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Use of Linearized Euler Equations for Supersonic
Jet Noise Prediction

R. R. Mankbadi,* R. Hixon,! S.-H. Shih,* and L. A. Povinelli}
NASA Lewis Research Center, Cleveland, Ohio 44135

The use of linearized Euler equations for direct prediction of supersonic jet noise is explored. It is shown that a
high-order numerical scheme coupled with proper boundary treatment can produce a stable solution nearly free
from reflections. Results are verified against analytical results for sound radiated by instability waves. Applicability
of this approach to real jets is explored by taking the inflow disturbances to be random in time and comparing the

computed sound field to the experimentally measured one.

Nomenclature
D =jet exit nozzle diameter
e  =total energy per unit volume
M, =jetexit Mach number
p = pressure
U, =jetexit velocity
u = axial velocity
v =radial velocity
w = azimuthal velocity
p  =density
pe = jetexit density

I. Introduction

HE compressible Navier—Stokes equations govern the process

of sound generation and propagation to the far field for a real
jet flow. However, current computer capabilities make accurate di-
rect numerical simulation (DNS) of high-Reynolds-number turbu-
lent jets impractical. Therefore, an extension of the large eddy sim-
ulation (LES) approach for the prediction of sound generation and
propagation was proposed.!:2 In this approach, the Navier-Stokes
equations are spatially filtered into large-scale components, which
are calculated directly, and small-scale components, which are mod-
eled. In a LES, the noise generated by the small-scale components is
not captured; however, it is known that the large-scale structures are
more efficient than the small ones at radiating noise.>~” The LES
approach has been used successfully to predict the noise radiated by
a supersonic jet, but it is still a CPU-intensive approach, especially
for three-dimensional calculations.

The present work explores the use of the less computationally de-
manding linearized Euler equations (LEEs) for supersonic jet noise
predictions. The LEE approach neglects both viscosity and nonlin-
ear effects. The viscous effects may not be important because the
large-scale dynamics in free shear flows essentially are inviscid.®
Nonlinearity seems to be important in subsonic jets’; however, it is
not clear how important the nonlinear effects are for supersonic jets.
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Several analytical investigators™® =17 have studied the physics
of jet noise based on the stability-wave equations. In such analyti-
cal models, the sound source is represented by an instability wave
assuming a normal mode decomposition for the disturbances. Upon
substituting these assumptions into the LEEs and neglecting nonpar-
allel flow effects, the stability-wave equations are obtained. These
equations are used to describe the sound source in the jet. From this,
the radiated sound field then can be computed using acoustic anal-
ogy or matched asymptotic expansion. Various degrees of success
have been achieved with this approach.

LEEs are more general than the stability-wave equations in sev-
eral regards. Because LEEs do not require the normal mode decom-
position, they simultaneously describe both the sound generation
and the propagation. Thus, the problems of matching the near-field
sound source to the far-field radiated sound are avoided. LEEs also
can allow for sound generation by other modes besides the stability
modes. Furthermore, because it allows for nondiscrete frequencies,
wave-packet effects can be studied directly using LEEs. Finally,
LEEs fully account for mean-flow divergence effects.

The governing equations are obtained in Sec. II via linearizing
around the mean flow, which is assumed to be given by some other
means (Sec. III). As pointed out in Sec. IV, a high-order numeri-
cal scheme must be employed to avoid dissipation and dispersion
errors in the solution. The main difficulty with LEEs is the bound-
ary treatment. Because the computational domain is finite, spurious
modes can be introduced at the boundaries that could render the
computed solution completely useless. As such, this work empha-
sizes proper boundary treatments, which are discussed in Sec. V.
Results are given in Sec. VI for two types of inflow disturbances: a
single frequency described by the linear instability wave or one that
is random in time. This is followed by the Conclusions in Sec. VIL

II. LEEs

The LEEs are derived from the full Navier-Stokes equations by
neglecting viscosity, and linearizing about a given mean flow p, U,
V, W,and E. Here, / is the mean density; U, V,and W are the mean
velocities in the axial, radial, and azimuthal directions, respectively;
and E is the mean total energy per unit volume. Similarly, p’ is the
perturbation density; (ou)’, (pv)’, and (pw)’ are the perturbation
momentums in the axial, radial, and azimuthal directions, respec-
tively; and ¢’ is the perturbation total energy per unit volume. The
LEEs then may be written in cylindrical coordinates as

Q) + (F)e + (/) (rG), + (/1) (H)g = 1/1)S) (1)
where
b o
i (ou)
0={o}=1 vy @)
0 (ow)
é e
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Here, P and p’ are the mean and perturbation pressures

P=(y—1p[E - iU+ V2 + WD) Q)

P'= —D[e—@U+0V +dW)+ 35U+ V> + W?)]
®)
Velocities are normalized by the reference jet exit centerline ve-

locity U., time by D/ U,, density by the jet exit centerline value p,,
and pressure by p,U>.

