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A series of large eddy simulations are performed for a heated supersonic internally-mixed
dual-stream jet issued from a converging-diverging circular nozzle. The study focuses on
the modeling of the flow inside the nozzle and its effects on the external flow-field and
radiated noise. The influence of mesh resolution, inlet conditions, inflow turbulence and
wall modeling are investigated. The numerical predictions are compared to experimental
PIV and far-field noise measurements from NASA Glenn Research Center. Overall the
comparisons show good agreement, in particular for the refined simulation with dual stream
inlet. Based on the results, isotropic mesh refinement and adaptation seems necessary in
the noise-source containing region of the jet plume, as well as in the near-wall region inside
the nozzle. Likewise, including the dual streams as inlet condition (rather than the core
stream only) appears required, even for the present configuration with relatively low bypass
ratio. The use of synthetic inflow turbulence and wall modeling inside the nozzle tend to
yield thin perturbed boundary layers that transition to turbulent shear layer more rapidly
and smoothly than the typical laminar boundary layer. This leads to a reduction of the
peak velocity fluctuations in the shear layer near the nozzle exit and appears to prevent
high-frequency noise associated with the laminar to turbulent transition.
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Speed of sound
Nozzle exit diameter
Simulation time step
Acoustic Mach number
Jet Mach number
Nozzle pressure ratio p0 /p∞
Nozzle temperature ratio T0 /T∞
Pressure
Strouhal number f D/Uic
Temperature
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Boundary layer thickness
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ρ
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δθ

Density
Shear stress
Boundary layer momentum thickness

Subscript
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Free-stream property
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Bypass stream property
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Ideally-expanded jet condition
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w
Quantity at the wall
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′
Root-mean-square (RMS) quantity
Time average
+
Viscous units
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I.

Introduction

The noise environment associated with take-offs and landings of a tactical aircraft on an aircraft carrier
deck is one of the loudest sources of aerodynamically generated sound, and can have severe adverse health
impacts on carrier deck crew. Predicting jet noise accurately and, in turn, finding effective strategies to
reduce it without significant impact to the overall propulsive performance are therefore critical.
For aeroacoustic predictions of propulsive jets, various forms of the large eddy simulation (LES) techniques
have been used over the years. As reviewed by Bodony & Lele,1 these research efforts have led to a substantial
amount of data available in the literature on LES of compressible turbulent jets. Overall, the consensus is
that accurate and reliable flow and noise predictions with LES require careful choices on many different
aspects of the computational methods, ranging from the numerical discretization in space and time to the
treatment of the boundary conditions. In particular, the state of the boundary layer at the nozzle exit is
now well recognized as an important parameter of the jet noise problem. It has been the focus of many
experimental studies, including pioneer works from Bradshaw et al.,2, 3 Hill et al.,4 Hussain & Zedan5, 6 and
Husain & Hussain,7 as well as more recent numerical studies. While the nozzle geometry was typically not
considered in the early LES investigating the influence of inflow conditions on the flow-field and radiated noise
(see for example the works by Morris et al.,8 Bodony & Lele,9 and Bogey & Bailly10 ), most of the current
simulations explicitly include a geometry at the inlet. For instance, Bogey et al.11–14 considered, in a series
of papers, the roles of inflow conditions and initial turbulence on subsonic jets originating from a straight
cylindrical pipe. Andersson et al.15, 16 included the last contraction of an experimental nozzle configuration
in their study of inflow condition effects on subsonic jets. Liu et al.17 used a converging-diverging nozzle with
sharply varying contours and investigated, with monotonically integrated LES, the impact on supersonic jet
of the initial turbulence level inside the nozzle, via initial amplitude variations and wall roughness.
Looking forward to realistic design studies of tactical aircraft propulsion systems, the inclusion of the
nozzle in the computational domain will only become more important as more complex geometries like
chevrons, faceted nozzles and internally-mixed multi-stream architectures are being considered. Here, unstructured LES solvers are ideally suited to handle such applications. The complex nozzles and multiple
streams can be explicitly included in the simulations, allowing for the direct study of the effects of different
nozzle geometries and operating conditions on the internal turbulence, external flow, propulsive performance
and emitted noise.
That being said, the inclusion of the physical geometry introduces a new challenge associated with the
condition of the boundary layers inside the nozzle. Turbulent boundary layers cannot be fully resolved in the
LES computation due to substantial cost of simulating the high Reynolds number wall-driven turbulence,18
to be added to the necessary cost of resolving the noise-source containing region at least 15 diameters
downstream of the nozzle exit. While some attempts were made to simulate initially turbulent jets,19, 20 the
nozzle boundary layers are typically assumed to be laminar or nominally laminar (i.e., weakly disturbed). The
laminar flow issued from the nozzle mixes with the ambient fluid at the nozzle exit and quickly transitions
to turbulence. The use of such thin laminar boundary layers is a convenient and popular approach (see
Refs. 11–16, 21–31, amongst others), as it leads to rapid transition to turbulence near the nozzle exit while
enabling coarser resolution inside the nozzle. If the boundary layer inside the nozzle remains attached, the
laminar flow assumption leads to reasonably accurate flow and noise predictions as long as the nozzle-exit
momentum thickness is appropriately estimated.32
However, in the presence of sharp corners, turns, or complex internal geometry (for instance in militarystyle faceted nozzles or twin jets), the laminar boundary layer could potentially separate earlier and lead to
unrealistic flow-field. Figure 1 illustrates this challenging problem on two examples from previous jet flow
studies. Figure 1(a) shows the flow-field from a supersonic rectangular nozzle where the boundary layer
clearly separates inside the nozzle, causing an unrealistic vortex shedding. In figure 1(b), flow and sound
field are shown for a subsonic dual-stream nozzle. In this case, the laminar boundary layer separates from
the center-body as well as the exterior wall of the nozzle, which is not observed in the experiment.33
Another potential issue of the laminar boundary layer approach is that enhanced laminar to turbulent
transition of the shear layer can occur near the nozzle exit and lead to an increase in sound associated with
the vortex rolling-up and pairing process. In these cases, special treatment of the nozzle boundary layer
might be required, such as introducing disturbances near the nozzle exit. For instance, Bogey & Bailly12
showed that adding low-amplitude random pressure disturbances to the initially laminar jet in a straight
pipe nozzle weakens the coherent vortex pairing, increases the jet core length, and drastically reduces the
far-field noise predictions.
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(a) Supersonic rectangular nozzle

(b) Subsonic dual-stream nozzle
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Figure 1. Unphysical separation of nozzle boundary layers under the laminar assumption.

