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Acoustic field associated with parabolized stability
equation models in turbulent jets
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‘Wavepackets are large-scale turbulent structures that are correlated and advected over
distances that are large compared to the integral scales of turbulence, and have been
shown to be responsible for the peak noise radiated at aft angles to the jet axis. The
present paper discusses linear models of these wavepackets for supersonic turbulent jets
based on Parabolized Stability Equations (PSE). In the past, results of this approach were
shown to be in excellent agreement with coherent structures extracted from experimental
near-field pressure and velocity data in subsonic jets. Here, we make use of a Large Eddy
Simulation (LES) database for an isothermal and a moderately heated Mach 1.5 turbulent
jets. Careful comparisons of the PSE models with near-field pressure fields from LES,
filtered by means of Proper Orthogonal Decomposition (POD), demonstrate acceptable
fidelity of the model. Finally, the acoustic far-field associated with the PSE wavepackets is
computed using a Kirchhoff surface method, capturing reasonably well the far-field pressure
at angles close to the peak.

I. Introduction

Jet noise and its reduction is a technological problem of great importance that has received continuous
attention for decades. State-of-the-art numerical simulations are today capable of predicting simultaneously
the turbulent mixing flow and the noise radiated thereof with remarkable accuracy. On the other hand, the
understanding of the physics involved in the generation of turbulent mixing noise and reduced-order models
for its prediction and control are lacking. The peak noise radiation in the aft direction has been linked to the
dynamics of the large-scale structures observed in turbulent jets.! These structures, intermittent advected
wavepackets that correlate over spatial distances far exceeding the characteristic scales of turbulence, are
related to, and have been modeled by instability waves.2* In addition, evidence has been amassed that the
noise radiated to the acoustic far-field is mostly contained in the first few azimuthal wavenumbers and lower
frequencies. Under these conditions, the wavepackets are most coherent along the axial direction becoming
most efficient sound radiators and thus dominating the acoustic far-field in spite of their relatively low kinetic
energy. Over the last decades, a theory based on the existence and dynamics of wavepackets as the prominent
noise sources has been elaborated, and extensive comparisons with data from simulations and experiments
have demonstrated its utility.”

Theories modeling wavepackets as instability waves of the turbulent mean flow were discussed by Crighton
and Gaster.® Most of these attempts consider statistical descriptions of the wavepackets in the frequency
domain, permitting the derivation of a set of equations describing the evolution of individual frequency and
azimuthal modes, while nonlinear interactions between modes appear as Reynolds stresses. As opposed to
laminar and transitional flows, when turbulent flows in statistical equilibrium are considered, the structures

*Marie Curie COFUND fellow. Present address: Escola de Engenharia de Sao Carlos, Universidade de Sdo Paulo, Brazil.
ATIAA Member. dani@torroja.dmt.upm.es

TPostdoctoral Scholar, Department of Mechanical Engineering. ATAA Member.

fSenior Research Scientist. AIAA Member.

8 Professor, Department of Mechanical Engineering. AIAA Associate Fellow.

1 of 18

American Institute of Aeronautics and Astronautics

Copyright © 2013 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.

AIAA 2013-2279



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
MAY 2013 2. REPORT TYPE 00-00-2013 to 00-00-2013
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Acoustic field associated with parabolized stability equation modelsin £b. GRANT NUMBER

turbulent jets
5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
California Ingtitute of Technology,Department of M echanical REPORT NUMBER
Engineering,Pasadena,CA,91125

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Sa_me as 18
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



Downloaded by Daniel Rodriguez on June 4, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-2279

corresponding to lower frequencies and azimuthal wavenumbers have relatively small energy, and the non-
linear interactions between them may be negligible, insofar as their average evolution in the turbulent mean
flow. Nonlinearity inherent in the turbulent mixing is accounted for in the establishment of the mean flow. A
step beyond the use of parallel-flow and multiple-scales stability theories in the modeling of the wavepackets
is achieved with the introduction of the Parabolized Stability Equations (PSE).” 13 PSE takes into account
the mild divergence of the jet mean flow along the axial direction, and also permits the introduction of non-
linear interactions between the different frequency and azimuthal wavenumbers.!* Further improvements
can be achieved with the introduction of ad hoc eddy viscosity models.!5 16

