulties, especially with Green’s functions, to arrive at a code that does not require computation of flow gradients
from the CFD output. This simplification has tradeoffs, but allows for a quick turnaround, and promises to be of use
in optimization schemes. In a nutshell, it uses a simplified source model, very much like those used in acoustic analogy
methods, but then uses models for the coupling of these source to the far-field instead of computing a true Green’s
function. A key aspect is the method’s ability to use unstructured grid CFD, including fast imbedded-boundary codes,
because it does not require flow gradients.

The exposition begins by illustrating the commonly understood distinction in jet noise between noise from small-
scale sources and large-scale sources. Much has been made of this distinction, leading to approaches that only capture
the large-scale source. In military applications where the large-scale noise is so dominant, this makes sense. But for
commercial applications the exhaust noise at broadside angles is significant at frequencies where humans are sensitive
and must be predicted accurately.

Figure 1 shows spectral directivity from a typical subsonic jet, in this case a single stream jet with acoustic Mach
number Ma = 0.9 and static temperature 7sR = 2.27, documented in [6]. From the two views of the surface one sees a
surface shaped like a parabola in frequency, slightly sloping from small angles (forward) and increasing going aft. At
roughly 150° the directivity has the shape of a different parabola in frequency, narrower with a lower frequency peak.
This parabola is much higher amplitude than the one at forward angles. Figure 1b is an attempt to quantify these visual
trends by using two shapes, called small-scale and large-scale, which when added together nearly replicate the original
data.

A method for predicting these two shapes for a generic jet, called ‘mSrc’, will be described in this paper. Following
that, the method will be validated for a variety of jets, including installed configurations. Validation not only includes
comparisons of far-field sound with measurements, but also of the CFD and source distributions. The validation
exercises cover a wide range of jet flows to show where the mSrc method works, as well as where it should be used
with caution.
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Figure 1. Visual depiction of spectral directivity of far-field noise. (a) Measured power spectral density (PSD),
(b) modeled small-scale and large-scale components of far-field noise.

II.Small-scale sound

Starting with the small-scale source model, the essence of this model comes from earlier acoustic analogy methods
[4] which established the basic scaling of noise sources with TKE and the need to separately consider sources
associated with turbulent momentum fluctuations and with turbulent enthalpy fluctuations.

A. Small-scale source density SS
The small-scale sources SSx(f) are given by
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where
p s density
k  1is turbulent kinetic energy
&  is dissipation



is volume of cell

is frequency at observer

is source spectral width coefficient
is source spectral center adjustment

is the overall scaling coefficient
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is the index of the n™ element of the computational domain.

Note that there is no dependence on observer or source location in equation (1). Directivity will be addressed
separately in the next section. At its heart, mSrc is the kernel of an acoustic analogy without the Green’s function that
specifies how the source is coupled to the acoustic far-field, and without models for source directivity due to turbulence
anisotropy. There are no factors in the spectral shape other than the CFD input, which is totally local with no global
information about the flow, such as jet diameter. The Green’s function for a source in a jet at 90° is unity, so in a sense
this is a prediction of jet mixing noise at polar angle 90°. To get the sound at an observer at right angles to the jet we
sum the contributions from all the cells in the computational domain, and apply a global coefficient to make the sound
match data at a given radius from the jet.

B. Small-scale directivity DS

The model for directivity was derived empirically from the SMCO000 nozzle data over the Tanna matrix of flows
[7,8]. This dataset covers single jet plumes with acoustic Mach numbers Ma ranging from 0.5 to 1.5, and static

temperature ratios 7SR ranging from less than 1 (unheated) to 2.7. For discussion, define the polar directivity 4s(¢) to
be the PSD at a particular frequency f* normalized by its value at 90°:

A(p) = PSD(f*,9)/PSD(f*, 90°).

The subscript S denotes that this directivity is used for the directivity of small-scale (high frequency) sound. The
directivity of the measured jet noise at broadside polar angles ¢ < 110°, when given by the ratio of PSD in dB, is

roughly linear with polar angle. If one only considers frequencies above the spectral peak, 4s(¢) takes a quick rolloff
with polar angle after roughly 130°-145°. Presumably, this is due to refraction of the high frequency sources near the
nozzle as they propagate through the jet plume. Rather than compute this Green’s function directly, a model, DS, was

created that matches the behavior of the experimental As(¢) data over the range of Ma and 7sR included in the Tanna
matrix. For ¢< 110°, 4s(¢) is observed to have a slope that varies primarily with Ma, given by
0.06 * Ma + 0.058.

When 4,(¢) is given as a ratio of sound power (not dB), this portion of the small-scale directivity becomes
SSlope(¢h; Ma) = 10(0-006+Ma+0.0058)+($—90)

where 90 assumes that the directivity is anchored at ¢ = 90°.

The aft angle roll-off of the small-scale sound field 4s(¢#), when expressed in sound power, is well fitted by tanh(¢).

P—pso
SFall($) = 0.5 (1 — tanh (T)>
where ¢ is the polar angle where the power is cut in half, and ¢ is a width parameter describing how quickly the
sound power rolls off with ¢. Models for these parameters will be coordinated with the model for directivity of the
large-scale source, covered in the next section.
Combining the slope and rolloff models gives the directivity for the small-scale sources, to be multiplied by the
small-scale noise SS (in power, not dB) at ¢ = 90°. This small-scale noise is from both momentum SS, and enthalpy
SSe terms.