In the present work, hot supersonic jets are investigated with the unstructured LES framework and
the compressible flow solver “Charles”24–31 developed at Cascade Technologies. The study focuses on the
modeling of the flow inside the nozzle and its effects on the nozzle-exit boundary layer, on the flow-field
in the jet plume and ultimately on the acoustic field. As an attempt to limit/prevent unphysical early
flow separation and unrealistic shear-layer transitions near the nozzle exit, a combination of adaptive mesh
refinement, synthetic inflow turbulence and wall modeling are used inside the nozzle. First, a Reynoldsaveraged Navier Stokes (RANS)-based wall model is implemented in the flow solver and is applied near
the nozzle internal walls to capture the local transient flow physics. In the remainder of the nozzle flow,
jet plume, and surrounding ambient flow, high-fidelity LES is used. The numerical methods, as well as
the wall model implementation and its validation for the canonical case of a turbulent boundary layer are
briefly discussed in section II. Then, to quantify the differences and potential improvements associated with
the wall model-LES coupling scheme for jet aeroacoustics, simulations of a hot supersonic internally-mixed
dual-stream jet issued from a single circular nozzle are performed. The experimental configuration from
Bridges & Wernet,34 the numerical setup and the mesh adaptation strategies are presented in section III.
An LES parametric study on the combined effects of mesh resolution, inflow turbulence and wall modeling
was performed. While postprocessing of the large LES database collected is still ongoing, the preliminary
results for a selected subset of the LES cases are presented in this paper. Comparisons with the available
experimental measurements carried out at NASA Glenn Research Center are shown for the flow-field statistics
and far-field noise in section IV.

II.
A.

Numerical methods and modeling for flow inside the nozzle

Unstructured LES framework

The unstructured LES technology used here is composed of pre-processing tools (i.e. mesh adaptation), a
compressible flow solver and post-processing tools. The mesh adaptation module “Adapt” features localized adaptive refinement capabilities and produces high-quality yet economical unstructured grids suitable
for capturing turbulence dynamics. The flow solver “Charles,” utilizes a low-dissipative numerical scheme
designed to produce accurate results on unstructured meshes, in particular in the presence of hanging nodes
and other transition type elements. For the large eddy simulations reported in this work, a hybrid CentralENO scheme35–37 is used to simulate flows involving shocks, and the Vreman sub-grid model38, 39 is used
to account for the physical effects of the unresolved turbulence on the resolved flow. The large database
generated by LES is then processed by the post-processing module for statistical analysis of flow and noise,
as well as flow visualization. For the far-field noise predictions, an efficient frequency-domain permeable
formulation40, 41 of the Ffowcs Williams–Hawkings (FW-H) equation42 has been implemented in Cascade’s
massively-parallel unstructured LES framework.30
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B.

Wall model implementation

The wall model by Bodart & Larsson43, 44 is implemented in “Charles” and is briefly reviewed here. The
present method falls in the category of the wall-stress modeling45 approach: unlike hybrid RANS/LES and
detached eddy simulations46 (DES) that solved the unsteady Navier-Stokes equations on a single grid, with
RANS model near the wall and LES model in the rest of the domain, the unstructured LES grid is formally
defined as extending all the way to the wall (i.e., identical to a simulation without wall model), and a
separate (structured) grid in embedded near the wall to solve the RANS equations. The RANS solver takes
information from the computed LES flow-field a few cells away from the wall, and returns back the shear
stress τw and the heat transfer qw at the wall, to be used as boundary conditions for the LES wall fluxes
computation. A schematic of the RANS/LES coupling in the wall-modeling procedure is shown in figure 2.
Exchange
locations
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Figure 2. Wall-modeling procedure for RANS/LES coupling on unstructured grids (from Ref. 44)

For most convex surfaces, the RANS grid is a simple extrusion of the wall surface mesh along the normal
vector of each wall face. Following the recommendations from Ref. 47, the wall model layer thickness lwm
(i.e., the distance from the wall where the RANS solver takes the LES information) is set to at least three
LES cells away from the wall. While the simple choice for the RANS input would be to take the data at
the very first LES cell off the wall, better resolved input can be provided by the LES further away the wall.
Note that for some concave and more complex surfaces, a special procedure based on ray tracing is applied
to determine both the mesh topology and lwm . In all cases, the wall model layer thickness and structured
locally-orthogonal mesh are generated automatically during a pre-processing step.
C.