The approach of using linear instability waves in the wavepacket modeling has been widely employed in
the study of forced supersonic jets,? 151718 for which the measured near-field fluctuations were found to
be in good agreement with the predictions of linear stability theory.'® In the case of subsonic natural jets,
this approach has only recently begun to deliver satisfactory quantitative predictions. One of the difficulties
associated with the experimental observation of the coherent structures in natural jets is the lack of a phase
reference, that is trivially determined in forced jets. Advanced measurement techniques and post-processing
techniques are consequently required in order to detect the physical wavepackets within the flow field. Suzuki
and Colonius?® considered a series of measurements performed at the NASA Glenn SHJAR facility, in which
a microphone phased-array was placed outside of the turbulent mixing-layer, in a region where hydrodynamic
fluctuations are expected to behave linearly and the importance of acoustic fluctuations to be small. The
careful location of the array and the high-quality measurements were instrumental in demonstrating that
the pressure fluctuations measured just outside of the jet shear layer were consistent with the evolution of
linear instability waves computed using locally parallel flow analysis of the jet mean flow. In Gudmundsson
and Colonius,'® Proper Orthogonal Decomposition (POD)?!:22 was applied to the same measurements in
order to filter out the part of the pressure fluctuations that were uncorrelated over the microphone array,
resulting in remarkable comparisons with the solutions of linear PSE. Recently, Particle Image Velocimetry
(PIV) measurements performed at cross-sections along with POD were also employed to extract the coherent
structures from the total turbulent field showing that linear instability waves also compare well with the
large-scale fluctuations in the velocity field.??

Once sufficient evidence is obtained that the instability wave models can successfully reproduce the
most salient features of the physical wavepackets, they can be employed as noise source models in acoustic
projection methods with the final objective of predicting the noise emitted by these structures to the far
field. Techniques based on Lighthill’s acoustic analogy?* are commonly towards this.'?2°27 On the other
hand, Kirchhoff surface methods can, in principle, be used in order to directly project the modeled near-field
pressure to the far field.!»® 10,2829 However, it is presently unclear if the fidelity of the PSE models is good
enough to yield accurate far-field predictions via either Lighthill or Kirchhoff methods.

The present work considers supersonic unforced turbulent jets. Following previous experience in subsonic
jets,!3:23 linear PSE is used to model the evolution of wavepackets and a Kirchhoff surface method is used
to compute their acoustic far field. The model is applied to two ideally-expanded supersonic jets, one
isothermal and one moderately heated, for which Large Eddy Simulation (LES) databases are available.
The simulations were performed using the Cascade Technologies flow solver “Charles”, and were designed to
mimic the conditions in experiments performed at United Technologies Research Center (UTRC) facility.3°
Special attention was paid to converge the low-frequency spectra associated with the wavepackets, which
requires much longer simulation times than the first and second-order statistics usually reported in analogous
simulations. The databases were extensively validated against the experimental measurements.?! The LES
data is used here to extract the necessary input for the computation of PSE wavepacket models (i.e. the
mean flow and fluctuations’ amplitudes) and to perform a detailed evaluation of the modeling strategy.
Quantitative comparisons are performed, showing very good agreement between the wavepacket signatures
extracted from the LES databases and the PSE models both in the pressure near and far-fields, which
constitutes the main novelty in the present contribution with respect to other works in the literature using
the same modeling approach.® 10

II. Large Eddy Simulation database and processing

LES data corresponding to two supersonic jet configurations are used in the present work. The simu-
lations consider ideally-expanded jets emanating from a convergent-divergent round nozzle with jet Mach
number M; = U /c; = 1.5 at static temperature ratios 7, = T; /T, = 1 (isothermal) and T, = 1.74
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Table 1. Summary of operation conditions and jet parameters.