DS(¢; Ma) = SSlope(¢p; Ma) * SFall(¢p) )
A visual check of this model is given in Figure 2, showing the model DS against A,(¢#) data at the high frequency

St =10 from unheated jets at Ma = 0.5 and 0.9. Note that this model requires an external input of Ma for the jet flow,
a restriction to the otherwise-local computation by mSrc.
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Figure 2. Small-scale directivity DS, combining both SSlope (dashed lines) and SFall (solid line) functions. The

combined directivities are compared with A, data at S=10 for two jet unheated jet conditions, Ma=0.5 and 0.9.

The small-scale sound field SS(f) is therefore computed by summing the contributions of the small-scale sources
SSu(f) from each cell of the computation domain over the CFD volume, and then multiplying by the small-scale
directivity DS(¢,Ma):

5S(¢,f) = DS(p, Ma) * X, SS,(f). 3)

II1. Large-scale sound

Next, we model the large-scale noise, by which we mean the low-frequency, aft peak that dominates the spectral
directivity. First, some motivation. From LES of jets, the acoustic waves strongly radiating to the aft angle seem to
originate at the end of the potential core of jets. In addition, various decompositional approaches have been applied to
the large-scale noise, which indicate they arise from the coupling of low-order spatial modes of the turbulent energy
to the acoustic field. This coupling seems to require that the lengthscale of the turbulence match that of the low-order
azimuthal modes. Observing that turbulence lengthscales generally match the jet diameter around and aft of the
potential core, it is proposed that the TKE which has lengthscales matching the jet diameter is what feeds the large-
scale noise. Using a spatial filter on the turbulence will select contributions only from regions where this match occurs.

A. Large-scale source density SL

The large-scale source is modeled on much the same functional form as the small-scale sources, but with different
scaling in TKE and includes a spatial filter to only include contributions from the turbulence whose lengthscale
matches the equivalent jet diameter. The directivity of this source is very significant, having almost no energy at 90°.
The source model was calibrated primarily by matching the aft peak of the jet noise, both in polar directivity and
spectral shape. Empirically, once the small-scale sound (source+directivity) is subtracted from the full spectral
directivity, what’s left is considered the large-scale noise. This is not a first-principles derivation; it comes from
observation of jet data. It will only be a viable approach if the CFD-related aspects of the source modeling, such as
prediction of turbulent lengthscales, captures the noise impacts of nozzle geometry change.

The spatial filtering that determines what turbulent energy couples to the aft acoustic field is done using a
lengthscale filter to pick out 7KE that has lengthscales commensurate with the low-order modes of the jet. These low-
order modes have scales on the order of the jet diameter, so the jet diameter is the scaling factor used in the lengthscale
filter. The functional form of the lengthscale filter ¥ is

3/2/6\\
Y(Djet) = 10<_ <l< o )) ) 4)

where k¥%/ produces a turbulence lengthscale to be compared with the reference jet diameter Djet.




Looking at RANS solutions (Figure 3) shows that such a filter does peak at regions just downstream of the potential
core. In the plot, color contours show the filter while black contour lines show the mean velocity field for an unheated,
Ma = 0.9 jet.
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Figure 3. Contour map of lengthscale filter ¥ with isolines of TKE for visual reference.

The spectral shape at the peak aft angle for jets in the Tanna matrix is similar to the spectral shape of the small-
scale source, but has a lower peak frequency and narrower shape. Applying the same functional form as the small-
scale source, but with different 7KE exponent gives a spectral shape that matches the peak spectrum. The coefficients
used to shift the peak frequency and spectral width are nearly unity, giving confidence that the model has some basis
in physics.

Picking off peak amplitudes of the cold jets in the Tanna matrix, it was noted (again from empirical observation)
that the peak amplitude scales not as TKE”?, but as TKE’2. A two-source model was developed for momentum terms
and enthalpy terms, mirroring the small-scale mixing source. Unlike the small-scale source model, the large-scale
source model, through the spatial filtering, requires a global parameter, jet diameter Djet, which the user supplies
external to the local CFD values.

In the efficient volumetric form of the mSrc approach, the contribution of each flow volume # in the RANS solution
to the large-scale source strength is given by

SLn(f) = SL,, (f) + SLe, (f),
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SLe, (f; Djet) = Cye |2 4 (5)
where

p s density

k  1is turbulent kinetic energy

&  is dissipation

V' is volume of cell

f s frequency at observer

A 1is source spectral width coefficient (4sim = Asie = 1.0)

B is source spectral center adjustment (Bsim = Bsie = 1.1)

C  is the overall scaling coefficient (Csm = 0.0002, Cse = 7.)

D s the lengthscale filter width coefficient (Dsim = Dsie = 0.8)

n  is the index of the n™ element of the computational domain.

Djet is the reference jet diameter

This source density is integrated over all the cells in the RANS solution, although the lengthscale filter effectively
keeps most regions of the flow from contributing to the large-scale source.




C. Large-scale directivity DL

As stated above, the directivity of the large-scale source is its most distinguishing feature, especially when viewed
in sound power instead of dB. Figure 4 shows the directivity of the far-field jet sound, 4.(¢), which differs from A4;(¢)
by being normalized by the value at the aft peak polar angle. The plot contains curves covering a wide range of Ma

and TR, but with the exception of the unheated jets (solid lines) the directivities are very similar in this view. This is
the directivity mSrc seeks to model and to apply to the large-scale source.
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Figure 4. Normalized directivities at peak frequencies for several single-stream jets in Tanna matrix. Ordinate
is linear in sound power (not dB).

Everyone’s favorite functional form, the Gaussian, is brought out once again, and found to do a good job of fitting
the directivity of the large-scale sound with appropriate choice of parameters. In addition, it will be shown that the
small-scale directivity can be added to the Gaussian to match the total sound directivity seamlessly, validating the
addition of these two sources if the source strengths are properly matched.

The large-scale directivity DL is
DL(¢) = e~ ((#=¢w0)/¢1)?)