Wall model validation: turbulent boundary layer

To validate the implementation of the wall model, the canonical case of a flat plate turbulent boundary layer
is considered, taken from the database of DeGraaff & Eaton.48 The free-stream velocity is U∞ /c∞ = 0.9,
the Reynolds number based on the boundary layer momentum thickness is Reθ = ρ∞ U∞ δθ /µ∞ = 31000,
and the Van Driest transformation is applied to the LES results for comparison with the incompressible
experimental data. The size of the computational domain is (50δ, 8δ, 3δ) in the streamwise (x), wall normal
(y) and spanwise (z) direction, respectively. Here, δ is the boundary layer thickness at the measuring station,
i.e., at x/δ = 30. The flat plate is a no-slip adiabatic wall, periodic boundary conditions are used in the span
and a sponge layer is applied at the top and downstream outlets of the computational domain. At the inflow
boundary, synthetic turbulence49, 50 is superimposed to the mean velocity profile from experiment, rescaled
at the inlet location. The main inflow turbulence parameters are the profiles and amplitudes of the Reynoldsstress tensor components. For all cases, the rescaled experimental profiles of streamwise, wall-normal and
shear stress are used as input. After the initial transient, statistics are collected over 450 convective time
units, with the results averaged in the spanwise direction.
The cartesian LES mesh has approximately 1.15M cells (400 × 80 × 36), with grid stretching in the
y-direction and uniform spacing in the x- and z-directions. By construction, the RANS mesh has the same
distribution in the x − z plane but is significantly refined and stretched in the wall-normal direction. While
various size and stretching were considered for the inner-layer RANS grid, the default value of 40 cells and
10% stretching are used for the results presented here and in the remainder of the paper. In viscous wall
units, these grid resolutions are y + ≈ 400 to 450 for the LES mesh and y + ≈ 1 to 2 for the RANS mesh.
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Figure 3. Mean streamwise velocity profile for the flat plate turbulent boundary layer with (
) and
without (
) wall modeling. The symbols ( ◦ ) correspond to the experiment by DeGraaff & Eaton48
at Reθ = 31000. The dashed line (
) is the turbulent profile ū/U∞ = (y/δ)1/7 and the dash-dotted line
) is the log law U + = 1/0.41 ln(y + ) + 5.2.
(

3

3

10

2

2

5
0

101

102

10+3

104

y
(a) streamwise stress

105

ρu′ v ′ /τw

15

ρv ′ v ′ /τw

ρu′ u′ /τw

Downloaded by Guillaume Brès on May 26, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-2142

0

1
0

102

101

10+3

104

y
(b) wall-normal stress

105

1
0

101

102

10+3

104

y
(c) shear stress

105

Figure 4. Reynolds Stresses in wall units for the flat plate turbulent boundary layer with (
) and
without (
) wall modeling. The symbols ( ◦ ) correspond to the experiment by DeGraaff & Eaton48 at
Reθ = 31000.

Figure 3 shows the mean streamwise velocity profiles with and without wall model, compared to theory
and experiment. Similarly, a comparison of the Reynolds stresses is presented in figure 4. As expected,
without wall modeling, the LES does not properly resolve the turbulent boundary layer, with unrealistic
peak levels of velocity fluctuations away from the wall. Typically, the Reynolds stresses are too large in
under-resolved LES. The most likely reason is the lack of small-scale turbulence to scrambles the larger scales,
thereby making them too coherent. In contrast, good agreements with the log law and the experimental
measurements are obtained with the wall model, particularly for the streamwise velocity and stress. While
some small discrepancies are observed for the wall-normal and shear stresses with the wall model, these
quantities are the most difficult to measure experimentally, with reported uncertainty48 of ±8 to 10%. Note
that the LES velocity reported at the wall y/δ = 0 is not formally zero (even thought the no-slip wall
boundary condition is enforced) simply because the cell-based formulation reports the cell-centered value.

III.
A.

Flow configuration

Experimental and numerical setup

The current case corresponds to a hot supersonic internally-mixed dual-stream jet issued from a single
circular nozzle. The nozzle geometry and experimental results are taken from the database of Bridges
& Wernet34 (configuration M 5S1, setpoint 10170). The convergent-divergent (CD) nozzle was designed
through the method of characteristics, with exit diameter of 4” (0.1016 m) and design Mach number of 1.5.
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Figure 6 M14-S1-PE2



(a) Schematic of the geometry
Figure 7 M15-S1-PE2

(b) Adapted nozzle mesh (15M cells)
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Figure 5. Nozzle M5S1 from Bridges & Wernet34

A schematic of the nozzle geometry is shown in figure 5(a). It is important to note that the center plug and
the axisymmetric splitter upstream of the nozzle were not initially provided and therefore, are not included
in the current computational domain. Only the CD nozzle is considered, as shown in figure 5(b). The
center plug was found experimentally to be inconsequential to the radiated noise. In contrast, the reported
measurements and the LES results discussed in the next sections show that the effect of the dual stream is
not negligible and that the splitter geometry should be accounted for (or included in the simulations).
The experimental operating conditions are specified in terms of the nozzle temperature ratios of the core
stream N T Rc = T0,c /T∞ = 2.96 and bypass stream N T Rb = T0,b /T∞ = 1.12, and the nozzle pressure ratio
N P R = p0 /p∞ = 3.64 (the pressure is the same on both streams). Here, the subscripts b, c, 0 and ∞ refer
to the bypass and core stream properties, the stagnation (total) properties and the free-stream (ambient)
quantities, respectively.
The experimental and numerical operating conditions are summarized in table 1. While several simulation
settings were varied for the present parametric studies (see details and complete nomenclature in table 2),
the LES operating conditions can be categorized in two groups. The first one only considers the core stream
and the LES inflow conditions are set using only the nozzle pressure ratio N P R and core temperature
N T Rc . The second category of LES conditions has a dual plug-flow profile at the nozzle inlet, for both
the inflow streamwise velocity and temperature, such that the experimental bypass ratio BP R, temperature
ratio T0,b /T0,c and velocity ratio Uib /Uic are approximately matched. These cases are designated with the
suffix “ DS ” in table 2 and in the remainder of the paper.
Following the notation from Ref. 34, the subscripts i is used to refer to the equivalent ideally-expanded
properties. For all the LES operating conditions, the core jet temperature is Tic /T∞ = 2.04, the acoustic
core Mach number is Ma = Uic /c∞ = 2.137, and the corresponding core Mach number M = Uic /cic = 1.495
is nearly identical to the design Mach number. Here, the jet is only slightly over-expanded. The temperature
dependence of viscosity is assumed to follow the power-law µ ∝ T m with constant coefficient m = 0.7. The
resulting Reynolds number based on the the nozzle exit diameter D is Re = ρic Uic D/µic ≈ 1, 300, 000 for
the experiment and is matched in the simulations.
cases
Experiment
LES - core stream only
LES - dual stream