Case Description M; M, T, Re Lot /D*
B118 isothermal ideally-expanded 1.5 1.5 1 300,000 215
B122 heated ideally-expanded 1.5 198 1.74 155,000 112

(heated), respectively referred to as B118 and B122.32 The subscripts j refer to the fully-expanded jet
exit properties. The fluid surrounding the jet has a small co-flow component @., = u},/ci, = 0.1 which is
chosen to match the experimental conditions in the United Technologies Research Center (UTRC) anechoic
facility.3® The LES computations were performed using Cascade Technologies flow solver “Charles”, on
an unstructured mesh containing approximately 42 million control volumes. Extensive comparisons against
measurements performed at UTRC, considering mean flow quantities and near and far-field pressure spectra,
showed excellent agreement.3!

Asterisks in the previous definitions denote dimensional quantities. In what follows, physical quantities
are made dimensionless with the nozzle exit diameter D*, the ambient density pJ , and the ambient speed of
sound ¢} . Besides this non-dimensionalization, some quantities are defined with variables different from the
reference ones: the Reynolds number is based on the jet exit conditions: Re = p;U;D* / ;- The acoustic
Mach number is defined as M, = U; /c;‘ The dimensionless frequency used to show results will be the
Strouhal number defined as St = f*D*/U7. Table 1 summarizes the operation conditions of the two jet
simulations.

Time-averaged mean flow variables were computed using the total simulation time (after initial transients)
of tor & 215D* /¢ for the B118 jet and 112D* /¢ for the heated jet, considered to be a long time sample of
high-fidelity LES, thus ensuring the statistical convergence of the stationary quantities and also a reasonable
convergence for the low-frequency noise spectra. In the computations of the discrete Fourier transforms
in time used along this work, the time segments are extracted with a 75% overlap and a frequency bin
ASt = 0.025, resulting in 29 segments for the B118 case and 19 segments for the B122.

In a previous work?? we employed a database corresponding to the same B118 jet simulation in order to
calibrate and validate the PSE wavepacket models. A spatial filter was applied to remove the small shock
cells that appeared within the potential core, but this smoothing was subsequently determined to be too
aggressive, imposing an artificial damping on the wavepackets. In addition, the time-dependent flow field
variables were undersampled in spatial and temporal resolutions in order to deliver a reasonable-sized dataset,
but the spatial resolution in the axial direction was found to be too coarse for the correct computation of
the higher frequencies, while a very fine, but uniform, resolution was used on the radial direction. In the
present paper, refined databases corresponding to the B118 and B122 jets are used. The ensemble-averaged
mean field from LES is used without any spatial smoothing. The LES fluctuating data are interpolated to
a structured cylindrical mesh with N, x N, x Ny = 321 x 176 x 36 points (where z,r, and 6 are the axial,
radial and azimuthal coordinates), resulting in a constant axial spacing of Az = 0.0625 and a variable radial
distribution with a minimum spacing Ar = 0.01 at the lipline and a maximum spacing Ar = 0.1 at the outer
boundary. A constant time-step of At = 0.02D* /¢, is also used in the extraction of the reduced database
from the total LES simulation data.

ITI. Instability wave models

Parabolized Stability Equations (PSE) represent a generalization of the the parallel-flow linear stability
theory (LST) for flows with a mild variation in the streamwise direction. Here, PSE are used as reduced-
order model of the statistical wavepackets that are implicated in the peak mixing noise radiation; see Jordan
and Colonius® for a recent review on the theoretical framework.

The turbulent flowfield is decomposed into a mean flow and temporal fluctuations, q(x,t) = q(x)+q’(x, ).
In the present work, the mean flow is obtained directly from the time-average of the LES simulation. A
cylindrical coordinate system is used where x = (x, r, ). The vector of fluid variables is q = [uz, U, ug, p, ],
where u,, u, and ug are the axial, radial and azimuthal velocity components, p is pressure and ( is the
specific volume, inverse of the density p. Assuming statistical stationarity of the mean flow quantities in
time, and homogeneity along the azimuthal direction dictated by the round nozzle, the mean flow is only
function of the axial and radial coordinates (@ = q(z,r)) and Fourier modes are introduced for frequency
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w = 2mM;St and wavenumber m following
q'(x, t) — Z Z élwm(xv T) eimeefiwt + q//. (1)

The unresolved fluctuations are formally gathered in the term q”.