The coefficients @ and ¢ are empirically derived functions of global reference values for Ma and TsR. In the
mSrc code, a global reference value for the Ma is supplied by the user. In practice it seems to be best chosen as the
peak velocity divided by ambient speed of sound. The reference value for 7sR is obtained internally by a TKE-
weighted integral (carried out as summations over CFD cells) of the fluid density to find the ‘average’ density
associated with the TKE. This pulls out the relevant density because the TKE is highly correlated with the source
spatially. Empirical relations serve to convert this measure of density into static temperature ratio of a single-stream
jet (essentially ignoring static pressure variations in the plume). This estimate of an equivalent static temperature ratio
is the basis for the empirical DL directivity factor.

_ YnKknVn _
TsReor =146 (poo 5220 — 1),
The peak polar angle ¢o, in degrees, was derived empirically to be
¢ = —11(Ma — 1) — 4(TsR,,; — 1) + 158. ©6)

The width of the polar peak could be made to be a function of Ma and TsR as well, but for now are simply taken
to be a constant width of 15°.

As described above, the rolloff of the small-scale directivity DS is coordinated with the peak location of the large-
scale to smooth over where they overlap. Specifically,

bso = P10 — P11, and Py = Pyy.

The end result of these models for directivity is shown in Figure 5. The Gaussian model for the large-scale
directivity (Figure 5) of the peak frequency for a hot subsonic jet is very good except for between 120° and 130° where



it slightly underpredicts the amplitude. This deficit is somewhat filled when the large-scale directivity is combined
with the small-scale directivity, shown as an angled straight line in dB scale (Figure 6). The total directivity still
somewhat underpredicts the data at the cross-over angle of 120°, a deficit that will be noted in the validation exercises
and is a direct result of using such simple functional forms for DS and DL.
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Figure 5. Model of large-scale source directivity against normalized data at St=0.3.
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Figure 6. Combined models of small-scale and large-scale directivities and their total (in dB), compared with
normalized data at St=0.3.

The spectral directivity of the large-scale sound is the product of the source density SLa(f, Djef) and the directivity
DL(¢, Ma,Tsr).

SL(¢, f; Ma, Djet, TsR) = DL(¢; Ma, TsR) = %, SL, (f; Djet). (7)

With all the dependencies made explicit, it is clear that the calculation of the large-scale acoustic field requires
some parameters beyond just the local values of the turbulent field, specifically Djet and Ma. This somewhat limits
the generality of the method, but it serves to emphasize how the peak aft jet noise is a property of the overall geometry,
not a general property of generic turbulent flow. Otherwise, the method only uses density, TKE, and dissipation from
the CFD.

IV. Solid surfaces

Computing the Green’s function for a jet flow is hard enough without surfaces, but it is the impact of surfaces
which is of interest in many advanced aircraft designs. We have so far avoided actually computing any Green’s
functions, due to our aversion to computing spatial derivatives. Therefore, it is tempting to use other methods to
estimate the acoustic impact of a surface on the noise of a jet installed on an aircraft. One good choice would be the
Kirchhoff integral method [9]. The referenced paper clearly demonstrates the superiority of this shielding method to
that which is demonstrated here. However, at this time a much simpler approach is taken.

To apply a simplified shielding model, first make the assumption that the sources are independent of the surface
in their acoustic coupling, and treat the interaction of their sound with nearby surfaces as a simple acoustic propagation
problem, i.e. one of shielding or reflection. This is not to say that the impact of the surface on the turbulent flow is
being ignored—that effect is accounted for in the CFD of the installed configuration! Introduce an attenuation factor



DH,(x.f, §) to describe the modification of the sound received by an observer at ¢ from a source at the n' cell, location
x, of the numerical domain. This attenuation factor could be a simple view factor (you don’t hear what you don’t see),
it could come from a full linearized Euler calculation (tailored Green’s function [10-12]), or from something in
between, such as the Kirchhoff integral method. For demonstration purposes and pure computational speed, we will
consider, Maekawa’s barrier theory [13]. The latter is documented in the WING module of ANOPP, and the method
has been implemented in mSrc based on descriptions of WING in the ANOPP technical documentation. The sound
spectra at the far-field observer is given by applying the directivity DH, for the surface relative to the source and
observer to each n' source element as it is summed. So, the small-scale sound SS is given by the summation of the
source strengths SS. multiplied by the surface-created directivity DH,, and the sum multiplied by small-scale
directivity DS, e.g.,

SS(x, f,¢) = DS(¢) * XSS (f, X) DHo(x, f, ¢). (®)

A similar expression is used for the large-scale sound SL, substituting DL for DS and SL. for SS.. Note that this
approach cannot capture the creation of noise by the scattering of the source by the surface trailing edge. In essence,
this is an approximation only valid when the source is far away from the surface and in a homogeneous medium, all
of which is rarely true in installed jets. However, it will be used as a first approximation to the impact of installation,
with validation cases to show where its results should not be believed. More rigorous methods of computing the
shielding/reflection of a surface for sources computing using mSrc are being explored. In the meantime, the Maekawa
method is being used for conceptual design activities for commercial supersonic aircraft. [14]

V. Putting the models together

The main utility of the mSrc prediction is to predict the impact of modifications to the mixing noise by three-
dimensional nozzle modifications or by shielding from installations. That is, while the prediction of absolute jet mixing
noise by the mSrc method is imperfect, the differences in the mixing noise from modifications to the nozzle are often
predicted quite well. Note that in Equations 1 — 5 above, the parameters required from the RANS CFD are density,
TKE, and dissipation. There are no spatial derivatives of the mean velocity; in fact, the mean velocity is not an input
to the method. This gives great flexibility in what RANS code and method is used, and makes mSrc very robust.