NPR

T0,c /T∞

T0,b /T∞

BP R

Uic /c∞

Uib /c∞

Re

3.64
3.64
3.64

2.96
2.96
2.96

1.12
1.12

0.35
0.30

2.149
2.137
2.137

1.318
1.315

1.3 106
1.3 106
1.3 106

Table 1. Summary of the experimental and numerical operating conditions.

The numerical setup and methodologies are similar to previous jet studies
with unstructured LES.30
p
The nondimensionalization is based on an ambient speed of sound c∞ = γp∞ /ρ∞ , where γ = 1.4. The
resulting form of the ideal gas law is p = ρT /γ. The round nozzle exit is at x = 0, and the axisymmetric
computational domain increases with distance from the nozzle exit, extending in the streamwise and radial
directions from x ≈ −2.5D, r ≈ 12D to x ≈ 45D, r ≈ 20D. The nozzle surface is a no-slip adiabatic wall and
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the wall model, when active, is used only for the internal faces of the nozzle. To avoid spurious reflections
at the boundaries, a thick sponge layer is applied at the upstream, downstream and radial outlets of the
computational domain by switching the numerical operators to lower-order dissipative discretization. In
addition, a damping function51, 52 is applied as a source term in the governing equations in the downstream
region x > 25D, such that the turbulent structures and sound waves are damped in the outflow buffer before
reaching the outlet boundary.
Similarly to the turbulent flat plate in section IIC, synthetic turbulence, when active, is superimposed
to the mean internal nozzle flow at the inlet boundary. Two different input profiles are considered for the
Reynolds-stress tensor (see table 2). For the “DNS pipe” profiles, the data from Wu & Moin53 for a high
Reynolds number fully developed turbulent pipe flow are used. The amplitudes are rescaled by the inlet
streamwise velocity. This results in an inlet peak axial velocity fluctuation of approximately u′ peak = 2.5%Uic ,
which is artificially reduced to 0.25% in the case with low turbulence. For the “Top hat” inflow turbulence
profiles, the three components of the RMS velocity are identical, spatially constant and equal to 0.25%Uic .
The FW-H surface used to compute the far-field noise is presented in figure 6, along with visualization
of the instantaneous temperature and pressure field. Only part of the computation domain is show, and the
FW-H surface extends to x = 25D. The effect of the acoustic sponge layer can clearly been seen in the figure,
as acoustics waves get quickly and strongly damped away from the FW-H surface. For the treatment of the
FW-H outflow disk, the method of “end-caps” of Shur et al.21 is applied for x > 20D, where the complex
far-field pressure predicted from eleven FW-H surfaces with the same shape but outflow disks at different
streamwise locations are phase-averaged.

Figure 6. Instantaneous pressure and temperature field for case 71M BL WM DS and outline of the FW-H
surface. The colored contours show T /T∞ from 1.1 (black) to 2.5 (white), while the gray scale contours show
P/P∞ from 0.704 to 0.724.

The LES are typically restarted from a statistically steady solution obtained from a coarser mesh and
interpolated on a refined mesh. After the initial transient is removed, the statistics, the FW-H permeable
surface data and the snapshots of the whole transient flow field are collected every ∆tc∞ /D = 0.025, for a
total duration ranging from ttotal c∞ /D = 100 to 200, depending on the case (see table 2). These simulations
times leads to reasonable statistical convergence of the low-frequency noise spectra. In contrast, the flowfield temporal statistics are well converged, as the inspection of the mean and RMS quantities show similar
results for averaging time greater than 100 (i.e., more than 200 convective time units).
B.

Mesh generation and adaptive refinement strategies

As discussed in the introduction, the round nozzle geometry is explicitly included in the computational
domain, using unstructured body-fitted meshes generated with a grid adaptation approach.27–29, 54 The
starting point is a RANS-type coarse cylindrical “skeleton” grid with a paved core, containing about 0.4
million control volumes. Several embedded zones of refinement can then be simply defined by the user and
automatically enforced by the adaptation tool “Adapt.” The code includes a smoothing algorithm to avoid
sharp grid transitions between different refinement zones. A surface projection method is also applied to
respect non-planar mesh boundaries during refinement, ensuring accurate representation of the underlying
geometry.
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(a) “skeleton” mesh (0.4M cells)

(b) Adapted mesh (11M cells)

(c) BL Adapted mesh (71M cells)

Figure 7. Midsection cut of the mesh (top) and zoomed-in view inside the nozzle (bottom).