III. Mean Flow

The mean flow is assumed to be given by another method (exper-
imental, analytical, empirical, or by Reynolds-averaged equations).
The mean flow used here is the analytical fit of the experimental
results of Troutt and McLaughlin'® for a supersonic (M, = 2.1) jet.
This analytical fit was proposed by Tam and Burton'? to fit the mea-
sured profile of the mean-flow axial velocity in the three streamwise
regimes of a supersonic jet: potential core, transitional, and fully de-
veloped. This profile was shown to describe well the experimentally
measured profile. For details of the profile, see Refs. 13 and 18.

IV. Numerical Details

In computational aeroacoustics (CAA), the aim is to obtain an ac-
curate prediction of the unsteady fluctuations representing the sound
source and/or the acoustic field. Special attention, therefore, must
be placed on how the numerical algorithm and boundary conditions
can handle wave-type solutions. Sankar et al.! and Scott et al.%’
have evaluated several schemes for use in CAA. The performance
of the 2-4 MacCormack-type scheme was considered satisfactory
because of its accuracy, speed, and simplicity. This 2-4 scheme is
an extension of the classical second-order-accurate MacCormack
scheme?! to fourth-order accuracy in space and second-order accu-
racy in time.?

For the axisymmetric case, the solver is split into radial and axial
operators and applied in a symmetric way to avoid numerical biasing
of the solution:

0"**=L,L,LL.Q" ©

Each operator consists of a predictor step and a corrector step;
each step uses a one-sided difference. For the streamwise direction,
it takes the following form.

Predictor:

| - At ~ ~ ~

0" =0l + —(F =8k +F)'  (10)
Corrector:
~ 1[ ~ ~ et At -~ 5 N
Q;’“=E[Q?+Qi+7—m(7ﬂ*8F1+1+Fi+z)"+%:| an

and likewise for the other direction. The order of the sweep di-
rections is reversed between operators to avoid numerical biasing.
At the computational boundaries, the flux quantities are needed to
perform the spatial derivatives; these are obtained using third-order
extrapolations based on data from the interior of the domain:

Fiy1=4F —6F_ +4F _,— F;_3 (12)

To ensure grid independence and accuracy of the results pre-
sented herein, various levels of grid refinement were considered.
It was found that at least 25 points per wavelength are required to
obtain a grid-independent solution. The grid used herein is such that
this constraint on the minimum number of points per wavelength is -
satisfied for the shortest wavelength calculated here.

Because grid stretching reduces the solution accuracy of the 2-4
scheme, a uniform grid is used wherever possible. The physics of
the problem do not require stretching in the axial direction; thus,
196 evenly spaced points are used in a domain extending from
2.5 < x/D < 35. In the radial direction, more grid points must
be concentrated where the mean flow gradient is maximum to re-
solve the physics involved in the development of the disturbance
mode. In the radial direction, the grid begins just above the cen-
terline (r/D = 0.005) and extends to /D = 16, with a total of
381 points. The grid is uniform from the centerline to /D = 0.5
with a spacing of Ar/D = 0.005. At this point, the grid is stretched
geometrically by a factor of 1.01 until the radial spacing is equal to
the axial spacing. At this point, the grid spacing is uniform to the
outer radial boundary.

A large number of grid points is needed to resolve steep mean-
velocity gradients, and the solution could be unstable because of a
lack of damping effects. In real jets, large mean-velocity gradients
correspond to large amplification rates of the disturbances, but this
is dampened by nonlinear and viscous effects lacking in the present
formulation. To avoid imposing artificial dissipation, which could
hide problems resulting from boundary treatments, the computation
is started from an axial distance of x/D =2.5 downstream of the
nozzle exit.

V. Boundary Treatments

Special attention is given to the boundary treatment in order to
avoid nonphysical oscillations, which can render the computed un-
steady solution unacceptable. To provide guidance for this prob-
lem, several boundary treatments were first considered for a model
problem.?® The boundary treatments discussed in the subsections
below were found to be stable, essentially nonreflecting, and suit-
able for the present jet noise computations.