The full prediction of three-dimensional source density PSD3 from all sources, with propagation and shielding
effects, is made by

PSD3(x,3,2,f,$) = DS() ) S5,(6,9,2 ) DHa(x,9,2 £,8) + DL(®) ) SLu(x,3,2, 1) Dy (6,3, 1,6)

Integration of this three-dimensional source density over successive directions yields PSD2 (a pseudo-phased array
view), PSDI (axial distribution of source strength), and finally PSD (far-field spectral directivity).

PSD2(x,y,f,¢) = fPSD3(x,y,z,f, ¢) dz
PSD1(x, f,¢) = fPSDZ(x,y,f,d)) dy
PSD(f,$) = f PSD1(x, f, $) dx

A fruitful application of the mSrc code is to look at the distribution of mixing noise sources in a jet. This is
especially important if one is trying to modify the flow to maximize the impact of shielding. It is also a good way to
check the prediction at an intermediate level by comparing PSD2 results against phased array measurements.
Furthermore, if one wishes to construct a one-dimensional model of source distribution suitable for simple empirical
models of shielding, then the integration is carried out over both cross-stream dimensions, producing a map of source
strength as a function of axial location (PSD1). Other intermediary results, such as the shielding function DH(x.f, §),
or the source density of the individual components, SS and SL, can give engineering insight.

VI. Validating mSrc

Unlike acoustic analogy methods derived from first-principles, mSrc makes its models at a much higher level and
should be expected to have less ‘physics’ built in. Hence, it is critical to validate the results carefully to understand
where the modeling fails and results are not to be trusted. Validation has been done on a series of increasingly
complicated jet flows to establish the range of validity of the mSrc method. Note that mSrc does not predict the noise
from broadband shock noise and screech, nor from the hydrodynamic interaction with solid edges, such as in turbulent



flow over a plate (‘trailing edge noise problem’). It should be able to predict the noise of jets in the following
configurations, which will be demonstrated in this paper:

e Single-stream jets of various temperatures,

e  Dual-stream coaxial jets with heat,

e Single-stream jets from nozzles with enhanced mixing features.

e Jets in some proximity to surfaces (excluding the edge-induced noise).

Fortunately, the author has access to many flow and noise datasets that include these features, and could apply
RANS CFD and mSrc to these problems. The predictions were checked against previously documented experimental
results. RANS CFD results were compared to PIV data, source distributions were compared against phased array
measurements, and far-field spectra were compared against microphone data acquired in the geometric far-field. When
the far-field acoustic predictions missed the experimental data, each step in the prediction chain, from CFD to
integration of sources, were examined to find the reason for the failure. Insights into the physics of jet noise were also
obtained during this examination. Highlights from this validation effort are given in the remainder of the paper.

A. Single-stream, round jets

Single-stream jet flows have been studied extensively using the SMCO000 nozzle on the NASA Small Hot Jet
Acoustic Rig (SHJAR), measuring flow with particle image velocimetry (PIV) [15-20], sound source distributions
with phased arrays, and far-field sound with high-quality microphones. For many test campaigns, measurements were
made over a matrix of velocities and temperature ratios first laid out in an AFRL report [7] and AIAA papers attributed
to Tanna, hereafter referred to as the ‘Tanna matrix’. To cover a wider range of supersonic flows, several single-stream
jets were included using nozzles designed by method of characteristics [19] to be shock-free and hence not having
broadband shock or screech.

1. CFD predictions vs PIV data

Two RANS codes have been used for input to mSrc, FUN3D [21] and Flow Simulation by Mentor Graphics [22].
The former uses a body-fitted, unstructured grid and is run with the k-omega/SST turbulence model. The latter
(referred to as SolidWorks Flow Simulation, or ‘SWFS’) is an embedded boundary method code that is licensed
through Dassault Design Systems and tightly integrated with their SolidWorks™ CAD software. Both codes have
been benchmarked against PIV data acquired in a series of single-stream jets, and best practices developed for grid
generation, refinement strategies, etc. The SWFS code being used primarily in the current work, is generally run with
standard default settings, these being found to produce a satisfactory answer in most cases within minutes to hours.
More importantly, although the codes do not precisely replicate the experimental validation data, they seem to produce
the same answer which is as good as any other RANS codes and turbulence models that have been tested. SWFS was
the CFD code used for the majority of the validation cases presented here.

A common measure for accuracy of CFD codes on jet flows, at least acoustically speaking, is how well they predict
potential core length and turbulence levels. Figure 7 shows centerline and lipline mean velocity and TKE profiles for
a hot subsonic jet validation case available through the Langley Turbulence Model Resource website. The website not
only has the NASA consensus experimental data, but also solutions generated by the WIND RANS code using two
different turbulence models. Consistent with most RANS codes, the potential core is predicted to be longer than is
commonly measured, and the location of the peak TKE on the centerline is similarly shifted downstream. Here the
peak of the TKE on the jet centerline by mSrc is roughly 20% further downstream than was measured by PIV .
However, the peak amplitude of the TKE is correct at both centerline and lipline, important for predictions of noise.
Predictions at other flow conditions in the Tanna matrix for a single round jet had similar degrees of accuracy. The
main distinction between the solutions shown in the figure is that the WIND solution were run on a structured
axisymmetric grid for hours on a supercomputer cluster, while the SWFS solution ran on an auto-refined imbedded
boundary grid for minutes on a laptop.
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Figure 7. Comparison of solutions from WIND and SWFS codes. Mean velocity and TKE on (a) centerline
(solid line), (b) lipline (dashed line).