Midsection cuts of the different grids are shown in figure 7. Since the focus of the present work is on
the flow inside the nozzle, the “skeleton” mesh was designed with typical grid refinement and stretching in
the wall-normal direction (resolution of approximately 0.0015D at the wall), and with very large cells in the
streamwise and azimuthal directions (see figure 7(a)). The use of very coarse grids as starting point is a
convenient approach, as it not only greatly simplifies the meshing process and reduces the burden on the
users but also allow for complete control of the location and length scale of the refinement.
From this “skeleton” mesh, the conventional adaptation strategy is to refine the grid and promote mesh
isotropy in the acoustic source-containing region, as previous studies have shown that it yields the best
acoustic performance.27, 30 The main embedded refinement zones correspond to the bulk of the jet plume
(to fully encloses the FW-H surfaces), the potential core, the vicinity of nozzle exit and the shear layer off
the nozzle lip, with the target length scale for refinement approximately doubling in each zone. The smallest
target length scale is set to 0.01D at the nozzle lip, such that any cell with edge length (in any direction)
greater than that value will be refined in that direction. This results in a coarse adapted grid with 11
million cells (prefix 11M for the LES cases in table 2), shown in figure 7(b). A refined adapted mesh with 67
million cells (prefix 67M) was also generated, where the smallest target length scale for refinement was cut
in half and set to 0.005D. Thanks to the unstructured mesh capability, this effectively doubles the previous
resolution everywhere inside the region of interest without increasing the mesh size by a factor 8. For all
the grids. the unstructured control volumes are mostly hexahedral, and the triangle elements visible in the
figures are merely an artifact of the visualization software that tessellates cells with hanging nodes.
For the simulations involving inflow turbulence and wall modeling, it can be anticipated that some
amount of mesh isotropy is also needed inside the nozzle to resolve the large-scale three-dimensional turbulent
structures associated with the boundary layers. Therefore, isotropic refinement of the boundary layer mesh
is added to the previous adaptation strategy, for a constant distance 0.075D from the nozzle wall and with
target length scale equal to 0.0075D. The coarse adapted mesh with boundary layer refinement now contains
15 million cells (prefix 15M BL). Similarly, the size of the refined mesh is increased to 71 million cells (prefix
71M BL), as shown in figure 7(c). Because the target length scale is chosen greater than the wall-normal cell
size, only the streamwise and azimuthal directions are refined inside the nozzle. This refinement strategy
effectively results in more than 700 cells and 1000 cells in the azimuthal direction near the nozzle surface
(see figure 5(b)) and in the shear layer in the vicinity of the nozzle lip, respectively.
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C.

Summary of parametric study

Table 2 lists the simulation parameters and settings for each LES run. The main cases discussed in the present
paper are highlighted in bold font. To summarize, the cases in table 2 with prefix 15M BL & 71M BL (or
11M & 67M) have the same mesh inside the nozzle, while the cases 67M & 71M BL (or 11M & 15M BL) have
essentially the same grid in the jet plume, starting at the nozzle exit. Here, it is important to note that all
the simulations were performed with the same time step dtc∞ /D = 0.0005. For the present cases, the CFL
constraint is caused by the small grid cells in the wall-normal direction inside the nozzle. Since these cells
are not refined in that direction in any of the grids, the simulation time step does not need to be reduced.
This has great benefits in turns of performance and runtime. It implies that the only additional computation
cost associated with the boundary layer refinement is a modest increase in mesh size, in particular for the
refined grid typically used for the noise predictions. Most of the simulations were performed at ERDC and
AFRL supercomputer facilities, on 1024 to 4096 cores, with typical runtime between 12 to 96 hours.
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Case name

Mesh size
(106 cells)

11M
11M WM
67M
15M BL WM
15M BL WM LowTurb
15M BL WM TopHat
71M BL WM
11M DS
15M BL DS
15M BL WM DS NoTurb
15M BL WM DS
71M BL WM DS

BL
refinement

Inflow turbulence
RMS Profiles u′ peak /Uic

Inlet conditions: core stream only
11.0
11.0
DNS pipe
67.4
15.7
×
DNS pipe
15.7
×
DNS pipe
15.7
×
Top hat
71.7
×
DNS pipe
Inlet conditions: dual stream
11.0
15.7
×
15.7
×
15.7
×
Top hat
71.7
×
Top hat

Wall
model

ttotal c∞ /D

0.025

×

0.025
0.0025
0.025
0.025

×
×
×
×

100
100
200
200
100
100
115

×
×
×

180
200
200
200
200

0.0025
0.0025

Table 2. Simulation parameters of the different LES. For all the cases, the time step dt and sampling period
of the data recording ∆t are the same: dtc∞ /D = 0.0005 and ∆tc∞ /D = 0.025

IV.

Preliminary results and discussion

As summarized in table 2, several simulations were performed to investigate the independent/combined
effects of mesh resolution, inflow turbulence,wall modeling and inlet condition. Only a selected subset of the
LES cases are discussed in details in the next sections, but based on that preliminary LES parametric study,
the following observations can be made:
• As expected, the RANS-type mesh inside the nozzle is only adequate for laminar flow. Adding inflow
turbulence and wall modeling had essentially no effect on the external flow for the case 11M WM
without the isotropic boundary layer refinement. Here, appropriate resolution inside the nozzle (in
addition to appropriate numerical schemes with low dissipation and dispersion) appears critical for
the artificial perturbations typically introduced at the inlet of the computational domain to develop
into turbulence by the nozzle exit. Otherwise, the procedure seems unlikely to have measurable or
meaningful effects on the jet flow and noise, even with large inlet perturbations.17
• Since the state of the boundary layers and the turbulence intensity levels are typically not known inside
the nozzle in the experiments (including the present case) or for practical nozzle design studies, the
main objective of the synthetic inflow turbulence is to generate “realistic” turbulence at the nozzle exit,
with levels comparable to the one measured in PIV just downstream of the nozzle. Different inflow
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• As mentioned in section IIIA, the axisymmetric splitter is not currently included in the computational
domain, and, as a first approximation, its effects are modeled with an unmixed dual plug-flow profiles
for velocity and temperature at the nozzle inlet. The internal flow is now significantly different, compare
to the core jet only. With the thin layer of colder, slower fluid near the nozzle wall, next to the hotter,
faster core stream, the baroclinic contribution 1/ρ2 ∇ρ × ∇p is now important in the vorticity equation.
Without inflow turbulence, instabilities in the shear layer between the two streams starts to be mainly
visible near the nozzle throat, where the pressure gradient term is maximum. The onset of instability
is moved closer to the inlet with the small amplitude top-hat perturbations as inflow turbulence. Since
the presence of the splitter and central plug are likely to generate some amount of turbulence upstream
of the nozzle in the experiment, the LES with perturbed dual stream inlet conditions were chosen as
main cases of interest.
A.

