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We investigate the connections between the vortical and near-acoustic fields of three-1

stream, high-speed jets for the purpose of developing linear surface-based models for2

the noise source. Those models would be informed by low-cost, Reynolds-Averaged3

Navier-Stokes (RANS) computations of the flow field. The study uses two triple-4

stream jets, one coaxial and the other with eccentric tertiary flow that yields noise5

suppression in preferred directions. Large Eddy Simulations (LES) validate RANS-6

based models for the convective velocity Uc of the noise-generating turbulent eddies.7

In addition, the LES results help define a “radiator surface” on which the jet noise8

source model would be prescribed. The radiator surface is located near the boundary9

between the rotational and irrotational fields and is defined as the surface on which10

the Uc distribution, obtained from space-time correlations of the pressure, matches11

that inferred from the RANS model. The edge of the mean vorticity field is nearly co-12

incident with the radiator surface, which suggests a RANS-based criterion for locating13

this surface. Two-dimensional space-time correlations show how the asymmetry of14

the tertiary stream, and the resulting thicker low-speed flow, weakens the generation15

of acoustic disturbances from the vortical field.16
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I. INTRODUCTION17

The research effort described here targets the development of low-cost predictive models18

for the noise emission of complex multi-stream turbulent jets associated with the exhaust19

of advanced turbofan engines. For these models to be effective as design tools, they need to20

rely entirely on Reynolds-Averaged Navier Stokes (RANS) solutions of the flow field. With21

reasonable computational resources, RANS solutions can be obtained within hours. High-22

fidelity methods such as large eddy simulation (LES), coupled with surface integral methods,23

have evolved to the point where they can yield accurate noise predictions1. However, they24

entail very large computational resources, long turnaround times, and enormous data sets.25

On the other hand, the analysis of LES results can help in the creation of low-order models26

by shedding light on the physical mechanisms of noise generation, as it is done in this work.27

The present investigation considers three-stream jets at conditions relevant to variable-28

cycle engines for supersonic aircraft. Henderson2 surveyed the acoustics of a three-stream29

configuration where the core and bypass streams are internally mixed upstream of the ter-30

tiary exit; the added tertiary flow reduced high-frequency noise at broadside and peak jet31

noise angles. Henderson et al.3 conducted acoustic experiments and flow field simulations of32

jets from three-stream nozzles with axisymmetric and offset configurations for the tertiary33

stream. The offset tertiary stream reduced noise along the thick side of the jet when the34

core flow was operating at supersonic conditions. Henderson and Wernet4 investigated the35

mean flow field and turbulence characteristics of externally mixed, convergent three stream36

nozzles using stereo particle image velocimetry. Huff et al.5 assessed the capability of three-37
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stream, offset duct configurations to meet Chapter 14 noise regulations. Our research group38

has conducted extensive parametric studies of offset three-stream nozzle concepts and has39

identified promising quiet configurations that involve duct asymmetry in combination with40

a wedge-shaped fan flow deflector6,7.41

RANS-based predictive models for multi-stream jets have focused on the acoustic analogy42

coupled with methods to account for the refraction by the mean flow. Including the refrac-43

tion is particularly critical for asymmetric configurations with azimuthal directivity of the44

acoustic emission. Construction of the related Green’s functions involves complex numeri-45

cal procedures8. Application to three-stream jets with offset tertiary duct has shown initial46

promise3, although the asymmetry in the modeled azimuthal directivity was weaker than the47

experimental one. More recently, Papamoschou9 has proposed an alternative methodology48

where the azimuthal influence is induced by special forms of the space-time correlations of49

the Lighthill stress tensor. This work has also underscored the importance of properly mod-50

eling the convective velocity Uc of the turbulent eddies that dominate sound production9.51

Specifically, for velocity ratios of relevance to the exhaust of turbofan engines, sound emis-52

sion is thought to be strongly influenced by the dynamics of the outer shear layer in the53

initial region of a multi-stream jet. Support for this observation comes from the modeling of54

coaxial jet noise by Tanna and Morris10 and Fisher et al.11. A number of additional works55

have validated and refined this concept, including experiments on mean velocity profiles and56

noise source location12 and near-field pressure measurements13,14. Considering the entire jet,57

one can generalize this observation by stating that the turbulent eddies in contact with the58

ambient air are the main generators of noise. In a time-averaged sense, the action of the ed-59
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dies in the outer shear layer is represented by the local peak of the Reynolds stress, resulting60

in the definition of the outer surface of peak stress (OSPS). The mean axial velocity on this61

surface is set to represent Uc, and the axial convective Mach number, which controls the ra-62

diation efficiency, is defined accordingly. Related work by Bridges and Wernet15 found that63

the local turbulent convection speed is roughly equal to the local mean velocity in regions64

with high turbulence intensity. Stuber et al.16 studied an axisymmetric and an asymmetric65

three-stream jets and found connections between their difference in noise generation and66

their convective velocities. Prasad and Morris17 studied the effect of fluidic inserts on the67

noise of single-stream, heated supersonic jets and attributed the noise reduction enabled by68

the inserts to reduced convective velocities. Daniel et al.18 studied the noise emission from69

high-speed jets with temperature non-uniformity and measured noise reduction that was70

connected to a reduced convective velocity.71

An alternative to the acoustic analogy is surface-based modeling where propagation starts72

from a Kircchoff surface located in the linear pressure field19,20. In the frequency domain,73

propagation off the surface requires knowledge of the pressure and its normal derivative on74

the surface. For simple surfaces (e.g., cylindrical or conical) analytical formulations of the75

surface Green’s function can be used to propagate to the far field. For complex surfaces,76

the problem can be tackled numerically by a variety of methods, including the boundary77

element method21. In principle, the data on the Kircchoff surface would be determined by78

a time-resolved solution of the non-linear flow enclosed by the surface, which makes the79

approach costly. Considerable effort has been placed on developing simple models for the80

surface source that would alleviate this cost. In several of these models for jet noise, the81

4



surface source takes the form of pressure partial fields, each partial field being an amplitude-82

modulated traveling wave (wavepacket) containing hydrodynamic and acoustic components.83

The acoustic field can then be constructed via stochastic superposition of the pressure field84

emitted by each wavepacket. Such constructions can be found in Refs. 22–25. The modeling85

of the surface source is benefiting from fundamental works on the wavepacket modeling86

of jet noise that have made significant progress in the last decade26–29. Using the source87

surface approach one can predict not only propagation but also scattering from airframe88

surfaces30,31, thus addressing the acoustics of propulsion-airframe integration. Surface-based89

models may also simplify the treatment of the azimuthal directivity from asymmetric jets90

noted above. The conceptual application of this approach to multi-stream jets is depicted91

in Fig. 1. The source is prescribed as random partial fields on a “radiator surface” at the92

boundary between the inner nonlinear rotational flow field and outer linear pressure field. As93

will be defined in this paper, the radiator surface is a unique Kirchhoff surface on which the94

pressure distribution reflects the footprint of the turbulence, and in particular the coherent95

structures that dominate mixing and noise generation32,33. As with the acoustic analogy96

approach, modeling of the convective velocity Uc on the radiator surface is a critical element97

of the predictive scheme.98

To make this model low-cost, it desired that the radiator surface and the partial fields99

prescribed on it be based on a RANS solution of the flow field. The complexity of the100

multi-stream jet flow field makes this a challenging proposition. Before such model can be101

envisioned, we need to better understand and model the relation between the inner vortical102

field and the linear pressure field at the edge of the jet. Of particular interest is how103
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this relation changes when asymmetry is introduced and how well RANS can capture the104

resulting effects. To this end, we make extensive comparisons between RANS solutions, and105

the models derived by it, and a time-resolved solution given by large eddy simulation (LES).106