2. Source distribution prediction vs phased array data

Having established the relative accuracy of the RANS input to the mSrc code, we next turn to the prediction of
sound source distributions, this being the first step toward computing far-field spectra. Phased arrays measure the
effective sound source distributions as seen by a far-field observer at 90° to the jet axis, and for this orientation are
commensurate with mSrc predictions of source distributions integrated line-of-sight across the jet plume. Source
distributions have been measured by Podboy [23] and others [24,25] over many of the flow conditions in the Tanna
matrix for the SMCO000 nozzle. Among other analysis, the source maps were analyzed to find the location of peak
source strength for each frequency. It was discovered that when the location data were normalized by potential core
length for each frequency, expressed in Strouhal number, the relationship was the same for every flow condition. The
same analysis has been done for the source distributions predicted by mSrc. shown in Figure 8. Note that the potential
core length Xcore in the SWFS flow prediction was found to be roughly 20% longer than in the data (see Figure 7), and
this value was used in normalizing the axial locations of the predictions.

Ma,TsR
Expt 0.5,0.95
Expt 0.9,0.84
Expt 0.9,1.76
Expt 0.9,2.70
mSrc 0.5,0.95
mSrc 0.9,0.84
mSrc 0.9,1.76
mSrc 0.9,2.70

x/Xcore

Figure 8. Peak source location vs frequency for jet noise in single-stream axisymmetric subsonic flows from the
Tanna matrix, (flow conditions given in legend). Measurements of peak source locations from Ref [23].
Potential core length Xcore computed from PIV data and from SWFS separately.
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3. Far-field predictions vs SHIAR data

Over the course of many test campaigns on the NASA SHJAR, far-field noise has been recorded for points on the
Tanna matrix using the SMCO000 nozzle. In many cases, these serve as baseline cases and as a check that the facility
is operating properly. The subsonic data used here is documented in [6], although it is shown here as power spectral
density on 12" octave bands instead of 1/3 octave power spectra. Additional high-speed flow points were added to the
matrix, using several ideally-expanded convergent-divergent nozzles, designed using method-of-characteristics to
create a (nearly) shock-free jet plume. These nozzles were run [19,26] at matching combinations of Ma and TsR to fill
in the low-temperature, high-speed portions of the Tanna matrix.

The comparisons of far-field spectral directivity between mSrc and experiment are extensive, and will be done by
carpet plots of the spectral directivity at 100 jet diameters from the jet exit. The surface of the carpet plots is given by
the predicted power spectral density, and is colored by the difference, in dB, between the experimental data and the
mSrc predictions. Figure 9 is an example of this presentation. As the difference is always computed as ‘mSrc — data’,
red indicates an overprediction, and blue an underprediction. The color scales are kept at £5dB for all plots in this
report, with color levels being such that a green color indicates a difference within +1dB.

mSrc - Data
dPSD (dB)

Figure 9. Example plot of spectral directivity of far-field noise, PSD (dB) vs logio(Hz), polar angle (°). Color
bar is difference between mSrc and data, scale £5dB, red is overprediction.

It is important to keep this in mind as we next present in Figure 10 a matrix of these plots, corresponding to the
Tanna matrix, to show the trends in accuracy of the mSrc code. In the individual plots the span of the z-axis remains
the same even as it shifts to accommodate the change in overall noise. The range of flow conditions is very large,
covering a range of cases from Ma = 0.5 unheated, to Ma = 1.8 with temperature ratio 7sR = 2.7. Across this range of
conditions peak jet noise varies from 50dB to 100dB, and yet the error remains within +5dB and much less than that
for most of the range. The most significant errors are found at high acoustic Mach numbers with low temperatures
(upper right), where the peak noise is overpredicted, and at low acoustic Mach numbers and high temperatures (lower
left) where the peak is underpredicted. At all supersonic Mach numbers the predicted frequency of the aft peak is
consistently low causing overprediction at the low frequency side of the aft peak. At acoustic Mach number 1.8 the
peak amplitude is overpredicted by 4-5dB. For low Mach numbers there is a consistent underprediction of the noise
just upstream of the aft peak where the large-scale noise begins to dominate the small-scale noise.
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Figure 10. Matrix of spectral directivities and their errors over the expanded Tanna matrix of jet conditions,
defined by acoustic Mach number (columns) 0.5 < Ma < 1.8, and static temperature ratio (rows) unheated <
TsR < 2.7. See Figure 9 for scales of the plots.

B. Dual-stream coaxial jets

We now introduce two new aspects to the nozzle, an external centerbody and coannular streams. A few dual-
stream jets have been selected from tests conducted on the Nozzle Acoustic Test Rig (NATR) at NASA Glenn’s Aero-
Acoustic Propulsion Lab, jets that strongly varied the velocity ratios of the inner and outer shear layers. Predictions
of the flow, sound sources, and acoustic far-fields were made to compare with data acquired and reported in a previous
test [27].