Boundary layer condition at the nozzle exit

To quantify the state of the nozzle-exit boundary layers in the different LES cases, the mean and RMS
streamwise velocity near the nozzle wall are shown in figure 8. The azimuthal-averaged profiles are measured
just upstream of the nozzle exit at x = −0.05D, to limit the influence of the external flow. As discussed in
section IIB, the mesh inside the nozzle is the same for the LES with prefix 11M & 67M, as well as 15M &
71M. As a result, the boundary layer profiles are nearly identical for these cases (i.e., dashed and solid lines
in figure 8).
For the baseline cases without any specific treatment inside the nozzle (green lines in figure 8), the
boundary layers remain fully laminar, with essentially no velocity fluctuations. The very small RMS levels
right at the wall are likely due to disturbances scattered and reflected off the nearby nozzle lip. With inflow
turbulence and wall modeling (blue lines), the boundary layers are slightly thicker, with high RMS levels
close to the wall. With the dual-stream inlet condition (black lines), the nozzle-exit boundary layers are
substantially thicker and perturbed over a much larger range of radial distance from the wall, though the
amplitude and location of the peak RMS remain largely unchanged.
Based on these profiles, the boundary layer thickness δ and momentum thickness δθ can be estimated
to δ = 0.015, 0.020, 0.190 and δθ = 0.0013, 0.0020, 0.0175 for the LES cases 67M, 71M BL WM and
71M BL WM DS, respectively. Additional analyses of the properties of the nozzle-exit boundary layers are
underway, including velocity spectra and coherence length scales.
1

0.25

0.8

0.2

0.6

0.15

u′ /Uic

u/Uic
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turbulence profiles and amplitudes were tested (for the core stream cases) and the results show that the
nozzle-exit boundary layer and turbulence were largely independent of these input parameters. This
trend is similar to the conclusions of Bogey et al.,13 who reported that their results vary negligibly
with the tripping procedure applied inside their straight pipe nozzle. Here, it is important to note
that, for the present configuration, the flow experiences a strong favorable pressure gradient all the
way from the inlet to the nozzle exit, that would tend to damp the turbulent fluctuations in the jet
and relaminarize the boundary layers. Still, the grid refinement near the wall surface and the use of
the wall model allows for boundary layer with high levels of perturbation to develop inside the nozzle
(see section IVA for further details).

0.4
0.2
0
0.3

0.1
0.05

0.4

0.5

r/D
(a) Time-averaged streamwise velocity

0
0.3

0.4

0.5

r/D
(b) RMS of streamwise velocity

Figure 8. Nozzle-exit boundary layer profiles the LES cases 11M (
), 67M (
71M BL WM (
), 15M BL WM DS (
), and 71M BL WM DS (
).

), 15M BL WM (
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B.

Instantaneous flow-field

To provide a qualitative comparison of the flow-field for the different LES cases, numerical schlieren are
shown in figure 9 in the midsection plane, from the nozzle inlet to x = 2D, and for 0 ≤ y ≤ 1D. The grid
resolution outside of the nozzle and the dual-stream inflow are the two main parameters that lead to very
visible changes in the flow field. As expected, a wide range of smaller and sharper turbulent structures can
be observed in the LES with the refined mesh in the jet plume (i.e., figure 9(d), (e) and (f)). For the cases
with the perturbed dual stream at the inlet, the internal shear layer between the cold wall stream and hot
core stream starts to roll-up upstream of the nozzle throat, develops into a turbulent wake by the nozzle exit
and smoothly transitions into a thick turbulent shear layer outside of the nozzle (i.e., figure 9(c) and (f)).
The effects of the inflow turbulence and wall modeling are more subtle but just as important. For the
baseline case 67M in figure 9(d), the shear layer exhibits an elongated laminar region just outside of the
nozzle exit, up to x ≈ 0.28D and a strong, rather abrupt transition to turbulence localized around x ≈ 0.4D.
Three well-defined waves fronts that seem to originate from the transition point are also visible in that figure.
Based on simple geometrical estimates, the wave propagation angle is φ67M ≈ 150◦ and the wavelength is
λ67M ≈ 0.12D, corresponding to a Strouhal number St67M = 3.9. In contrast, in figure 9(e), the case
71M BL WM with inflow turbulence and wall modeling has almost no laminar region and a more diffuse
transition to turbulence. Some waves are still visible above the shear layer in that case, but they appear
weaker and less coherent than the ones observed for 67M. Note that these wave fronts are not present the
dual-stream simulations with the thick turbulent shear layer. These features are also clearly visible in the
visualization of the instantaneous pressure and temperature field presented for the refined LES cases in
figure 10. An evident spherical wave pattern, centered just outside of the nozzle exit, can be observed in the
pressure field for case 67M (i.e., top part of figure 10(a)), but is mostly absent for the other cases.
C.