Our initial aim is to establish whether RANS has the potential to inform a differential107

model for acoustic emission, i.e., a model that would predict the changes from a known108

axisymmetric baseline. The paper is organized as follows. The nozzle characteristics and109

their operating conditions are outlined in Section II. The details of the LES and RANS110

simulations are explained in Section III. Then, their results on the mean flow fields are111

presented in Section IV. The relevant surfaces for noise source modeling, the OSPS and the112

radiator surface, are studied in Sections V and VI respectively. Finally, two-dimensional113

space-time correlations are used to investigate noise reduction mechanisms in Section VII.114

OSPS

RADIATOR
U
c, RADIATOR = U

c, OSPS

Partial field

FIG. 1. Basic elements of surface-based modeling of the noise source of multi-stream jets.
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II. JET FLOWS115

We study the flow fields of two high-speed turbulent jets exiting from the triple-stream116

nozzles depicted in Fig. 2(a). The nozzles have external plugs and the mixing of the streams is117

external to the nozzles. The Cartesian and polar coordinate systems used here, x = (x, y, z)118

and x = (x, r, φ), are illustrated in Fig. 2(b). The origin of the axial coordinate x is at the119

plug tip. Subscripts p, s and t refer to the primary (inner), secondary (middle) and tertiary120

(outer) streams, respectively. The azimuthal angle φ is defined relative to the downward121

vertical direction. Both nozzles have the same duct exit areas and plug dimensions. The122

effective (area-based) exit diameter of the primary duct isDp,eff = 13.33 mm, the secondary-123

to-primary area ratio is As/Ap = 1.44 and the tertiary-to-primary area ratio is At/Ap = 1.06.124

The diameter of the tertiary duct is Dt = 38.1 mm. The plug diameter is 23.80 mm and its125

length, as measured from the primary exit plane to the plug tip, is 38.4 mm.126

Nozzle AXI04U is coaxial and thus features uniform distributions of secondary and ter-127

tiary duct exit widths at Ws/Dp,eff = 0.219 and Wt/Dp,eff = 0.127, respectively. Nozzle128

ECC09U has the same primary and secondary ducts as AXI04U but features a tertiary duct129

of variable exit width Wt(φ), plotted in Fig. 2 (c). The distribution is symmetric around130

the plane z = 0. Compared to nozzle AXI04U, the tertiary duct of ECC09U is wider in131

the annular segment −110◦ < 0 < 110◦ and thinner elsewhere. On the top of the nozzle,132

the tertiary duct closes completely by means of a wedge-type deflector of axial length of133

2.1Dp,eff and half angle δ = 25◦. This eccentric tertiary duct causes a thickened tertiary134

flow on the underside of the nozzle.135
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FIG. 2. (a) Exit geometry of nozzles; (b) coordinate system; (c) azimuthal variation of the tertiary

annulus width.

The flow conditions are common for both nozzles and are listed in Table I. They represent136

typical exhaust conditions for a supersonic turbofan engine7. In the table, NPR is the nozzle137

pressure ratio, NTR is the nozzle temperature ratio, A is the exit cross-sectional area, ṁ138

is the mass flow rate, M is the fully-expanded Mach number, and U is the fully-expanded139

velocity. The Reynolds number based on the primary exit conditions and Dp,eff is 1.8×105.140

Jets AXI04U and ECC09U were part of a campaign to investigate the acoustics of coaxial141

and asymmetric three-stream jets7,34. Small-scale experiments utilized helium-air mixtures142

to match the flow conditions shown in Table 1. To demonstrate the noise suppression ability143

of the eccentric tertiary flow, Fig. 3 plots the far-field narrowband spectra of jets AXI04U144

and ECC09U in the downward polar direction of peak emission (approximately 35◦ below the145
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Stream NPR NTR A/Ap ṁ/ṁp M U (m/s)

Primary 2.06 3.38 1.07 1.00 1.00 590

Secondary 2.03 1.34 1.06 2.33 1.44 370

Tertiary 1.53 1.24 0.81 1.31 1.06 282

TABLE I. Flow conditions.

jet axis)34. The spectra are plotted versus the laboratory frequency, which is about 50 times146

larger than the full-scale frequency for a supersonic business jet. The eccentricity of the147

tertiary duct in ECC09U yields large reductions, as much as 12 dB, at full-scale frequency148

in the range of 200 - 500 Hz. Understanding and modeling the physical mechanisms of this149

reduction motivates the research effort discussed in this paper.150
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FIG. 3. Far-field sound pressure level spectra of jets AXI04U (red) and ECC09U (blue) at polar

angle of 35◦ with respect to the downstream axis34.
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In the presentation of the results that follow, equivalent length and velocity scales will be151

used to properly normalize the coordinates and flow variables. The equivalent diameter D̂152

is based on the total exit cross-sectional area and has the value of 24.9 mm. The equivalent153

velocity is the mass-flow-rate averaged velocity154

Û =
ṁpUp + ṁsUs + ṁtUt

ṁp + ṁs + ṁt
(1)

and has the value of 435 m/s.155

III. COMPUTATIONAL DETAILS156

The computational effort encompassed Reynolds-Averaged Navier Stokes (RANS) solu-157

tions and Large Eddy Simulations (LES) performed at the conditions of Table I and the158

Reynolds numbers listed in the previous section. The computational fluid dynamics code159

is known as PARCAE35 and solves the unsteady three-dimensional Navier-Stokes equations160

on structured multiblock grids using a cell-centered finite-volume method.161

The RANS computations use the Jameson-Schmidt-Turkel dissipation scheme36 and the162

Shear Stress Transport (SST) turbulence model of Menter37. The solver has been used in163

past research on dual-stream jets, and its predictions have been validated against mean164

velocity measurements for dual-stream jets35.165

The LES computations use implicit backward three-layer second-order time integration166

with explicit five stage Runge-Kutta dual time stepping, residual smoothing, and multigrid167

techniques for convergence acceleration. The spatial discretization of the inviscid flux is168

based on the weighted averaged flux-difference splitting algorithm of Roe38,39. The viscous169
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flux is discretized using a second-order central difference scheme. The time-evolving jet170

flow is simulated using a hybrid RANS/LES approach40. The Spalart-Allmaras turbulence171

model41 is used to model the turbulent viscosity near the walls, while in the free shear flow172

the computation relies on the subtle dissipation of the upwind scheme, using the method173

proposed by Shur et al.39. Experimental mean-velocity profiles of cold jets issuing from the174

nozzles of this study have been well replicated by the LES predictions; in addition, LES-based175

predictions of far-field sound pressure level spectra (in conjunction with a Ffowcs-Williams-176