In brief, the nozzle, identified as ‘C1’ in reporting, is a two-stream, axisymmetric, separate flow nozzle with
external plug. The tip radius of the plug is 3mm. The area ratio of the bypass to core streams is 2.5. The flow matrix
used followed the test design of Henderson [28], keeping the core temperature ratio (total temperature to ambient
temperature) at 3.0, the bypass temperature ratio at 1.25, and systematically varying the pressure ratios of core and
bypass. This has the effect of radically changing the velocity gradients of the two shear layers, as documented in Table
1. This variation should be a good exercise for the prediction code, strongly varying the source distributions as well
as having a wide range of peak velocities. For this comparison, acoustic data was acquired with no flight stream around
the plume.
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Table 1 Definition of flow conditions for Dual-stream cases

NPRc NPRb (U-U)(U-U.)
130 158 0.19
1.50 1.80 031
1.80 1.80 0.55
2.30 2.30 0.56
2.10 2.00 0.60
1.50 145 0.62
2.30 1.88 0.76
130 1.22 0.77
1.80 1.50 0.85
2.10 1.60 0.92
1.80 1.25 146

1. CFD predictions

The impact of coannular streams is clear in the comparison of TKE distributions (Figure 11) from the dual-stream
nozzle with both streams the same (single-stream mode), and with a hot core flow and cold outer flow. Close
comparison of the simple single-stream plume from the SMCO000 nozzle with the single-stream plume from the
external plug nozzle running with both streams unheated at Ma = 0.9 showed that the external plug produced little
change in the plume structure downstream of the plug. However, when there are two shear layers, the TKE at the end
of the core stream potential core is significantly increased over the TKE in each shear layer. This change should make
the noise source distribution very different as well.

(a) (b)
Figure 11. TKE distributions for dual stream nozzle with (a) both streams same (Ma=0.9, unheated, peak
TKE=2900J/kg), and (b) hot core (NPR.~=1.8, Ma=1.5, TsR=2.56) and cool bypass (VNPR;=1.5, Ma=0.8, TsR=1.1)
(peak TKE=6000J/kg).

2. Source distribution predictions vs phased array data

The phased array data used in the following section was acquired at 90° to the jet axis, plug tip, at a distance of 2
meters. In Figure 12, pairs of source distributions are shown for six frequencies. At each frequency, phased array
measurements are shown superimposed on a photo of the nozzle from the array’s perspective, stacked atop mSrc
predictions below. The dynamic range of the phased array data is very small (1dB) compared with the 10dB range of
the predictions. The progression of the source distribution from downstream to upstream, and particularly the abrupt
shift from the peak TKE region downstream to the nozzle, is similar in the two methods, if not exactly the same.
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8000Hz 16000Hz

Figure 12. Maps of sound sources in the jet plume at different frequencies as measured by a phased array (top)
and as predicted by mSrc (bottom). Nozzle C1, NPR.=1.3, NPR;=1.58.

3. Far-field predictions vs NATR data

The comparison of far-field predictions with data are again made using a matrix of carpet plots. These have the
same axes and colorscales as Figure 9 and Figure 10, and are arranged in a matrix by core nozzle pressure ratio (NPRc)
in columns and bypass nozzle pressure ratio (NPRbD) in rows.

Generally, mSrc consistently missed the peak angle of the aft peak in the spectral directivity for the dual stream
jets by about 5°, as evidenced by the red coloration on the last two angles. This can probably be attributed to the
inadequacy of the method used to estimate equivalent temperature ratio of the jet, a factor used in modeling the
directivity of the peak (Equation 7).

mSrc also overpredicted the highest frequencies in several cases, although the trend is a little hard to fathom.
Here’s where the ability of mSrc to backtrack through source distributions is useful to determine the cause of spectral
characteristics. The three-dimensional source density as predicted by mSrc for the flow with NPRc=1.3, NPRb=1.22
(top left in Figure 12), was examined, and a strong contribution from TKE on the downstream portion of the plug was
noted. Figure 14a shows a cross-section of the source density where the high amplitude source density can be noted.
Figure 14b then shows the source density cross-section if mSrc is told that the plug is Imm larger in radius than the
CFD solution, omitting much of the TKE of the predicted separation region on the plug. The source density remaining
is much lower, and the predicted high frequency far-field noise is greatly reduced. This exercise suggests three things:
separated flow on external plugs can be a very loud high frequency source, the experiment probably did not have as
much separation as predicted by the CFD, and mSrc is very handy for understanding how nozzle geometry influences
noise.
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Figure 14. Source density cross-section and far-field spectral directivity for nozzle C1, NPRc=1.3, NPRb=1.22.
Note difference in source density on plug and impact on high frequency far-field noise.

C. Nozzles with enhanced mixing features

Returning to single-stream jets, a set of simple chevron nozzles were created in 2003, and were used in tests
[24,29,30] over subsequent years. Two of these nozzles, SMC001 and SMC006, have been used for validating other
prediction methods, and will be used here to test the ability of mSrc to capture the acoustic effects of enhanced mixing
devices. Both have six chevrons, SMCO001 having a chevron penetration angle of 5° to the jet axis, and SMCO006 a
penetration angle of 18°.

1. CFD predictions vs PIV data

As mentioned before, RANS codes rarely exactly match jet flows as measured by PIV. SWFS and FUN3D are no
exception, but the errors are systematic, and have been accounted for in mSrc. To better compare the SWFS results
with PIV data in Figure 15, the SWFS values for TKE were divided in half. The elongation of fingers in the jet cross-
section by axial vortices of the chevrons is well predicted, and the TKE values, once adjusted, match over most of the
jet within 20%. The predicted flow for the chevron nozzle actually matches the data better than predictions for the
round nozzle.
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Figure 15. Comparisons of mean axial velocity and TKE, acquired by PIV and predicted by SWFS, for the
round SMCO000 and chevron SMCO001 nozzles operating unheated with Ma = 0.9 (Tanna setpoint 7).