Flow-field statistics

PIV measurements and LES predictions of the time average and RMS of the streamwise velocity are presented
in figure 11(a) and (b), respectively. Here, to better visualize the flow features inside the jet plume, the
(ideally expanded) velocity of the mass-weighted fully mixed streams Uim is used as reference velocity, rather
than the jet core velocity. For all the cases, the experimental value is used, i.e., Mim = Uim /c∞ = 1.966.
Details of the 2D PIV acquisition are available in Ref. 34. Note that the LES statistics are averaged in the
azimuthal direction. More qualitatively comparisons along the centerline (y = 0) and lipline (y = 0.5D) are
also shown in figures 12 and 13, respectively.
The first observation is that for all the cases using the coarse mesh in the jet plume, namely 11M,
15M BL WM and 15M BL WM DS (top three rows of figure 11, dashed lines in figures 12 and 13), the
length of the potential core is slightly underestimated compare to experiment (last row of figure 11, red
circles in figures 12 and 13). The peak of RMS fluctuation is also shifty towards the nozzle, which is
consistent with the underprediction of the potential core length. These trends are largely independent of
the use of inflow turbulence, wall model and refinement inside the nozzle. As discussed by Khalighi et al.24
and Shur et al.,21 amongst others, these results are typical characteristics of under-resolved LES where the
lack of resolution in the jet plume leads to an underprediction of the small-scale turbulent mixing. These
studies showed improvements of the predictions with an increase of resolution. The same trend is observed
here: the simulations 67M, 71M BL WM and 71M BL WM DS with refined mesh downstream of the nozzle
exit now fully capture the jet turbulent mixing and all show very good agreement with experiment for both
mean and RMS velocity along the centerline. The potential core length, defined as the distance from the
nozzle exit where the centerline velocity in 95% of the jet core velocity, is approximately 7.4D in the coarse
simulations and 8.5D in the refined simulations, compared to 8.44D in the experiment. Note that a length
underprediction of about one nozzle diameter for the coarse mesh is in the typical range reported in the
literature.1, 15, 21, 23
The second observation is that the presence of the inlet dual-stream has some effects on the external flow
statistics (in particular in the shear layer for x < 5D), though the changes are more subtle than thoses observed on the instantaneous internal flow discussed in the previous section. The LES cases 15M BL WM DS
and 71M BL WM DS with the dual-stream plug flow as nozzle inlet condition exhibit a thick zone of lower
velocity and higher RMS fluctuations around the lipline (rows 3 and 6 of figure 11). These features are in
better agreement with the PIV measurements, compared to the LES cases with the core stream only. In
the downstream region for x > 8D, the results with and without the dual stream look nearly identical (see
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(a) 11M
(b) 15M BL WM
(c) 15M BL WM DS
(d) 67M
(e) 71M BL WM
(f) 71M BL WM DS

Downloaded by Guillaume Brès on May 26, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-2142

Figure 9. Instantaneous contours of ∂ρ/∂y in the midsection plane z = 0 for the 6 main LES cases.
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(a) 67M
(b) 71M BL WM
(c) 71M BL WM DS
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Figure 10. Instantaneous pressure (top) and temperature field (bottom) for the refined LES cases. The colored
contours show T /T∞ from 0.9 (black) to 2.5 (white), while the gray scale contours show P/P∞ from 0.704 to
0.724.
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11M
15M BL WM
15M BL WM DS
67M
71M BL WM
71M BL WM DS
Experiment
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(a) u/Uim

(b) u′ /Uim

Figure 11. Time average (a) and RMS (b) of the streamwise velocity normalized by the mass-weighted mixed
stream velocity Uim for the 6 main LES cases and the experiment.
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for instance rows 5 and 6 of figure 11). As mentioned in the section IIIA, the nozzle is operating slightly
over-expanded, as exact pressure matched conditions are challenging to achieve in simulations, much like in
experiments. Weak residual shock are formed in the vicinity of the nozzle, but the shock-capturing scheme
discussed in section IIA remains mostly inactive in the simulations. While the shock cell structures are visible
in figure 11(a) for all the LES cases, the best agreement with experiment in terms of size and amplitude is
again obtained for the dual-stream simulation in rows 3 and 6 of figure 11. Qualitatively, it would appear
that the jet is however slightly more over-expanded in the experiment than in the simulations.
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Figure 13. Lipline statistics for the experiment ( ◦ ) and the LES cases 11M (
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Finally, the main differences between the various LES cases are observed in the velocity fluctuations
along the lipline, as shown in details in figure 13(b). The cases 11M and 67M without any specific treatment
inside the nozzle exhibit an overshoot of the velocity RMS, with a peak around x = 0.4D (green lines in
figure 13(b)), which is consistent with the observations made for the instantaneous flow-field in the previous
section. This feature is characteristic of transition from laminar (or nominally laminar) boundary layer
to turbulent shear layer. It has been observed in many experiments3, 5 and simulations12–14, 19, 23, 24, 55 for
both free shear layers and mixing layers. It is however not present in the experiment, indicating that the
boundary layers in the nozzle are likely fully turbulent. Similarly to the trend observed by Bogey & Bailly,12
the peak is shifted toward the nozzle and its amplitude decreases when the boundary layer is “tripped” with
inflow turbulence (blue lines). The shift and decrease are even more pronounced when the internal dualstream is considered (black lines). In these latter cases, the amplitudes of the mean and RMS streamwise
velocity along the lipline are also decrease further downstream of the nozzle and in better agreement with
the experimental values. This is due to the lower resulting jet speed for the mixed streams compared to the
core jet only. Indeed, normalization of the statistics by Uim (rather than Uic ) for the experiment and the
LES cases 15M BL WM DS and 71M BL WM DS with dual-stream does collapse the curves with similar
mesh resolution in figure 13 for x > 2D. Note that the “kinks” visible in figure 13(b) are presumably due
to grid transitions (for instance around x ≈ 4D), and are also likely enhanced by the azimuthal averaging,
since the mesh is not purely axisymmetric.
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D.