There are four boundary conditions used in the computation, as
shown in Fig. 1: inflow, radiation, centerline, and outflow. These
boundary treatments are described in Secs. V.A-V.D, respectively.

A. Inflow Boundary Condition

In the fluid disturbance region (x/D = Xy, r/D < 2), input
disturbances are introduced into the flowfield (Sec. VI). To accom-
plish this, the time derivatives of the disturbance are added to the
computed flow variables at each time step:

( Qt )boundary = ( Ql )computed + (Q! )disturhﬂnce ( 1 3)

1. Characteristic Inflow Boundary Condition
Todetermine (Q})computed> @ One-dimensional characteristic inflow
boundary condition following Thompson’s analysis is used.?? In
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Fig.1 Pressure disturbance field and boundary conditions.

this analysis, the time derivative at the inflow boundary is decom-
posed into its component parts:

Qt = Qtluxial + Q!Iradial + Qtlazimuthal + Qtlsnurce (14)

Here,
u
4 .
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Next, the axial operator is decomposed into five one-dimensional
characteristics. At a subsonic inflow boundary, four of these charac-
teristics are incoming and are set to zero for a nonreflecting boundary
condition: The fifth characteristic is outgoing and is computed from
the flow solution

Ry = (P")tlaxial + PE@ ) laxis = 0
Ry = (pl)rlaxial - Ez(p/)tlaxial =0
(16)
Ry = (v,)rlaxial =0, Ry = (w/)tlaxial =0

Rs = (p/)tlaxial - ﬁé(ul)rlaxial = [(pl)rlaxial - ﬁé(u,)rlaxia]]computed

The five characteristic equations then are solved together to obtain
the time derivatives of the variables at the inflow boundary:

1
LRI +Rs)—R (R — Rs)
(pl)tlaxial = 2—_2———2, ()t axial = %
c 2pc
(")¢laxia = R, (W) laxial = R 17

(p/)tlaxial = %(Rl + Rs)

For a supersonic inflow, all characteristics are incoming, and all
are set to zero. To prevent spurious oscillations, the amplitude of
the outgoing characteristic is set smoothly to zero near the sonic
line.

Once the primitive perturbation variables are determined, the con-
servative perturbation variables can be updated using

(o)
o) +U(o):
o) + V(o) (18)
pw"): + W(p");

Because of the specified mean velocity at the fluid inflow bound-
ary, the Thompson inflow boundary condition exhibits a problem
in which some disturbances are convected in a radial direction and
remain on the boundary for the rest of the computation. To alleviate
this, the mean radial velocity is set to zero on the inflow boundary,
and is raised smoothly to the proper value by x/D = 3.0.

2. Input Disturbance
Two types of input disturbances are used. The first is an instability-
wave disturbance, which is assumed to be in the following form:

o o(r)
u u(r)
V' § = Re{ U(r) ¢ @) (19)
w’ 0
P p(r)
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The radial distribution of these complex eigenfunctions is ob-
tained by solving the Orr—Sommerfeld equation for the given fre-
quency w. This solution extends to r/D = 1, and a curve is fitted to
smoothly set the disturbance to zero by r/D = 2.

The second type of input disturbance is a random excitation, of
the form

AN
) (Qt)disturbance = Arandom (t) €xXp [_ ’Z“/(Z) : ('r_b_> ] (20)

Here, b=0.1, h=0.78361, and A.n4om ranges from —1.0e-3
to 1.0e-3. The excitation is random only in time, not in space.
A random-number generator is used to determine A ngom; €ach con-
served variable is assigned a different random value of Apngom at
each time step.

The random disturbance is limited to a range of frequencies
0.025 < Sr < 1.6. The lower limit is imposed to aid in acquiring
results, and the upper limit is imposed because of the few points per
wavelength at the higher frequencies.

To impose these restrictions, a random distribution of points is
taken over a nondimensional time of 80 (a period of Sr = 0.025).
Enough points are taken to resolve a maximum frequency of Sr =
1.6. To determine the excitation level at each time level, an Akima
spline is used to interpolate between the random points. The result
is taken to be one period of excitation; at the end of each period, the
cycle of excitation is repeated.