Hawkings surface) have reproduced satisfactorily experimental spectra for the nozzles and177

operating conditions of this study42.178

The computations encompassed both the internal nozzle flow as well as the external179

plume. At the inlet surface of each nozzle stream, the boundary conditions specified uniform180

total pressure and total temperature corresponding to their perfectly expanded exit Mach181

number. The ambient region surrounding the nozzle flow had a characteristic boundary182

condition, and the downstream static pressure was set to the ambient pressure. The nozzle183

walls had an adiabatic, no-slip boundary condition. To aid convergence, the RANS and LES184

simulations were conducted with a freestream Mach number of 0.05, equivalent to a velocity185

of 17 m/s.186

For the RANS solutions, the mesh contained approximately 8 million grid points and187

extended to 46D̂ axially and 12D̂ radially. As the nozzles are symmetric around the x − y188

plane, only one half of the nozzles and jet flows were modeled to save computational cost.189

The LES grids contained about 44 million grid points each and extended to 46D̂ axially and190

23D̂ radially.191
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The results of nozzle AXI04U were calculated with 4100 time frames after the transient192

period at a time step of ∆t = 10 µs, yielding a simulation time of 716D̂/Û . Due to193

limited computational resources, the simulation of ECC09U was moderately shorter at 3130194

time frames with the same time step, resulting in a simulation time of 546D̂/Û . Given that195

nozzle AXI04U is axisymmetric, its results are averaged in the azimuthal direction whenever196

possible to improve smoothness. The same treatment is not applicable to jet ECC09U.197

The LES flow field enables two-point space-time correlations throughout the domain.198

Considering fluctuating flow variables a′(x, t) and b′(x, t) with zero means, their normalized199

space-time correlation is defined by200

Rab(x0,x, τ) =
a′(x0, t) b′(x, t+ τ)
(
a′(x0)2 b′(x)2

)1/2
(2)

where x0 is the reference location, x is the displaced location, τ is the time separation,201

and the overline denotes time averaging. Equation 2 assumes stationarity in time t. In the202

analysis that follows we will consider space-time correlations of the pressure fluctuation p′203

with itself, (Rpp), axial velocity fluctuation u′ with itself (Ruu), as well as u
′ with p′ (Rup).204

The space-time correlations enable calculation of the convective velocity by locating the205

time separation where the correlation peaks. Here this calculation will be restricted to axial206

displacements only, with x0 = (x0, r0, φ0) and x = (x0 + ξ, r0, φ0). The resulting axial207

convective velocity Uc will be based on Rpp and Ruu. Figure 4 shows an example space-time208

correlation. Practical implementation of the Uc measurement requires several space-time209

correlations at small axial separations ξi. Because each correlation function comprises a210

discrete set of points, to accurately locate the maximum value of the correlation at axial211

separation ξi a seventh-order polynomial is fitted around the peak of the correlation curve212
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(dashed lines in Fig. 4). The time separation τi corresponds to the maximum value of the213

polynomial. The convective velocity for this axial separation is Uc,i = ξi/τi, and the overall214

Uc assigned to the reference point is the average of all Uc,i computed from correlations whose215

peak values exceed 0.4.216

�

�
.27

0.48

0.61

0.27

0.48

0.61

FIG. 4. Space-time correlation Ruu on the OSPS at x/D̂ = 4 for jet AXI04U. Dashed lines indicate

fits by seventh-order polynomials to accurately detect the peak of each correlation.

IV. MEAN FLOW FIELDS217

A. Mean axial velocity218

Figures 5 and 6 plot isocontours of the normalized mean axial velocity, u/Û , on the plane219

of symmetry of jets AXI04U and ECC09U, respectively, and compare the RANS and LES220

solutions. The LES and RANS flow fields are similar, with the LES predicting slightly faster221

spreading and thus moderately shorter primary potential cores. It is also noted that the222

wake from the plug is accentuated in the RANS solutions. For jet ECC09U, the asymmetry223
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produced by the eccentricity of the nozzle is evident: there is a significant concentration of224

low-speed flow on the underside of the primary jet. The lack of tertiary flow on the upper225

side of ECC09U results in faster growth of the upper portion of the shear layer, thus the226

potential core for ECC09U is slightly shorter than for AXI04U. We define the length of227

the primary potential core Lp as the distance from the exit of the primary nozzle (located228

at x/D̂ = −1.54) to the point where the maximum mean axial velocity equals 0.9Up. For229

jet AXI04U, LES gives Lp/D̂ = 4.5 and RANS gives Lp/D̂ = 6.5. For jet ECC09U, the230

corresponding values are Lp/D̂ = 4.2 and 6.3. As has been noted in previous studies42,43, the231

RANS solution has the tendency to over-predict the length of the potential core. Despite232

this limitation, RANS-based noise predictions can provide useful guidance for the design of233

quiet propulsion systems43.234
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FIG. 5. Isocontours of normalized normalized mean axial velocity u/Û on the symmetry plane of

jet AXI04U. (a) LES and (b) RANS.
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FIG. 6. Isocontours of normalized normalized mean axial velocity u/Û on the symmetry plane of

jet ECC09U. (a) LES and (b) RANS.

B. Reynolds stress235

We examine distributions of the magnitude of the principal component of the Reynolds236

stress tensor237

g = |u′q′| (3)

where u′ is the axial velocity fluctuation and q′ is the transverse velocity fluctuation in238

the direction of the mean velocity gradient. For the LES, g is calculated directly from the239

time-resolved data. For RANS, it is modeled as240

g = νT |∇u| (4)

where νT is the turbulent viscosity and ∇u is the gradient of the the mean velocity. For the241

remainder of the report, g will be loosely referred to as the “Reynolds stress”. Physically,242
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g is a measure of momentum transport by turbulence and represents a direct effect of the243

coherent turbulence eddies9. Therefore, the areas of high Reynolds stress may provide244

valuable information towards the modeling of the effects of those eddies.245

Figure 7 plot isocontours of normalized Reynolds stress g/Û2 for jet AXI04U as predicted246

by LES and RANS. Distinct primary, secondary, and tertiary shear layers are evident near247

the nozzle exit. As noted in the discussion of the mean velocity profiles, the LES predicts248

moderately faster mixing rates. Consequently, the merging of the outer shear layers with the249

inner shear layer is complete by approximately x/D̂ = 2 for LES and x/D̂ = 3 for RANS.250

The peak Reynolds stress occurs downstream of this merging. For the LES solution, the251

peak value of g/Û2 = 0.010 occurs at x/D̂ = 4.4; for the RANS solution, the peak value252

of g/Û2 = 0.012 occurs at x/D̂ = 5.0. Overall, the comparison between RANS and LES is253

satisfactory both in terms of levels and shapes of the distributions.254

The analogous plot of Reynolds stress for jet ECC09U is shown in Fig. 8. The non-255

smoothness of the LES distribution is due to the limited number of time steps of the solution.256

On the underside of the jet, the thicker tertiary flow slows down the spreading of the primary257

shear layer and results in a large suppression of the Reynolds stress. Importantly, the peak258

Reynolds stress shifts to a lower-speed region, compared to AXI04U, meaning that the most259

energetic eddies in contact with the ambient have slower convection speed. On the upper260

side, where there is no tertiary stream, the level of the Reynolds stress is slightly higher261

than in AXI04U. As for the axisymmetric case, the LES predicts moderately faster mixing262

rates than does RANS.263
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FIG. 7. Isocontours of normalized Reynolds stress g/Û2 on a symmetry plane of jet AXI04U. (a)