2. Source distribution predictions vs phased array data

In 2009, a phased array measured source distributions of a number of nozzles on the NASA SHJAR, including the
SMC000 and SMCO001 nozzles. Portions of Figures 15 and 17 from the NASA Technical Memo [31] which show the
25kHz-50kHz source maps for these two nozzles at Tanna setpoint 7, are reproduced in Figure 16. Corresponding
source maps, created by integrating the source distributions across the jet, are shown below them, comparing the
distributions. Both measurements and predictions are for an observer at right angles to the jet. What should catch the
eye is how the source distribution of the chevron nozzle, when integrated along the z-axis (aligned with a valley of
the 6-chevron nozzle) has three streaks aligned with the valleys of the chevrons in both the measured and predicted
distributions. Distributions from round jets tend to align with the shear layer and hence have only two streaks. When
the SMCO001 source distribution is integrated along the y-axis (aligned with the chevron tips), the predicted six streaks
of sources align to produce two broad streaks, an effect unfortunately not captured during the experiment as only one
nozzle orientation was measured. However, note the scales on the color bars of the plots. In the measurements, the
peak source density is 6dB higher for the SMCO001 plot than the SMCO000 plot. In the mSrc predictions, the peak source
density is only 3dB higher.

Figure 17 presents the same comparisons, only this time at 2kHz, near the peak frequency of the jet at broadside
angles. Here, the effect of chevrons on the source distribution, according to the phased array, is to move the sources
closer to the nozzle and make them slightly weaker. According to the mSrc predictions, the chevrons did not move the
sources axially, but did reduce their strength considerably.
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SMC000 SMCO001 (xy-plane) SMCO001 (xz-plane)
Figure 16. Source distributions at S0kHz of (a) round nozzle SMC000 and (b) chevron nozzle SMC001, xy-
plane, and (c) SMCO001, xz-plane. Upper row: as measured by phased array (ref x). Lower row: as predicted
by mSrec. Jet operating unheated with Ma = 0.9 (Tanna setpoint 7).

'1414.2-2828.4 Hz 103.5 dB 1414.2-2828.4 Hz

SMCO000 SMCOO01 (xy-plane)
Figure 17. Same as Figure 16, but for 2kHz source distributions.

3. Far-field predictions vs SHIAR data

The performance of mSrc at predicting the far-field noise impact of chevrons is documented in Figure 18. The
spectral directivities predicted by mSrc for the round SMCO000 nozzle, the 5° penetration SMCO001 nozzle, and the 18°
penetration SMCO006 nozzle are shown, colored by the difference between prediction and data. While mSrc does
predict an increase at high frequencies when the chevrons are in place, it underpredicts the increase. mSrc does get the
proper reduction in the aft peak.

To understand the source of the discrepancy, start by looking closely at phased array results. In both experiments
and prediction, the high frequency sources shift upstream, but as noted above, the predicted source densities for the
chevron nozzle is only 3dB stronger than the round nozzle. The experiment finds it 6B stronger. Two possible
explanations are put forth: (i) the chevron-induced increase in TKE near the nozzle isn’t captured by the CFD, or (ii)
the TKE becomes more efficient at producing noise.

Pursuing the first possibility, careful examination of the CFD in Figure 15 shows that, although the CFD doesn’t
exactly capture the PIV results, they don’t miss by 20% or more needed to explain the shortfall. Also, these cases were
done both with SWFS and with a much finer-resolved FUN3D input, and the results of the using the two CFD results
were within 1dB of each other.

As to the second possibility, earlier work [32,33] suggested that chevrons change the TKE anisotropy, and that
this is responsible for the enhanced noise beyond just TKE levels. Indeed, when the ratio of axial to transverse
components of the turbulent velocity are investigated in PIV data, the transverse component comprises a much larger
fraction of the total TKE in the first diameter of the chevron nozzles. If turbulent anisotropy is key to properly
predicting chevron noise, then a more elaborate CFD code using Reynolds Stress turbulence modeling will have to be
used to predict this anisotropy for the source model.
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SMCO000 SMCO001 SMCO006
Figure 18. Spectral directivity of far-field noise from single-stream jets from chevron nozzles, unheated, Ma=0.9
flow. Color bar is difference between mSrc and data, scale £5dB.

D. Jets in proximity to surfaces

To obtain a first-order answer on the effect of surfaces near the jet, a simple Fresnel integral method is used by
mSrc to compute the shielding or reflection of the jet noise sources, making the large assumption that the point-source
paradigm holds for jet sources. The effectiveness of this model was evaluated by comparing predictions with data
acquired in a series of jet-surface interaction tests [34]. Comparisons of CFD will be made with PIV data from Brown
& Wernet [35]. Comparisons of sound will be made with data described in Brown [36], and in particular with the
noise of the jet after the spatially coherent trailing edge dipole sound has been removed.

In the jet-surface interaction tests where the surface represented a semi-infinite plate, two surface parameters were
varied relative to the baseline SMCO000 nozzle: streamwise distance xz between nozzle and surface trailing edge, and
standoff distance /r between the nozzle lip and the surface. A representative subset of these parameters was chosen
for this validation exercise: xe/D = {0, 0.5, 2.5} and he/D = {1.4, 2, 4, 6}. All cases were run with an unheated, Ma =
0.9 (Tanna setpoint 7) flow.

1. CFD predictions vs PIV data

RANS solutions were obtained for all the surface configurations using SWFS, even though the surface had little
impact on the plume at 4z/D > 1. This was confirmed by PIV data. Significant impacts were measured and predicted
for smaller standoffs, especially as the plate extended far downstream. Figure 19 presents comparisons of the TKE
fields, measured and predicted, for a x/D = 6 surface with no standoff and with 0.5D standoff. The biggest
shortcoming of the SWFS solution relative to PIV measurements is in the 4z/D = 0 configuration. SWFS does not
predict the amplification of the shear layer TKE downstream of the trailing edge, where the TKE reaches levels
significantly higher than is measured in a conventional shear layer. TKE/U;? usually peaks around 0.023; the peak
TKE/U;? a few diameters downstream of the surface is over 0.03. It is postulated that the fresh shear layer starting at
the trailing edge of the surface has its turbulent growth amplified by the TKE already present in the plume, an effect
not captured by the turbulence models of the CFD that operate on only on the local shear.