B. Radiation Boundary Condition
The radiation boundary condition is applied to three regions, as
shown in Fig. 1:

x/D = Xuin, r/D >2
Xmin < X/D < Xpax, r/D = rpx (21)
.x/D = Xmax Mexit < 0.01

In these regions, the conventional acoustic radiation boundary con-
dition is used, namely

g ==V OIx/R)gx + (r/R)g; + (1/R)q] 22)

where

R=+/x2+7r?

SRS o

(23)
V) = 5{(x/R)M +/1- [(r/R)M]Z}

and M is the local Mach number. The spatial derivatives that ap-
pear in Eq. (23) are evaluated in a manner identical to that for the
inner flow derivatives. Equation (18) is used to transform the time
derivatives of the primitive variables to the conserved variables.

C. Centerline Boundary Condition

In this code, the centerline boundary is represented with a point
at the centerline, and a ghost point is reflected across the centerline
in the radial direction. In a fully three-dimensional calculation, the
centerline treatment for a three-dimensional problem is not straight-
forward, and has been addressed by Shih et al.26 However, for an
axisymmetric calculation, the boundary condition at r = 0 becomes
straightforward:

v=20 24)
and
!/
a|?
—{u ;=0 (25)
ar ,
p

D. Outflow Boundary Condition

The outflow boundary condition is a stumbling block in the com-
putation of high-speed jets, because it must allow outgoing acoustic,
vorticity, and entropy waves to travel in a nonuniform mean flow
through the boundary without generating spurious reflections.

The outflow boundary treatment is based on the asymptotic analy-
sis of the linearized equations as given by Tam and Webb.?’ The pres-
sure condition is the same as that obtained by Bayliss and Turkel,?®
Engquist and Majda,” and Hagstrom and Hariharan,*® namely

(Pl = =VOI/R)p, + (r/R)p; + 1/R)pT  (26)

As in the acoustic radiation boundary condition,
R=+x2+r?
V() =& &/PM +T=[¢/RMF

However, for updating the rest of the primitive variables, Tam and
Webb?” have shown that the momentum and continuity equations
should be used to account for the presence of entropy and vorticity
waves at the outflow boundary. Thus, the perturbation density and
momentum equations at the boundary are unchanged, but the energy
equation is replaced with

@7

’
(el)tlBC = (%);"l'li—c' + [U(pu)ilinner + V(pv)”inner
’ 1 2 2 2 n.
+ W(pw)tlinner] - E(U + 14 + w )(P )tlmner (28)

The spatial differencing used in the inner code is employed to eval-
uate the derivatives that appear in Eq. (24).

For the outflow boundary at large radius and a local Mach number
of less than 0.01, the outflow boundary condition is replaced with
the radiation boundary condition.

Note that the Tam and Webb?” outflow boundary condition is
formulated with an assumption that the mean flow is uniform, which
is not true for the jet outflow boundary. However, the results given
by this boundary condition are quite good, with very little reflection.

VI. Results

Results are presented in Secs. VI.A-VI.C for the axisymmetric
disturbance flow and acoustic field of an unheated supersonic jet
(Meyir = 2.1) with a uniform stagnation temperature of 270 K. We
split the discussion of the results into three subsections. In Sec. VI.A,
the objective is to examine how clean the numerical solution is. In
Sec. VI.B, we examine the results for instability-wave radiation in
comparison with the theoretical analysis of Tam and Burton.!? This
is followed in Sec. VI.C by a discussion of the applicability of the
present results to real jets.

A. Accuracy of the Solution

Dispersion and dissipation errors in the interior scheme as well
as reflections from the boundaries can lead to spurious modes that
contaminate the solution. As such, the question that we attempt to
address in this section is how clean the numerical solution is.

In Fig. 1 we show the global disturbance pressure field, and in
Fig. 2 we show the global fields of the radial and axial components of
the velocity and its dilation. In the near field, we note the oscillatory
nature of the sound source. The sound source radiates sound that
seems to peak at an angle influenced by the streamwise position
where the disturbance reaches a maximum. As Figs. 1 and 2 indicate,
the solution exhibits the wave nature of the acoustic fields with little
or no dispersion. As for boundary reflections, these figures show the
entire computational domain, i.e., there are no exit zones or sponge
layers to protect the interior domain from reflections. Thus, the
exit boundary treatment used here has the advantage of not wasting
some computational domain as a buffer region. There are hardly
any reflections from the boundaries. Furthermore, we intentionally
decided not to add any artificial dissipation to the scheme (which
could damp spurious modes) to provide a critical test of the present
boundary treatments.
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Fig. 2b Radial velocity-disturbance field.