LES and (b) RANS.
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V. OUTER SURFACE OF PEAK STRESS264

In the acoustic analogy model of Ref. 9 it was surmised that, in multi-stream jets with265

velocity ratios of relevance to aeroengines, the turbulent eddies in direct contact with the266

ambient air are the principal noise generators. In a three-stream jet these eddies are initially267

in the tertiary (outer) shear layer, then progressively transition to the secondary and primary268

shear layers as the tertiary and secondary flows become mixed with the primary flow (Fig.269

1). In the context of RANS, the action of those eddies is represented by the statistics on the270

outer-most peak of the Reynolds stress g, that is, the first peak of g as one approaches the271

jet radially from the outside towards the centerline. This results in the concept of the “outer272

surface of peak stress” (OSPS), which is thought to be important in the understanding and273

modeling of multi-stream jet noise. Among the most important properties of the eddies274

in contact with the ambient is their convective velocity Uc and convective Mach number275

Mc = Uc/a∞, where a∞ is the ambient speed of sound. The convective Mach number276

governs the efficiency with which the eddies radiate sound to the far field; it is thus of277

paramount significance in the modeling.278

The procedure for the detection of the OSPS is a modification of that described in Ref.279

9. At a given axial location, the OSPS is detected by constructing rays along the direction280

of the mean velocity gradient that propagate from the ambient towards the center of the jet;281

the first (outermost) maximum of the Reynolds stress g along each ray marks the location282

of the OSPS. This procedure is common for the RANS flow field and the time-averaged LES283

flow field. Figure 9 offers an example for jet ECC09U based on the RANS solution. The284
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rays start from the low speed region of the jet and propagate inward. They terminate at the285

first maximum of g, thus defining the OSPS at that particular cross plane. The inner peak286

of the Reynolds stress is also visible in the figure.287

FIG. 9. Detection of outer surface of peak stress (OSPS) at x/D̂ = 1.467 for jet ECC09U. Contours

indicate the distribution of Reynolds stress on this cross-stream plane. Thin red lines: rays along

the mean velocity gradient. Thick red line: OSPS

288

289

For the RANS flow field, once the OSPS has been detected, the convective velocity is290

modeled as the mean axial velocity on the OSPS. Denoting the radius of the OSPS as291
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rOSPS(x, φ), the convective velocity is expressed as292

Uc(x, φ) = u
(
x, rOSPS(x, φ), φ

)
(5)

For the LES flow field, the convective velocity is determined directly by the space-time293

correlation of Eq. 2, as explained in the discussion of this equation. An example was shown294

in Fig. 4.295

Three-dimensional views of the the RANS- and LES-derived OSPS for the jets of this296

study are shown in Figs. 10 and 11, respectively. Color contours indicate the distribution297

of the convective Mach number Mc on the surfaces. It is evident that LES and RANS298

produce similar surfaces, with moderate variations in geometry and levels of Mc. The LES299

surface for ECC09U is jagged due to the limited number of time steps (the corresponding300

surface for AXI04U appears smoother because it is averaged azimuthally). We discuss301

general trends evident in both types of solutions; specific differences will be covered in302

the following subsection. The OSPS of jet AXI04U shows a subtle convergence where the303

tertiary shear layer becomes mixed with the secondary shear layer, followed by a more304

pronounced convergence where the outer streams become totally mixed with the primary305

shear. This sudden collapse is followed by a gradual convergence near the end of the primary306

potential core, downstream of which the OSPS diverges slowly. The peak Mc occurs shortly307

downstream of the depletion of the outer streams. The asymmetry of nozzle ECC09U has308

a strong effect on the shape of its OSPS. The convergence from tertiary to secondary shear309

layer, as well as the stronger collapse on the primary layer, have a clear dependence on the310

azimuthal angle φ. Those transition points move downstream as φ tends to 0, the downward311

direction. In addition, in the proximity of φ = 0◦, the tertiary shear layer interacts minimally312
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with the secondary and primary layers: it diverges until it vanishes due to spreading. At313

that point, it stops representing the outer peak of Reynolds stress and the OSPS collapses314

on the primary shear layer. This creates the “bulge” visible in the downwards direction of315

Figs. 10(b) and 11(b). Overall, the outward deflection of the OSPS on the underside of316

the jet causes a large reduction in convective Mach Mc. This is key to the noise reduction317

induced by nozzle ECC09U in the downward direction, as seen in Fig. 3.318

(a) Jet AXI04U (b) Jet ECC09U

FIG. 10. RANS-based OSPS with contours of convective Mach number Mc.

(a) Jet AXI04U (b) Jet ECC09U

FIG. 11. LES-based OSPS with contours of convective Mach number Mc.
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A. Comparisons of LES and RANS results319

Having discussed the detection and broad features of the OSPS, we proceed with detailed320

comparisons of the geometries and convective velocity distributions obtained by the RANS321

and LES solutions for the OSPS of jets AXI04U and ECC09U.322

1. Jet AXI04U323

Figure 12(a) plots the radial coordinates of the OSPS of jet AXI04U as computed by324

RANS and LES. The two predictions are practically identical up to x/D̂ = 1.7, with the325

plot showing clearly the inward transition of the OSPS from the tertiary to the secondary,326

and then to the primary shear layer. This transition occurs in LES about 0.8 diameters327

upstream than in RANS. For x/D̂ > 1.7, the two surfaces are close but the LES result is328

shifted outward, reflecting the faster spreading of the LES jet.329

The comparison of convective velocities on the OSPS is seen in Fig. 12(b). The RANS-330

and LES-based trends are similar and show an increase in Uc as the most energetic eddies331

move from the tertiary (low speed) to the secondary (medium speed), and then to the332

primary (high speed) shear layer. At this point the convective velocity peaks and starts to333

decline, following the decay of the mean velocity past the end of the potential core. Those334

three initial velocity levels are approximately 0.36Û , 0.55Û , and 0.82Û and correspond to335

0.56Ut, 0.64Us, and 0.60Up respectively, which are close to the typical value of 0.6Uj in the336

case of single-stream jets15. There are moderate quantitative differences between the RANS337

and LES results, with RANS predicting a peak value of Uc that is about 14% higher than338
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that predicted by LES. These peaks of Uc also take place at slightly different locations,339

x/D̂ = 3.6 for RANS and x/D̂ = 2.0 for LES, which is explained by the difference in340

transition to the primary stream in each OSPS.341
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(a) Radial coordinate of OSPS.
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(b) Uc distribution on the OSPS.

FIG. 12. RANS and LES results regarding the OSPS of jet AXI04U.