<uu>/P: 0 001 02 003 <uu>/A7: 0 001 0 003

(a) h/D =0 (b) h/D = 0.5
Figure 19. Comparisons of TKE in symmetry plane for round jet near flat plate. Plate extends 6 diameters aft
of jet exit, stands off from lipline (a) by 0 and (b) by 0.5D. PIV data on top row, SWFS predictions on bottom
row.
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2. Far-field predictions vs SHIAR data

Far-field acoustic predictions are compared with data for observers on the shielded side of the surface. The results
are given in terms of amount of shielding predicted versus amount of shielding measured. In both predictions and
experiments the shielding is given by subtracting the noise of the isolated baseline jet from the noise measured with
the surface in place. For the experimental data, this was done after the spatially coherent, low frequency noise from
the flow interacting with the trailing edge was removed using the extraction technique described in Brown [36]. The
matrix of points in Figure 20 covers the range of surface dimensions from the nozzle lip being flush with a very short
surface to the nozzle being unreasonably far off an unreasonably long surface. The amount of shielding measured was
up to 10dB for the longest surface. As seen in the matrix of cases, the shielding model in mSrc generally overpredicted
the shielding. It is worth looking in detail at the shielding for a few cases.

When the jet was on the surface (h=/D = 0), mSrc predicted a small shielding when in fact the measurements
usually showed a slight increase. The prediction compared more favorably as the surface was moved away from the
plume, as seen in Figure 21. Even so, at the highest frequencies the shielding model in mSrc predicted a very strong
increase in shielding with frequency, while the data generally didn’t fall of as quickly. It seems likely that the problem
with the prediction for surfaces very near the nozzle lies with the inability of the CFD to predict the increase in TKE
of the new shear layer generated at the trailing edge of the surface, as noted above. This is a different noise source
than the trailing edge dipole, has nothing to do with the shielding model, and should be predicted by mSrc if the CFD
were accurate.

The only case where mSrc underpredicted the shielding was for longer surfaces with the largest standoff. As seen
in Figure 22, when the surface is 2.5D outside the flow the measurements show shielding starting at a lower frequency
than predicted by mSrc, especially for upstream angles.

The deficiency of mSrc in predicting the shielding produced by surfaces near the jet is not too surprising. A number
of assumptions have been made, starting with the assumption that the acoustic sources can be treated as independent
point sources. There is no accounting for flow convection, a feature of a proper Green’s function for this problem.
Hydrodynamic forces on the surface becoming sources are not accounted for. When comparing the flow predictions
to PIV there are substantial shortcomings in the RANS solution even if the other assumptions were valid. This is
clearly an area ripe for new ideas, as for now an exhaust system designer has to discount much of the shielding benefit
predicted while doing their work.
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Figure 20. Spectral directivity of shielding of far-field sound from single-stream unheated, Ma=0.9 jet near flat
plate. Surface shape is difference between jet with and without plate. Color bar is difference between mSrc and
data, scale +5dB. Observer is on shielding side of plate. Plate length downstream of nozzle exit is xE, distance
between nozzle lip and plate surface is hE.
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Figure 22. Shielding predicted (dashed line) vs shielding (solid line) measured for surface positions outside of
flow he/D=2.5.

Summary

A new method has been developed for prediction of jet exhaust noise using input from Reynolds-Averaged Navier-
Stokes predictions of the turbulent flow. The method is loosely based on acoustic analogy theory, using a simplified
source model and substituting models for the directivity of the sources for the usual Green’s function to prescribe the
propagation of the sources to the far-field observers. The main advantage of this approach is reducing sensitivity to
the CFD input, allowing direct use of unstructured-grid codes, including embedded boundary codes, which in turn
leads to greatly reduced time for the predictions.

This paper starts with motivation for a method that marries insights from acoustic analogies to insights from myriad
jet noise experiments. The method is then described, first covering the source models applied to the CFD input, and
then in descriptions of the propagation models. The latter half of the paper shows applications of mSrc to jet
configurations and flows documented in years of NASA tests. In most cases, representative cases of flow and phased
array source measurements are compared with the mSrc predictions before the full range of far-field noise predictions
are directly compared with data. The mSrc code is exercised on:

e single-stream round jet flows, covering acoustic Mach numbers from 0.5 to 1.8 and static temperature
ratios from unheated to 2.7,

e arange of dual-stream jets resembling conventional subsonic aircraft engines,

e several single-stream jets with chevron nozzles of different design,

e single-stream round jet in proximity to various flat plate representations of installations.

The spectral directivity of the isolated, single-stream jets were predicted within £2dB over the wide range of flows,
beginning to show large deficiencies as Ma became greater than 1.5. The spectral directivity of the dual stream jets
were also predicted within a few dB over a wide range of conditions. One area of discrepancy seems to be in whether
the external plug had separation or not, a feature made apparent when the predicted source distribution was examined.
The effect of chevrons on the round nozzle was not predicted to be as strong as measured, although the low frequency
benefits were captured. This is an area of future development as it is key to many potential applications of mSrc. The
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shielding and reflection predicted by the crude barrier theory model was too strong of an effect. A better model might
be developed, or this may have to be accounted for externally when using this quick method of noise prediction.

The validation effort shows where the mSrc method can be used, and to what accuracy it should be trusted. The
method does not predict broadband shock noise, screech, or surface-induced dipole noise sources. But for many design
applications, limitations in accuracy of the mSrc method are easily outweighed by the decreased turnaround time,
allowing quick exploration of concepts. Its ability to relate turbulent flow features to source distributions and to far-
field noise makes mSrc a true design tool.
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