Fig.5 Disturbance vorticity.

In Figs. 3-6, we attempt to present further criteria for examining
the accuracy of the solution. In Fig. 3, we show the oscillatory distri-
bution of the axial velocity disturbance along the r/D = 0.5 line at
several times. The wave nature of the sound source is apparent even
near the outflow boundary. Further, we examine the spectra in Fig. 4.
These spectra are calculated by taking the time history of the data at
a point over two cycles of oscillation and performing a fast Fourier

Fig. 2c Dilation of disturbance velocity.

transform. This is a linear code with a single frequency inflow dis-
turbance; thus, if other frequency modes exist in the solution, they
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Fig. 6 Radial decay of pressure disturbance in the far field.

would have to be nonphysical and due to numerical errors. Figure 4
shows the spectra at different locations in the domain. Clearly, all
nonfundamental modes are at least two orders of magnitude lower
than the imposed one. This indicates that the solution is practically
free from spurious modes.

We move in Figs. 5 and 6 to examining how clean the computed
acoustic field is. The acoustic field must be irrotational and decaying
as a function of 1/R. Indeed, Fig. 5 shows that the vorticity field
is restricted to the shear-layer area and is zero in the outer acoustic
field. Furthermore, Fig. 6 shows that the rms pressure decays as a
function of 1/R in the outer field, as an acoustic field should behave.
From the results of Figs. 5 and 6, one can conclude that the computed
outer field is indeed an acoustic one.

B. Validation Against Theoretical Results for Instability Waves

As pointed out earlier, several researchers believe that instability
waves can provide a reasonable model for prediction of supersonic
jetnoise. Given that LEEs are more general than the instability-wave
equations, we attempt herein to address the question of whether the
present code can be used for prediction of instability-wave noise.

Tam and Burton'® used asymptotic methods to study sound radi-
ated by an instability wave in a supersonic jet. The Rayleigh equa-
tion is used to describe the sound field in the near field, and then a
matched asymptotic expansion is used to obtain the corresponding
sound field radiated by a single instability wave. Comparisons are
made here between the theoretical results and the numerical one for
a Strouhal number Sr = fD/U, = 0.2, where f is the frequency
in hertz. The mean flow in both cases is that of Sec. III.

We show in Fig. 7 the numerically obtained maximum values of
the pressure oscillations. The lobe shape with lateral peak is evident
in the solution, which is in qualitative agreement with the theoretical
results. For a quantitative comparison, we show in Fig. 8 the contours
of the sound pressure levels superposed on the results of Tam and
Burton. Since the magnitude of the input disturbance used by Tam
and Burton was not known, a single data point in the domain was
matched with their results. Once the magnitude is determined, this
isused in all of the results given. The end result shows the very good
agreement between the two methods for the sound radiation pattern
and directivity.

C. Effect of Input Disturbances

What we have shown so far is that the present LEE approach can
produce a clean solution and can be used successfully for prediction
of sound attributed to instability waves. Because instability waves
are believed to be a reasonable representation of the sound source,
and because LEEs are more general than the instability-wave equa-
tions, one is tempted to address the question of how far LEEs can
go in representing noise produced by real supersonic jets.

At the outset we recall that, because nonlinearity is missing in
LEEs, the present authors believe that only large-scale simulations
can provide a complete picture of jet noise. Yet, LEEs still can be a
useful tool in predicting jet noise. For one thing, they can be used
for extending a nonlinear near-field solution, e.g., LES or DNS,3!+32

Fig.7 Maximum values of pressure disturbance.
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Fig. 8 Sound pressure-level contours of the present calculation com-
pared with results of asymptotic analysis. ’

to obtain the far-field solution, which is linear. Further investigation
of this issue is made by Shih et al.>* Then, the remaining question
is how well LEEs can approximate the near field of real supersonic
jets. Among other parameters, the nature of the disturbances exiting
from the nozzle could play a key role in addressing this question.
The flow inside the nozzle preceding the jet determines the inflow
to the jet and therefore the radiated sound. Mean parameters (mean
flow shape, temperature, Mach number, etc.) usually are specified in
the experiment. The difficulty is with the nature of the disturbance
issuing from the nozzle, which is rarely given in the experimental
results. Dong and Mankbadi** are beginning to address this difficulty
by computing the unsteady flow inside the nozzle to obtain the jet’s
inflow disturbances (spectra, radial shapes, intensity, randomness,
etc.).