Owing to the slowly divergent nature of the mean flow along the axial direction, the fluctuations q,, ,,
can be decomposed into a slowly-varying shape function (that evolves in the same z—scale as the mean flow)
and a rapidly varying wave-like part:

S (27) = A () @ (2,7) = A (0) exD (i / awm@dg) Bum(:7). 2)

The axial wavenumber a,,(2) is a complex quantity, for which a slow variation is also assumed. Note
that the assumption of the existence of a single a,,, that describes the entire cross-stream variation implies
that only a small portion of the fluctuations in a given Fourier mode pair (w,m) is actually represented by
d.,m, and the remaining is implicitly included in q”.

Introducing this decomposition into the compressible Navier-Stokes, continuity and energy equations,
and projecting them on to the retained Fourier basis, we arrive at the system of equations

da ) ) d? 92 F, F"
A+BY ¢l ip2ig? 4F ; _ Zum | Zom
< B T TP B T 8m3r) Qo (@,7) = 7+ 2 ®)

The linear operators A to E are in general functions of the mean flow quantities, Reynolds number, Mach
number, Prandtl number, frequency w, azimuthal wavenumber m and axial wavenumber «. The right-
hand-side contains nonlinear terms. The term F,, collects the quadratic interaction terms between the
retained Fourier modes, and F!/ = represents all other nonlinear terms. For unforced turbulent jets, the small
relative amplitude of the individual modes suggests that nonlinear interactions between the lower modes
can be neglected (me /Aum = 0). On the other hand, most of the nonlinearity related to the unresolved
fluctuations is assumed here to be already accounted for with the use of the turbulent mean flow, and then
F! ~0.51 Consequently, the right-hand-side is set equal to zero and linear PSE is used in what follows.

After spatial discretization of the radial direction, the system (3) can be rewritten as
Yon _ R g,, ()
where L = C+FD, and R = —(A + B da/dx + DD, + ED,,.) have been introduced. The matrix operators
D, and D, stand for the discrete versions of the first and second order spatial differentiation along the
radial direction, respectively. Equation (4) is an initial value problem that can be integrated along the
axial direction using an implicit Euler scheme. The explicit form of these operators, that depends on the
discretization method employed and on the boundary conditions, is given elsewhere!'? 33 along with details
on the numerical solution.

The decomposition of (2) is ambiguous in that the spatial growth can be absorbed into the shape function
Ay OF the complex amplitude A,,,. Following Herbert,** the normalization condition

i ou
/0 al, a‘;’” rdr =0, (5)
where u,,,, refers to the three velocity components and t denotes complex conjugation, is imposed individually
to every (wm) mode, removing the exponential dependence from q_,,,.

Adequate conditions are required at the inlet xq, specifically for q,, (o, 7), Qum(xo) and Ay,m(zo). A
local (i.e. for a fixed axial location) stability eigenvalue problem is solved in to determine the fluctuation
profiles associated with the inviscid inflectional instability (or Kelvin-Helmholtz eigenmode), and these are
used subsequently as the initial conditions in the linear PSE integration. In order to obtain the local stability
problem based on the PSE (4), a further approximation is made assuming that the axial derivatives of the
axial wavenumber and shape functions are also negligible, i.e.: dagm,/dx =~ 0 and 0q,,,, /0T ~ 1GwmQm,-
These assumptions are the same used in the derivation of usual local stability problems of the Orr-Sommerfeld
kind, and result into the following matrix eigenvalue problem:

L

iawﬁlL élum = R dwm' (6)
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The linear operators L and R are the same as in (4), but particularized for & = 0. In addition to the Kelvin-
Helmholtz (K-H) eigenmode, there is a full eigenspectrum of solutions that is often ignored when computing
initial conditions for the PSE integration, but is necessary in order to expand an arbitrary perturbation.3?:36
In our previous work,?> 37 we found that imposing the K-H eigenmode alone as the inlet condition delivered
consistent wavepackets for the cold and moderately heated ideally-expanded jets of interest here.