Far-field noise predictions
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In the experiment, the far-field noise is measured by an array of microphones on an arc at 45 feet (i.e.,
135D), from inlet angle φ = 45◦ to 160◦ , every 5◦ . The data is reported on a 100D lossless arc. Here, lossless
indicates that the effects of atmospheric absorption have been removed: as-measured data is propagated back
to the nozzle exit using the atmospheric conditions of the day then propagated to the indicated distance.
The spectra are expressed as normalized Power Spectral Density (P SD) in dB/St (relative to 20 106 Pa),
plotted as a function of Strouhal number St = f D/Uic .
Since the experimental procedure cannot be easily reproduced numerically, the far-field noise predictions
are simply done at 100D with the frequency-domain FW-H solver,30 assuming lossless propagation. For
each microphone location, the FW-H calculation is performed at 36 stations equally-spaced in the azimuthal
direction, and the narrow-band spectra are azimuthal-averaged. In addition, the resulting spectra are binaveraged with bin size ∆fbin D/Uic = 0.05. Because of the short total duration of the simulations, this
procedure still yield to a relatively “peaky” spectra in the low frequencies, in particular for St < 0.2,
compared to the smoother spectra obtained in experiment with much longer time signals.
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0.1

1
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90

0.1

St
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Figure 14. Comparisons at different angles of the far-field spectra measured in experiment ( ◦ ) and predicted
with the FW-H solver for the LES cases 11M (
), 67M (
), 15M BL WM (
), 71M BL WM
(
), 15M BL WM DS (
), and 71M BL WM DS (
).

Figure 14 shows the far-field noise at different angles measured in experiment and predicted with the
FW-H solver from the 6 main LES cases. Overall the agreement is good for all angles, and in particular at
φ = 120◦ and φ = 150◦ , the dominant jet noise directivity angles. The main discrepancies are observed at the
upstream angle φ = 60◦ . While the flow is nearly ideally-expanded, there is some low-frequency peaks and a
small hump visible in the experimental spectra at that angle in figure 14(a), which are reminiscent of screech
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tone and broadband shock-associated noise. These features are mostly absent of the FW-H predictions, which
is consistent with the observation in section IVC that the experimental jet is slightly more over-expanded,
with stronger residual shocks than the LES. For the other angles, the numerical predictions of the refined
LES are typically within 1 − 2 dB of the measurements, over a Strouhal number range of 0.1 ≤ St ≤ 3. Even
the coarse simulation results show reasonable agreement over the range of relevant frequencies.
Given the simulations sampling period of ∆tc∞ /D = 0.025, the theoretical Nyquist limit is around
St = 9.4. The results show that the predictions are reliable almost up to that frequency, expect at φ = 60◦ ,
where the jet noise is less dominant and some very high-frequency numerical noise becomes visible. Note
that, for some angles, there is a “tail-up” in the experimental spectra at high frequencies, which not a
consistent feature and may be a measurement/postprocessing artifact.
Looking at the differences between the various LES, the predicted noise for the dual-stream cases
15M BL WM DS and 71M BL WM DS (black curves in figure 14) is in general slightly lower than the
other cases. This is likely due to the lower velocity in the jet plume for the mixed streams. Another interesting feature is the high frequency peak around St ≈ 4 for the case 67M at φ = 150◦ (solid green line
in figure 14(d)). Given that the angle and frequency are similar to the estimates in section IVB, and that
the peak is not observed in the other LES, it seems likely related to the coherent wave fronts observed in
figures 9(d) and 10(a). Additional analysis and post-processing are underway to confirm whether or not
this peak is associated with the enhanced laminar to turbulence transition observed in that simulation. It is
however more than 20 dB lower and at much higher frequency than the dominant mixing noise, and seems
unlikely to significantly affect the prediction capabilities for practical applications.

V.

Conclusions and outlook

Large eddy simulations of a heated supersonic internally-mixed dual-stream jet issued from a single circular nozzle were performed and compared to experiments from Bridges & Wernet.34 For all the cases,
the converging-diverging nozzle geometry was explicitly included in the computational domain using unstructured body-fitted grids and the simulations were carried out at the experimental Reynolds number
Re ≈ 1.3 × 106 . A systematic study of the effect of the internal flow within the nozzle, and in particular
the influence of boundary layer state at the nozzle exit, on the jet mean flow, turbulence development and
far-field noise radiation was conducted. A summary of the preliminary results from this investigation are
reported in the present paper.
The effect of different levels of physical details in simulating the nozzle internal flow were explored,
including treating the internal boundary layers as laminar, disturbed with free-stream turbulence, turbulent
with realistic outer-layer turbulence and wall modeling, and as non-equilibrium turbulent boundary layers
due to internal mixing within a short nozzle. The unstructured capability of the compressible flow solver
“Charles”, along with the unique flexibility provided by the grid refinement tool “Adapt” for intelligent mesh
adaptation, enabled these calculations while keeping the overall computational cost modest. Four different
grids, with size ranging from 11×106 to 71×106 control volumes were considered. It was found that the more
complete physical treatment on the refined mesh including isotropic refinement in the near-wall region inside
the nozzle provided the best comparison with available data from experiments, for both flow-field statistics
and far-field noise. In particular, the introduction of synthetic turbulence at the inlet and the use of wall
modeling inside the nozzle lead to thin perturbed boundary layers that transitioned to turbulence near the
nozzle exit more rapidly and smoothly than the typical laminar boundary layers. This resulted in a reduction
of the turbulent intensities on the lipline close to the nozzle exit and appeared to prevent a high-frequency
peak in the far-field noise spectra likely connected to enhanced laminar to turbulent shear-layer transition.
Additional postprocessing of the large LES database collected and further analysis of the computational
results obtained here are planned. In future work, the approach will be applied to a complex twin round
nozzle configuration corresponding to a case of Bozak & Henderson.56 In addition to the nozzle geometry,
the computational domain will include the Y-duct, S-ducts and angle adapter upstream of the nozzles, to
realistically reproduce the elements of the experimental configuration where the interval flow conditions and
wall modeling can be expected to affect the external flow-field and sound-field predictions.
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