Lacking, at present, a definite description of the nozzle exit un-
steady flow, one has to make assumptions. Maestrello et al.35 and
Bayliss and Maestrello®® attempted to account for the effect of noz-
zle flow on the jet noise by considering the interaction of a sound
pulse with the jet flow. Another approach is the instability-wave
mode discussed earlier. In real jets, however, the inflow disturbances
are mostly random, composed of various frequencies. Therefore, we
present results in which the inflow disturbances are taken to be semi-
random in time, as explained after Eq. (20). Computed results are
compared with the experimental results of Troutt and McLaughlin, '8
who measured sound radiated by a Mach 2.1 jet. They attempted
to excite it with a single, axisymmetric disturbance at Sr = 0.2.
However, other axisymmetrical and three-dimensional modes were
present, and the initial excitation level was not well defined.
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In Fig. 9, we compare the calculated rms of the pressure fluc-
tuations along the r/D = 8.0 line with experimental results. The
initial disturbance level is roughly the same for both computation
and experiment, and the maximum value of the graphs is matched.
The Sr = 0.2 component of the random input was filtered out
using fast Fourier transforms to compare it with the experimental
measurements as well as with the earlier numerical results for an
instability-wave input disturbance. There is a slight shift in the nu-
merical results of the instability wave as compared to that of the
same frequency component of the random disturbances. This is at-
tributed to the different receptivity of the two cases. As pointed out
by Tam and Burton,'® the experimentally measured sound source
was composed of axisymmetric and helical modes, with the lat-
ter more dominant than the former. The numerical results shown
here are only for the axisymmetric mode. As such, only qualita-

tive agreement between the numerical results and the experimental
measurements are obtained.

In Fig. 10, the contour plots of the sound radiation at Sr = 0.2
for the random input and instability-wave input are compared with
experiment. The results are in good qualitative agreement with ex-
periment, with the case of random input disturbances closer to the
experiment than the instability-wave calculations.

The angular directivity of the sound pressure level is shown in
Fig. 11. This is calculated at a radius of R/D = 24 from the nozzle
exit centerline. The peak noise occurs at 21, 22, and 26 deg for cal-
culated random disturbances, experimental results, and instability-
wave inputs, respectively. Evidently, the random input disturbance
is closer to the real jet results than an instability-wave model. How-
ever, the calculated results still slightly differ from measurements
because of the reasons discussed previously.

VII. Conclusions

A computationally inexpensive approach based on the LEEs is
introduced for the analysis of supersonic jet noise. A high-order
numerical scheme is adopted to reduce dissipation and dispersion
error. The main difficulty of using the LEEs for sound prediction
is the spurious modes that could be generated at the computational
boundaries. The boundary treatments used here are shown to pro-
duce a stable solution free from artificial boundary reflections or
spurious modes while preserving the wavy nature of the solution.
As such, these boundary treatments are most suitable for jet noise
computation.

Comparisons between experiment and theory indicate that the
present tool can be used for accurate prediction of sound propaga-
tion in the linear domain surrounding the sound generation domain.
Thus, the approach can be used to extend nonlinear, near-field com-
putation, e.g., LES or DNS, to obtain the radiated far-field sound
with considerable reduction in computation time compared to direct
LES or DNS computation. Unlike the classical Kirchhoff method
for extension of the near field to the far field, LEEs account for
refraction effects caused by nonuniform mean flow. Furthermore,
the present approach avoids matching problems associated with the
asymptotic-expansion approach to noise prediction.

Two types of unsteady inflow disturbances were studied to clarify
their effect on the radiated sound. In the first, the disturbances were
taken to be single-frequency instability waves. In the second, the
disturbances were assumed to be random in time. It was shown
that the radiated sound field is dependent on the nature of the input
disturbance. Time-random inflow disturbances seem to produce an
acoustic field that resembles the experimental observations more
than that of the linear instability modes.

Can LEEs predict the sound generation as well as the sound prop-
agation? The linear instability-wave equations are known to produce
results that resemble radiation of supersonic jets. Thus, it is not sur-
prising that LEE, which is more general than the linear instability-
wave equations, produces results consistent with observations, as
shown herein. However, in other cases, such as low-Mach-number
jets, nonlinearity may be important but cannot be captured by the
present approach. As such, although LEEs can accurately predict
the sound propagation, they should be treated as an approximate but
fast tool for prediction of the sound source.
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