IV. Comparison with LES near-field pressure

This section presents the PSE wavepacket models and compare them with the empirical wavepackets
extracted from the LES databases for the isothermal and heated jets. The fluctuation pressure field in the
turbulent mixing region and the near acoustic field are considered. Proper orthogonal decomposition (POD)
of the LES flow field is used to filter the fluctuations most correlated over the PSE computational domain.

A. Extraction of wavepackets from LES data using proper orthogonal decomposition

The PSE models are intended to represent the coherent wavepacket motions at low frequencies and azimuthal
wavenumbers. In order to validate these models with LES data, which resolves motions over a broad range
of length and temporal scales, the wavepackets must be educed from LES using appropriate statistical tech-
niques. Previous work considering subsonic jets employed POD to extract the signatures of flow structures
which correlate over significant spatial regions, from either the pressure along a phased microphone array in
the near-field'® or velocity fluctuations at cross-sections measured using particle image velocimetry.!323

The LES database used in the present research, in which all fluid variables are available on the full
relevant flow domain, permits great flexibility in the computation of POD modes. A frequency-domain
variant of Sirovich’s snapshots method® is used here to decompose the two-dimensional structure of the
(St,m) Fourier modes. In analogous manner to the PSE derivation, the LES data is Fourier-decomposed
following

27 /w  pm .
q'(z,r; St,m) = / q"(x,7,0,t) exp [i (mb — 2w StM;t)] dtdo. (7)
t=0 O=—m
Instead of performing a single Fourier transform using the total simulation time, several short-time Fourier
transforms were computed for a given frequency bin ASt, as described in section II. The index ¢ in (7)
denotes the time segment used in the temporal Fourier transform.
A segment-to-segment cross-correlation matrix is defined now by applying an inner product to pairs of
Fourier transformed perturbation fields, corresponding to different segments of data:

My =<q,q > (8)

The use of different norms in the computation of POD modes of a turbulent jet was first done by Freund
and Colonius,?” showing that the resulting decomposition may be highly dependent on the physical variables
of interest. The wavepackets are more readily apparent in the pressure field, and consequently the pertinent
norm for POD is defined as

<, g >= / / ()15 rdrde, (9)

with { denoting complex conjugate. The integration is truncated here to the domain 0 < 2 <20, 0 <r <5,
corresponding to the total domain of the extracted LES database.

POD modes are the optimal basis of orthogonal functions that minimizes the square mean error between
the fluctuations q° and its projection on a basis of orthogonal functions. The [*" POD mode to be computed
is retrieved as a weighted linear combination of the different transformed segments:

Pz, r;w,m) = Z B (w,m) §" (2, r;w,m), (10)
k
where the coefficients 3! are obtained as the eigenvectors of the eigenvalue problem
Mgl =o' g (11)
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The eigenvalues ¢! are real-valued and non-negative, and are arranged in descending order so that the

first eigenvalue is the largest (the POD mode most representative of the fluctuating flowfield), the second
corresponds to the second largest, and so on. The POD modes can be scaled to be directly comparable to
the flow fluctuations as ||¢! (z, r;w, m)| = Vo!, using the definition of the inner product in (9). To illustrate
the relative importance of the respective POD modes, the eigenspectrum is usually normalized with the sum
of all the eigenvalues, so that ), ol = 1. A faster rate of decay of the o' series indicates a higher coherence
of the LES data.

B. PSE wavepackets compared with POD modes

1 1 1 1
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Figure 1. Normalized spectra of POD eigenvalues aj/zl o! for the B118 jet at several Fourier modes.

1
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Figure 2. Projection metric A7 represented by the PSE solution, as projected on to the corresponding POD
modes, for the B118 jet at several Fourier modes.

This section compares the PSE solutions with POD modes extracted from the LES database. For brevity,
the presentation of results will consider the frequencies St = {0.1,0.3,0.5,0.75,1} and m» = 0 and m = 1
azimuthal modes, which cover the range of large-scale structures most significant for the aft peak noise
radiation. Comparisons at higher frequencies are not done here; the far-field spectra shows that the noise
radiated at St = 1 is already an order of magnitude lower that the peak.?!