2. Jet ECC09U342

Because of the eccentricity of nozzle ECC09U, the resulting OSPS shape is dependent on343

the azimuthal angle φ. For brevity we only show comparisons for φ = 0◦ and φ = 180◦. The344

radial coordinate results for φ = 0◦ are plotted in Fig. 13(a). There is reasonable agreement345

between the RANS and LES predictions, both capturing the collapse of the OSPS near346

x/D̂ = 4.3, where the outer shear layer vanishes and the OSPS transitions to the primary347

shear layer. The axial location of this transition is earlier in the LES than in the RANS348

solution, consistent with the faster spreading of the LES flow, also seen for jet AXI04U.349

Downstream of this transition the curves have similar trends, with the LES-based OSPS350

showing a faster spreading and therefore an outward shift. Past x/D̂ = 13 the LES-based351
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OSPS loses accuracy due to the lack of convergence of the statistics. Figure 13(b) compares352

convective velocities obtained by modeling on RANS and two-point correlations on LES.353

The noise on the LES-based Uc at x/D̂ < −1 is not considered physical but a result of the354

numerical difficulty in locating the OSPS and performing two-point correlations very close355

to the tertiary nozzle lip. Overall, the LES and RANS curves are similar and show a slightly356

decaying Uc where the OSPS occurs on the outer shear layer. Near x/D̂ = 4.3, the collapse357

of the OSPS to the primary shear layer causes the convective velocity to rise suddenly. The358

LES predicts a peak Uc value about 9% lower than that obtained from the RANS solution.359
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(a) Radial distribution of OSPS.
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(b) Uc distribution on the OSPS.

FIG. 13. RANS and LES results regarding the OSPS of jet ECC09U on φ = 0◦.

Corresponding results for φ = 180◦ are shown in Fig. 14. The radial coordinates show360

similar trends, with an overall faster spreading of the LES jet. Because the tertiary stream361

is deflected away from the top of the nozzle, the OSPS follows the secondary shear layer,362

which is quickly merged with the primary shear layer. This transition occurs near x/D̂ = 0.7363

for LES and around x/D̂ = 1.2 for RANS. Downstream of this transition, the LES result364

shows a more rapid spreading rate. Despite the location discrepancy seen in Fig. 14(a),365
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the RANS- and LES-based convective velocities plotted in Fig. 14(b) are still in overall366

agreement. Similarly to jet AXI04U, there is a stepped increment in the convective velocity367

as the shear layers mix. In this case, because the tertiary flow is deflected such that there368

are only primary and secondary flows at the top of the jet, only one sudden rise is seen. The369

fact that LES predicts the transition from secondary to primary shear layer upstream from370

RANS naturally leads to an earlier rise of the corresponding convective velocity. After that,371

the lower LES-based Uc is explained by the faster spreading of the OSPS.372

Comparing the Uc distribution on the underside of jet ECC09U (Fig. 13(b)) with that373

of jet AXI04U (Fig. 12(b)) we note a substantial reduction in the region 0 ≤ x/D̂ ≤ 4.374

This region influences the middle and high frequencies, which are of particular relevance to375

aircraft noise. The peak convective Mach number in that region is reduced from 1.10 to376

0.57 in the LES solution; and 1.19 to 0.48 in the RANS solution. This reduction occurs377

because the outer-most eddies are shifted to a lower velocity regime. The resulting decrease378

in radiation efficiency is evident by the large reduction in sound pressure level seen in Fig.379

3 at the mid and high frequencies. Even though there are discrepancies on the order of 10%380

between RANS and LES in the prediction of Uc, RANS captures well the changes in Mc,381

and their spatial extent, and is thus expected to provide useful guidance in a differential382

noise prediction model.383

VI. RADIATOR SURFACE384

The radiator surface is a surface close to the jet axis on and outside of which the propa-385

gation of pressure perturbation is governed by the homogeneous linear wave equation. It is386
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FIG. 14. RANS and LES results regarding the OSPS of jet ECC09U on φ = 180◦.

on this surface that the noise sources could be modeled in the form of linear partial fields25.387

This model would be informed by turbulence statistics of the vortical field computed by388

RANS. As we move away from this surface, the hydrodynamic information is lost rapidly.389

One of the most important elements of a surface-based source model is the convective ve-390

locity Uc. This section provides a specific definition for the radiator surface, evaluates it391

for the jets of this study, and offers a practical criterion for locating it based on the RANS392

solution.393

A. Definition394

It is desirable that the convective velocity distribution on the radiator surface matches395

that of the underlying eddies that dominate noise emission. It is then sensible to look for a396

connection between the convective velocity distributions on the OSPS and at the edge of the397

jet. The first issue to address is whether the LES-based convective velocity should be based398

on space-time correlations of the axial velocity fluctuation u′ or the pressure fluctuation399
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p′. Due to their physical associations, we designate u′-based space-time correlations for the400

inner vortical field, where the turbulent structures affect the velocity of the flow directly; and401

p′-based correlations for the region near and beyond the the edge of the jet, where we seek402

the pressure imprint of the vortical eddies. This choice is supported by earlier works, which403

found that space-time correlations of u′ capture the extent of the turbulence eddies but lose404

their effects (their “footprint”) away from them. On the other hand, correlations based on p′405

capture better the footprint of the turbulence events and thus show a physically meaningful406

transition from hydrodynamic to acoustic fields44. Accordingly, the specific definition of the407

radiator used in the present work is the surface near the edge of the jet where the Rpp-based408

Uc matches the Ruu-based convective velocity on the OSPS at the same axial and azimuthal409

locations.410

B. Evaluation for the jets of this study411

Figure 15 displays isocontours of Rpp-based Uc, normalized by the equivalent velocity Û ,412

on the meridional planes of jet AXI04U and jet ECC09U at φ=0◦ and φ=180◦. The result413

for AXI04U has been averaged in the azimuthal direction. At a given axial location, Uc has a414

radial trend whereby it decreases outside the OSPS, reaches a minimum, then rises sharply.415

The sharp rise is associated with the transition from the hydrodynamic to the acoustic416

fields. Previous studies have shown similar trends for single- and multi-stream jets15,16,45.417

To achieve the aforementioned property of the radiator surface, we search for a surface418

near the edge of the jet where the Uc distribution matches that on the OSPS. The result419

are the white lines plotted in Fig. 15. They track very closely the hydrodynamic-acoustic420
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(a) Jet AXI04U.

(b) Jet ECC09U at φ = 0◦.

(c) Jet ECC09U at φ = 180◦.

FIG. 15. Distribution of normalized convective velocity Uc/Û as determined by space-time

correlations based on p′ on meridional planes of jets AXI04U and ECC09U. White lines: radiator

surface; red lines: OSPS based on LES.
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transition of the Uc maps. The smoothness of the Uc-match lines, and their proximity to421

the hydrodynamic/acoustic boundary in the Rpp-based Uc, suggest that the Uc information422

on the OSPS is transmitted to the jet rotational/irrotational boundary. It is in fact quite423

remarkable that a highly distorted OSPS, such as that of jet ECC09U, yields a smooth424

radiator surface. This is even more apparent in the three-dimensional renderings of Fig.425

16 which overlays the LES-derived OSPS with the radiator surface for jets AXI04U and426

ECC09U. The results provide encouragement that there is a surface, having the desired427

properties of the radiator surface, on which the RANS-derived convective velocity (on the428

OSPS) would inform the definition of the partial fields for noise source modeling.429

�/�

(a) Jet AXI04U

�/�

(b) Jet ECC09U

FIG. 16. Radiator surfaces and LES-based OSPS with contours of convective Mach number Mc.