The POD yields an orthogonal basis set, so that the PSE solution can be orthogonally projected onto
the individual POD using the inner product given in (9). The magnitude of the projection coefficient is a
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Figure 3. Comparison of the pressure component of (a) PSE solution with (b) corresponding first POD modes
with m = 0, for the B118 case.

measure of the correlation of the PSE solution and the corresponding POD mode:
pi - <) P >
la(z, 7l [|¢7(z, )|

A value of the metric A7 close to 1 for the first POD mode indicates that the PSE solution is representative
of the most coherent wavepacket found in the flow.

Figure 1 shows the POD eigenvalues for some representative Fourier modes, for the cold B118 jet. While
the first eigenvalue attains values close to 0.5 for most of the Fourier modes depicted, the decay rate of
the spectra is relatively low. The flatness of the spectra means that many mutually orthogonal modes
are dynamically significant; it increases at higher frequencies and azimuthal mode numbers. It is well
recognized in the literature?! that the flatness of the POD spectra increases with the size of the domain
owing to the relation of POD modes with Fourier modes and the finite integral lengths of the flow. Rapid
variations in wavepacket’s amplitude or phase speed in time and space would require more POD modes in
the reconstruction.

Figure 2 compares the pressure component of the PSE solution with the corresponding first POD modes
using the metric A7 introduced above. Apart from the St = 0.1,m = 0 Fourier mode, to be discussed
later, all other PSE modes demonstrate very good matches with the most coherent structures present in
the data. Visual comparisons of the PSE solutions with the first POD modes for the Fourier modes under
consideration are depicted in figures 3 and 4. Only the real parts of the pressure component are shown.
Both the linear PSE modes and the POD modes have arbitrary amplitude and phase, so that only their

(12)
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Figure 4. Comparison of the pressure component of (a) PSE solution with (b) corresponding first POD modes
with m = 1, for the B118 case.

spatial structures (i.e. the relative amplitudes and phases) are pertinent in the figures. Significant similarity
is observed for all the Fourier modes except the first one, explaining the metric values shown in figure 2.
For the higher frequencies considered herein (St = 0.3 and 0.5), both the PSE solutions and POD modes
exhibit clear, highly directional radiation patterns. These patterns are most relevant for modeling the far-
field noise and are shown to be captured quite well by the PSE. Such radiation patterns are not readily
observed for the St = 0.1 modes, probably due to the low radiating efficiency at these frequencies. In a
previous work considering the same jet configurations,? the computed PSE solutions did not contained the
radiation pattern. As discussed earlier, a spatial filter was applied to the mean flow in that work, that was
found to be too aggressive. In the present work the time-averaged mean flow is employed unfiltered.

The case of the St = 0.1, m = 0 Fourier mode is investigated further in figure 5. It was observed in figure
2 that the first 3 POD modes all have a similar but moderate correlation with the PSE solution. Figure
5 reveals that the PSE solution has nearly uniform amplitude over a large part of the streamwise domain,
but none of the POD modes are as such. As opposed to the other Fourier modes, for St = 0.1, m = 0 none
of the first 3 POD modes exhibit a clear wave structure over a significant spatial region, whereas the PSE
Ansatz imposes the wave-like behavior. Modeling low-frequency modes with PSE has proven challenging for
subsonic'® 23 and supersonic3® 37 jets previously. A possible cause of this discrepancy is that the assumption
of slow streamwise variation of the base flow (compared to the wavepacket wavelength) becomes tenuous
at this low frequency. One the other hand, possible nonlinear interactions between the resolved Fourier
modes, that are neglected in the present work, tend to have a stronger effect on the evolution of the lower
(in frequency and azimuthal wavenumber) Fourier modes.*°
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Figure 5. Comparison of the first 3 pressure POD modes of the St = 0.1,m = 0 Fourier modes with the
corresponding PSE solution for the B118 case. The color-scales of the POD modes reflect their relative
energies in the eigenspectrum.
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Figure 6. Normalized spectra of POD eigenvalues aj/zl ol for the B122 jet at several Fourier modes.

Attention is now turned to the heated B122 supersonic jet; the presentation of the results follows the
preceding scheme. The POD eigenvalues, shown in figure 6, follow the same trends discussed for the cold