It is instructive to examine the effect of the eccentricity of the tertiary stream on the430

pressure distribution on the radiator surface. To this end, Fig. 17 plots the axial distribution431

of the root mean square of p′, p′rms, on the radiator surfaces of jets AXI04U and ECC09U432

at φ = 0◦ (downward direction). The eccentricity reduces the pressure level by factor of433

about two, which is consistent with the reduction in Reynolds stress seen when comparing434

Figs. 7(a) and 8(a). This reduction, and the decline in radiation efficiency due to the lower435
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convective Mach number, are factors that contribute to the reduction in far-field sound436

pressure level seen in Fig. 3.437
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FIG. 17. Distribution of p′rms, normalized by the ambient pressure p∞, on the radiator surfaces

of jets AXI04U and ECC09U at φ = 0◦.

C. Approximation based on mean flow438

A predictive approach based on RANS alone would not have the benefit of the space-time439

correlations to locate the radiator surface. We thus search for a criterion based on the mean440

flow field that would yield an approximate representation of the radiator surface. The main441

attribute of the radiator surface is that it is placed at the boundary between the rotational442

and irrotational fields. It is therefore relevant to study the mean vorticity distribution as a443

means of developing the desired criterion. Figure 18 plots isocontours of normalized mean444

vorticity magnitude |ω|D̂/Û on the meridional plane of jet AXI04U. The magnitude has a445

wide dynamic range and reaches peak values of approximately |ω|D̂/Û = 20 in the shear446
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layers near the nozzle exit. To accentuate the vorticity distribution near the jet edge, a447

smaller dynamic range has been applied so that the core vortical region appears saturated.448

The radiator surface is included in Fig. 18. It is observed that the radiator surface follows449

the outer edge of the mean vorticity field. The same observation holds for jet ECC09U and450

is not shown here for brevity.451

FIG. 18. Isocontours of normalized magnitude of mean vorticity |ω|D̂/Û on jet AXI04U. Black

line: radiator surface based on Uc-match criterion.

While a fixed threshold of |ω|D̂/Û may work well around the potential core of the jet,452

it will fail downstream as the magnitude of the mean vorticity decays together with the453

maximum mean velocity of the jet. To account for this, we consider a criterion based on the454

local mean vorticity. Specifically, we seek the surface defined by455

|ω|(x, r, φ) = κ|ω| om(x, φ) , r ≥ r om(x, φ) (6)

where |ω| om is the outermost maximum of |ω| at a given axial and azimuthal location, r om456

is the radial location of this maximum, and κ < 1 is a threshold. The search procedure for457

|ω| om is similar to the detection of the OSPS exemplified in Fig. 9. Then, as Eq. 6 indicates,458

the threshold is applied as one approaches the jet from the ambient towards the centerline.459
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It was found that the threshold κ = 0.125 works satisfactorily for both jets of this study,460

as illustrated in Figs. 19 and 20. The figures demonstrate an excellent representation of the461

radiator surface using the criterion of Eq. 6. Even though this is based on only two jets, it462

builds confidence that a RANS-based criterion for locating the radiator surface is achievable.463
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(b) Jet ECC09U.

FIG. 19. Comparison of radiator surface (black solid lines) with surface based on the mean

vorticity criterion of Eq. 6 (dashed blue lines) on symmetry planes of jets (a) AXI04U and (b)

ECC09U.
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FIG. 20. Comparison of radiator surface (black solid lines) with surfaces based on mean vorticity

of Eq. 6 (dashed blue lines) on cross-sectional planes of jet ECC09U: (a) x/D̂ = 3; (b) x/D̂ = 6.

VII. 2D SPACE-TIME CORRELATIONS464

The connection between the inner vortical field and the edge of the jet is further inves-465

tigated using two-dimensional space-time correlations of the LES data. The focus is on the466

interaction between turbulent eddies near the inner (high-speed) shear layer and the rest of467

the domain, with emphasis on events near the radiator surface. For the reasons given in468

Section VI, we consider the correlation Rup between u′ in the high-speed turbulent region469

and p′ elsewhere. The formulation of Eq. 2 is used with reference point x0 = (x0, r0, 0) and470

displaced point x = (x, r, 0).471

On the meridional plane φ = 0◦, the reference point is placed at (x0, r0) = (2.0, 0.3)D̂.472

This point is on the OSPS of jet AXI04U and near the middle of the high-speed shear473

layer of jet ECC09U. The resulting space-time correlation R̂up is plotted in Fig. 21 for jets474
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AXI04U and ECC09U at three time separations. The evolution of R̂up for AXI04U shows475

two main lobes of opposite signs traveling downstream at a speed slightly faster than 0.6Û .476

At zero time separation (τ=0), the lobes show a strong correlation pattern radiating from477

the vortical region to the radiator surface and then on to the near acoustic field. For non-478

zero time separations (τ = ±1.92D̂/Û), the correlations remain strong in the near acoustic479

field but weaken inside the vortical region. The correlation peaks near the radiator surface480

represent the footprint of large turbulent structures that pass through the reference point481

and dominate the surrounding linear field46. However, inside the vortical field those large482

eddies coexist with smaller scales that become uncorrelated quickly and thus decrease the483

values of two-point correlations for τ 6= 0. The fact that the peaks of correlation linked to484

the linear field follow well the location of the radiator surface is further confirmation of its485

appropriate placement in Section VI.486

In comparison with jet AXI04U, jet ECC09U shows much lower values of correlations at487

all time separations. At zero time separation, the peak correlation of ECC09U in the near488

acoustic field is Rup = −0.13 versus Rup = −0.21 for AXI04U. At non-zero time separation,489

the correlations for ECC09U become even weaker. The thickened low-speed flow of jet490

ECC09U not only suppresses the turbulence level of the inner shear layer, as evidenced491

in Fig. 8, but also weakens the correlation between the inner shear layer and the emitted492

acoustic field. The reduced correlation can be attributed to the lower radiation efficiency of493

the eddies in the inner shear layer.494

Movies of the time evolution of the 2D space-time correlations in Fig. 21 are available in495

supplementary files SuppPubmm1.avi and SuppPubmm1.avi for jets AXI04U and ECC09U,496
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FIG. 21. Contours of Rup with reference point (x0, r0) = (2, 0.3)D̂ for jets AXI04U (left column)

and ECC09U (right column) at azimuthal angle φ = 0◦. Time separations: τ = −1.92D̂/Û (top

row), τ = 0 (middle row), and τ = 1.92D̂/Û (bottom row). Red line: SPS. White line: radiator

surface. Black dashed vertical line: positions for a downstream convection at velocity 0.6Û .

respectively. The movies enable a more complete view of the trends discussed above regard-497

ing the correlations and their suppression (See supplementary material at [URL] for the 2D498

space-time correlation movies.)499
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VIII. CONCLUDING REMARKS500

This computational study explored connections between the vortical and near-acoustic501

fields of multi-stream jets whose understanding will aid in the noise source modeling of502

these complex flows. The ultimate goal is development of linear, surface-based models that503

would be informed by low-cost RANS solutions. The study used two triple-stream jets, one504

coaxial and the other with eccentric tertiary flow that yields noise suppression in preferred505

directions. The jets exhausted at conditions simulating the takeoff set point of a supersonic506

turbofan engine. An essential requirement for the model is accurate representation of the507

convective velocity Uc of the noise-generating turbulent eddies.508

Large Eddy Simulations were used to assess key assumptions in the RANS-based model.509

Direct evaluation of the Reynolds stress and convective velocity Uc from the LES show510

reasonable agreement with the RANS-based modeled values. This suggests the validity of511

modeling the convective velocity of the noise-generating turbulent as the mean axial velocity512

on the outer surface of peak stress (OSPS). The LES results also help define a “radiator513

surface” on which the jet noise source model would be prescribed. The radiator surface is514

located at the boundary between the rotational and irrotational field and is defined as the515

surface near the jet edge on which the Uc distribution, obtained from space-time correlations516

of pressure fluctuations, matches the convective velocity based on axial velocity fluctuations517

on the OSPS. A criterion based on the mean vorticity is formulated that accurately approx-518

imates the shape of this surface. The connection between the inner vortical field and the519

edge of the jet is also investigated through two-dimensional space-time correlations of the520
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velocity and pressure fields. The correlations shed light on the noise generation from the521

high-speed region of the jet and show how the asymmetry of the tertiary stream, and the522

resulting thicker low-speed flow, weakens the radiation efficiency of the high-speed eddies.523

One of the most important finding of this study is that there is a surface in the linear524

near field of a complex multistream jet, the radiator surface, on which pressure disturbances525

convect at the same speed as the vortical eddies that are considered to be the main noise526

generators. This convective speed can be modeled as the mean flow velocity on the OSPS,527

therefore can be informed by a RANS solution. Nozzle asymmetry causes changes in the528

geometry of the OSPS and convective velocity that are captured by RANS with a reasonable529

degree of accuracy. Despite the irregular shape of the OSPS, the radiator surface is relatively530

smooth and its geometry can be approximated using a mean-vorticity criterion, therefore531

it can also be based on the RANS solution. We conclude that RANS shows promise in532

predicting two of the most important elements in the proposed modeling – the geometry of533

the radiator surface and the convective velocity distribution on it. A complete model will534

require additional information including length and time scales. It is hoped that these can535

also be based on RANS, and this is the topic of current work.536

ACKNOWLEDGMENT537

This work was partially funded by NASA Phase II SBIR contract 80NSSC19C0089, under538

technical monitor Dr. Brenda Henderson. Spectral Energies, LLC was the prime contractor.539

A.A. has also received support from a Balsells Fellowship.540

37



REFERENCES541

1G. Brès, F. Ham, J. Nichols, and S. Lele, “Unstructured large-eddy simulations of super-542

sonic jets,” AIAA Journal 55(4) (2017) doi: 10.2514/1.J055084.543

2B. Henderson, “Aeroacoustics of three-stream jets,” AIAA Paper 2012-2159 (2012) doi:544

10.2514/6.2012-2159.545

3B. Henderson, S. Leib, and M. Wernet, “Measurements and predictions of the noise from546

three-stream jets,” AIAA Paper 2015-3120 (2015) doi: 10.2514/6.2015-3120.547

4B. S. Henderson and M. Wernet, “Characterization of three-stream jet flow fields,” AIAA548

Paper 2016-1636 (2016) doi: 10.2514/6.2016-1636.549

5B. S. Henderson and D. L. Huff, “The aeroacoustics of offset three-stream jets550

for future commercial supersonic aircraft,” AIAA Paper 2016-2992 (2016) doi:551

10.2514/6.2016-2992.552

6D. Papamoschou, V. Phong, J. Xiong, and F. Liu, “Quiet nozzle concepts for three-stream553

jets,” AIAA Paper 2016-0523 (2016) doi: 10.2514/6.2016-0523.554

7V. Phong and D. Papamoschou, “Investigation of isolated and installed three-stream jets555

from offset nozzles,” AIAA Paper 2017-0005 (2017) doi: 10.2514/6.2017-0005.556

8S. Leib, “Modeling sound propagation through non-axisymmetric jets,” NASA/CR–2014-557

218107 (2014).558

9D. Papamoschou, “Modelling of noise reduction in complex multistream jets,” Journal of559

Fluid Mechanics 834, 555–599 (2018) doi: 10.1017/jfm.2017.730.560

38

https://doi.org/10.2514/1.J055084
https://doi.org/10.2514/6.2012-2159
https://doi.org/10.2514/6.2015-3120
https://doi.org/10.2514/6.2016-1636
https://doi.org/10.2514/6.2016-2992
https://doi.org/10.2514/6.2016-0523
https://doi.org/10.2514/6.2017-0005
https://doi.org/10.1017/jfm.2017.730


10J. Tanna and P. Morris, “The noise from normal-velocity-profile coannular jets,” Journal561

of Sound and Vibration 98(2), 213–234 (1985) doi: 10.1016/0022-460X(85)90386-4.562

11M. Fisher, G. Preston, and W. Bryce, “A modelling of the noise from simple coaxial jets,563

Part I: With unheated primary flow,” Journal of Sound and Vibration 209(3), 385–403564

(1998) doi: 10.1006/jsvi.1997.1218.565

12D. Papamoschou and S. Rostamimonjezi, “Effect of velocity ratio on noise source distri-566

bution of coaxial jets,” AIAA Journal 48(7), 1504–1512 (2010) doi: 10.2514/1.J050140.567

13C. Tinney and P. Jordan, “The near pressure field of co-axial subsonic jets,” Journal of568

Fluid Mechanics 611, 175–204 (2008) doi: 10.1017/S0022112008001833.569

14D. Papamoschou and V. Phong, “The very near pressure field of single- and multi-stream570

jets,” AIAA Paper 2017-0230 (2017) doi: 10.2514/6.2017-0230.571

15J. E. Bridges and M. P. Wernet, “Measurements of turbulent convection speeds572

in multistream jets using time-resolved PIV,” AIAA Paper 2017-4041 (2017) doi:573

10.2514/6.2017-4041.574

16M. Stuber, K. T. Lowe, and W. F. Ng, “Synthesis of convection velocity and turbu-575

lence measurements in three-stream jets,” Experiments in Fluids 60(5), 83 (2019) doi:576

10.1007/s00348-019-2730-5.577

17C. Prasad and P. Morris, “Steady active control of noise radiation from highly heated578

supersonic jets,” Journal of the Acoustical Society of America 149(2), 1306–1317 (2021)579

doi: 10.1121/10.0003570.580

39

https://doi.org/10.1016/0022-460X(85)90386-4
https://doi.org/10.1006/jsvi.1997.1218
https://doi.org/10.2514/1.J050140
https://doi.org/10.1017/S0022112008001833
https://doi.org/10.2514/6.2017-0230
https://doi.org/10.2514/6.2017-4041
https://doi.org/10.1007/s00348-019-2730-5
https://doi.org/10.1121/10.0003570


18K. Daniel, D. Mayo Jr, K. T. Lowe, and W. Ng, “Experimental investigation on the581

acoustic field and convection velocity of structures in a heated jet with centered thermal582

non-uniformity,” AIAA Paper 2019-1300 (2019) doi: 10.2514/6.2019-1300.583

19A. Pilon and A. Lyrintzis, “Development of an improved Kirchhoff method for jet aeroa-584

coustics,” AIAA Journal 36(5), 783–790 (1998) doi: 10.2514/2.437.585

20C. Tam, N. Pastouchenko, and K. Viswanathan, “Extension of the near acous-586

tic field of a jet to the far field,” Procedia Engineering 6, 9–18 (2010) doi:587

10.1016/j.proeng.2010.09.002.588

21D.-C. Mincu, E. Manoha, C. Parzani, J. Chappuis, S. Redonnet, R. Davy, and M. Es-589

couflaire, “Numerical and experimental characterization of aft-fan noise for isolated and590

installed configurations,” AIAA Paper 2010-3918 (2010) doi: 10.2514/6.2010-3918.591

22P. Morris, “A note on noise generation by large scale turbulent structures in subsonic592

and supersonic jets,” International Journal of Aeroacoustics 8(4), 301–316 (2009) doi:593

10.1260/147547209787548921.594

23R. Reba, S. Narayanan, and T. Colonius, “Wave-packet models for large-scale595

mixing noise,” International Journal of Aeroacoustics 9, 533–558 (2010) doi:596

10.1260/1475-472X.9.4-5.533.597

24D. Papamoschou, “Wavepacket modeling of the jet noise source,” International Journal of598

Aeroacoustics 17(1-2), 52–69 (2018) doi: 10.1177/1475472X17743653.599

25D. Papamoschou, “On the connection between near and far pressure fields of a turbulent600

jet,” AIAA Paper 2018-1251 (2018) doi: 10.2514/6.2018-1251.601

40

https://doi.org/10.2514/6.2019-1300
https://doi.org/10.2514/2.437
https://doi.org/10.1016/j.proeng.2010.09.002
https://doi.org/10.2514/6.2010-3918
https://doi.org/10.1260/147547209787548921
https://doi.org/10.1260/1475-472X.9.4-5.533
https://doi.org/10.1177/1475472X17743653
https://doi.org/10.2514/6.2018-1251


26K. Gudmundsson and T. Colonius, “Instability wave models for the near-field fluc-602

tuations of turbulent jets,” Journal of Fluid Mechanics 689, 97–128 (2011) doi:603

10.1017/jfm.2011.401.604

27P. Jordan and T. Colonius, “Wave packets and turbulent jet noise,” Annual Review of605

Fluid Mechanics 45, 173–195 (2013) doi: 10.1146/annurev-fluid-011212-140756.606

28A. Cavalieri, D. Rodriguez, P. Jordan, T. Colonius, and Y. Gervais, “Wavepackets in607

the velocity field of turbulent jets,” Journal of Fluid Mechanics 730, 559–592 (2013) doi:608

10.1017/jfm.2013.346.609

29A. Cavalieri, P. Jordan, and L. Lesshafft, “Wave-packet models for jet dynamics and sound610

radiation,” Applied Mechanics Reviews 71, 020802–1 –27 (2019) doi: 10.1115/1.4042736.611

30D. Papamoschou, “Prediction of jet noise shielding,” AIAA Paper 2010-0653 (2010) doi:612

10.2514/6.2010-653.613

31S. Piantanida, V. Jaunet, J. Huber, W. Wolf, P. Jordan, and A. Cavalieri, “Scattering of614

turbulent-jet wavepackets by a swept trailing edge,” Journal of the Acoustical Society of615

America 140(6), 4350–4359 (2016) doi: 10.1121/1.4971425.616

32C. Ho, “Near field pressure fluctuations in a circular jet,” NASA CR-179847 (1985).617

33K. Zaman, “Flow field and near and far sound field of a sub-618

sonic jet,” Journal of Sound and Vibration 106(1), 1–16 (1986) doi:619

https://doi.org/10.1016/S0022-460X(86)80170-5.620

34D. Papamoschou and V. Phong, “Perceived noise assessment of offset three-stream621

nozzles for low noise supersonic aircraft,” AIAA Paper 2018-1740 (2018) doi:622

41

https://doi.org/10.1017/jfm.2011.401
https://doi.org/10.1146/annurev-fluid-011212-140756
https://doi.org/10.1017/jfm.2013.346
https://doi.org/10.1115/1.4042736
https://doi.org/10.2514/6.2010-653
https://doi.org/10.1121/1.4971425
https://doi.org/https://doi.org/10.1016/S0022-460X(86)80170-5


10.2514/6.2018-1740.623

35J. Xiong, P. Nielsen, F. Liu, and D. Papamoschou, “Computation of high-speed624

coaxial jets with fan flow deflection,” AIAA Journal 48(10), 2249–2262 (2010) doi:625

10.2514/1.J050331.626

36A. Jameson, W. Schmidt, and E. Turkel, “Numerical solutions of the euler equations by627

finite volume methods using Runge-Kutta time stepping schemes,” AIAA Paper 1981-1259628

(1981) doi: 10.2514/6.1981-1259.629

37F. Menter, “Two-equation eddy-viscosity turbulence models for engineering applications,”630

AIAA Journal 32(8), 1598–1605 (1994) doi: 10.2514/3.12149.631

38P. L. Roe, “Approximate Riemann solvers, parameter vectors and differ-632

ence schemes,” Journal of Computational Physics 46(2), 357–378 (1980) doi:633

10.1016/0021-9991(81)90128-5.634

39M. L. Shur, P. R. Spalart, and M. K. Strelets, “Noise prediction for increasingly complex635

jets. Part I: Methods and tests,” International Journal of Aeroacoustics 4(3), 213–246636

(2005) doi: 10.1260/1475472054771376.637

40P. R. Spalart, W. H. Jou, M. Strelets, and S. R. Allmaras, “Comments on the feasibility638

of les for wings, and on a hybrid rans/les approach,” 1st AFOSR Int. Conf. on DNS/LES,639

Ruston, LA (1997).640

41P. R. Spalart and S. R. Allmaras, “A one-equation turbulence model for aerodynamic641

flows,” AIAA Paper 1992-0439 (1992) doi: 10.2514/6.1992-439.642

42

https://doi.org/10.2514/6.2018-1740
https://doi.org/10.2514/1.J050331
https://doi.org/10.2514/6.1981-1259
https://doi.org/10.2514/3.12149
https://doi.org/10.1016/0021-9991(81)90128-5
https://doi.org/10.1260/1475472054771376
https://doi.org/10.2514/6.1992-439


42J. Xiong, F. Liu, and D. Papamoschou, “Large eddy simulation of three-stream jets,”643

AIAA Paper 2018-1737 (2018) doi: 10.2514/6.2018-1737.644

43J. Bridges, “Rapid prediction of installed jet noise from RANS,” AIAA Paper 2019-2732645

(2019) doi: 10.2514/6.2019-2732.646

44A. Adam, D. Papamoschou, and C. Bogey, “The imprint of vortical structures on the647

pressure field at the edge of a turbulent high-speed jet,” AIAA Paper 2021-1184 (2021)648

doi: 10.2514/6.2021-1184.649

45D. Papamoschou, J. Xiong, and F. Liu, “Towards a low-cost wavepacket model of the jet650

noise source,” AIAA Paper 2015-1006 (2015) doi: 10.2514/6.2015-1006.651

46F. Coiffet, P. Jordan, J. Delville, Y. Gervais, and F. Ricaud, “Coherent structures in sub-652

sonic jets: A quasi-irrotational source mechanism?,” International Journal of Aeroacoustics653

5(1), 67–89 (2006) doi: 10.1260/147547206775220407.654

43

https://doi.org/10.2514/6.2018-1737
https://doi.org/10.2514/6.2019-2732
https://doi.org/10.2514/6.2021-1184
https://doi.org/10.2514/6.2015-1006
https://doi.org/10.1260/147547206775220407

